
 

In silico characterisation of magnesium salt hydrates as
energy storage materials
Citation for published version (APA):
Iype, E. (2014). In silico characterisation of magnesium salt hydrates as energy storage materials. [Phd Thesis 1
(Research TU/e / Graduation TU/e), Mechanical Engineering]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR770079

DOI:
10.6100/IR770079

Document status and date:
Published: 01/01/2014

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR770079
https://doi.org/10.6100/IR770079
https://research.tue.nl/en/publications/d04f09ee-8af7-4cd2-8c1b-1b6c4a744792


In silico characterisation of magnesium salt

hydrates as energy storage materials

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de

Technische Universiteit Eindhoven, op gezag van de

rector magnificus, prof.dr.ir. C.J. van Duijn, voor een

commissie aangewezen door het College voor

Promoties, in het openbaar te verdedigen

op donderdag 20 maart 2014 om 16.00 uur

door

Eldhose Iype

geboren te Muvattupuzha, India



Dit proefschrift is goedgekeurd door de promotor en copromotoren. De samen-

stelling van de promotiecommisie is als volgt:

voorzitter: prof.dr. L.P.H. de Goey

promotor: prof.dr.ir. A.A. van Steenhoven

copromotoren: dr.ir. C.C.M. Rindt

dr. S.V. Gaastra - Nedea

leden: prof.dr. B.J. Thijsse (TU Delft)

prof.dr. E.P. del Barrio (Université de Bordeaux)

prof.dr. J.W. Niemantsverdriet

prof.dr. H.A. Zondag (ECN)

ii



Success often depends on circumstances created by others..!

iii



Copyright c© 2014 by E. Iype

All rights reserved. No part of this publication may be reproduced, stored in a

retrieval system, or transmitted, in any form, or by any means, electronic, me-

chanical, photocopying, recording, or otherwise, without the prior permission of

the author.

Cover design suggested by JungHan Kim.

Printed by Ipskamp Drukkers.

A catalog record is available from the Eindhoven University of Technology Li-

brary.

ISBN: 978-90-386-3576-7

This work was financially supported by European Graduate School on Sustain-

able Energy Technology.

iv



Contents

Preface v

1 General introduction 1

1.1 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Scope of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Background theory and formulations 7

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Electronic structure theory . . . . . . . . . . . . . . . . . . . . . 8

2.3 Density functional theory (DFT) . . . . . . . . . . . . . . . . . . 10

2.3.1 Hohenberg-Kohn theorems . . . . . . . . . . . . . . . . . 10

2.3.2 Kohn-Sham equations . . . . . . . . . . . . . . . . . . . . 11

2.4 Statistical mechanics . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4.1 Ensembles . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.5 Molecular dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5.1 Reactive force field (ReaxFF) method . . . . . . . . . . . 19

2.6 Property estimation from molecular dynamics simulation . . . . 22

2.6.1 Estimating the density and temperature . . . . . . . . . . 22

2.6.2 Radial distribution function . . . . . . . . . . . . . . . . . 24

v



2.6.3 Estimating the diffusivity . . . . . . . . . . . . . . . . . . 26

2.7 Validation studies using ReaxFF . . . . . . . . . . . . . . . . . . 27

2.7.1 Water droplet formation at 298 K . . . . . . . . . . . . . 27

2.7.2 Surface wetting on a platinum slab . . . . . . . . . . . . . 29

2.7.3 Water confined between two platinum slabs . . . . . . . . 31

2.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3 DFT calculations on MgSO4 hydrates 37

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2 Calculation settings and validation . . . . . . . . . . . . . . . . . 38

3.3 Molecular structures of the hydrates of MgSO4 . . . . . . . . . . 41

3.3.1 Anhydrous and mono-hydrated magnesium sulphate . . . 41

3.3.2 Magnesium sulphate di-hydrate . . . . . . . . . . . . . . . 41

3.3.3 Magnesium sulphate tri-hydrate . . . . . . . . . . . . . . 43

3.3.4 Magnesium sulphate tetra-hydrate . . . . . . . . . . . . . 43

3.3.5 Magnesium sulphate penta- and hexa-hydrates . . . . . . 45

3.4 Energy contributions in various hydrates . . . . . . . . . . . . . . 47

3.5 Hydrogen bonds in MgSO4·xH2O systems . . . . . . . . . . . . . 50

3.6 Intra-molecular proton transfer in hexa-hydrates . . . . . . . . . 54

3.7 Water dissociation near the (100) surface of MgSO4 . . . . . . . 55

3.8 Second water molecule near the (100) surface . . . . . . . . . . . 60

3.9 Vibrational frequencies . . . . . . . . . . . . . . . . . . . . . . . . 62

3.10 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.11 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4 Parametrization of ReaxFF force field 67

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.2 Background of ReaxFF . . . . . . . . . . . . . . . . . . . . . . . 68

4.3 ReaxFF force field . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.4 Force field parametrization using quantum chemical results . . . 71

4.5 Drawbacks of the existing parametrization method . . . . . . . . 72

4.6 Metropolis Monte Carlo (MMC) algorithm . . . . . . . . . . . . . 74

4.6.1 Simulated Annealing (SA) for ReaxFF parametrization . 75

4.7 Results after parametrization . . . . . . . . . . . . . . . . . . . . 78

vi



4.7.1 Comparison of MMC with parabolic-search method . . . 78

4.7.2 Energies of MgSO4 hydrates molecules . . . . . . . . . . . 81

4.7.3 Proton transfer reaction in MgSO4·6H2O molecule . . . . 83

4.7.4 Water binding energy of MgSO4 crystal . . . . . . . . . . 84

4.7.5 Equations of state for hydrated crystals of MgSO4 . . . . 85

4.8 Transferability of the force field . . . . . . . . . . . . . . . . . . . 88

4.9 Discussion on parametrization . . . . . . . . . . . . . . . . . . . . 89

4.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5 MD simulations of MgSO4 hydrates 95

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.2 Methodology and calculation settings . . . . . . . . . . . . . . . . 97

5.3 Temperature changes in the crystal during dehydration . . . . . . 98

5.3.1 Using the NVT ensemble . . . . . . . . . . . . . . . . . . 99

5.3.2 Using the NVE ensemble . . . . . . . . . . . . . . . . . . 100

5.3.3 Using the NVT ensemble with two thermostats . . . . . . 103

5.4 Dehydration rates . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.4.1 Using the NVT ensemble . . . . . . . . . . . . . . . . . . 104

5.4.2 Dehydration using the NVE ensemble . . . . . . . . . . . 106

5.4.3 Dehydration simulation with two thermostats . . . . . . . 108

5.5 Changes in crystal properties during dehydration . . . . . . . . . 109

5.5.1 Density distributions . . . . . . . . . . . . . . . . . . . . . 111

5.5.2 Vacant fraction distributions . . . . . . . . . . . . . . . . 112

5.5.3 Radial distribution functions . . . . . . . . . . . . . . . . 114

5.5.4 Surface vs. bulk diffusivity within the crystal . . . . . . . 115

5.6 Effect of hydrogen bonds in the dehydration kinetics . . . . . . . 116

5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6 Hydrolysis and dehydration in MgCl2 hydrates 121

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.3 Molecular structures of MgCl2· xH2O; (x=0,1,2,4,6) . . . . . . . 128

6.4 Reaction energies and vibrational frequencies . . . . . . . . . . . 132

6.5 Equilibrium curves for dehydration reactions . . . . . . . . . . . 134

vii



6.6 Equilibrium curves for hydrolysis reactions . . . . . . . . . . . . . 136

6.7 Preference of hydrolysis over dehydration . . . . . . . . . . . . . 138

6.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

7 Conclusions and recommendations 143

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

7.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . 147

Postface 149

A Potentials of interaction in ReaxFF 149

B ReaxFF energies for water 161

C Heat of formation of MgSO4 crystal 167

D Optimised MgSO4-water force field 169

Bibliography 178

Summary 193

Acknowledgements 196

List of publications 199

Curriculum vitæ 201

viii



Chapter 1. General introduction

1
General introduction

C
ompact energy storage is a growing subject of interest to many scientific

communities and organisations. The idea of compact energy storage in-

cludes storing energy in the form of chemical energy in thermo-chemical

storage materials and discharging when it is required. This method is particu-

larly interesting for developing seasonal heat storage systems for the built envi-

ronment. This consists of collecting solar energy during summer, storing it as

chemical energy in thermo-chemical storage materials and discharging the en-

ergy during winter. In this way, compact energy storage can be used to create

an energy neutral built environment. The feasibility of compact energy stor-

age systems is highly dependent on a number of factors; energy storage density,

dynamic properties, stability etc. of thermo-chemical heat storage materials.

There are a number of thermo-chemical heat storage materials available that

can be considered for seasonal heat storage systems. Most promising materials

among them, based on availability and energy storage density, are magnesium

salt hydrates (MgSO4 · xH2O, MgCl2 · xH2O, x = {0, 1 . . . 7}). The hydration

and dehydration reactions in these materials are accompanied with considerable

amounts of energy exchange (approximately 2-3 GJ/m3 [112]). However exper-

imental studies [148] on MgSO4 show that the material characteristics (such as

crystallinity, porosity etc) change considerably during the process of hydration

and dehydration. This poses difficulties in using the material for repeated num-

ber of times due to a decrease in the mass transfer rate and a reduction in the
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conversion rate for the hydration reaction. Experimental studies also report

melting of the substance at high heating rates. Most of these phenomena are

related to molecular material properties. Thus, a molecular level understand-

ing of the process of hydration and dehydration of salt hydrates is necessary to

improve the efficiency of seasonal heat storage systems. The main objective of

this study is to understand the behaviour of salt hydrates during the hydration

and dehydration process. For this, computational techniques are adapted and

used to model the hydrates of MgSO4 and MgCl2.

1.1 Literature review

Crystalline structures of various hydrates of MgSO4 are widely studied in litera-

ture [6,13,15,44,45,124] and recently the interest in these materials is further grown

due to evidences of its presence on Mars [26,155]. The presence of an extensive net-

work of hydrogen bonds in MgSO4 · 7H2O is identified by Allan Zalkin et al. [164].

Significant de-localisation of hydrogen atoms within the hydrogen bonds are re-

ported in this study. Another investigation of molecular structures of up to

tri-hydrates of MgSO4 reveals the presence of isomeric structures, which are

stabilised by the formation of hydrogen bonds [26]. These findings lead to the

conclusion that hydrogen bonds in MgSO4 might play a crucial role in its struc-

tural and dynamic properties. This is further analysed in this work. Chemical

structures of hydrated Mg2+ ions in aqueous media are studied experimentally

as well as theoretically [93,120,150]. In aqueous media, Mg2+ ions tend to form

complexes with six water molecules oriented towards the six corners of a regular

octahedron. All the six water molecules are considered to be situated at equal

distance from the Mg2+ ions. However, studies also indicate that the orienta-

tion of water molecules changes depending on the nature of the environment. In

perfect hydrated crystals, the water molecules are directed towards the corners

of the octahedron surrounding the Mg2+ ions, and remain distinguishable [44,164].

The possibility of the formation of a contact ion pair with the sulphate anion is

also predicted by Cory [120]. Thus, an investigation is needed to understand the

changes in structure and other properties during dehydration. In aqueous solu-

tions, the average Mg−O distance decreases significantly (approximately by 0.07

Å) due to the formation of a strong hydrogen bond network [93]. Chipera et al. [32]

2



Chapter 1. General introduction

have suggested that the hydration processes in MgSO4 crystals are characterised

by the presence of meta-stable states and slow kinetics. Such meta-stable states

will have significant influences on the energy storage processes. Such aspects

will be studied in this thesis.

1.2 Scope of the thesis

The major focus of the thesis, within the framework of studying the behaviour

of salt hydrates, include the following:

◮ Firstly, the molecular and crystalline structures of the hydrates are studied. Un-

derstanding the structures, shapes and atomic properties enables one to identify

the various types of inter-atomic and inter-molecular interactions which are in-

volved in the molecules. For instance, the measure of electrostatic vs. covalent

contributions in the process of water binding on the hydrates during hydration

is a subject of interest. In addition, the changes in the molecular structures

of MgSO4 · xH2O and MgCl2 · xH2O (here x={0,1,2. . . 7}) as a function of the

degree of hydration (x) is important for understanding the behaviour of the

hydrates. In general, understanding all the structural changes involved in the

process of hydration and dehydration is an enormous task, and therefore, a lim-

ited extent of configurations, involving both molecular and crystalline structures,

is studied. In order to achieve this, a molecular level investigation is performed

using Density Functional Theory (DFT) to understand the hydrates of MgSO4.

◮ Next, the factors which influence the kinetics of hydration and dehydration

are investigated. This information is crucial for developing a proper thermo-

chemical materials for seasonal energy storage systems. Experimental observa-

tion shows that the kinetics in MgSO4 hydrates is slower compared to MgCl2

hydrates [42]. The reason for this difference in kinetics is unknown. A better

understanding of the relation between kinetics and material properties enables

one to characterise the different salt hydrates and, possibly, will help to develop

enhanced functional materials.

◮ Thirdly, a multi-scale modelling technique is developed to model the molecular

systems in question. This will enable one to up-scale the information obtained

from the electronic structure calculations using density functional theory (DFT)

3



Scope of the thesis

to model the system using classical molecular modelling techniques. The DFT

has a limitation in terms of the maximum size of the system which can be

modelled. This is in the order of 50-100 atoms, whereas classical modelling

techniques such as Molecular Dynamics (MD) can model systems as big as

millions of atoms. However, due to the presence of chemical reactions (hydration

and dehydration) in the salt hydrates, a modified version of the classical MD

method must be applied. For this, a reactive force field based MD is used.

Eventually, such a method can be used to study the system at much larger

length and time scales.

◮ Fourthly, the dehydration rate of MgSO4 · 7H2O shows an unusual dependence

on the water vapour pressure. With increasing water vapour pressure, the rate

decreases initially followed by an increase to reach a maximum and then finally

decreases. This unusual behaviour is first noticed by Topley and Smith [141]

for MnC2O4 · 2H2O dehydration. This behaviour is analysed using molecular

simulation technique since such methods possibly enables one to understand the

detailed mechanism behind such phenomena.

◮ Next, the crystal density, H2O concentration and porosity profiles in the salt

hydrates as a function of dehydration are important to understand the mech-

anisms involved in such processes. One of the aspects of interest is whether

the processes are reaction or diffusion limited. Such knowledge will also help

to characterise and improve the functionalities by appropriate changes. This is

analysed using the reactive MD simulation of MgSO4.

◮ Finally, it was identified that the kinetics in MgCl2 is faster than in MgSO4.

However, the dehydration of MgCl2 hydrates is usually accompanied by a hy-

drolysis [75] reaction with the release of HCl, which can potentially damage the

material as well as the equipment. Although such reactions are observed at

very high temperatures, it is necessary to eliminate the possibility of the release

of HCl in seasonal heat storage systems. Thus an equilibrium analysis of the

dehydration and hydrolysis reactions are performed using statistical mechanics

formulations.
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Chapter 1. General introduction

1.3 Outline of the thesis

The thesis is organised as follows:

Ch. 2: A brief description of the computational methods used in this work is explained

in this chapter. The methods used include the electronic structure theory, den-

sity functional theory (DFT) and molecular dynamics (MD). In addition, differ-

ent techniques to extract molecular and macroscopic properties such as density,

diffusivity, radial distribution function, structure factor etc. are explained. Fi-

nally, a validation study is performed to show the applicability of the molecular

dynamics method to study the phase equilibrium of water and the heat transfer

through water confined between two platinum slabs.

Ch. 3: A set of DFT calculations is performed on MgSO4 hydrates molecules in order

to analyse the equilibrium structures. The presence of a hydrogen bond network

and its influence on the equilibrium structures are also studied in this chapter.

In addition, a set of periodic DFT calculations is performed to study the process

of hydration at the (100) surface of the MgSO4 crystal. Vibrational spectra of

the crystal after water adsorption are also calculated.

Ch. 4: With the DFT data obtained for MgSO4 hydrates, a reactive molecular dynam-

ics force field (ReaxFF) is developed. Because of some certain limitations of

the existing algorithm to develop (parametrize) the force field, a new method of

parametrizing the force field is implemented using the Metropolis Monte Carlo

algorithm. This method exhibits superior performance over the existing method

in terms of finding the global minimum in a high-dimensional parameter hyper-

space. The transferability of the force field is also analysed in this chapter to

estimate the applicability of the optimised force field over the region of the

phasespace beyond which it was optimised for.

Ch. 5: With the optimised ReaxFF force field, a set of MD simulations is performed

and the results are reported in this chapter. The problems analysed include

kinetics of dehydration, the changes in the density profile of MgSO4 · 7H2O

(epsomite), formation of vacancies, and crystallinity changes during dehydration.

The diffusivities of H2O through the crystal and at the surface are also calculated.

Finally, the effect of hydrogen bonds on the dehydration is also investigated by
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switching on and off the hydrogen bond interaction in the total potential.

Ch. 6: The preference of hydrolysis over dehydration of MgCl2 hydrates is studied in

this chapter. For this, the Gibb’s free energy based formalism in statistical

thermodynamics is used to study the equilibrium curves. The calculations are

performed at different operating conditions (temperature and pressure) of a

seasonal energy storage system. The molecular structures of MgCl2 hydrates

are used for the sake of reducing complexity of the system.

Ch. 7: The conclusions of the research are summarised and some recommendations for

future research in this direction are listed.

6



Chapter 2. Background theory and formulations

2
Background theory and formulations

Part of this chapter is published in Journal of Physics: Conference Series [67].

2.1 Introduction

A
brief overview of the methodology used in this work is discussed in this

chapter. Molecular modelling techniques such as density functional the-

ory (DFT), molecular dynamics (MD) and Monte Carlo are used in

this thesis. The underlying principle behind DFT is quantum chemistry, where

the electrons are modelled as quantum particles or waves, whereas the principles

of both molecular dynamics and Monte Carlo simulations are taken from sta-

tistical mechanics. Therefore, it is appropriate to introduce quantum chemistry

(or electronic structure theory) and statistical mechanics briefly before intro-

ducing DFT, MD and MC. This chapter does not give a full account on the

theoretical formulation of quantum chemistry or statistical mechanics, but only

some relevant information. Interested readers are referred to Dreizler [37] and

Sholl [128] for DFT and McQuarrie [99,100] for statistical mechanics. In general,

one is interested in extracting macroscopic (static or dynamic) properties of the

molecular system of interest. Thus, a brief discussion of the properties that

can be calculated from these simulations is also included. A set of MD simula-

tions on water and platinum is included at the end of this chapter to serve as a

validation of the methods used in this study.

7
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2.2 Electronic structure theory

This section gives a brief account on quantum chemistry principles which will

then serve as the basis for the density functional theory. In classical physics,

one can define a particle completely, by specifying its position and momentum.

Subsequently, the behaviour of the particle, in principle, can be tracked by

following its trajectory in the so called phase-space [111]. For instance, atoms

or rigid molecules can be considered as particles obeying classical equations of

motion. However, this classical assumption breaks down when the mass of the

particles is lower than or comparable with the mass of electrons∗. At this level,

the particles behave like waves† or to put it differently, the particles do not

posses a definite position or momentum at the same time. Only one of these

two quantities can be specified accurately and the other becomes indefinite.

In this study, the particles of interest are atoms and their combinations, such

as molecules or crystals. An atom consists of a nucleus, which has protons and

neutrons, surrounded by electrons. Here, the nucleus is modelled as a point

mass (because the mass of a nucleus is much higher than that of electrons) with

a positive charge and electrons as a field around the nucleus, which defines all

the chemical properties of the system. The use of the word field is important,

as it must be clear that the electrons cannot be modelled as point particles, but

as waves, which is characterised using the term wave function, Ψ. The wave

function of a system, which is a complex function of the position of all the

particles (electrons) in the system Ψ = Ψ(r1, r2, . . . , rN), contains the complete

information about the system. The wave function evolves with time according

to the Schrödinger equation, Eq. (2.1).

ı~
∂ |Ψ〉
∂t

= Ĥ |Ψ〉 . (2.1)

Here ~ =
h

2π
, where h is Planck’s constant. Ψ is represented as a ket vector

|Ψ〉, which can be assumed as a column vector in an abstract vector space. This

∗Mass of electron = 9.10938291E − 31kg
†See the famous particle in a box problem for a better understanding
‡Hilbert Space is an abstract vector space in which an inner product is defined. It also need

to be complete.
§This way to represent wave functions was introduced by Paul Dirac.
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space has an inner product defined, and therefore, it is also called a Hilbert

space‡. Ĥ is the Hamiltonian operator of the system, which is analogous to a

matrix in vector space. In the same logic as a raw vector being the dual of

a column vector in real space, a bra vector 〈Ψ| is the dual of a ket vector in

the Hilbert Space§. The probability of finding a particle in space is given by

||Ψ||2 = Ψ∗Ψ. Here, Ψ∗ is the complex conjugate of Ψ. If the wave function is

normalised, then an integral of ||Ψ||2 over the entire space gives the probability

density n(r) of the particles in the system, which can be represented in bra and

ket notation as 〈Ψ∗|Ψ〉. The last expression can also be interpreted as an inner

product of the vector 〈Ψ| with its dual |Ψ〉. It can also be written as an integral

as shown in Eq. (2.2).

n(r) = N

∫

d3r2

∫

d3r3 . . .

∫

d3rNΨ
∗(r, r2, . . . , rN)Ψ(r, r2, . . . , rN). (2.2)

Eq. (2.2) is an expression for the density of electrons within the system. This

quantity is of particular interest in DFT, because if this relation is inverted, one

can write the wave function, which is usually difficult to compute, in terms of

the electron density of the system. One can then see that the wave function,

which is a function of 3N variables (N being the number of electrons), can be

represented as a functional of n(r), which itself is a function of just three spatial

variables. This is the essence of Hohenberg-Kohn’s first theorem in DFT, which

proves that this relation can be inverted safely. Before starting the discussion

on DFT, one would like to look at how the properties can be estimated. In

general, any property of interest of the system can be calculated if one knows

the wave function of the system. In bra and ket notation it can be represented

as O = 〈Ψ|Ô|Ψ〉. Here Ô, which is the operator matrix for the observable O, is

sandwiched between the wave functions. This is analogous to the operation of

sandwiching a matrix in between a raw and a column vector to obtain a number.

For instance, if one is interested in the energy, E of the system, for which the

operator becomes the Hamiltonian Ĥ, the expression can be written as shown

in Eq. (2.3)

9



Density functional theory (DFT)

E(Ψ) = N

∫

d3r2

∫

d3r3 . . .

∫

d3rNΨ
∗(r, r2, . . . , rN)HΨ(r, r2, . . . , rN). (2.3)

2.3 Density functional theory (DFT)

In DFT, the term density refers to the electron density, n(r) of the system. A

functional is a function of a function. Together, this implies that it refers to a

function of electron density, which in itself is another function of three spatial

variables. One can see from Eq. (2.3) that any observable O can be calculated

if one knows the state of the system or the wave function Ψ. The wave functions

can be obtained by solving the time independent Schrödinger wave equation for

the N electron system, Eq. (2.4). The time dependent term gets cancelled out

when taking the inner product. This implies that the values of the observables

do not change whether one uses a time dependent or time independent wave

function.

Ĥ |Ψ〉 = E |Ψ〉,
[

T̂ + V̂ + Û
]

|Ψ〉 = E |Ψ〉,
[

N
∑

i

(

− ~
2

2mi
∇2

i

)

+
N
∑

i
V(ri) +

N
∑

i<j
U(ri, rj)

]

Ψ = EΨ.

(2.4)

Eq. (2.4) is an eigenvalue equation, where Ψ is an eigenstate of the Hamiltonian

operator Ĥ with an eigenenergy E. Solving this equation, even numerically is

an extremely difficult task. In the Hamiltonian, Ĥ in Eq. (2.4), the first term T̂

represents the kinetic energy, the second term V̂ stands for the external potential

(external potential refers to the potential due to the presence of atomic nuclei

in molecular systems) and the third term Û represents the electron-electron

interaction. Among these, the first and the third term are unique for an N-

electron system.

2.3.1 Hohenberg-Kohn theorems

The first Hohenberg-Kohn theorem states that the ground state of any interact-

ing many particle system with a given fixed inter-particle interaction is a unique

functional of the electron density n(r) [63]. This implies that Eq. (2.2) can be

10
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inverted to write the ground state wave function as a unique functional of the

ground state electron density. i.e. Ψ0 = Ψ[n0]. This will enable one to write

the ground state energy E as a functional of the ground state density as shown

in Eq. (2.5).

E[Ψ[n0]] = 〈Ψ[n0]|T̂ + V̂ + Û|Ψ[n0]〉 . (2.5)

Although the first Hohenberg-Kohn theorem rigorously proves that a functional

of the electron density E[n0] exists, the theorem says nothing about the ac-

tual form of the functional. The second Hohenberg-Kohn theorem defines an

important property of the functional and states that the electron density that

minimises the energy of the overall functional is the true electron density cor-

responding to the full solutions of the Schrödinger equation [128]. If the true

functional form is known, then one can try to minimise the energy by varying

the electron density, in order to find the ground state electron density. Once

the ground state electron density is known, all the properties can be calculated.

2.3.2 Kohn-Sham equations

A useful way to write down the functional described by the Hohenberg-Kohn

theorem is in terms of the single-electron wave function, ψi[n(r)]. Now the

functional shown in Eq. (2.5) can be written as

E[ψi[n(r)]] = Eknown[n(r)] + EXC[n(r)]. (2.6)

The functional is split into a collections of terms which can be written in a

simple analytical form, Eknown[n(r)], and everything else, EXC. The known

terms include four contributions as described in Eq. (2.7).

Eknown[n(r)] =−~
2

m

∑

i

∫

ψ∗
i ∇2ψid

3r +

∫

V(r)n(r)d3r

+
e2

2

∫ ∫

n(r)n(ŕ)

|r− ŕ| d3rd3ŕ + Eion. (2.7)

The terms on the right are, in order, the electron kinetic energies, the Coulomb

interactions between the electrons and the nuclei, the Coulomb interactions

11
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between pairs of electrons and the Coulomb interactions between pairs of nuclei.

The other term in the complete energy functional, EXC[n(r)], is the exchange-

correlation functional, and it includes all the quantum chemical effects that are

not included in Eq. (2.7).

However, none of these treatments so far guarantee that the task of minimizing

the total energy functional is any easier than the formidable task of fully solving

the Schrödinger equation for the wave function. This difficulty was solved by

Kohn and Sham [82], who showed that the task of finding the right electron

density can be expressed in a way that involves solving a set of equations, in

which each equation involves only a single electron wave function as shown in

Eq. (2.8).

[

− ~
2

2m
∇2 +V(r) + VH(r) + VXC(r)

]

ψi(r) = εiψi(r). (2.8)

These equations are superficially similar to Eq. (2.4). The main difference

is that the Kohn-Sham equations do not include the summations that appear

inside the full Schrödinger equation. This is because the solution of the Kohn-

Sham equations are single-electron wave functions that depend only on three

spatial variables, ψi(r). On the left hand side of the Kohn-Sham equations there

are three potentials, V, VH, and VXC. The first potential defines the interaction

between an electron and the collection of atomic nuclei. The second is called

the Hartree potential and is defined in Eq. (2.9).

VH(r) = e2
∫

n(ŕ)

|r− ŕ|d
3ŕ. (2.9)

This potential describes the Coulomb repulsion between the electrons being con-

sidered in one of the Kohn-Sham equations and the total electron density defined

by all electrons in the problem. The third potential is called the exchange-

correlation potential (XC) which contains all the interactions including all the

quantum mechanical effects which are not considered in the other potentials.

In fact, the true form of the exchange-correlation functional, whose existence is

guaranteed by the Hohenberg-Kohn theorem, is simply not known. Thus there

are a number of approximations for this functional proposed over time. To men-

tion some of them, LDA (local density approximation) and GGA(generalised
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gradient approximation). LDA uses only the local density at each point in

space to define the approximate XC functionals [116] as shown in Eq. (2.10).

EXC[n(r)] =

∫

n(r)ǫunifxc [n(r)]dr. (2.10)

Here, ǫunifxc is the exchange-correlation energy per particle of an electron gas with

uniform density, which can be derived exactly. Despite this simple formulation,

LDA works relatively well. This is because the exchange energy and the correla-

tion energy have opposing non-localities and since they are approximated in the

same way they tend to cancel out [116]. Still LDA has issues with cohesive ener-

gies and lattice constants, and it is even worse for weakly bonded systems, such

as hydrogen bonded systems and van der Waals interactions [126]. GGA uses, in

addition to the local density, the local gradient of the electron density as well.

The exchange and correlation energy for a GGA functional is formulated by

EGGA
xc [n] =

∫

ǫGGA
xc (n(r),∇n(r))dr. (2.11)

GGA functionals give far better results for weakly bonded systems, and also

for many other properties, like ground state energies, geometries and covalent

bonds [126]. There is a big family of XC functionals being used in the compu-

tational chemistry world depending on the problem at hand. For most of the

calculations mentioned in this work, the GGA functional is used.

It can be understood from the formulation of the Kohn-Sham equations that

this set of equations has to be solved by an iterative procedure. One way of

solving is outlined in the following algorithm.

◮ Define an initial, trial electron density, n(r).

◮ Solve the Kohn-Sham equations using the trial electron density to find the single-

particle wave function, ψi(r).

◮ Calculate the electron density defined by the Kohn-Sham single particle wave

function from step 2, nKS = 2
∑

i
ψ∗
i (r)ψi(r).

◮ Compare the calculated electron density, nKS(r), with the electron density used

in solving the Kohn-Sham equations, n(r). If the two densities are the same
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(∂E/∂n(r) = 0), then this is the ground-state electron density, and it can be

used to compute the total energy. If the two densities are different, then the

trial electron density must be updated in some way. Once this is done, the

process begins again from step 2.

In the first step in the above procedure, the initial trial density is defined using

a linear combination of a set of orthogonal basis functions in a functional space.

A basis set refers to the set of one-electron functions or orbitals used to build the

molecular orbitals. The most used orbitals are Slater-Type Orbitals (STO’s) and

Gaussian-Type Orbitals (GTO’s). The STO basis set give rapidly converging

and consistent results, while convergence for the GTO basis set is much slower

with respect to the basis set size [57]. STO’s can display the correct nuclear cusp

and asymptotic decay, allowing the construction of high-quality basis set with

a few number of functions. GTO’s need approximately three times as many

functions to attain a similar accuracy [139]. All the calculations in this work

are performed using the STO basis set implemented in Amsterdam Density

Functional(ADF) package [3]. A Slater type function is given by Eq. (2.12)

f(r) = Ym
l (θφ)r

n−1e−ζr. (2.12)

The center of the function is at a nucleus, r = 0. The exponential factor ζ

determines the long-range decay of the function and it is dependent on the

charge of the atomic nucleus. The Ym
l (θφ) are the spherical harmonics of degree

l and order m.

Depending on the complexity of the functions involved, STO basis sets are

classified as single-ζ (SZ), double-ζ (DZ), triple-ζ single polarised (TZP) , triple-

ζ double polarised (TZ2P) and quadruple-ζ quadruple polarised (QZ4P) basis

sets [3]. Roughly, it can be stated that the single-ζ basis (SZ) can be used to

get a qualitative impression, but is not sufficient to get more than that. Quite

reasonable results can be obtained with a double zeta (DZ) basis set, especially

on larger molecules. In more complex situations, polarisation functions should

also be included.

Density functional theory (DFT) has been used to calculate the static properties

of molecular systems with very good accuracy. However, the major disadvantage
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of DFT is that it cannot be applied to bigger systems (more than 100 atoms)

due to the huge computational demands. Thus this method is mostly used

to generate molecular properties such as binding energies, bond parameters,

equation of states etc. in order to parameterize an MD force field.

2.4 Statistical mechanics

Statistical mechanics is a vast field of study at the interface between classi-

cal physics and quantum physics. Here some basic concepts are introduced as

a groundwork for introducing molecular dynamics. An important concept of

interest is the difference between a macro-state and a micro-state. This be-

comes important when one thinks about ensembles in MD. Then the concept of

partition function is introduced which can then be related to the macroscopic

properties of the system.

2.4.1 Ensembles

When thinking about a physical system, one can ask the question what is the

minimum number of macroscopic variables that must be specified in order to

intrinsically define the system. Or in other words, what is the degree of freedom

of the system. This can be computed using the Gibbs’ phase rule [9,50] as shown

in Eq. (2.13).

Fdof = Nc −Np + 2. (2.13)

Here, Fdof is the degree of freedom, Nc is the number of components and Np is

the number of phases. So, if one has a single component single phase system,

for instance liquid water, i.e. (Nc = 1,Np = 1), then Fdof = 2. This implies that

one can change two intrinsic properties of the system independently (for instance

pressure and temperature), although compressing liquid water will not change

the state of the system considerably. Thus, if two properties are set, every

other macroscopic property is also fixed. In the case of a two phase system, for

instance liquid water in equilibrium with its vapour, Fdof = 1. In this situation,

the state of the system is fixed by setting just one macroscopic property. For

the case of multicomponent systems, usually the mole fractions also need to be

specified in order to fix the state of the system.

The above mentioned phase rule can be extended to molecular systems. Thus,
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for a single component molecular system, one needs at least two intrinsic macro-

scopic properties to specify the state of the system. This is true for a single

phase system and, surprisingly, for multi-phase systems as well. In a molecular

system, the degree of freedom, Fdof does not depend on the number of phases in

the system. The Fdof must be calculated as if there exists only one phase. The

reason for this is that a molecular system, in a computational model, can predict

itself the number of phases co-existing at equilibrium. The number of phases is

a function of two macroscopic properties. For instance, when the temperature

of a system with a collection of water molecules is fixed, the number of phases

within the system is determined by the numerical value of the pressure or the

density. The system can exist in liquid state or in gas-liquid equilibrium or in

vapour phase depending upon whether the pressure is higher or equal or lower

than the equilibrium vapour pressure at that temperature, respectively. Thus,

one can say that, for a molecular system with single component, at least two in-

trinsic macroscopic properties need to be specified to fix the state of the system.

In addition, one is usually interested in extensive properties as well. Therefore,

the size of the system (usually the number of atoms) must also be specified. In

total, specifying three macroscopic variables fixes the state of the system com-

pletely. In a molecular system, there are a large number of microscopic states

which have the same macroscopic state. The collection of all such microscopic

states with the same macroscopic state is known as an ensemble. The ensemble

is a repeated collection of systems with each in the same macroscopic state,

but in different microscopic states. Fixing three macroscopic variables fixes the

state of the system, and therefore an ensemble always have three macroscopic

properties fixed. Ideally when the number of systems in an ensemble equals

the number of quantum states possible (also called the degeneracy of the sys-

tem), the statistical average of the value of any observable over these systems,

in principle, should be equal to the measured value of this observable. There

are different types of ensembles depending on the choice of the macroscopic

variables used to specify the ensemble.

Micro-canonical (NVE) ensemble

In the micro-canonical ensemble, one specifies the number of particles N, volume

of the system V, and the total energy of the system E. Thus the ensemble
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consists of a large number of systems with each one having N particles, with

total energy E and volume V. Although all the systems in an ensemble are

identical from the thermodynamics point of view, they each correspond to one

of the Ω(E) quantum states of the system with energy E. Here Ω is the number of

degenerate eigenstates corresponding to the energy eigenvalue E. There are two

simplifications involved in defining an ensemble. Firstly, it is assumed that the

isolated system precisely has the energy E, neglecting the small uncertainty ∆E

in the value of E. Secondly, it is assumed that the systems in the ensemble are in

one of the Ω(E) degenerate eigenstates (pure state) with the eigenvalue E. The

choice of these Ω(E) eigenstates, however is somewhat arbitrary since any linear

combination of these states (mixed states) is also an eigenstate with energy E. It

turns out that in a micro-canonical ensemble, the absolute value of the entropy

is related to the state of the system through the relation S = kB ln Ω. Here kB

is the Boltzmann’s constant. Ω(E) is also called the micro-canonical partition

function [100]. In a micro-canonical ensemble, all the other properties except its

energy, volume and number of particles are allowed to fluctuate. For instance,

if one measures the temperature across all the micro-states in the ensemble, it

shows fluctuations even if the number of particles is infinitely large.

Canonical (NVT) ensemble

The most commonly used ensemble is the canonical ensemble. In this ensemble,

each micro-state has fixed values for N, V and T. This implies that, although

the system is in thermal equilibrium with the surroundings, the energy of the

system can fluctuate about an equilibrium value, i.e. the energy eigenvalues for

the quantum states of a system being E1(N,V), E2(N,V), . . .. It is important

to understand here that a particular energy, say Ei, is repeated according to its

degeneracy, i.e. it occurs Ω(Ei) times in the ensemble. Without going much into

the details, one must appreciate the fact that the most important quantity of

interest in statistical mechanics is the partition function of an ensemble. Most

of the thermodynamic variables of the system, such as total energy, free energy,

entropy, pressure etc. can be expressed in terms of the partition function or its

derivatives. The canonical partition function is defined as
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Q(N,V,β) =
∑

j

e−βEj(N,V). (2.14)

Here β = 1/(kBT), where kB is the Boltzmann’s constant. The canonical parti-

tion function is related to Helmholtz free energy as

A(N,V,T) = kBT lnQ(N,V,β). (2.15)

Other ensembles

Another commonly used ensemble is Grand Canonical Ensemble. In this ensem-

ble, the fixed properties are volume V, temperature T and chemical potential µ.

The ensemble exchanges energy as well as mass with the surroundings, i.e. the

ensemble is in equilibrium with respect to the transport of heat and mass with

the surroundings. An isothermal-isobaric (NpT) ensemble is one in which the

total number of particles N, pressure p, and temperature T are kept constant.

There are other ensembles defined based on other sets of macroscopic properties

depending on the problem of interest.

2.5 Molecular dynamics

Molecular dynamics is a statistical ensemble based model to study systems from

a molecular point of view. In this method, atoms are considered as point masses.

They interact with each other through some inter-atomic potential or force field,

E of interaction. The point mass assumption may not seem realistic, since atoms

have a non-zero radius. The outer shell electrons† of two or more atoms are

known to interact with each other through orbital overlaps during bond forma-

tion. All such effects need to be accounted for within the inter-atomic potentials.

Therefore, one may expect these to be a highly complicated relations depending

on the complexity of the system. In principle, the inter-atomic potential sub-

sumes all the physico-chemical properties of the system within itself. The role of

the atom is, then, limited just to give mass to the system. Unfortunately, there

†The outer shell electrons are responsible for most of the chemical properties of the
molecules

‡The choice of the inter-atomic potential depends on the area of intended application,
there are (almost) no good or bad potentials, there are potentials that are appropriate or
inappropriate for a given problem.
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is no universal definition for the inter-atomic interaction. So, naturally, one

would expect a number of approximate potentials or force fields. Hard sphere,

Soft sphere, Lennard-Jones are just a few to name‡. Since this study aims to

model a reactive system, a reactive force field (ReaxFF) is used.

In MD, the particles (or atoms) obey Newton’s law of motion. The force acting

on any particle can be calculated as the spatial gradient of the potential, Eq.

(2.16).

F = −∇E(r1, r2 . . . rN). (2.16)

The potential E can be written as a linear combination of various interactions

terms as follows

E(r1, r2 . . . rN) =
n
∑

i<j

E2(ri, rj) +
n
∑

i<j<k

E3(ri, rj, rk) +
n
∑

i<j<k<l

E4(ri, rj, rk, rl) · · · .

(2.17)

Here, E2(ri, rj) is the two body interaction, E3(ri, rj, rk) is the three body inter-

action and so on.

The particle positions and velocities are updated at every iteration during an

MD simulation. There are a number of algorithms available today to implement

this scheme (Velocity verlet [149] is one of the commonly used algorithms). The

time step in MD is usually in the order of femto seconds (1 fs = 10−15 s). Such

small time steps are needed to resolve the atomic vibrations having frequencies

in the order of 10+12 s−1. Depending on the ensemble used, there may also be

a thermostat present (to control the temperature) or a barostat (to control the

pressure) or both.

2.5.1 Reactive force field (ReaxFF) method

In order to model reactions in salt hydrates, a reactive force field (ReaxFF) [29]

is proposed to use in this study. In this method, the information about the re-

action pathways are contained in the definition of the force field itself. ReaxFF

is a general purpose bond order dependent force field that provides accurate

descriptions of bond breaking and bond formation. The main difference be-

tween non-reactive force fields and ReaxFF is that, in ReaxFF, the connectivity
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is determined by bond orders calculated from inter-atomic distances, which are

updated at every MD time step. All the connected interactions are a function of

the bond order. This allows for bonds to break and form during the simulation.

Non-bonded interactions such as van der Waals and Coulombic interactions

are calculated between every pair of atoms, and the interactions due to bond

formations (connected interactions) are introduced as perturbation terms de-

pending on the bond order. All excessive close-range non-bonded interactions

are avoided by the inclusion of shielding terms. Some of the main features of

ReaxFF that makes this force field reactive are listed below.

Figure 2.1: Bond order as a function of separation distance between two carbon
atoms [145]

◮ The bond order is calculated between every pair of atoms. The bond order

defines the number of atomic orbitals involved in the formation of a chemical

bond. Normally it takes values from 0 to 3. The strength of the bond is directly

proportional to the bond order. The bond order is a function of distance between

atoms. Figure 2.1 shows a bond order between carbon atoms as a function of

distance of separation as calculated in ReaxFF. As the atoms come closer to

each other, first the Sigma bond gets activated and the bond order starts to

increase from 0 to 1, consequently reducing the bond energy between atoms. At

smaller separations Pi bonds get activated and eventually the double Pi bonds.
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Thus the bond order takes any real value between 0 and 3 depending on the

distance of separation and the type of atom pair.

◮ Every connected interaction (bond energy, valence angle energy etc.) are made

bond order dependent, ensuring that its energy contributions disappear upon

bond dissociation. When the atoms are sufficiently far apart from each other,

energy contributions from chemical bonds are made zero.

◮ Non-bonded interactions (van der Waals and Coulomb) are calculated between

every pair of atoms, irrespective of connectivity. A distance corrected Morse-

potential is used to account for van der Waals interaction. By including a shield-

ing term, excessively high repulsions between bonded atoms and between atoms

sharing valence angle are avoided. More information on various interactions are

provided in Appendix A.

◮ A shielded Coulombic potential is used to account for interaction between

charged species. Atomic charges are calculated using the Electron Equilibrium

Method (EEM) [102]. Therefore, the charges are dynamic upon bond breaking

and formation.

◮ ReaxFF has no discontinuity in the potential energy surface. To avoid energy

discontinuities when charged species move in and out of the non-bonded cut-

off radius, ReaxFF employs a Taper correction term. Each non-bonded energy

and its derivative is multiplied by a Taper-term, which is taken from a distance

dependent 7th order polynomial. The terms in this polynomial are chosen to

ensure that all 1st, 2nd and 3rd derivatives of the non-bonded interactions to the

distance are continuous and go to zero at the cut-off boundary.

The total potential energy in ReaxFF is a linear combinations of various energy

contributions as shown in Eq. (2.18) [29]. Different energy contributions defined

by various interaction potentials are explained in Table 2.1. It can be seen that

every energy term in Eq. (2.18) involves several parameters (see Appendix A)

(roughly, 100 parameters per atom). All these parameters have to be optimised

appropriately in order to reproduce a real physical system. Parameter optimi-

sation of the force field is an important step before modelling any system. This
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is commonly done by calibrating the force field against Quantum Chemical sim-

ulation results, mostly DFT, or experimental data. A detailed discussion on

force field parametrization is given in Chapter 4.

Esystem = Ebond + Elp + Eover + Eunder + Eval +Epen + E3conj

+ Etors + E4conj + EH−bond + EvdWaals + ECoulomb.
(2.18)

2.6 Property estimation from molecular dynamics simulation

Molecular dynamics can be used to compute different properties of the system.

As it can be seen from the ergodic principle [19], the time average in molecular

dynamics is the ensemble average in statistical physics. Thus, in principle, all

the thermodynamic properties which can be computed from an ensemble can

also be computed from molecular dynamics simulation. Some of the commonly

computed properties are temperature, pressure, radial distribution functions,

density, diffusivity, entropy etc. In the following sections the method to compute

density, radial distribution functions and diffusivity are explained.

2.6.1 Estimating the density and temperature

Calculating density from MD simulations is quite straight forward, thus showing

a simple way to assess the validation of simulation results. Also densities for

most materials are well known and this makes it easier to do validation studies.

In this study, the density is calculated by creating a control volume (either

spherical or box shaped) at a specified location inside the simulation box. Then

density inside the control volume is computed by counting the number of atoms

within the control volume. The atomic mass of every atom in the system is

given as an input. This method is extended to calculate the density distribution

within the control volume. This will help in studying the variation of the density

within, lets say, a nano-crystal of salt hydrate at various stages of dehydration.

The temperature T is calculated directly from the kinetic energy or velocity of

atoms. The kinetic energy KE can be written in terms of the velocities vi of the

particles as follows.
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Table 2.1: Energy contributions in ReaxFF [29]. Exact mathematical form of
each term is listed in Appendix A.

Ebond This term represents the energy contribution due to a chemi-
cal bond between a pair of atoms. This is a function of bond
order.

Elp This term accommodates the energy contribution due to the
breaking of lone pair electrons when the bond order is higher
than the accepted value.

Eover This term calculates the energy contribution when the bond
order calculated is higher than the acceptable value.

Eunder This term calculates the energy contribution when the bond
order is less than the normal value.

Eval This term represents the valence angle energy contribution
(three body connected interaction)

Epen This term is introduced to maintain stability when an atom
involves in two double bonds simultaneously, for instance one
of the C-atoms in allene molecule.

E3conj This term takes into account of the conjugation effect which
is seen in molecules containing NO2 groups.

Etors This term represents the energy due to the presence of four
body connected interactions (torsion angle energy).

E4conj This term takes into account of conjugation effects (com-
monly seen in organic compounds). A maximum contribution
of conjugation energy is obtained when successive bonds have
bond order values of 1.5 as in benzene and other aromatics.

EH−bond This term describes hydrogen bond interaction for an
X−H · · ·Y system.

EvdWaals van der Waals interaction between all atom pairs is taken into
account using a Morse-potential.

ECoulomb Coulomb interactions are taken into account between all atom
pairs depending on the static charge. Atomic charges are
calculated using Electron Equilibration Method (EEM).

KE =

N
∑

i=1

miv
2
i

2
. (2.19)
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Here mi is the mass of the i-th atom. From kinetic theory, one can write kinetic

energy in terms of the temperature, T as follow.

KE =
3

2
NkBT. (2.20)

Combining Eq. (2.19) and Eq. (2.20), one can obtain the expression for the

temperature as shown in Eq. (2.21).

T =
1

3NkB

N
∑

i=1

miv
2
i . (2.21)

When using the NVT ensemble, a thermostat is required. For this work, a

Berendsen thermostat [17] is used. According to this thermostat, the velocities

are scaled by a factor λ, which is defined by Eq. (2.22)

λ =

√

√

√

√1 +
δt

τ

(

T0

T(t− δt
2 )

)

. (2.22)

Here, δt is the time step size, T0 is the target temperature and τ is called

the time constant of the thermostat. If τ = δt, then the temperature will be

scaled exactly to meet T0 at every iteration. In this case, the fluctuations in

temperature, as required by the definition of the micro-canonical ensemble, will

not be realized. For this reason, usually, the value of τ is approximated to be

100 × δt.

2.6.2 Radial distribution function

The radial distribution function (also known as pair correlation function) g(r)

is a very useful quantity in molecular dynamics. This quantity represents the

average distribution of atoms around any given atom within the system. This

information can be used to calculate the coordination number, crystallinity etc.

Several macroscopic thermodynamic properties of liquids can be expressed in

terms of g(r) [100]. The radial distribution function is a special case of the cor-

relation function, g(n)(r1 . . . rn). A general expression for g(n)(r1 . . . rn) can be

written as shown in Eq. (2.23).
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g(n)(r1 . . . rn)=
VnN!

Nn(N− n)

∫

· · ·
∫

e−βUNdrn+1 . . . drN
ZN

,

= Vn(1 + O(N−1))

∫

· · ·
∫

e−βUNdrn+1 . . . drN
ZN

. (2.23)

Here, UN is the total potential of the system, which is a function of all the

coordinates of the atoms. N is the number of atoms, V is the volume of the

system. ZN is called the classical configuration integral, Eq. (2.24). This

function is the classical∗ analogue of the canonical partition function.

ZN =

∫

· · ·
∫

e−βUNdr1 . . . drN. (2.24)

The g(n)(r1 . . . rn) represents the correlation between atoms exhibited through

the inter-atomic interaction,UN. If the atoms are completely independent of

each other, i.e. if UN = 0, then g(n)(r1 . . . rn) = ρn. Here ρ is the bulk density of

the system. The case when n = 2 is of special interest (i.e. g(2)(r1, r2) ≡ g(r)),

the radial distribution function), since the correlation function can, then, be de-

termined experimentally by Fourier transforming the structure factor obtained

from X-ray diffraction measurements [51,83,156] (see Eq. (2.26)). For a homoge-

neous system with uniform bulk density, lim
r→∞ g(r)=1. The following normalisa-

tion rule also applies,

∫ ∞

0
ρg(r)4πr2dr = N− 1 ≈ N. (2.25)

The g(r) can also be thought of as a quantity that multiplies the bulk density ρ

to get the local density ρ(r). This implies that the radial distribution function

gives the density distribution within the system when one looks radially out-

wards from an atom. Thus at a distance corresponding to the first coordination

sphere, the radial distribution shows a peak. This is also true for the distances

corresponding to second, third and so on coordination spheres. However, ex-

cept for perfect crystalline materials, the fluctuations in the radial distribution

∗Here classical implies that the energy levels are assumed to be continuous. This is true for
most systems.
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function dies out after the second or third peak. For gases, there may not even

exist a first peak. The radial distribution function gives a qualitative measure

of the crystallinity of the material. The g(r) is related to the structure factor,

F(s) of the system through Eq. (2.26)

F(s̃) = ρ0

∫

h(r)e−ĩs.̃rdr. (2.26)

Here, s̃ is the wave vector and h(r) = g(r)− 1. Eq. (2.26) shows that the

structure factor is the Fourier transform of h(r), which is radial distribution

function minus unity. Now, if we assume the system to be isotropic (which is

true for most fluids), then the structure factor will depend only on the magnitude

of the wave vector, ||̃s|| = s =
4πsin2θ

λ
. Here, θ is the scattering angle, λ is the

wave length of the X-ray. The three dimensional space integral in Eq. (2.26)

can be simplified to write as shown in Eq. (2.27) †.

F(s) = ρ04π

∫ ∞

0
r2h(r)

sinsr

sr
dr. (2.27)

Eq. (2.27) can be numerically integrated to obtain the structure factor. Remem-

ber that lim
r→∞ g(r)=1, which implies lim

r→∞ h(r)=0. Thus the upper limit of the

integral can be set to a finite r after which the g(r) does not fluctuate. Usually,

this distance is close to the cut-off distance for the inter-atomic interaction.

2.6.3 Estimating the diffusivity

Diffusivity in a molecular system can be computed from the ensemble obtained

from an equilibrium molecular dynamics simulation. Combining Fick’s law of

diffusion and the continuity equation [154], one can derive Einstein’s relation [101]

for diffusivity, Eq: 2.28.

DEinstein = lim
t→∞

1

6t

〈

|r(t)− r(0)|2
〉

. (2.28)

Here, the operation 〈〉 represents the ensemble average, r(t) is the position of

atoms at time t. Usually, molecular dynamics simulations are performed by

assuming periodic boundary conditions. So when the particles cross a periodic

boundary, there is a discontinuity in r(t). This is a serious problem when using

†Derivation of Eq. (2.27) can be found in the BEP project report of Mark Grandia [56]
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Einstein’s relation for calculating the diffusivity. To counter this, one will have

to add corrections to the algorithm when the particles cross the periodic bound-

ary. Another way to avoid this problem is by rearranging Eq. (2.28) in terms

of the velocity of the particles instead of positions as shown in the Green-Kubo

relation, Eq. (2.29) [43].

DGreen−Kubo =
1

3

∫ ∞

0
〈v(t).v(0)〉 dt. (2.29)

Here, 〈v(t).v(0)〉 is also known as the velocity autocorrelation function. This

quantity has a non-zero value as long as the velocity, v(t) of the particle is corre-

lated to the velocity at time zero, v(0). Although, the limit of the integration is

∞, in practice, the integration is limited only upto the region where the velocity

autocorrelation function vanishes. Due to the advantage of the Green-Kubo re-

lation over the Einstein relation in handling periodic boundary conditions, the

former method is used in this work.

2.7 Validation studies using ReaxFF

Validation studies for ReaxFF method are necessary before beginning any cal-

culation using this method. For this purpose, the condensation of water vapour

at 298 K is modelled using ReaxFF. In addition, the density, radial distribu-

tion functions and self diffusivity of water are calculated and compared with

literature values. Other phenomena considered for validation are the surface

wetting of water on a platinum (100) surface and the heat transfer through

water confined between two platinum slabs.

2.7.1 Water droplet formation at 298 K

An equilibrium NVT ensemble molecular dynamics simulation is performed on

an assembly of 4096 water molecules. The starting configuration was a uniform

distribution of water molecules within a periodic box with a bulk density of

112.02 kg/m3. The thermodynamic state of the system, at 298 K, requires that

the system equilibrates to form a condensed phase with almost no vapour in it.

The simulation is performed at a temperature of 298 K with a time step of 0.25 fs.

A Berendsen [17] thermostat with a time constant of 100 fs is used to control the

temperature. The force field for water in ReaxFF was extensively trained [147] to
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Figure 2.2: Formation of condensed water droplet after an NVT simulation
(N=4096, T=298 K, ρ=112.02 kg/m3)

reproduce structure, experimental density, cohesive energy, diffusion coefficient

etc. Figure 2.2 shows the final configuration of the system with the formation

of a spherical droplet with very little vapour in the domain. The liquid-vapour

interface of the droplet appears to be diffuse and thus it is difficult to define a

clear interface between the vapour and the liquid.

Droplet density

A quick check on the validity of the simulation is done by checking the density

of the droplet. For this, a spherical control volume is defined with its center

being the center of mass of the droplet and its radius being smaller than the

radius of the droplet. This is done in order to reduce the influence of the diffuse

interface on the density calculation. The resulting density of the droplet is 1004

kg/m3 which is close to the experimental density (997 kg/m3) of liquid water.

Radial distribution functions and self diffusivity of water

The radial distribution (pair correlation) functions between atom pairs in wa-

ter are calculated, Figure 2.3(a). The radial distribution functions for water

compare well with the MD simulation results reported by Soper [132] as shown

in the figure. The first O−H peak position represents the O−H bond distance
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in H2O molecule. The second peak position represents the second coordination

radius, which for the O-H pair represents the O · · ·H hydrogen bond length.

A larger peak in the H−H pair correlation suggests that the H−O−H valence

angle changes less compared to the model used in the literature [132].
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Figure 2.3: a) Pair correlation function in the condensed water. Dotted lines
are from Soper et al. [132]. b) Self diffusivity of condensed water as a function
of temperature. Experimental values are from ref. [64]

To compute the diffusivity, another simulation is performed with 1000 water

molecules placed in a periodic box with a bulk density of 200 kg/m3. This

bulk density ensures that, thermodynamically, the droplet is precisely in the

condensed state, without applying any external pressure within the temperature

range in question. Self diffusivity of liquid water is calculated as a function of

temperature using both the Green-Kubo and the Einstein’s relation. The results

of the calculations are compared with experiments [64] in Figure 2.3(b). In this

calculation, both methods give reasonable predictions at lower temperatures.

At higher temperatures, the Green-Kubo method gives better predictions for

diffusivity. Diffusivity values calculated using Einstein’s method seem to be

always lower compared to the Green-Kubo method. A brief analysis on the

comparison of internal energies obtained from ReaxFF and steam tables are

given in Appendix B.

2.7.2 Surface wetting on a platinum slab

Surface wetting on a hydrophilic surface of platinum is an interesting problem,

which has been extensively studied in the literature [96,97,133,161]. Here, a plat-
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inum slab (fcc) containing 1800 atoms is considered. A thickness of four layers

of atoms is taken as shown in Figure 2.4(a). A block of 2000 water molecules

is placed near the (100) surface of the platinum slab. The system is periodic in

all directions with a length of 59.4 Å in Y&Z directions each. The x-direction

is 1000 Å long to reduce the re-entering of water molecules from the left side of

the box. An NVT (ensemble with constant number of atoms N, volume V and

temperature T) simulation is performed at 300 K and surface wetting has been

studied. The formation of a surface mono-layer can be seen in Figure 2.4(b).

Y

X
Z

(a) Starting configuration

Y

X
Z

(b) Final configuration after 75ps

Figure 2.4: Formation of a highly dense mono-layer at the surface of platinum
slab

The condensed phase seems to be exerting a normal force into the wall due to

the overall initial momentum of the liquid towards the left, making the wall

slightly bend towards the left, Figure 2.4(b). We assume that this does not

affect the distribution of water near the surface. The average distance of sep-

aration between platinum (100) surface and the mono-layer is computed, from

the density distribution, to be 2.1 Å, which is close to the result of 2.24 Å, for

an electronic structure calculation [7] of a single water molecule on a platinum

surface. The deviation is attributed to the presence of a large number of wa-

ter molecules pushing the mono-layer closer to the surface. Ĺıney et al. [7] have

investigated the orientation of the water molecules on the surface of platinum.

They concluded that, in the first layer, the water dipole creates an angle with

the platinum surface and points outwards from the platinum surface. A similar
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observation is found in our result in which the water dipole points away from

the platinum surface at an angle. Figure 2.5 shows the distribution of the angle

created by the H−O−H plane with respect to the vector normal from the wall.

For instance, an angle of 0 represents that the water molecule is orienting upside

down with both the hydrogen atoms pointing towards the wall and an angle of

90 represents that the H−O−H plane is lying parallel to the wall surface. The

average orientation of the water molecule in the first layer is 107.7◦. This ar-

rangement causes a packing effect in the first layer of the condensed phase and

causes high density in the first layer of the condensed phase.
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Figure 2.5: Distribution of water molecule orientation near the Pt surface.
The angle is measured between the H−O−H plane and the wall normal vector.

2.7.3 Water confined between two platinum slabs

Heat transfer between two platinum slabs (resembling a channel) which confine

a condensed layer of water, Figure 2.6(a), is investigated in this section. Periodic

boundary conditions is used in all directions. In the direction parallel to the

slab (39.4 Å wide in both Y and Z direction), the slab is continuous. Along

the direction normal to the slab (i.e. x-direction), there is a vacuum space

of 17 Å wide on both outer sides of the channel. This is done to avoid self-

interaction with its periodic image in x-direction. The platinum slabs contain

800 atoms each, and the slabs are separated by a distance of 50 Å. The space

between the slabs is filled with 2600 water molecules, which is equivalent to a
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bulk density of 1001.22 kg/m3. Both the slabs are attached with Berendsen

thermostats with a time constant of 100 fs (the time step for simulation is 0.25

fs). The left wall is maintained at a temperature of 300 K and the right wall is

maintained at a higher temperature of 340 K. The water layer between the walls

has been attached with a highly weak thermostat with a time constant of 1E+06

fs, thereby rendering the thermostat moot. This ensures that the temperature

inside the water region is effectively influenced only by the heat transfer from

the slabs.
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Figure 2.6: a) The two platinum slabs containing 800 atoms each are separated
by a distance of 50 Å. The periodic channel is filled with condensed water at a
density of 1001.22 kg/m3. Platinum slabs are attached with a thermostat at 300
K on the left and at 340 K on the right. b) The temperature and density profiles
across the channel are shown.

The temperature and the density profiles across the channel as a function of

distance in x-direction are shown in Figure 2.6(b). The density of the liquid in

the bulk is constant as the liquid water is almost incompressible. The density

profile closer to the walls shows two distinct peaks due to the packing effect

which is consistent with the results of Nagy et al. [108]. This density profile is

caused by the local orientation of the water molecules near the surface of the

platinum walls.

Figure 2.6(b) shows that the temperature profile looks linear across the channel

well within the bulk region. However, a significant temperature jump can be

seen at the water layer near to the wall, see Table 2.2. The temperature jumps
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at the solid-fluid interface are usually connected with the thermal boundary

resistance [12,23,76,137,142]. Smoluchowski [152] has proposed an expression for the

temperature jump near the walls for ideal gas flows. He suggested that the

temperature jump is a function of the thermal accommodation coefficient and

normal heat flux. The heat flux across the channel is calculated by applying the

Fourier equation for heat conduction, q = −k∇T, in the bulk region of water.

The thermal conductivities for water are taken from Ramires et al. [122]. The

thermal boundary resistances for the interfaces are then calculated using the

equation, R = ∆T
q in accordance with Murad and Puri [106]. The results are

shown in Table 2.2. It can be seen that the temperature jump is dependent

on the heat flux. The values are of the same order as found for the Si-Water

system reported by Murad and Puri [106]. In addition, Murad and Puri [106]

reported that the thermal resistances are larger near the cold wall than near the

hot wall, which is consistent with our simulations for the single phase system.

In the next step, we have reduced the number of water molecules to 1000 corre-

sponding to a density of (385.08 kg/m3) to realize a two phase region between

the channel (Figure 2.7(a)). The left wall is kept at a temperature of 300 K and

the right wall is kept at 340 K using the Berendsen thermostat. The conden-

sation of water is more prominent near the cold wall than near the hot wall as

expected.

The region between both condensed phases holds the water vapour which is in

equilibrium with the condensed phases. The effect of packing near the walls is

evident from the density profile, Figure 2.7(b). The temperature profile given

in Figure 2.7(b) shows significant fluctuations in the vapour regions, which is

caused by the low density in that region. The largest gradient in the tempera-

ture exists in the vapour region close to the condensed phase. In the case of the

two phase system, the temperature jumps appear to be negligible compared to

the single phase system considered earlier because the heat flux in the former

is smaller, Table 2.2. In the two phase system, the thermal resistance is pre-

dominant in the vapour phase compared to the mono-layers close to the walls.

Unlike in the single phase system, the thermal boundary resistance near the

cold wall appears to be smaller compared to the hot walls in the case of two

phase system.
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Figure 2.7: a) Water molecules with a total density of 385.08 kg/m3 is confined
between the Pt slabs. The slabs are attached with a thermostat at 300 K on the
left and at 340 K on the right. b) The temperature gradient and density profiles
are shown.

Table 2.2: Temperature jumps, ∆Tsurf , and thermal boundary resistances, R,
at the solid-liquid interfaces for the two simulations are reported. q is the heat
flux across the channel.

Case ρ
(

kg/m3
)

q
(

W/m2
)

Cold
wall

Hot
wall

∆Tsurf

(K)
R
(

Km2/W
)

∆Tsurf

(K)
R
(

Km2/W
)

Single
phase

1001.2 0.16
E+10

13.7 83.8E-10 7.8 47.9E-10

Two
phase

385.08 0.03
E+10

0.17 5.1E-10 0.25 7.5E-10

2.8 Summary

A brief account of various molecular modelling techniques used in this study are

explained. Density functional theory is an accurate modelling technique for most

of the system of interest in this study. However, due to a high computational

effort, the DFT results has to be up-scaled to molecular dynamics to model

the system. The primary input for MD is the inter-atomic potential (force

field), which has to be somehow derived from DFT. For MD simulations, a
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reactive force field(ReaxFF) is used. The ReaxFF method is validated to be

a good tool to model molecular systems. The ReaxFF method facilitates the

flexibility of incorporating detailed quantum chemical (DFT) information in the

definition of the potential itself. The complete information about the system

is embedded in the force field defined for this system. The force field has to

be trained against necessary quantum chemical data obtained for the system

of interest. One concern of course will be about the quality of the force field.

A well optimised force field will provide good results and vice versa. Thus it

is necessary to include the corresponding information in the training set which

should be of interest in the ReaxFF simulation.

Several validation studies have been done by studying some physically well

known phenomena. The three different problems chosen for analysis are: con-

densation of water, surface wetting on platinum and heat transfer through a

layer of water confined between two platinum slabs. The density and diffusivity

of the condensed phase of water matches well with the experimental values. The

radial distribution functions show peaks which are consistent with the equilib-

rium bond lengths of the water molecules.

The wetting of water on platinum (100) surface is investigated using ReaxFF.

The hydrophilic nature of platinum is well reproduced in the simulation with the

successful formation of a dense mono-layer film. Equilibrium heat transfer phe-

nomena through the fluid which is confined by two platinum slabs is also studied

in this work. A simulation of single phase system containing only condensed

water predicts that the heat transfer resistance is predominantly between the

platinum surface and the water mono-layer. When water vapour is also present

in the system, the heat transport is limited by the vapour phase and thus the

heat flux reduces significantly, Table 2.2. The dependency of temperature jump

on various factors needs further analysis.
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3
DFT calculations on MgSO4 hydrates

Part of this chapter is published in The Journal of Physical Chemistry C [68].

3.1 Introduction

T
he molecular level study on the properties of salt hydrates discussed

in this thesis ranges from electronic structure calculations to molecular

dynamics level investigation. The global approach in understanding

the characteristics involves a bottom up approach in which the information

from the electronic structure calculations will be used to up-scale the model

to molecular level. In this chapter, the primary focus is on the DFT (refer

to section 2.2) analysis of MgSO4 hydrates. In the first half, the study will

focus on investigating the molecular structures of various hydrates of MgSO4

and the characterisation of hydrogen bond networks present in them. Various

optimised structures of MgSO4 hydrates and their corresponding DFT energies

are reported in this study. Several hydrogen bonds present in the structures are

also identified. The effect of such a hydrogen bond network on the structures

of MgSO4 · xH2O is also investigated in this work. In addition, the spontaneous

proton transfer exhibited in MgSO4 · 6H2O
[68] is studied using DFT. In the

second half, the periodic lattice structures of MgSO4 are studied to understand

the behaviour of a water molecule as it binds on a surface of the crystal. Two

water molecules were brought closer to the MgSO4 crystal, one by one, by a
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constraint optimisation method in order to analyse the changes in the structure

during hydration. Harmonic frequencies of the important geometries were also

calculated to understand the vibrational spectra of the hydrated crystal.

3.2 Calculation settings and validation

Molecular structures of various hydrates (0, 1, 2, · · · 6) of MgSO4 were optimised

using the density functional level theory using the PW91-Generalised Gradi-

ent Approximation (GGA) functional implemented in the Amsterdam Density

Functional (ADF) program with a doubly polarised triple-ζ basis set. A spin-

restricted Kohn-Sham method was used by keeping the integration accuracy

to the maximum throughout the calculation. The applicability of GGA func-

tionals to study hydrogen bonded systems has already been established in the

literature [66].

Figure 3.1 shows the optimised structure of the [Mg(H2O)6]
2+ system. The equi-

librium bond lengths obtained for [Mg(H2O)6]
2+ from this calculation (Mg−O:

2.09 Å and O−H: 0.97 Å) are in good agreement with other high level electronic

structure calculations (Mg−O: 2.10 Å, O−H: 0.97 Å) [120] as well as experiments

(Mg−O: 2.09 Å) [94]. This result reiterates the applicability of PW91 functional

to such systems.

Solvation effects are not taken into account in this work and thus the systems in

this study correspond to molecules in gas phase. A complete analysis to study

the hydration in salt hydrates requires the modelling of periodic lattices which

is computationally demanding. Nevertheless, the assumption to treat this prob-

lem in the gas phase is satisfactory, as the focus is more on hydrogen bonds, and

the theories of hydrogen bonds may be generalised irrespective of whether the

system is in the condensed phase or not. Structural optimisation is performed

in all the geometries discussed in this study. A frequency analysis is also done

to confirm the absence of imaginary frequencies. Since the possibility for the

formation of multiple isomers were high, the starting geometries for x = 1 · · · 3
hydrates were chosen to be similar to the ones reported in the literature [26].

The six coordinated hexa-hydrate of magnesium sulphate has been obtained

by binding SO2−
4 tetrahedron to the [Mg(H2O)6]

2+ octahedron. The presence

of hydrogen bonds have been identified by checking the distance between the
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Figure 3.1: Optimised structure of [Mg(H2O)6]
2+
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Figure 3.2: An MgSO4 periodic unit cell containing four MgSO4 molecules
with a vacuum space of 10 Å in the x-direction exposing two Mg atoms at the
(100) surface of the crystal. a) The view normal to the XY plane. The two Mg
atoms (in green) at the (100) surface align one behind the other in the direction
normal to figure a. b) The view normal to the YZ plane. Mg=green, O=red,
S=yellow
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non-bonded O · · ·H pairs. When this distance is between 1.2 and 2.1 Å, the

interactions are classified as hydrogen bonds, which is consistent with the study

of Grabowski [47,52,130]. A Bader charge [10] analysis is performed on the opti-

mised structures to study the charge distributions. This method is chosen since

the results will then be independent of the choice of basis set used in the DFT

method [60]. This is because in this method the electron density n(r) is used

to calculate the charge distribution around an atom, unlike in other methods

where orbital occupation informations are used.

The adsorption of water molecules on a periodic unit cell of MgSO4 crystal are

also studied by placing water molecules near the (100) surface of the crystal.

The unit cell for the periodic calculations was obtained from crystallographic

refinement studies [124]. The BAND program [138] in ADF was used for calcu-

lating the electronic structure of periodic geometries and the calculations were

performed using a high performance computing facility at SARA [2] in Amster-

dam. The magnesium sulphate unit cell, containing four molecules of MgSO4 in

an orthorhombic unit cell {a=5.182, b=7.893, c=6.506}, was taken, from exper-

iment [124], as a starting point for the analysis. The unit cell was then further

optimised using DFT, resulting in the new set of lattice parameters {a=5.1785,

b=7.9361, c=6.5975}, which is not much different from the experimental val-

ues [124]. A set of calculation of heat of formation and hydration by using the

DFT energy of this structure is given in Appendix C. In order to calculate

the water binding energy, a vacuum space of 10 Å was provided along the x-

direction from the (100) surface of the MgSO4 unit cell as shown in Figure 3.2.

This periodic geometry was used, by placing the water molecule in the vacuum,

for studying the adsorption of water on the MgSO4 crystal. The (100) surface

has been selected for this analysis because of the proximity of two Mg atoms

to the vacuum space. Water molecules were placed within the vacuum region

at varying distances from one of the Mg atoms, and the distance was reduced

in a stepwise manner in order to emulate the hydration of the crystal and to

study the hydration process. A triple-ζ singly polarised (TZP) basis set along

with the PW91 GGA functional is used for the periodic calculations using the

BAND program. Because of the large size of the unit cell, a 5× 5× 5 regular

mesh along with a quadratic tetrahedron method is used for the Brillouin zone
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integration. The grid size was converged to a value of 1.6 meV/atom for the

system. Harmonic vibrational frequencies (numerical) were calculated for the

important geometries to analyse the changes in infrared peak positions.

3.3 Molecular structures of the hydrates of MgSO4

Energies of hydration for a Mg2+ ion are in the range of 30-80 kcal/mol [93], and

the energy exchange in the formation of a strong hydrogen bond X−H· · ·Y is

in the order of 10-17 kcal/mol [27,53]. This suggests that systems involving a

large number of hydrogen bonds can possibly disturb the Mg−O bond in Mg2+

containing salts. This has been investigated in the following sections where the

optimised structures of MgSO4 · xH2O molecules are discussed.

Equilibrium structures of magnesium sulphate (0-3) hydrates have been investi-

gated by Galina et al. [26]. They found two stable configurations for each hydrate:

One in which all the water molecules were attached to the Mg atom, and a sec-

ond set in which at least one water molecule, which may or may not be bonded

to Mg, was stabilised by forming intra-molecular hydrogen bondings. In all

cases, the energy difference between both the configurations was were less than

12 kcal/mol. The optimised structures in this study correspond to one of these

two conformers for 0-3 hydrates, and in most cases to the lowest energy isomers.

The optimised structures are shown in Figures 3.3-3.10 and corresponding DFT

energies are given in Table 3.1. All the distances are given in Å.

3.3.1 Anhydrous and mono-hydrated magnesium sulphate

In the MgSO4 structure, Figure 3.3, the SO2−
4 tetrahedron is connected to the

Mg atom via two Mg−O bonds. The presence of Mg in the system elongates the

S−O bond by 0.17 Å in the SO2−
4 tetrahedron. In the case of MgSO4 · 1H2O,

Figure 3.4, however, there are no significant changes in the bond lengths, com-

pared to the anhydrate, due to the presence of a water molecule. The Bader

charges of Mg, S and O atoms in MgSO4 · 1H2O are seen to be only slightly

larger than MgSO4, whereas the Natural Bond Orbital (NBO) charges did not

show significant variation between the two molecules [26].

3.3.2 Magnesium sulphate di-hydrate

The structures of higher hydrates are characterised by the presence of hydrogen

bonds of varying bond lengths. In the optimised structures, from Figures 3.5-

41



Molecular structures of the hydrates of MgSO4

1.85

1.62
2.45

1.85

1.62

1.45

1.45 -1.255

1.664

-1.257

-1.257

3.360

-1.255

Figure 3.3: Structure of MgSO4. Bond lengths and Bader charges are also
shown.
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Figure 3.4: Structure of MgSO4 ·H2O. Bond lengths and Bader charges are
also shown.
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3.10, the presence of hydrogen bonds are identified by measuring the distances

of O · · ·H interactions. The MgSO4 · 2H2O structure, in Figure 3.5, has two hy-

drogen bonds, hb1 and hb2. The hydrogen bond lengths are 1.85 Å each and the

O−O bond lengths in these hydrogen bonds are 2.58 Å. These hydrogen bonds

cause a slight elongation in one of the O−H bonds in the water molecules by

roughly 0.03 Å, but they do not cause much structural deformation in the SO2−
4

tetrahedron. Additionally, the presence of two water molecules increases the

Mg−O and Mg−S distances by approximately 0.07 Å. This may be connected

with the decreased negative charges in the hydrogen bond acceptor O atoms.

3.3.3 Magnesium sulphate tri-hydrate

The structure of MgSO4 · 3H2O, Figure 3.6, has three hydrogen bonds (hb1, hb2

and hb3). According to Jeffrey [71], a hydrogen bond is regarded as strong when

the O−O distance is less than 2.5 Å. Table 3.2 gives the bond lengths of all the

hydrogen bonds in MgSO4 hydrates studied here. It can be seen that the O−O

distances in hb2 is 2.5 Å, and thus it may be classified as a strong hydrogen

bond. Additionally, it causes clear elongations in the O−H (0.13 Å) bond in

water (W2) as well as in the S−O (0.06 Å) bond connected to this hydrogen bond.

In contrast, hb1 and hb3 appear to be relatively weak hydrogen bonds because

of the longer O−O bond lengths in these hydrogen bonds (>2.5 Å). Moreover,

these hydrogen bonds result in smaller elongations in O−H bond lengths in the

water molecules (W1 and W3) associated with these bonds. Another noticeable

deformation in the MgSO4 · 3H2O structure includes the overall displacement of

the O atoms connecting the Mg and S atoms towards the S atom. This may be

due to the increased positive charges in the S atom as the degree of hydration

increases.

3.3.4 Magnesium sulphate tetra-hydrate

As the number of water molecules is increased to four, Figure 3.7, the number

of hydrogen bonds is also increased to four (hb1, hb2, hb3 and hb4). Among

these, hb1 and hb3 are, comparatively, on the weaker side of the hydrogen bond

strength spectrum with O−O distances being above 2.6 Å (Table 3.2) and the

corresponding elongation of O−H bond lengths by roughly 0.03 Å. On the other

hand, hb2 and hb4 are relatively on the stronger side of the spectrum, with O−O
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Figure 3.5: Structure of MgSO4 · 2H2O. Bond lengths and Bader charges are
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Figure 3.6: Structure of MgSO4 · 3H2O. Bond lengths and Bader charges are
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distances being closer to 2.5 Å, and O−H bond elongation being higher than

0.05 Å. The average radius of the coordination sphere of water to Mg increases

from 2.02 to 2.09 Å, as the number of hydrated water molecules is increased

from 0 to 4, and in the mean-time, the distance between Mg and S atoms is

increased from 2.45 to 2.6 Å, probably due to the increased Coulombic repulsion.

One of the significant observations in the MgSO4 · 4H2O structure is the absence

of coordination of W4 with the Mg atom (Figure 3.7). The measured distance

between W4 and Mg is 2.23 Å, and this water molecule is stabilised by forming

two hydrogen bonds (hb3 and hb4) within the system.

3.3.5 Magnesium sulphate penta- and hexa-hydrates

The molecular structures of penta and hexa hydrates show significant distor-

tions in their molecular structures, which is caused by the formation of an

extensive hydrogen bond network. Figure 3.8 shows the optimised structure of

MgSO4 · 5H2O. Five hydrogen bonds are identified in the structure (hb1 - hb5).

All the O−O bond lengths are larger than 2.6 Å, which suggests that they do

not belong to the category of strong hydrogen bonds [71]. The average radius

of the coordination sphere (which is defined as the average distance between

the Mg atom and the O atoms connected to it) and the distance between Mg

and S, in MgSO4 · 5H2O, are increased to 2.11 Å and 2.65 Å, respectively. It is

interesting to note that hb4 and hb5 have the same hydrogen bond acceptors

and this causes an elongation of the bonds connected to this oxygen atom from

both Mg and S.

In the case of MgSO4 · 6H2O, two stable configurations with an energy difference

of 15.82 kcal/mol are obtained. Figure 3.9 shows the first configuration in

which four water molecules (W1, W2, W5 and W6) are coordinated with Mg,

and the remaining two water molecules (W3 and W4) are stabilised by the

formation of hydrogen bonds. Altogether there are six hydrogen bonds in the

configuration, and none of them can be strictly classified as strong hydrogen

bonds. The average radius of the coordination sphere is 2.04 Å, and the distance

between Mg and S atoms is 3.14 Å. The second configuration is obtained by

introducing an SO2−
4 tetrahedron to a fully hydrated [Mg(H2O)6]

2+ ion (Figure

3.1). This ensures that all the water molecules are coordinated with the Mg

atom. Unlike the previous configuration, this structure has only four hydrogen
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Figure 3.7: Structure of MgSO4 · 4H2O along with bond lengths and Bader
charges. Unlike in all the previous hydrates, this structure contains one uncoor-
dinated water molecule, W4. This water molecule is stabilised by the formation
of hydrogen bonds.
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Figure 3.8: Structure of MgSO4 · 5H2O along with bond lengths and Bader
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bonds. However, two of them (hb2 and hb4) are strong hydrogen bonds with

bond lengths of 1.41 Å and 1.37 Å, respectively. The average radius of the

coordination sphere is 2.10 Å, and the distance between Mg and S atoms is 2.63

Å.

One of the striking observations in both these structures is the swapping of the

covalent bond and the hydrogen bond between O−H in W5 and its hydrogen

bond with SO2−
4 . This subsequently results in a proton transfer reaction from

W5 to SO2−
4 tetrahedron. Hydrogen bonding is regarded as an incipient mech-

anism for a proton transfer reaction [55]. A detailed discussion on the hydrogen

bonds and the proton transfer processes in MgSO4 hydrates is presented in the

following sections.

3.4 Energy contributions in various hydrates

The binding energies (defined as ∆E = EMgSO4·xH2O − (EMgSO4 + x× EH2O) for

all the hydrates are given in Table 3.1. Energy of a separately optimised water

molecule, EH2O, is used to calculate ∆E. It can be easily understood that the

binding energy of mono-hydrate, Figure 3.4, represents the energy of hydration

which is -33.8 kcal/mol. The addition of another water molecule, Figure 3.5,

increases the magnitude of the total binding energy by roughly 31.3 kcal/mol.

The latter includes contributions from hydration of a second water molecule as

well as from the formation of two hydrogen bonds (relatively weak). Addition

of a third water molecule also liberates an equivalent amount of energy (roughly

31.4 kcal/mol) with contributions from hydration of the third water molecule as

well as from the formation of another hydrogen bond. It is interesting to note

that the total energy change per additional water molecule is almost constant

irrespective of the number of hydrogen bonds formed in these three hydrates.

This implies that the interaction between the Mg atom and the water molecules

is dominantly electrostatic. A similar analysis of the fourth hydrate (considering

the fact that there is no further coordination of water) reveals that the binding

energy (which is roughly -17.4 kcal/mol) of the fourth water molecule is coming

purely from the formation of an additional hydrogen bond (hb4 in Figure 3.7),

which, from the perspective of the energy change, should belong to the category

of strong hydrogen bonds. The smaller binding energy of the fourth water
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Figure 3.9: Structure of MgSO4 · 6H2O along with bond lengths and Bader
charges. All the water molecules are not coordinated to Mg atom and still this
configuration is energetically favourable to the fully coordinated MgSO4 · 6H2O.
Proton transfer is observed through hydrogen bond hb5.
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Figure 3.10: Structure of MgSO4 · 6H2O along with bond lengths and Bader
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atom. Proton transfer is observed through hydrogen bond hb3.
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Table 3.1: Number of hydrogen bonds(hbs) and energies of various configura-
tions. 1 kcal = 4.184 kJ

Molecule Number
of hbs

Energy Binding
energy,
∆E)

kcal/mol kcal/mol

MgSO4 · 1H2O
(Figure 3.4)

0 -1096.2 -33.8

MgSO4 · 2H2O
(Figure 3.5)

2 -1457.5 -65.2

MgSO4 · 3H2O
(Figure 3.6)

3 -1818.8 -96.6

MgSO4 · 4H2O
(Figure 3.7)

4 -2166.1 -114.1

MgSO4 · 5H2O
(Figure 3.8)

5 -2516.2 -134.3

MgSO4 · 6H2O
(Figure 3.9)

6 -2863.8 -152.0

MgSO4 · 6H2O
(Figure 3.10)

4 -2848.0 -136.2

molecule clearly reflects the different way it binds to the rest of the molecule.

The addition of a fifth water molecule increases the number of hydrogen bonds

to five as well as the degree of coordination by one (Figure 3.8) and results in an

energy change of 20.2 kcal/mol. It is to be noted that, in this step, the strength

of all the five hydrogen bonds decreases (O−O distances are ≥ 2.6 Å), and thus

the overall energy change does not reflect the significant energy change due to

the coordination of the fifth water molecule.

The presence of another (sixth) water molecule increases the number of hydro-

gen bonds by one and the degree of coordination by one, but in this case (Figure

3.9) one of the Mg−O−S bonds is replaced with a Mg−W5−O−S bond, accom-

panying an energy change of roughly 17.7 kcal/mol. This implies that the total

number of bonds to the Mg atom does not change with the addition of the sixth

water molecule, and the energy contribution is assumed to be coming from the
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formation of another strong hydrogen bond. Continuing in this line of argument,

one can easily see that in the fully coordinated hexa-hydrated structure (Figure

3.10), an energy increase of 15.8 kcal/mol is attributed to both an increase in

the number of water coordination by one as well a decrease in the number of

hydrogen bonds by two. Thus, the breaking of two hydrogen bonds dominates

the energy contribution compared to the increase in degree of hydration.

From a different perspective, one can argue that Figure 3.10 is formed by coor-

dinating two additional water molecules to the structure shown in Figure 3.7.

This leads us to the conclusion that an addition of two water molecules decreases

the energy only by 22.1 kcal/mol. Thus, it can be argued that the major con-

tribution to energy due to hydration is coming from the formation of strong

hydrogen bonds within the system. This intermediate hydrogen bond network

can, indeed, influence the rate of hydration significantly. This could possibly be

one of the reasons for the sluggish hydration rates [32] for MgSO4 under normal

atmospheric conditions.

3.5 Hydrogen bonds in MgSO4·xH2O systems

A hydrogen bond is defined as a bond formed between two negatively charged

atoms, such as O, F, N, with a hydrogen atom sitting in between them (Xδ− –

Hδ+ · · ·Yδ−). The hydrogen atom interacts with both the negatively charged

atoms, and one of the interaction is covalent in nature (X−H) and the other is

electrostatic in nature (H · · ·Y) [47]. The X−H group is considered as a proton

donor and the Y atom is called proton acceptor, which has at least one lone

pair of electrons [47]. Hydrogen bond interactions include attractive electrostatic

interactions at long distances, and polarisation energy and charge transfer in-

teractions at short distances. These attractive interactions compete against the

exchange energy due to repulsive interactions [47].

Figure 3.11 shows the variation of O−H bond lengths as a function of H · · ·O
distance of all the identified hydrogen bonds in MgSO4 hydrates. Table 3.2 also

gives an extensive list of the parameters of these hydrogen bonds including the

hydrogen bond angles, ∠ O−H· · ·O. The data points in Figure 3.11 are in agree-

ment with the valency conservation rule, Eq. (3.1), in the bond valence (BV)

model [130], suggesting the idea that the hydrogen bond interaction in O−H· · ·O
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Figure 3.11: O−H covalent bond length vs. H · · ·O hydrogen bond length in
MgSO4 hydrates (+). The hydrogen bond parameters seem to obey the Bond
Valence model, which is shown as the continuous curve.

system can be generalised using this model [52].

Table 3.2: Hydrogen bond parameters in the configurations

Molecule Hydrogen

bond

name

O−H

(Å)

H · · ·O
(Å)

O−O

(Å)

∠

O−H· · ·O
(◦)

MgSO4 · 2H2O hb1 1.00 1.85 2.58 126

hb2 1.00 1.85 2.58 126

MgSO4 · 3H2O hb1 0.98 2.04 2.66 119

hb2 1.10 1.41 2.50 165

hb3 1.00 1.83 2.57 128

MgSO4 · 4H2O hb1 0.98 1.96 2.63 123

hb2 1.07 1.48 2.53 164

hb3 0.98 2.02 2.64 118

hb4 1.02 1.65 2.53 141

MgSO4 · 5H2O hb1 1.02 1.63 2.60 158
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hb2 0.98 2.00 2.66 121

hb3 1.03 1.60 2.60 161

hb4 1.00 1.66 2.62 154

hb5 0.99 1.89 2.66 132

MgSO4 · 6H2O hb1 1.02 1.57 2.56 159

1 hb2 1.03 1.58 2.58 160

hb3 1.02 1.57 2.57 164

hb4 1.00 1.72 2.63 149

hb5 1.03 1.59 2.61 170

hb6 1.03 1.55 2.55 163

MgSO4 · 6H2O hb1 1.02 1.63 2.48 136

2 hb2 1.07 1.41 2.48 171

hb3 1.04 1.54 2.58 177

hb4 1.09 1.37 2.47 174

exp

(

r1 − rO−H

c

)

+ exp

(

r1 − rH···O

c

)

= 1. (3.1)

The Bond valence method conserves the valency (sum of bond numbers) of the

H atom by adjusting the bond numbers of both the O−H bond as well as the

O · · ·H bond [52] in the hydrogen bonds. The parameters in Eq. (3.1) (r1=0.957

Å and c=0.379428 Å) are in accordance with the study of Dunitz [38]. Thus, in

most cases, the O−H bond length increases as the H · · ·O bond length decreases

and vice versa for each hydrogen bond, as the degree of hydration changes. This

can be seen in Figure 3.11.

Figure 3.12 shows the O−H· · ·O bond angle as a function of H · · ·O distance.

The figure shows a linear correlation between O−H· · ·O angle and H · · ·O dis-

tance. The hydrogen bond lengths of the structures vary from 1.37 Å to 2.04

Å (Figure 3.11). The strength of the hydrogen bonds can be directly related to

the distance of the hydrogen bond donor to the acceptor atom. Short hydrogen

bonds are seemingly probable when the acceptor O atom has just one other
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Figure 3.12: Bond angles of hydrogen bond interactions. R2 is the coefficient
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bond associated with it (hb2 in Figure 3.6, hb2 in Figure 3.7, hb3 in Figure 3.8,

hb6 in Figure 3.9, and hb2 and hb4 in Figure 3.10). These hydrogen bonds can

be regarded as strong, given the fact that ∠ O−H· · ·O in all these bonds are

above 160◦, due to the complete availability of the lone pairs in the O for the

anti-bonding O−H orbital overlap [47]. The O−O distances in the above listed

hydrogen bonds are close to the limit of 2.5 Å, and for this reason, they can be

considered as short strong hydrogen bonds (SSHBs) [123]. Other SSHBs present

in the structures include hb4 in Figure 3.7 and hb1 in Figure 3.10. But the

angles ∠ O−H· · ·O in these bonds are 141◦ and 136◦, respectively. The Bader

charge analysis shows that the reason for a strong interaction in these hydrogen

bonds is that the negative charges in O atoms involved in these hydrogen bonds

are relatively on the higher side of the spectrum. It is worth mentioning that

the two points in Figure 3.12 which are lying considerably below the linear fit

correspond to these two hydrogen bonds. Although there are some exceptions

like the strong hydrogen bonds and the proton transfer discussed in the next

section, it seems that most hydrogen bonds are dominantly electrostatic with

little covalent contribution. This can be seen in the additivity of the energy
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contributions of the first three water molecules and Bader charges that show

small to modest changes upon water addition.Or in other words, charge trans-

fer during the hydration of the first three water molecules is almost too low to

be considered as a covalent interaction.

3.6 Intra-molecular proton transfer in hexa-hydrates
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Figure 3.13: Potential energy as a function of the position of the hydrogen
atom along the proton transfer pathway in MgSO4 · 6H2O

Another significant observation in the structures of MgSO4 · 6H2O shown in

Figure 3.9 and Figure 3.10, is the proton transfer process from W5 to one of the

O atoms in the SO4 tetrahedron. Proton transfer reactions in hydrogen bonded

systems are widely studied in the literature [54,130]. In most cases, proton transfer

reactions are associated with systems which possess low barrier hydrogen bonds

(LBHBs) [33,55]. LBHBs even cause quantum tunnelling effects in such systems,

and studies suggest that the rate of proton transfer is directly related to the

barrier height [127]. Grabowski et al. [130] have shown that the proton transfer

reaction is caused by the change in proton affinity values pKa between the

hydrogen bond donor and the hydrogen bond acceptor. From a purely molecular

structural perspective, it can be deduced that this proton transfer occurs after

one of the two Mg−(SO4) bonds has broken as the degree of hydration increases.
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This enables us to connect this proton transfer process with the relative increase

in proton affinity of the SO4 tetrahedron in MgSO4 · 6H2O structures. The

question remains whether this proton transfer is caused by an LBHB interaction

or if this is a spontaneous process. This demands sampling of potential energy

along the proton transfer pathway. Therefore, this pathway in MgSO4 · 6H2O is

sampled in order to get a clear understanding of this proton transfer mechanism.

The hydrogen atom is placed at different positions along the proton transfer path

in the molecule and single point calculations were performed using the PW91

functional for each geometry and the potential energies are sampled.

Figure 3.13 shows the energy as a function of the distance (between the H atom

and the O atom in the coordinated water molecule) as the H atom moves away

from the [Mg(H2O)6]
2+ fragment. Clearly there is no barrier in the potential

energy surface along the proton transfer pathway, and this rules out the possi-

bility of the presence of an LBHB interaction. The shape of the potential energy

curve in Figure 3.13 shows that the proton transfer is energetically favourable

and spontaneous in a MgSO4 · 6H2O molecule. The energy difference as the pro-

ton moves from left to right in Figure 3.13 is approximately 21 kcal/mol which

is more than the energy involved in the formation of a strong hydrogen bond

(10-15 kcal/mol) [123]. The de-localisation of H atoms observed in the crystalline

MgSO4 · 7H2O reported by Zalkin et al. [163] may be viewed as a consequence of

such proton transfer. Although this type of proton transfer is not observed in

experimental investigations of MgSO4 crystals, the implication of such a rear-

rangement might be significant in the process of hydration of MgSO4 crystals,

which needs to be investigated further. The increased proton affinity and the

possible motion of the hydrogen atom through the hydrogen bond interaction,

during hydration or dehydration, will dissociate the water molecule during hy-

dration. This is studied in more detail for the adsorption process of water on

an anhydrous MgSO4 crystal, in the following sections.

3.7 Water dissociation near the (100) surface of MgSO4

The structural changes of a water molecule as it approaches the MgSO4 crystal

is studied by placing a water molecule near the (100) surface of the crystal (see

Figure 3.2). The H2O molecule is then moved closer to the surface in a step-
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wise manner, in which geometry optimisations were performed at each step.

During geometry optimisation, the distance between the O atom in H2O and

the Mg atom at the surface of the crystal was constrained. The initial distance

between the H2O molecule and the surface (more precisely the O atom in the

H2O molecule and the Mg atom at the surface) was 5 Å and the displacement

in each step was 0.5 Å. The average distance between the Mg atom and the O

atom in the water molecule in a hydrated structures of MgSO4 is approximately

2.1 Å [68]. Thus, bringing a water molecule closer to 2.0 Å, resembles the process

of hydration.

The potential energies were sampled at each step and are plotted in Figure 3.14.

The figure shows the energy as a function of distance of the water molecule

from the magnesium atom, at the surface of the MgSO4 crystal. From the

figure, it can be seen that as the water molecule is moved closer to the (100)

surface of the crystal (from right to left in the figure), the energy decreases.

It appears from the figure that the largest energy release happens between a

distance of 3.0 Å and 2.5 Å. This energy change (i.e. between 3.0 Å and 2.5 Å)

is approximately 54.8 kcal/mol, whereas the average water binding energy (from

zero to six hydrates) on MgSO4 molecule, as shown in the previous sections, is

approximately 30 kcal/mol per water molecule, and thus, this energy change is

high for the hydration of a single water molecule. This energy change may also

be connected to the significant changes in the shape in the molecular structure

of the water molecule, which is explained in the next part. The total energy

change for the whole process of water binding on the (100) surface as shown in

Figure 3.14 is 83.5 kcal/mol.

The structural change in the MgSO4 crystal as the water molecule binds with

the crystal is shown for a few configurations in the images given in Figure 3.14.

An important observation is the dissociation of the water molecule correspond-

ing to geometries with energies lower than -3460 kcal/mol. Figure 3.15 shows an

enlargement of the extreme left geometry in Figure 3.14 for a better illustration

of the dissociation of the incoming H2O molecule. The incoming water molecule

appears to have dissociated to form an H fragment and an OH fragment, both

still attached to the crystal surface. Recently, Luo et al. [91] have computation-

ally studied the water adsorption on the (100) surface of the MgSO4 crystal.
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Figure 3.14: Energy as a function of distance between the Mg atom in the
MgSO4 slab and the O atom in the water molecule. The images (view normal
to the XY plane) show that the incoming water molecule is dissociated as it
approached the surface. An unconstrained optimisation starting the extreme left
geometry results in the lowest energy geometry.

However, they did not report any such dissociation of water near the surface.

Maslyuk et al. [98] have performed a similar study on kieserite (magnesium sul-

phate mono-hydrate) to find the minima in the potential energy surface when

the water molecule is close to the (100) surface of the mono-hydrate. Their

study revealed that the minimum is found when the water molecule was sitting

directly above the Mg atom with the formation of hydrogen bonds and with

an Mg−OH2O bond length of 2.18 Å. Similarly, the present study also reveals

the influence of hydrogen bonds between the incoming water molecules and the

oxygen atoms on the crystal surface during the hydration process.

Since the dissociation of the water molecule has occurred between a separation

distance of 3.0 Å and 2.5 Å, this region, where the largest energy change is

observed, is sampled with smaller displacements (0.1 Å) in order to attain more

insight into the dissociation process. Therefore, Figure 3.14 shows more sam-

pling points in this region and Figure 3.16 shows the shapes and energies of the

respective optimised structures. The energy continuously decreased as the water
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Z

Y

X

Figure 3.15: Dissociation of water during the binding of water molecule to
MgSO4 slab. The view is normal to YZ plane. The arrow shows the dissociated
hydrogen atom of the incoming water molecule. Mg=green, O=red, S=yellow,
H=white

molecule moved closer from 3.0 Å till 2.9 Å as shown in Figure 3.14 and then

slightly increased for about 1.5 kcal/mol until a distance of 2.7 Å. During this

stage, the water molecule remained intact without any sign of dissociation as

one can see in Figure 3.16(a) till Figure 3.16(d). An unconstrained optimisation

starting from the geometry corresponding to r=3.0 Å, did not lead to the dis-

sociation of the water molecule, and thus confirmed the absence of spontaneous

water dissociation in this region. However, Figure 3.16(e) shows the transfer of

a proton from the water molecule to one of the O atoms in the crystal. Sub-

sequently, Figure 3.16(f) shows the geometry after water dissociation with an

even lower energy compared to the geometry before the proton transfer. The

orientation of the water molecule after dissociation is significantly different and

this could be attributed to the large change in energy (53.3 kcal/mol) between
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(a) r=3.0, E = -3443.6 (b) r=2.9, E = -3444.1 (c) r=2.8, E = -3443.1

(d) r=2.7, E = -3442.6 (e) r=2.6, E = -3445.2 (f) r=2.5, E = -3498.5

Figure 3.16: Optimised structures of an MgSO4 slab with a water molecule
kept at distances between 3.0 Å and 2.5 Å from the Mg atom at the surface.
Distance (r) between Mg atom at the surface and O atom of water molecule
is constrained during optimisation. The energies are given in kcal/mol and
distances in Å. Mg=green, O=red, S=yellow, H=white

2.6 Å and 2.5 Å. Thus, the proton transfer during the hydration of MgSO4 and

the subsequent water dissociation involves the crossing of a local maximum in

the potential energy surface. This may be the reason why such a water disso-

ciation was not observed in the past. Since the energy of the final dissociated

geometry is lower than the undissociated geometry, water dissociation has to be

considered thermodynamically favourable during the hydration of MgSO4. It

also needs to be mentioned that the energies of the geometries with distances

lower than 2.6 Å are lower than the energy corresponding to the undissociated

structure at 2.7 Å in Figure 3.14 & 3.16. The extreme left geometry (r = 2.0

Å) is, eventually, further optimised without any constraints and the resulting
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energy is shown as the lowest energy structure (r = 2.94 Å) in Figure 3.14. This

structure maintained the dissociated form of water.

3.8 Second water molecule near the (100) surface

The final structure obtained after the adsorption of the first water molecule

in the MgSO4 unit cell by unconstrained optimisation (the structure with the

lowest energy (r = 2.94 Å and E = -3499.3 kcal/mol) in Figure 3.14) is used for

further analysing the effect of the approach of a second water molecule near the

(100) surface. The second water molecule is placed in vacuum, at a distance of

5 Å from the same Mg atom at the (100) surface of the MgSO4 slab of which

the first water molecule is bonded. This Mg atom is already in coordination

with the first water molecule. Constrained geometry optimisation is performed

in the same way as before by moving the water molecule in a step wise manner

closer to the Mg atom. The energy as a function of distance between the Mg

atom and the O atom of the incoming water molecule is shown in Figure 3.17.
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Figure 3.17: Energy change as the second water molecule approaches the crys-
tal (from right to left)

From Figure 3.17, it can be seen that the energy of the structure after the water

adsorption (extreme left) is only slightly lower (10.4 kcal/mol) than the starting

structure (extreme right). Thus, adsorption of the second water molecule to the
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same Mg atom is energetically less favourable. Probably, a different binding

location (i.e. a different Mg atom on the crystal surface) is preferred for the

hydration of the second water molecule. A barrier for water adsorption of 23.2

kcal/mol is also found at a distance of 2.5 Å. This may be due to the presence

of one water molecule on the surface, which makes it difficult for further coor-

dination to the same Mg atom in the manner shown in Figure 3.17. The final

hydrated configuration (the extreme left geometry in Figure 3.17) showed no

sign of dissociation of the second water molecule (Figure 3.18). Thus it may

be concluded that dissociation of a water molecule during hydration does not

always occur and depends on the possibility of proton transfer reactions along

the reaction pathways.

Z

Y

X

2.54 (hb2)

1.91 (hb1)

1.6 (hb3)

Figure 3.18: Dissociation of water during the binding of the second water
molecule to MgSO4 slab. The view is normal to YZ plane. Hydrogen bonds are
shown with dotted lines. hb3 interaction is across the periodic boundary.
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3.9 Vibrational frequencies

Three structures were selected for harmonic frequency calculations: 1) a water

molecule, 2) the unconstrained optimised structure of the MgSO4 crystal with

one water molecule (the lowest energy structure in Figure 3.14, corresponding to

the configuration MgSO4 · 0.25H2O) and 3) the unconstrained optimised struc-

ture with two water molecules (the lowest energy structure in Figure 3.17, cor-

responding to the configuration MgSO4 · 0.5H2O). The vibrational frequencies

are shown in Figure 3.19 and the harmonic frequencies for O−H vibrations for

these structures are tabulated in Table 3.3. Since the incoming water molecule

for case 2 (MgSO4 · 0.25H2O) was dissociated, as it approached the crystal, the

usual symmetric and the asymmetric O−H stretches were absent in this case.

Instead, only the dissociated O−H vibrations were found (column 3 in Table

3.3). On the other hand, the third structure (MgSO4 · 0.5H2O) has four vibra-

tions including the symmetric and asymmetric vibrations of the undissociated

H2O molecule in the crystal and the O−H vibrations of the dissociated water.

The hydrogen atom in the dissociated OH fragments in the second structure

(with only one water molecule) does not engage itself in the formation of any

hydrogen bonds. However, the undissociated water molecule in the third struc-

ture is stabilised by the formation of two weak hydrogen bonds (hb1 and hb2

in Figure 3.18) with H · · ·O distances of 1.91 Å and 2.54 Å. In addition, the

hydrogen atom in one of the OH fragments in the third structure is involved in a

relatively strong hydrogen bonding [52] with an H · · ·O distance of 1.6 Å (hb3 in

Figure 3.18). The vibration frequency for this OH fragment is 2842 cm−1. The

frequency is usually represented in terms of the wave number of the incident

radiation absorbed by the material. Luo et al. [91] have shown the increase in

the number of peaks in the high frequency range when adsorbed on the MgSO4

surface. They have also reported the existence of a peak between 2500 and

3000 cm−1, which in the current analysis is caused by one of the dissociated OH

fragments in case 3.

3.10 Discussion

The mechanism of hydration of an MgSO4 crystal seems to be unexpectedly

complicated as illustrated in the water binding cases above. From Figure 3.14,
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Figure 3.19: Vibrational frequencies (DFT) of the lowest energy configurations
from Figure 3.14 with one water molecule (top), and from Figure 3.17 (bottom)
with two water molecules

it is clear that the hydration process is accompanied by significant structural

changes in the crystal and in the water molecule including the breaking of O−H

bonds in water. This appears to be caused by a strong hydrogen bond network

due to the presence of electronegative O atoms in the [SO4]
2− ions [26]. Hydro-

gen bonds in the MgSO4 hydrates seem to enhance the formation of meta-stable

states during hydration or dehydration, thereby affecting the kinetics of reac-

tions. It is also reported in the literature [148] that the hydration is usually slower

than dehydration in MgSO4. A possible reason for this could be the presence

of local energy barriers such as the one shown in Figure 3.17. This implies that,

although the hydration is thermodynamically more favourable at lower temper-

atures, the system still needs to possess enough kinetic energy to climb over

local maxima in the energy surface, which makes the hydration process slower.

The dehydration step has no such constraints as it is enhanced by increasing

the temperature.

The method used in this work involves a constrained geometry optimisation

procedure, in which the distances between one Mg atom in the crystal and an

63



Discussion

Table 3.3: O−H Vibrational frequencies (cm−1) of water adsorbed on the
MgSO4 surface after unconstrained optimisations

Details water alone slab with
one water

slab with
two water

Symmetric 3692 3394
Asymmetric 3789 3698

Dissociated
3447 2842
3660 3720

O atom in the water are constrained at each step. This raises concerns such if

a water molecule follows the same trajectory in a real hydration process. Such

arguments can be countered by the fact that the overall energy of the system

decreased as the water molecule approached the Mg atom in the crystal at least

in the case of Figure 3.14, and therefore the trajectory is energetically feasi-

ble. However, there may exist other reaction pathways or binding locations

which are more energetically favourable to the reaction pathways or binding

locations analysed in this study. Unfortunately, searching for all such energeti-

cally favourable reaction pathways could not be accomplished due to the large

computational costs. Therefore, the existence of another preferred trajectory

for hydration cannot be ruled out and further analysis is needed to establish the

existence of any such path.

Another aspect worth mentioning about the result presented in Figure 3.14 is

the large change in energy between the distances of 3.0 Å and 2.5 Å. The major

change in energy can be seen to have taken place due to the proton transfer

mechanism connected with the dissociation of the water molecule and further

rearrangement of the crystal. From this, it can be inferred that the major release

of energy, during this entire hydration process, is contributed by the formation

of hydrogen bonds between the incoming water molecule and oxygen atoms at

the surface. This may indicate that the initial fast release of energy during

hydration occurs due to the formation of hydrogen bonds, followed by a slow

lattice reorganisation involving a limited further energy release. The presence of

the energy barrier of ≈ 1.5 kcal/mol between r = 2.9 Å and r = 2.7 Å confirms

that the hydration process proposed in this study is not spontaneous and is
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slowed down by the formation of meta-stable states.

It was reported in the literature [109] that the decrease in the O−H vibrational

frequencies in Raman spectra is related to the increase in the strength of the

respective H · · ·O hydrogen bonds and the resulting decrease in the strength

of O−H bond. This result was used to explain the non-isotropic expansion of

gypsum under heating [31]. Therefore, it may be interpreted that the decrease

of the vibrational frequencies for symmetric and asymmetric stretching modes

for the third case (fourth column in Table 3.3) is related to the weak hydrogen

bonds formed between the water molecule and two of the O atoms in the crystal.

Similarly the frequency of 2843 cm−1 in the dissociated OH fragments in the

third structure is also connected with the formation of a strong hydrogen bond.

The reason for the decrease of the first vibrational frequency for the dissociated

OH fragment in the second structure is not clear. This OH fragment does not

involve in a hydrogen bond.

Experimental measurements [22,155] showed that the O−H vibrations exhibit a

band across a range of ≈ 3000 − 3600cm−1 instead of two clear peaks for sym-

metric and asymmetric vibrations for MgSO4 hydrates. The current understand-

ing in the literature about this is the possible distortions in the OH bond lengths

in the hydrates. The current results on the dissociation of water and the sub-

sequent changes in the spectra presented in Table 3.3 shows that this band of

frequencies may be connected with the dissociation of water during hydration.

3.11 Summary

To analyse the structure and chemical interactions involved, Density functional

theory study has been conducted in various hydrates of MgSO4 molecules. The

presence of an extensive network of hydrogen bonds in these molecules has been

identified in this study. The study confirms the formation of multiple isomers

for hexa-hydrates with varying number of hydrogen bonds and number of co-

ordination bonds. Among the two isomers, the lowest energy isomer appears

to be stabilised by the formation of six hydrogen bonds and low coordination

number (four) against the expected octahedral coordination. This could result

in the formation of meta-stable states and sluggish kinetics as reported in the

literature for Magnesium sulphate hydrates [32].
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The presence of hydrogen bonds significantly influences the structures of the

hydrates. The presence of strong hydrogen bonds is also identified in the

molecules. One of the observations is the proton transfer process that occurs

in hexa-hydrated structures. This gives significant insights into the possibili-

ties of breaking or formation of covalent bonds during hydration or dehydration

processes in these crystals although most hydrogen bonds show very little co-

valency.

Water binding on the (100) surface of the magnesium sulphate crystal, contain-

ing four MgSO4 molecules, is also studied. The study reveals the possibility

of dissociation of water during hydration. It appears that the hydrogen bond

interaction involved in the system between the oxygen atoms in MgSO4 and

H2O is strong enough to split the water molecule when it comes in contact with

the surface. Thus the dissociation of water appears to be characteristic for the

hydration process of MgSO4, although such a dissociation was not observed

with the approach of the second water molecule. This suggests that the dissoci-

ation of water is not always present and several other factors play a role in the

hydration of magnesium sulphate, thus making it rather a complex process. In

addition, the water dissociation observed in this study appears to have occurred

by crossing over a local energy maximum, which suggests that the hydration pro-

cess in MgSO4 is complicated with the presence of local energy barrier, which

in turn cause to slow down the kinetics. The broadening of the OH spectra in

the MgSO4 hydrates as reported in the literature [91] may be attributed to the

dissociation of water in addition to distortion in the OH bond lengths.
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4
Parametrization of ReaxFF force field

This chapter is published in Journal of Computational Chemistry [69].

4.1 Introduction

T
he ReaxFF force field is a new generation Molecular Dynamics (MD)

force field for modelling reactive chemical systems [145]. The dynamic

chemical bonds in a reactive system are modelled based on the physi-

cally intuitive concept of bond order of a chemical bond. The bond order in a

ReaxFF force field can take up any real value between zero and three depending

on the nature of the chemical system and the distance between the atom pairs.

All the connected interactions between atom pairs are included as a function of

bond order and thus act as perturbation terms to the non-bonded interactions

(van der Waals and Coulombic interaction). The force field parameters are op-

timised against quantum chemical data (structures and energies) of molecular

systems [145]. ReaxFF has been used to model a variety of systems such as hydro-

carbons [28,29], Si-oxides [146], Mg-hydride [30], Lithium [58], Platinum-Oxygen [143],

Iron-oxyhydroxides [8], Gold oxides and nano-particles [73,74], Cu-water [121,147],

Cobalt [84] etc. As such, the ability of the ReaxFF force field to accurately rep-

resent the interactions between atoms in such complex molecular systems, in

terms of approximately 100 parameters per atom, is commendable.

In the present study, the ReaxFF method is used to simulate magnesium salt
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hydrates which are potential candidate materials for energy storage in seasonal

heat storage systems [148]. The ReaxFF force field for magnesium sulphate hy-

drates is parametrized using quantum chemical (DFT) data (reported in Chap-

ter 3) in order to accurately simulate the dynamics of the system. The force

field contains around 100 parameters per atom to describe the potential energy

surface. The traditional parametrization procedure implemented in ReaxFF is

inefficient since it uses a single parameter search algorithm [144]. The success

of such a procedure is highly dependent on the initial conditions as it searches

only for the local minima in the parameter space. Alternatively, Monte Carlo

algorithms are well known for efficiently sampling highly irregular configura-

tional spaces. In the present study, the Metropolis Monte Carlo Method [103] is

employed to randomly sample the parameter space in search for the global min-

imum, by utilizing the Simulated Annealing procedure of Kirkpatrick et al. [79]

to optimise the ReaxFF force field. The transferability of the resulting force

field is tested with respect to a part of the data set which was not used for opti-

misation. In this study, a brief background on the ReaxFF method is presented

along with the traditionally used single parameter parabolic-search parameter

optimisation scheme. Then the Metropolis Monte Carlo optimisation scheme

along with Simulated annealing technique for the force field parametrization is

introduced. The quality of the resulting force field is analysed by comparing

the results with a set of quantum chemical data. In addition, a transferability

test of the force field is also presented in this work.

4.2 Background of ReaxFF

MD simulations are increasingly being used to study complex molecular systems

as the computational costs are getting lower day by day. In MD, the molecular

system undergoes a systematic sampling of the configurational space defined by

a particular ensemble, to generate statistical estimates of macroscopic properties

including the dynamic properties. The inter-atomic interaction potentials sub-

sume all the physical properties of the system within itself and therefore play a

crucial role in reproducing the real physical behaviour of any system. There are

several inter-atomic potentials being used in MD simulations, each varying in

their computational efficiencies and accuracies. One commonly used model is the
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Lennard-Jones (LJ) potential [72]. The LJ potential describes the van der Waals

interactions between two atoms using a fairly simple model, mostly suitable

for systems similar to inert gases, and sometimes for solid-fluid interactions [95].

There are a few reactive potentials (force fields) also available in order to sim-

ulate chemical reactions. Reactive Empirical Bond Order (REBO) [20] is one

such model which was built based on the Tersoff potential [140]. Attempts have

been made to improve REBO force fields [21]. The development of the AIREBO

potential (Adapted Intermolecular REBO) is an attempt by Stuart et al. [135]

to generalise REBO to include long range interactions. However, it retained

the fundamental problems in the shapes of the dissociation curves of REBO.

Electronic structure based methods are also available such as the Embedded

Atom Method (EAM) [34] and Car-Parinello Molecular Dynamics (CPMD) [25].

However, these methods have the disadvantage that either their usage is limited

to specific systems or they are computationally expensive. ReaxFF [145] is an

empirical force field which emulates chemical reactions by introducing dynamic

bonds in addition to the non-bonded long range interactions between atoms.

4.3 ReaxFF force field

The ReaxFF force field calculates the energy of the system according to Eq.

(4.1).

Esystem =Ebond + Elp + Eover + Eunder + Eval + Epen+

E3conj + Etors + E4counj + EH−bond + EvdWaals + ECoulomb, (4.1)

where Ebond represents the bond energy, Elp is the energy due to the presence

of lone pairs and Eover and Eunder are the energies arising from over and under-

coordination, respectively, of atoms with respect to their valency. The valence

angle (three body) energy and the torsion angle (four body) energies are ac-

counted for in the terms Eval and Etors respectively. Epen is a penalty energy to

stabilise a three body system with the center atom having two double bonds con-

nected to it. Conjugated chemical bonds are stabilised by adding corrections for

three body, E3conj, and four body, E4counj, conjugation terms to the respective
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systems. EH−bond represents the hydrogen bond interactions. The long range

interactions such as van der Waals interactions and Coulombic interactions are

accounted for between every pair of atoms irrespective of the presence of chem-

ical bonds. The complete expressions for each term are given in Appendix A as

well as in van Duin et al. [145,146]. The van der Waals interactions are modelled

using a distance corrected Morse-potential, Eq. (4.2a).

EvdWaals = Dij

{

exp

[

αij

(

1− f13 (rij)

rvdW

)]

− 2 exp

[

1

2
αij

(

1− f13 (rij)

rvdW

)]}

,

(4.2a)

f13 (rij) =

[

rλ29
ij +

(

1

λw

)λ28
]

1
λ28

. (4.2b)

Here Dij is the interaction energy, rvdw is the van der Waals radius and the re-

maining ones are empirical parameters in the force field. Eq. (4.2b) is a shielding

term to limit excessive repulsive interaction between bonded atoms and atoms

sharing a valence angle. Similarly, a shielded Coulomb potential, as presented

in Eq. (4.3), is used to account for electrostatic interactions. Corrections will be

made whenever there is orbital overlap between atoms at close distances. Atomic

charges are calculated using the Electron Equilibrium Method (EEM) [104], thus

taking into account charge transfer and polarisation of the molecules during

chemical reactions.

Ecoulomb = C
qiqj

[

r3ij + (1/γij)
3
]1/3

, (4.3)

BO′
ij =exp

[
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(

rij
rσo

)Pbo2
]

+ exp

[

Pbo3

(

rij
rπo

)Pbo4
]

+exp

[

Pbo5

(

rij
rππo

)Pbo6
]

. (4.4)

In ReaxFF, the bond order BO′
ij is calculated between every pair of atoms

according to Eq. (4.4). The parameters Pbo1, Pbo3 and Pbo5 in Eq. (4.4) have
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values less than zero. The bond order, thus, takes a real value between 0 and

3 depending on the distance between atoms and the nature of the chemical

bond. An example of bond order as a function of inter-atomic distance for

the C−C bond is shown in Figure 2.1. All the connected interactions such as

bond energy, valence angle etc. are made bond order dependent, thus making

the bond breaking and formation a spontaneous process. All the non-bonded

interactions are multiplied by a 7th order polynomial to make sure that the 1st,

2nd and 3rd derivatives are continuous and go to zero at the cut-off boundary [29].

4.4 Force field parametrization using quantum chemical results

A typical ReaxFF force field uses approximately 100 parameters per atom to

define the potential energy surface [145]. Although some of these parameters may

be given physical interpretations, many of them are purely empirical. Optimi-

sation of these parameters for a representative chemical system is done in such

a way that the force field reproduces a set of reliable energies and structural

properties of various configurations of the system. The set of data which is

used for comparison is called the training set, which include atomic charges

(Mulliken charges), bond lengths, bond angles, torsion angles, potential energy

changes, heat of formations etc. Such data are obtained mostly from Density

Functional Theory (DFT) calculations or in some situations from experiments.

The energies used for comparison in the training set are not provided as abso-

lute energies of the geometries, instead as differences in energies between any

two selected geometries, considering the fact that the reference energy states for

the DFT methods are mostly different from the ReaxFF reference state. There-

fore, the optimisation is performed mostly for the shape of the potential energy

surface and not for its absolute values. For an MD simulation, nevertheless,

absolute values of energies are not relevant, only the shape of the energy surface

is important.

During the force field parameter optimisation, ReaxFF tries to minimise an

objective function, indicated as Error given in Eq. (4.5), which is the sum of

the squared error between the force field obtained data and the one which is

provided in the training set.
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Error =
n
∑

i=1

[

(xi,TS − xi,ReaxFF)

σi

]2

. (4.5)

Here, xi,TS is the quantum chemical or experimental data in the training set and

xi,ReaxFF is the value for the corresponding data obtained from ReaxFF. The σi

values are parameters used to scale different types of errors generated for each

entry in the training set to mutually comparable magnitudes. Therefore, these

parameters can be used to set the relative importance between various sections

within the training set. The choice of the values for these scaling parameters,

σi, depends mostly on the relative accuracy of various data in the training set.

For example, the DFT method using various GGA functionals with 3− 21 + G∗

basis set [36] is reported to have an average error in the heat of formation esti-

mation of several protein molecules, between 8 to 30 kcal/mol [125], compared

to the experimental values. In the case of MgSO4 crystal, containing 24 atoms,

a deviation in the heat of formation of approximately 25 kcal/mol (= 0.045

eV/atom) is observed when using the PW91-functional in this study. In ad-

dition, the accuracies of the energies calculated using various functionals and

the basis sets in DFT can be different from each other. Such aspects must be

taken into account in choosing the σi values. Besides, only the relative values

of the σi have any significance and scaling all of them uniformly will not make

any difference to the optimisation scheme except that it will merely change the

magnitude of Error. The approximate values of σi used in the calculation for

various sections of the training set are given in Table 4.1. The σi values for the

energies vary from 0.1 to 1.0 depending on the magnitude of the training set

entries xi,TS. This is because the DFT error generated in an energy entry is pro-

portional to the magnitude of the energy. Altogether, there are approximately

3000 data points in the training set.

4.5 Drawbacks of the existing parametrization method

Usually, the optimisation of the parameters is done using a successive one-

parameter search algorithm [144]. According to this method, one particular pa-

rameter P in the force field is chosen at a time, and then a parabolic fit is

made between three values of the objective function against three values for
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Table 4.1: The approximate values of σi used for various sections in the train-
ing set

Section in the training set Approximate σi values

Atomic Charges 0.01 (C)

Bond lengths 0.05 (Å)
Valence Angles 3.0 (◦)

Energies 0.1 to 1.0 (kcal/mol)

that parameter: one being the initial value P, and the other two being small

perturbations δP in both directions P± δP. The optimum value for this param-

eter P is then calculated by minimizing this parabola. If the parabola is concave

down, the value which corresponds to the smallest error will be selected. The

procedure is then repeated by choosing a different parameter and is continued

until the error no longer decreases.

However, since most of the parameters in the force field are in some way re-

lated [144], the procedure has to be repeated several rounds over all the parame-

ters in order to get a converged force field. Another drawback in this procedure

is that it will only find a local minimum in the parameter space and a good

initial condition for the parameters is necessary for obtaining a good force field.

Given the fact that most of the parameters are empirical, a good starting point

for these parameters is, very often, difficult to realize. This approach becomes

more difficult when the number of parameters to be optimised is large. In ad-

dition, there is no guarantee that the error surface has the shape of a parabola

in the region of interest and, therefore, the assumption that this procedure will

lead to a local minimum is even questionable. For instance, Figure 4.1 shows the

shapes of the error surface as functions of few parameters in the MgSO4-water

ReaxFF force field.

A continuous parabolic shape for the error surface is observed only for the

van der Waals radius of Mg atom, Figure 4.1(d). The other three are either

irregular or rapidly varying. The parabolic-search algorithm for such cases may

not provide a good estimation for the parameters and is unsuitable for finding

the global minimum in such an error surface, especially when one does not
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have a suitable initial condition. In this study, a more robust optimisation

scheme is proposed to minimise the error function, Error in Eq. (4.5), in a

high-dimensional parameter space.
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Figure 4.1: The shapes of a typical ReaxFF error surface for MgSO4 ·H2O
system as functions of a few parameters in the force field. All the other param-
eters were kept constant while sampling the errors.

4.6 Metropolis Monte Carlo (MMC) algorithm

A standard mathematical minimisation procedure such as the least squares

method requires that the error function must be continuous and differentiable in

the parameter space. Besides, such a method may only converge to a local min-

imum depending on the starting point. Owing to the mathematical complexity

of the potential [144], chances are high that the accumulation of numerical differ-
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entiation errors might create instabilities in the solution procedure. Therefore,

a simple and robust Metropolis Monte Carlo minimisation procedure is used

to optimise the ReaxFF force field for a magnesium sulphate-water system in

the high-dimensional parameter space. The Metropolis Monte Carlo (MMC)

algorithm [103] has been used extensively in efficiently sampling the configura-

tional space and to compute macroscopic properties of molecular systems. In

this method, the particles/atoms are instilled with random movements at every

iteration and the so-proposed configuration is accepted with a probability given

by

Pa = min [1, exp (−β∆E)] , (4.6)

where ∆E = Enew − Eold is the difference in energy of the configuration after,

Enew, and before, Eold, the proposed move. The Metropolis scheme samples

the states in accordance with the Boltzmann distribution. The acceptance of

the trial move is thus governed by the Boltzmann distribution. The Boltzmann

factor, exp (−βE) (where β = 1/kBT), assigns a probability for each trial state

according to its energy, E. The states with low energy are more probable com-

pared to the states with high energy. When the temperature, T, of the system

is high, the system meanders around the energy surface more freely and vice

versa. The stochastic nature of the dynamics in the MMC algorithm makes it

a robust method to search over an energy hyper-surface with a large number of

minima [81]. The applicability of the MMC algorithm for the purpose of molec-

ular docking has been successfully established for molecules of varying sizes,

degrees of flexibility and types of interactions [35].

4.6.1 Simulated Annealing (SA) for ReaxFF parametrization

There are optimisation methods developed based on the Monte Carlo algo-

rithm, which include the combinations such as MMC and the Lattice Statics

Method [118], Monte Carlo minimisation and Thermalisation [24] etc. One com-

monly used variant of the MMC algorithm for minimisation problems is the

Metropolis Monte Carlo-Simulated Annealing (MMC-SA) procedure [79]. In this

method, the simulation is started at a high temperature with a set of randomly

generated values for the parameters and then the system is slowly cooled down.
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So, in the initial stage, the system can freely move around the energy surface

and one may assert that, eventually, the system will boil down to the global

minimum in the energy surface. The procedure has been applied for many sys-

tems to find the global energy minimum [89,157,158]. It is to be noted here that

the particles in the present study are nothing but the parameters in the ReaxFF

force field, and the energy E in Eq. (4.6) is the Error in Eq. (4.5). So Eq. (4.6)

may be rewritten as

Pa = min [1, exp (−β∆Error)] , (4.7)

where ∆Error = Errornew − Errorold. The temperature T determines the num-

ber of accessible error levels in the error surface, and it may be viewed differently

from the actual temperature in particle mechanics. The magnitude of T has been

chosen based on the magnitude of Error for a particular optimisation run such

that a certain minimum acceptance rate is maintained. At the beginning of the

simulation, the temperature is set to a high value and is gradually decreased by a

factor of 0.999 at every proposed move. Out of a selected 132 parameters of the

Mg−S−H−O ReaxFF force field (which include the pair interactions between

Mg−O and S−O, valence angles between Mg−O−S, O−S−O, H−O−S, van der

Waals interaction between most pairs and the O−H−O hydrogen bond interac-

tions apart from the atomic parameters of Mg and S) for optimisation, only 5%

of them were randomly picked at each move and random propositions are made

for each according to Pi = Pi + δPi,max × (2× rand(0, 1)− 1). Here δPi,max is

the maximum allowed movement for each parameter and rand(0, 1) is a random

number from a uniform distribution in the interval [0, 1]. Throughout the calcu-

lation, a minimum acceptance rate of 30% is maintained by scaling δPi,max by a

factor of 1.03 (i.e. when the acceptance rate is more than 30%, δPi,max is scaled

up by 3% and when it is less than 30%, δPi,max is scaled down by 3%). Figure 4.2

shows the decrease of Error as the system is cooled down. In the initial stages,

relatively large fluctuations were allowed due to high temperature, and in the fi-

nal stages only small fluctuations were allowed. All parameters in the force field

are given an upper and lower bound, based on the values used in a set of eleven

force fields provided in the ReaxFF package of scm [3], to ensure that the pa-
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rameters do not attain any physically meaningless values. These bounds for the

parameters are large enough so that this includes the region where force fields

for a number of elements (such as H,O,C,N,S,F,Pt,Cl,Ni,Si,V,Zn etc.) and for

the molecules formed by their combinations can be derived out of this bounds.
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Figure 4.2: An example for the decreasing Error (Eq. (4.5)) with increasing
β (= 1/kBT ) taken from one of the MMC-SA runs for the ReaxFF force field
optimisation

Roughly 25% of the data in the training set is rendered moot from the optimisa-

tion procedure, and is used to test the transferability by cross-validating [134] the

force field after optimisation. A low weight factor, (100× σi), refer Eq. (4.5),

is set for these data compared to the other equivalent data in the training set.

In this procedure, the force field is effectively optimised against 75% of data

points in the training set and then the resulting force field is validated against

the remaining data points with low weight factor. In addition, the equations of

state for magnesium sulphate penta-hydrate crystal is left out of the training

set, to test the transferability of the force field for data points completely out-

side what is given in the training set. In order to compare the influence of the

starting point between the MMC-SA and the parabolic-search algorithm, the

optimisation is also done using the latter method with random starting points

for the selected set of parameters. Multiple sweeps were performed over all the
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parameters during the parabolic search method.

4.7 Results after parametrization

Usually, the ReaxFF force fields are optimised against quantum chemical data

such as the equations of state, binding energies for chemical reactions, specific re-

action path ways, dissociation curves etc [28,30,146,147] for the respective systems.

For optimizing the force field for the MgSO4 · xH2O system, the DFT optimised

structures of various hydrates of MgSO4 · xH2O, where x = {0, 1, · · · 6}, are in-

cluded in the training set. The equations of state for MgSO4, MgSO4 · 4H2O,

MgSO4 · 7H2O periodic crystals as a function of volume, were also added. In

addition, the binding energy curves of the water molecules to the MgSO4 (100)

surface and various proton transfer pathways observed in the DFT optimisations

were also included.

4.7.1 Comparison of MMC with parabolic-search method

In order to assess the performance of the proposed Metropolis Monte Carlo

scheme to optimise the ReaxFF force field, a comparison is made between the

single parameter parabolic-search (ParSearch) method and the MMC algorithm.

Since a proper initial condition was not known for the force field, five random

starting force fields were used. These five random force fields were then opti-

mised using the MMC method at a low temperature as well as the parabolic-

search method. The ratio of ErrorMMC to ErrorParSearch as a function of iteration

is shown in Figure 4.3.

All the curves in the figure start at unity. A value of less than unity for this ratio

implies that ErrorMMC is smaller than ErrorParSearch at that iteration and vice

versa. A value greater than unity is found at the beginning of just one simulation.

In all the five trials, the MMC method finds a lower minimum compared to the

parabolic-search method. Apart from the second trial, the error ratios between

the MMC and the parabolic-search mostly remain significantly lower than unity,

suggesting that the MMC method works better when starting from a random

initial force field. In the second trial, the parabolic-search method possible

started with a good initial condition. Nevertheless, the MMC method still

arrived at a better force field with lower error in this case as well. Figure 4.4

shows the absolute values of the errors in the MMC and the parabolic-search
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method for trial 3. This shows that the MMC method reduces the error in the

force field faster than the parabolic-search algorithm.
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Figure 4.3: Comparisons between the Parabolic-search method and
MMC algorithm in optimizing a ReaxFF force field. The error
ratio(ErrorMMC/ErrorParSearch) as a function of iteration for five different
random starting force fields

In addition, the initial and the final errors for all these five sets of calculations are

given in Table 4.2. A careful look at the five final errors from the MMC method

reveals that all the five trials led to force fields with comparable magnitude

in its errors. The ratio of the standard deviation to the average error for the

parabolic-search method is 0.6 and for the MMC method is 0.21, suggesting that

the spread of the final errors for the MMC method is much lower than that for

the parabolic-search method. This shows the capability of the MMC method to

arrive at the global minimum from any random starting point in the parameter

space. These results also show the advantage of using the MMC algorithm to

find the optimum force field for ReaxFF, especially when one does not have a

good initial condition. It appears from the results in Figure 4.3 and from Table

4.2 that the parabolic-search method often results in a local minimum (the final

error values are far apart from each other) and this must be avoided in order to

get the best force field.
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Table 4.2: Initial and final errors of five simulations shown in Figure 4.3. The
average error, 〈Error〉, and the ratio of standard deviations σ of the final errors
to 〈Error〉 from all the trials are also given.

Trial Errorinitial × 1E − 6 Errorfinal × 1E − 6

ParSearch MMC
1 4.3 0.9 0.31
2 1.1 0.4 0.44
3 8.1 2.5 0.31
4 2.0 1.4 0.26
5 4.3 1.3 0.42

〈Error〉 - 1.3 0.35
std(Error)

〈Error〉 - 0.6 0.21

Thus, it may be asserted that the MMC algorithm in combination with the

Simulated Annealing technique yields the optimum force field for such a min-

imisation procedure. Now, since the success of the parabolic-search method is

dependent on the initial condition, it may be understood that an extensive com-
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parison between the MMC-SA algorithm and the parabolic-search algorithm

may not be appropriate. However, a limited extent of comparison between the

best force fields obtained by both methods is shown in the following sections.

4.7.2 Energies of MgSO4 hydrates molecules

The ReaxFF optimised structures of MgSO4 hydrates and their (relative) ener-

gies after the parametrization are given in Figure 4.5. The energies are compared

with the absolute energies obtained from DFT calculations (QM). The degree

of hydration of the molecules increases from left to right in the figure.
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Figure 4.5: Energies of hydrated molecules of MgSO4 from the optimised
ReaxFF force field and the DFT results. The arrow shows the calibration point
to correct for the reference state. The molecular structures are obtained using
ReaxFF force field.

The optimised structures shown in Figure 4.5 are in excellent agreement with

the DFT optimised structures. The DFT structures are shown in Figures 3.3-

3.10 in Chapter 3. Since the reference states for ReaxFF and DFT are different,

all the ReaxFF energies are shifted by a constant value equal to the difference

in energy between ReaxFF and DFT of the 1st geometry, MgSO4. This data

point, from now on will be called as the calibration point, is indicated by an

arrow in Figure 4.5 and in Figures 4.7-4.12. As it can be seen, the agreement
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in the energies of the molecular structures is good. The energies exhibit an rms

error of 9.8 kcal/mol. The force field after the single parameter search method

had an rms error of 30 kcal/mol for the molecular structures of the hydrates of

MgSO4. Geometry number 7 and 8 are the two isomers of the MgSO4 · 6H2O

molecule.

(a) ReaxFF (b) DFT

Figure 4.6: Optimised structures of the MgSO4 · 6H2O molecule from the
ReaxFF force field (after MMC-SA optimisation) as well as from DFT

The optimised structures of the MgSO4 · 6H2O molecule (geometry 7 in Figure

4.5) both from ReaxFF as well as from DFT are shown in Figure 4.6 for com-

parison. The individual bond lengths are also shown in the figure. Although

there is significant deviation in one of the S−O bond lengths, the average bond

lengths of Mg−O pairs and S−O pairs in the MgSO4 · 6H2O molecule, which

are shown in Table 4.3, show good agreement. This agreement in the average

bond length is an evidence for the preservation of the coordination around the

S atom during the structural change. An important fact to be noticed is the

spontaneous proton transfer from one of the co-ordinated water molecules to

the SO4 tetrahedron in ReaxFF, in accordance with the DFT structures re-

ported [68], as shown by dotted lines in Figure 4.6. It is worth mentioning that

ReaxFF reproduces this spontaneous proton transfer correctly in both the iso-

mers of MgSO4 · 6H2O. This effect was not noticed in the force field obtained

after performing a parabolic-search optimisation method with random starting
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points for a selected set of parameters. The equilibrium hydrogen bond, O · · ·H,

lengths after the proton transfer are 1.62 Å and 1.54 Å for ReaxFF and DFT

(Figure 4.6), respectively.

Table 4.3: Average bond length comparison between the DFT and the ReaxFF
optimised(both using MMC-SA and parabolic-search method) structures of the
MgSO4 · 6H2O molecule

Bonds DFT ReaxFF(MMC-SA) ReaxFF (Parabolic-search)

Mg−O bond (Å) 2.10 2.13 2.11

S−O bond (Å) 1.51 1.55 1.48

4.7.3 Proton transfer reaction in MgSO4·6H2O molecule
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Figure 4.7: Proton transfer reaction observed in MgSO4 · 6H2O molecule is
being reproduced with the ReaxFF force field. From left to right, the hydrogen
atom moves from the [Mg · (H2O)6]

2+ fragment to SO4 tetrahedron. The arrow
shows the calibration point to correct for the reference state. The molecular
structure is obtained from ReaxFF.

In order to reproduce the proton transfer in MgSO4 · 6H2O using ReaxFF, the

energies calculated along the proton transfer path using DFT were also added

to the training-set before starting the optimisation. The variation of the poten-
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tial energy along the proton transfer path is shown in Figure 4.7. The hydrogen

atom is placed at different positions along the proton transfer pathway and single

point calculations were performed to sample the potential energy surface. The

energy is decreasing from left to right. The DFT results confirm the absence of

any barrier in the proton transfer process as reported in the literature [68]. Now,

it may be pointed out that the equilibrium O · · ·H distance in the ReaxFF

structure, Figure 4.6(a), is 0.08 Å higher than the DFT optimised structure,

Figure 4.6(b) given in the training set. The reason for this deviation is that the

structure in Figure 4.6(b) is optimised using the PW91 functional [115] and the

proton transfer pathway in Figure 4.7 is sampled, by performing single point

calculations, using the B3LYP functional [77]. It is observed that the ReaxFF

optimisation resulted in reproducing the proton transfer pathway better com-

pared to the structural properties of Figure 4.6(b). This is evident from the

proton transfer pathway, Figure 4.7, where the DFT and ReaxFF have a mini-

mum around 1.62 Å and not at 1.54 Å. The agreement between the ReaxFF and

the DFT calculated energies is fairly good with an rms deviation of less than

10 kcal/mol(which was ≈ 27 kcal/mol before Metropolis minimisation). Along

with the optimised ReaxFF data points, the low-weight data points (with large

σi values) are also plotted. These data points appear to follow the trend of the

remaining ReaxFF data points after optimisation, and in this sense transferabil-

ity is respected.

4.7.4 Water binding energy of MgSO4 crystal

Energy as a function of water binding on the (100) surface of the MgSO4 crystal

is calculated using DFT. A periodic unit cell of MgSO4 with a 10 Å vacuum

space in x-direction is used for the calculation. A water molecule is placed

at different locations in the vacuum space, and then a geometry optimisation

is performed after constraining the distance between the O atom in the water

molecule and one of the Mg atoms at the (100) surface of the crystal. Figure 4.8

shows the variation of energy as the water molecule approaches the slab surface

(from right to left). This result is discussed in detail in section 3.7. ReaxFF

reproduces the correct trend of the energy surface after optimisation. Even the

low-weight data follow the DFT results.
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Figure 4.8: Energy of water binding at (100) surface of MgSO4 crystal.
Results from the optimised force field are compared with DFT results.

4.7.5 Equations of state for hydrated crystals of MgSO4

Equations of state (EOS) are used to characterise the energy required to change

the volume of a solid with respect to its equilibrium volume. A general ex-

pression for the equations of state can be derived using the expression for the

Helmholtz free energy, dA = −SdT− pdV. Differentiating A with respect to V

at constant T results in

(

∂A

∂V

)

T

= −p. (4.8)

DFT calculations assume the Born-Oppenheimer approximation [99] and thus

the nuclear kinetic energy is zero (i.e T = 0 K). This implies that the free

energy A = E, the internal energy. Therefore, Eq. (4.8) is rewritten as,

(

∂E

∂V

)

T=0

= −p. (4.9)

Integrating Eq. (4.9), one gets the general expression for the equation of state,

E = E0 −
∫

pdV. (4.10)
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The pressure p is connected to the bulk modulus B via the equation, B=

−V

(

∂p

∂V

)

T

. Given an expression for the bulk modulus of the material, it

is thus possible to obtain an expression for energy E as function of volume V.

There are several equations of state for solids proposed in the literature [46,107].

Equations of state data, E = E(V), for hydrated crystals of MgSO4 (anhydrate,

tetra-hydrate, penta-hydrate and hepta-hydrate), are generated using DFT in

order to optimise the ReaxFF force field to model the various stages of hydration

of the crystal. Atomic coordinates and the unit cell data for these hydrates are

obtained from experimental measurements [14–16,124]. The unit cell dimensions

and the atomic coordinates are further optimised at PW91-TZP level theory. A

quadratic tetrahedron method is used for integrating over the Gamma-points

in the first Brillouin zone. Owing to the large unit cells, sampling just the

Gamma-points is found to be sufficient for the present systems.

Hydrated magnesium sulphate crystals

Crystalline magnesium sulphate realizes an orthorhombic unit cell with four

MgSO4 molecules occupied in it [124]. The volume of the optimised geometry is

uniformly varied (by keeping the ratio between the sides constant), and at every

instance, the atomic coordinates are optimised to find the equations of state for

the MgSO4 crystal at zero K, Figure 4.9. Similarly, the equations of state data

for tetra-hydrate, Figure 4.11, penta-hydrate, Figure 4.12, and hepta-hydrate,

Figure 4.10, are generated.

The EOS data are then included in the training set. As mentioned in the

case of the proton transfer reaction in magnesium sulphate hexa-hydrate, a set

of randomly picked data in the training set is rendered moot by lowering the

weight by 100 times (100 × σ) compared to the other data in the training set.

After optimisation of the force field using the Metropolis algorithm, the resulting

energies of the geometries are compared with the obtained DFT data in Figures

4.9-4.8.

The data for the EOS for MgSO4 is shown in Figure 4.9. The ReaxFF optimised

data and the DFT results show good agreement between each other with an rms

error of less than 5 kcal/mol for the data points which were used for optimisa-

tion. The low-weight data points also match well with the DFT results. Before

the Metropolis minimisation, the overall rms error for the EOS of MgSO4 was
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Figure 4.9: Equations of state data for MgSO4 unit cell. Results from the
optimised force field are compared with DFT results. The low-weight data points
(100 × σi) are also indicated. The arrow shows the calibration point to correct
for the reference state.

approximately 70 kcal/mol.

The unit cell of magnesium sulphate tetra-hydrate contains four molecules, thus

in total 72 atoms in a non-orthorhombic unit cell. Similarly, the hepta-hydrate

orthorhombic unit cell contains 108 atoms. The equations of state data ob-

tained from DFT as well as from the optimised ReaxFF force field are shown

in Figures 4.10 and 4.11. The hepta-hydrate data show good agreement with

the DFT results with an rms error of 3.4 kcal/mol for the optimised data, and

predicted the energy of the data points with low-weight with an rms error of

7.0 kcal/mol. The deviation in the energies before the Metropolis minimisation

was 80 kcal/mol.

Similarly, the comparison between ReaxFF and DFT for the equations of state

data for the tetra-hydrated magnesium sulphate is shown in Figure 4.11. Al-

though the ReaxFF data points follow the correct trend, the compressed crystal

(volume < 600 Å3) shows a significant deviation resulting in an rms error of 13.5

kcal/mol (The rms error using parabolic-search optimisation was approximately

90 kcal/mol). Nevertheless, the transferability of the force field within the EOS
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from the optimised force field are compared with DFT results. The low-weight
data points (100 × σi) also compare well with the DFT data points. The arrow
shows the calibration point to correct for the reference state.

data set appears to be as good as in the previous cases. The low-weight data

points in all these cases appear to follow the trend of the optimised geometries.

This shows the good transferability of the ReaxFF force field for the regions

close to the data used for training.

4.8 Transferability of the force field

To assess the extent of the transferability of the force field, a comparison is made

between the equations of state data of magnesium sulphate penta-hydrate with

the predictions from the optimised ReaxFF force field. This set of data was

not included in the training set, and thus can be marked as a validation of the

ability of the force field to predict the energy surface beyond the sampled data

set. The non-orthorhombic unit cell of MgSO4 · 5H2O contains 42 atoms. The

resulting comparison between the DFT and ReaxFF predictions is shown in

Figure 4.12. Since the equation of state for the penta-hydrate was not included

in the training set, one would not expect the rms error for the penta-hydrate,

Figure 4.12, to be lower than the average rms error obtained in the previous
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Figure 4.11: Equations of state data for MgSO4 · 4H2O unit cell. Results
from the optimised force field are compared with DFT results. The low-weight
data points (100× σi) are also shown. The arrow shows the calibration point to
correct for the reference state.

results. The trend in the energy surface for penta-hydrate is captured by the

ReaxFF calculation, although the rms error of 41.3 kcal/mol is relatively large,

resulting in an inferior level of transferability of the force field for penta-hydrate.

The rms error observed for this case with the force field obtained after the

parabolic-search optimisation procedure was found to be 51.5 kcal/mol.

4.9 Discussion on parametrization

Not many attempts have been made in the past to find a suitable optimisation

scheme to parameterize the ReaxFF Force Fields. From a conceptual point

of view, it appears that the Metropolis scheme is more robust compared to the

single parameter parabolic-search algorithm in searching for global minimum for

the present problem. The main advantage of the Metropolis Monte Carlo scheme

with Simulated Annealing (MMC-SA) is that it can climb over local maxima and

will not be stuck to local minima in the parameter space. A comparison with

the single parameter search algorithm is difficult to illustrate here as the success

of the single parameter search is entirely dependent on the starting point in the
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parameter space. Nevertheless, a comparison of the rms errors for various data

sets in the training set between the single parameter search and Metropolis is

given in Table 4.4. This inferior performance of the parabolic-search compared

to the new Metropolis scheme might be due to a poor starting point in the

parameter space. Therefore, if one has a good guess for the parameters to

start with, then it is possible that the single parameter search will lead more

or less to the same global minimum. Again, since the success of the Metropolis

scheme is not as much dependent on the initial conditions, it is proposed to

be an appropriate scheme to parameterize the empirical ReaxFF force field,

without requiring much prior knowledge about the approximate values for the

parameters.

The optimised force field acts as an approximate model which reproduces the

information given in the training set. Naturally, any deviation in the training

set data from reality will be reproduced in the optimised force field as well.

One should thus keep in mind that the force field can never be better than the

training set data. Riley et al. [125] tabulated the magnitude of various errors
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Table 4.4: Comparison of the rms errors (kcal/mol) for the ReaxFF optimised
data

Data set Figure Parabolic-
search

Metropolis Metropolis
(low-
weight)

MgSO4 · xH2O 4.5 30 9.8 -
Proton transfer 4.7 27 8.4 9.4
Binding Energy 4.8 22 18.0 10.7
EOS-MgSO4 4.9 70 4.8 4.5
EOS-MgSO4 · 7H2O 4.10 80 3.4 7.0
EOS-MgSO4 · 4H2O 4.11 90 13.5 7.8
EOS-MgSO4 · 5H2O 4.12 51.5 41.3 -

in calculated energies from DFT calculations. They reported that DFT shows

an average error in the conformational energies of approximately 15 kcal/mol.

In addition, these errors vary from system to system. Therefore, the average

rms variation observed in the present optimised force field may be regarded as

satisfactory. Errors can also arise from choosing different models (xc-functionals

or basis set) in DFT for various data sets in the training set. One such instance is

the case for the proton transfer reaction in the magnesium sulphate hexa-hydrate

molecule as presented in Figure 4.7, where the B3LYP functional was used for

sampling the proton transfer pathway and the PW91 functional was used to

optimise the hexa-hydrate molecule as presented in Figure 4.6(a), resulting in a

deviation in equilibrium O · · ·H distance of 0.08 Å in the hexa-hydrate molecule.

Such inconsistencies may thus be appropriately taken into account by adjusting

the weight factors σi in the training set.

Transferability of the ReaxFF force field for a system, other than what it has

been optimised for, is a question which needs to be addressed to assess the appli-

cability of the force field. The general trend of the data points with low-weight

factors as presented in Figures 4.7-4.8, validate the excellent transferability of

the force field for points close to the training set data in the potential energy

surface. In all the cases, the rms errors for the low-weight data points are

comparable to that of data points.
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For the case of the equations of state for the penta-hydrate crystal, Figure 4.12,

which was not included in the training set, ReaxFF captures the right trend

in the data although the rms error is relatively large. This shows that the

transferability of the ReaxFF force field, for data points beyond which it has

been optimised for, should be carefully examined before it is used for molecular

dynamics simulations. At this juncture, the strategy applied by van Duin et

al. [147], in accordance with Wood et al. [159], to randomly sample the relevant

configurational space from an MD simulation, seems to be the best suitable

approach for effectively sampling the potential energy surface. In this method,

starting with an approximate force field, an MD simulation is performed on the

desired chemical processes and the configurational space is sampled. The DFT

energies of such samples are used in the training set to better capture the poten-

tial energy surface of the reaction coordinates. This method ensures that the

sampling of the potential energy surface is made closer to the relevant regions

in the configurational space, and thus results in a good force field applicable in

those areas of the configurational space. An acceptance rate of 30% is main-

tained throughout the calculation by scaling the δpi,max. If a lower acceptance

rate is maintained, e.g. 10%, then for a particular system, at a given tempera-

ture, δpi,max will be larger in comparison with the case with 30%. This implies

that the aggressiveness of random propositions increases if one is working with

a lower target acceptance rate and vice versa. Therefore, when one maintains a

low acceptance rate, the chances for resulting in a better approximation for the

parameters increases due to the aggressive propositions. However, highly aggres-

sive moves in the present case often results in unacceptably large Error values,

resulting in worthless computational effort (due to lower acceptance rate). In

essence, a combination of a slow rate of cooling, appropriate perturbation scal-

ing and a low target acceptance rate will eventually get us closer to the global

minimum in the parameter space. On the other hand, this will increase the

computational time, and therefore a balance needs to be found in choosing the

right values for these settings.
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4.10 Summary

AMetropolis Monte Carlo Method with Simulated Annealing (MMC-SA) method

is used to optimise the ReaxFF force field against quantum chemical data of hy-

drated magnesium sulphate systems. This method is more robust compared to

the traditional single parameter parabolic-search algorithm. The performance of

the MMC method and the parabolic-search method for optimizing the ReaxFF

force field is compared in Figure 4.3. From the figure, it is clear that the MMC

method performs much better than the parabolic-search method in optimizing

the force field when starting from a random initial force field. A good agree-

ment is obtained between the results from the optimised force field and DFT

data for the structural and configurational energies of the hydrated molecules of

magnesium sulphate. The force field reproduces the proton transfer phenomena

observed in the hexa-hydrated molecule. In addition, the equations of state of

the anhydrate, tetra-hydrate, penta-hydrate and hepta-hydrates were also repro-

duced by the optimised force field within satisfactory accuracy limit. Using the

Metropolis Monte Carlo algorithm to optimise the ReaxFF force field avails us

the benefit of searching for the global minimum in a high dimensional parameter

space. Compared to the single parameter parabolic-search algorithm [144], the

Metropolis algorithm is robust and can climb over local maxima, and, therefore,

does not depend as much on the initial conditions. In addition, a set of several

parameters can be selected simultaneously for each trial unlike in the parabolic-

search method where only one parameter at a time can be optimised. Table 4.4

also shows the improvement of the MMC-SA method over the single-parameter

parabolic-search algorithm. The simulated annealing method provides a better

control on the parametrization procedure.

The transferability of the force field within the close range of the training set

data is proven to be excellent. The agreement is found to be less accurate in the

case of a data set further away from the training set (penta-hydrate). The choice

of the data set used for training is thus important in reproducing the correct

behaviour of the system in MD simulations, and it is asserted that the ReaxFF

force field is not indefinitely transferable for a set of atoms and one should

make a careful judgement in building the appropriate training set. The method

used by van Duin et al. [147] based on randomly sampling the configurational
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space, seems to be an appropriate choice for building the training set. Further

investigation is needed to find more effective methods in efficiently sampling the

configurational space and in optimizing the parameters.
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5
MD simulations of MgSO4 hydrates

5.1 Introduction

A
new way of parametrizing a reactive force field was introduced in the pre-

vious chapter. Using this method, a force field for MgSO4 hydrates has

been developed. This force field is used to perform MD simulations

and to study the behaviour of the hydrates during dehydration and hydration.

These MD simulations essentially provide molecular level information about the

behaviour of the system during a hydration or dehydration reaction. Hydration

reactions in salt hydrates are usually slower compared to the dehydration re-

actions. Since the time scale involved in an MD simulation is of the order of

nano seconds, studying the hydration reaction using molecular dynamics tech-

niques is practically impossible. Therefore, the study in this chapter is limited

to dehydration alone. Various aspects of dehydration reactions will be studied

including variations in crystal structure, density distributions, movement of the

reaction front, dehydration kinetics etc.

Epsomite (MgSO4 · 7H2O) is the commonly observed stable hydrate of MgSO4

with the highest degree of hydration at normal temperature (293.15 K) and pres-

sure (1 atm) [148]. At lower temperatures, MgSO4 can form hyper hydrates [62,151]

which may have a degree of hydration of upto 11. Six water molecules in the

epsomite structure are coordinated with the Mg atom and the seventh water

molecule is trapped in the inter-molecular spaces [14]. Dehydration of epsomite

had been studied experimentally in the past under dynamic conditions (of tem-
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perature and pressure). A number of intermediates were found in those ex-

periments. Heide [59] observed the formation of MgSO4 · 6H2O, MgSO4 · 3H2O,

MgSO4 · 2H2O, MgSO4 · 1.4H2O and MgSO4 · 0.5H2O as intermediates during

an open crucible experiment. Lallemant et al. [85,86] observed the formation

of MgSO4 · 6H2O, MgSO4 · 4H2O, MgSO4 · 2H2O and MgSO4 ·H2O at water

vapour pressures p < 5.33 kPa, whereas they also reported the formation of

MgSO4 · 2.5H2O at water vapour pressure p > 6.67 kPa. All these experiments

were performed at various dynamic conditions. During thermo-gravimetric mea-

surement under quasi-isothermal and quasi-isobaric conditions, Paulik et al. [113]

found the formation of MgSO4 · 3H2O and a mixture of MgSO4 · 2H2O and

MgSO4 · H2O. Thus, it can be seen that the formation of intermediates and

the final product after dehydration are strongly dependent on the experimental

conditions.

One interesting behaviour of salt hydrates is the unusual dependence of the

reaction kinetics on the water vapour pressure in the system, commonly known

as the Topley-Smith effect. This effect was first observed by Topley and Smith in

1931 [141] for MnC2O4 · 2H2O dehydration. During the experiment, they noticed

that, with increasing water vapour pressure, the dehydration rate first decreased

to a very low value to reach a minimum, then increased to a maximum and then

decreased. Later this effect was observed experimentally in a number of other

materials that has been tabulated by L’vov et al. [92]. The expected dehydration

behaviour is the monotonous decrease of the kinetics as a function of the water

vapour pressure. Thus, this unusual behaviour is quite puzzling.

An experimental Topley-Smith curve obtained for MgSO4 · 4H2O as reported

by Bertrand et al. [18] is shown in Figure 5.1. Figure 5.1 shows dehydration rate

vs. water vapour pressure curves for MgSO4 · 4H2O at two different tempera-

tures (349 K and 359 K). Both the curves show local minima at around 10 mbar

(≈ 7torr) and maxima at around 33 and 40 mbars. It is interesting to note

that the curves are highly sensitive to the temperature of the system. There

has been some explanations put forward in the literature. This includes the

original hypothesis by Topley and Smith about the influence of the adsorbed

water molecules on the reacted product phase of the crystal. However, none of

these hypotheses gave an unquestionable and universally accepted explanation
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to the Topley-Smith effect. In this study, the dehydration behaviour of epsomite

(MgSO4 · 7H2O) as a function of water vapour pressure is analysed using molec-

ular dynamics simulation. The focus will be on dehydration rates, changes in

the crystal properties and the diffusivities of water through the crystal. Another

subject of interest is the influence of hydrogen bonds on the dehydration kinetics

of the materials. In Chapter 3, it was proposed that the extensive network of

hydrogen bonds slows down the rate of dehydration of MgSO4 hydrates. This

hypothesis will be tested and validated using MD simulations.

Figure 5.1: Topley-Smith effect observed in MgSO4 tetra-hydrate. Obtained
from reference [18].

5.2 Methodology and calculation settings

In molecular dynamics, atoms are considered as point masses which interact with

each other through some abstract potential (force field). The potential plays an

important role in reproducing the physico-chemical characteristics of the system.

There are several empirical and semi-empirical force fields proposed to model

molecular systems. This study uses a reactive force field approach, known as

ReaxFF [29] in which chemical reactions are modelled using a bond order based

bond dissociation concept. The total energy of the system using the reactive
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force field can be written using Eq. (2.18). More details about the reactive force

field are given in the previous chapter. The periodic crystal structure of epsomite

(MgSO4 · 7H2O) used in this analysis is obtained from an orthorhombic unit cell

containing four MgSO4 · 7H2O molecules, taken from an experimental results [14].

The lattice parameters of the unit cell are (in Å){11.868, 11.996, 6.857}. A

super cell is generated by multiplying this unit cell in three axial directions by

2× 2× 4. The resulting crystal (with the lattice parameters {23.736, 23.992,
27.428}) is relaxed by minimizing its energy and the result is shown in Figure

5.2.

The crystal is then positioned in a box with dimensions {1000, 1000, 1000} in or-

der to facilitate the release of H2O as the dehydration proceeds. The total num-

ber of water molecules present in the crystal at the beginning of the simulation

is 448. Periodic boundary conditions are used throughout the calculation. The

simulations are performed using the ReaxFF code installed in ADF(Amsterdam

Density Functional) package over 64 cpus (2400MHz AMD). These simulations

are performed with various initial water vapour pressures. The released water

molecules stay within this periodic region resulting in an increase of the vapour

pressure during the simulation. The dehydration simulations are started at 450

K with a time step of 0.25 fs. A Berendsen thermostat [17] is attached to the

system for the NVT simulations. As during the NVT simulation a temperature

rise is observed in the crystal, a set of simulations is also performed using an

NVE ensemble to study the effect of the thermostat on the dehydration pro-

cess. To avoid the crystal temperature to rise, a set of NVT simulations is also

performed with multiple thermostats.

In the following sections, the effect of different ensembles on the temperature of

the crystal is studied, followed by the effect of water vapour pressure on the de-

hydration curves. Then some of the property changes during the dehydration of

the crystal are discussed. The influence of hydrogen bonds on the kinetics is also

studied by switching off the hydrogen bond interaction during the simulations.

5.3 Temperature changes in the crystal during dehydration

As mentioned in the previous section, a rise in temperature of the crystal is ob-

served during the dehydration simulations. The influence of different ensembles
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X

Y

Z

Figure 5.2: Energy minimised epsomite (MgSO4 · 7H2O) crystal. Lattice
parameters are (in Å) {23.736, 23.992, 27.428}.

on this temperature rise is discussed in this section. The simulations are per-

formed at various starting vapour pressures starting from 0 mbar till 310.6 mbar.

First, the simulations are performed using the NVT simulation, then some of

the simulations are repeated using NVE ensemble. Finally, the simulations are

repeated using multiple thermostats.

5.3.1 Using the NVT ensemble

The results using the NVT simulations are shown in Figure 5.3. The figure

shows the temperature of the crystal during dehydration as a function of time.

Although in an NVT ensemble the temperature of the system is kept constant at

450 K, the temperature of the crystal shows an unusual increase. Surprisingly,

the rate of temperature rise increases with the water vapour pressure until

around 117 mbar and then decreases. This temperature rise might have an

influence on the dehydration rate of the crystal. Therefore, this must be studied

in detail first, before discussing the dehydration curves. For this, the simulations
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are repeated using other ensembles.
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Figure 5.3: Temperature of the crystal as a function of time for various
starting vapour pressures (NVT simulation)

5.3.2 Using the NVE ensemble

The temperature of the crystal during the NVE simulation is shown in Figure

5.4. The NVE simulations are performed for three starting vapour pressures

(9.75 mbar, 58.5 mbar and 310.6 mbar). Similar to the case of NVT simulation,

the temperature of the crystal increases as the dehydration proceeds. However,

compared to the NVT simulation, the temperature rise in the NVE simulation

is faster.

In Figure 5.4, an additional curve is shown indicated as “9.75mbar-slow”. This

is an additional simulation at 9.75 mbar initial water vapour pressure, but at a

much smaller time step size (0.05 fs as opposed to 0.25 fs). If there exists an error

in the phasespace integration, the curve with smaller time step must have been

below the one with larger time step. However, this is not the case and in fact it is

the other way around. The curve with smaller time step (“9.75mbar-slow”) shows
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Figure 5.4: Temperature of the crystal for different NVE simulations.

more temperature rise compared to the one with a larger time step (“9.75mbar-

slow”). From this one must conclude that the numerical precision errors are

accumulating for this calculation and this in fact increases the temperature of

the crystal.

Another way to investigate this numerical problem is to look to the deviation in

the calculation of energy of the system during the simulation from the proposed

conservation assumptions (energy drift). For instance, in an NVE ensemble,

the total number of atoms, the volume and the total energy of the system must

be constant throughout the calculation. The number of atoms and the volume

are constant during the simulation. However, the total energy of the system

may not be constant due to the errors generated due to problems in phasespace

integration or numerical precision errors.

The potential energy, kinetic energy and the total energy of the system during

an NVE simulation are shown in Figure 5.5. The simulation is performed at

9.75 mbar of initial water vapour pressure. The energies for two simulations

are shown in the figure. One with a time step size of 0.25 fs (longer simulation

with the discontinuous curve) and the other with a time step of 0.05 fs (shorter

simulation with the continuous curve). From the figure, it can be seen that
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the total energies in both simulations increase as a function of time. The total

energy change (drift) during the 0.71 ns simulation with 0.25 fs time step is

4369 kcal/mol, which is roughly 2% of the total energy of the system. The total

number of iterations is 2,850,000, which means the energy drift per iteration

is 0.0015 kcal/mol (0.74E-8 % per iteration). In the case of shorter time step,

the total energy drift is 3005.3 kcal/mol, which is roughly 1.4 % percent change

from the total energy of the system. The energy drift per iteration is 0.0007

kcal/mol (0.36E-8 %).
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Figure 5.5: Energies of the system as a function of iteration (NVE). Continu-
ous curves are for the simulation with a time step of 0.05 fs and broken curves
are for the time step size of 0.25 fs.

From this, one can see that although the total energy drift is larger with smaller

time step, the drift per iteration is smaller for this case. This implies that

by reducing the time step size, the integration errors are reduced, whereas the

precision errors per iteration gets accumulated more due to the larger number of

iterations. The kinetic energy also shows more increase with reduced time step

size. This perhaps, then, is the reason for the temperature rise in the crystal

during dehydration.
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Figure 5.6: Temperature of the crystal with two separate thermostats.

5.3.3 Using the NVT ensemble with two thermostats

Since a rise in the crystal temperature is observed in both the NVT and NVE

simulations, the simulation is repeated by controlling the temperature of the

crystal as well as the vapour region. This is achieved by attaching two separate

thermostats to both the crystal as well as the vapour region. In this case,

the local variation of the temperature within the system can be reduced. The

simulation is repeated for a few initial water vapour pressures (9.75 mbar, 19.5

mbar and 38 mbar). During the dehydration, escaped water molecules still

remain influenced by the thermostat which is connected to the crystal. Thus,

this method may still not appear to be the best, as ideally, one would like to

have two separate thermostats, one for the crystal region and the other for the

vapour region. Nevertheless, as can be seen in Figure 5.6, the temperature of

the crystal remains more or less constant at 450 K for this simulation. Thus, the

fundamental issue of local temperature rise caused in the previous simulations

is contained using this technique of using multiple thermostats.
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5.4 Dehydration rates

The dependence of water vapour pressure on the dehydration rate is an in-

teresting aspect to analyse using MD. For this, the dehydration simulation is

performed with various starting vapour pressures using NVT, NVE and NVT

with two thermostats. The total number of water molecules present in the crys-

tal at the beginning of the simulation is 448. A control sphere of radius 50

Å with the centre being the centre of mass (com) of the crystal is used to count

the number of water molecules leaving the crystal. The approximate radius of

the crystal is 15 Å (see Figure 5.12) and thus, this control sphere will contain

the whole crystal. The reason for the use of the com as the reference point is

that the crystal is not constrained during the simulation.

5.4.1 Using the NVT ensemble

The dehydration curve calculated using the NVT simulation is shown in Fig-

ure 5.7. In the various curves in Figure 5.7, the starting vapour pressures are

changed from zero mbar till 310.6 mbar. The dehydration rate increases as the

vapour pressure is increased from zero mbar to 97.5 mbar, and then decreases.

In order to distinguish the curves in these two regions, the curves with start-

ing vapour pressures lower than or equal to 97.5 mbar and the corresponding

linear fits are shown as dotted lines. The curves with starting vapour pressures

higher than 97.5 mbar and the corresponding linear fits are shown with solid

lines. The region where this rate reversal occurs is magnified in the inset in the

figure. From the figure, it can be seen that the final value for the number of

escaped water molecules in each curve is different. This implies that the final

degree of hydration towards the end of these dehydration curves is different for

each starting vapour pressure. This could be caused by the various dehydration

rates for each of these lines. Thus, the external condition not only affects the

kinetics, but also affects the final product of dehydration.

One can now plot the dehydration rate as a function of the starting vapour

pressure which is shown in Figure 5.8. The rate of dehydration increases initially

as a function of starting vapour pressure and then reaches a maximum and then

decreases. This resembles the Topley-Smith effect reported in the literature [141].

In the MD simulation results shown in Figure 5.8, the local minimum could not

be reproduced and the maximum is at around 107 mbar; however considering
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Figure 5.7: Dehydration curves (NVT) of epsomite at various starting vapour
pressures. The straight lines are linear fits to compute the dehydration rates.
The dotted curves are for the cases when the starting vapour pressure is lower
than or equal to 97.5 mbar and the solid curves are for the rest. The inset shows
the zoomed in region.

that the released water molecules stay inside the box, the actual water vapour

pressure is around 25 mbar higher than this value.

From the experimental result in Figure 5.1, it can be seen that the maximum

moves towards the right as a function of temperature. Thus the maximum

at 450 K, which is the system temperature in the simulations, must be much

towards the right of that of the experimental curve. This may be the reason

for the deviation of the position of the maximum in the simulation compared to

the experiment. In addition, the experiment is performed for the dehydration of

MgSO4 · 4H2O, whereas the simulation is performed for MgSO4 · 7H2O. Thus

a direct comparison between Figure 5.8 and 5.1 may not be legitimate.

Since a temperature rise in the crystal is observed in these calculations as shown

in Figure 5.3, the results found may probably not be labelled as the Topley-
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Figure 5.8: Dehydration rate vs. starting vapour pressures. The rates are
calculated as the slopes of the linear fit in Figure 5.7.

Smith effect. It is interesting to note that the rate of dehydration is related

to the rate of temperature increase for each curve (See Figures 5.7 and 5.3).

For instance, similar to the dehydration rate, approximately until 117 mbar the

rate of increase in temperature increases with vapour pressure and after this,

the rate of increase in temperature decreases with vapour pressure. This latter

observation can not be completely explained by the increase in temperature due

to numerical errors as explained before. A small effect of decrease in rate of

temperature rise at higher vapour pressures may indicate that something else is

happening.

5.4.2 Dehydration using the NVE ensemble

In the NVT ensemble, if the temperature increases locally, then there should be a

temperature drop in some other region(s) in the system in order to maintain the

total temperature of the system constant. This would mean that in the above

set of simulations, the temperature of water molecules surrounding the crystal

decreases during dehydration. This could have an influence on the dehydration

reactions. To avoid this, a set of NVE simulations is performed for a limited

number of starting vapour pressures and the results are shown in Figure 5.9.
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Figure 5.9: Dehydration curves (NVE) of epsomite at various starting vapour
pressures. The simulation is performed under an NVE ensemble. The solid lines:
NVE simulations; the broken curves: NVT simulations shown in Figure 5.7.

The curves for the NVE simulations are shown as solid curves whereas the cor-

responding NVT simulations results are shown as broken curves. From Figure

5.9, it can be seen that, similar to the NVT simulation, the dehydration rate

(for NVE simulation) increases from vapour pressure value of 9.75 mbar to 58.5

mbar. The dehydration rate is smaller for 310.6 mbar compared to 58.5 mbar.

Thus, the trend in the NVE simulation is qualitatively similar to the NVT sim-

ulation. In general, under the NVE ensemble, the dehydration is faster than in

the case of NVT ensemble. This difference must be due to the influence of the

temperature drop of water vapour in NVT ensemble as discussed before. This

decrease in temperature for water vapour is eliminated under NVE ensemble

and this is the reason for the overall increased kinetics under NVE ensemble

compared to the NVT ensemble. However, at 310.6 mbar, the kinetics in NVE

simulation is considerably higher than that of the NVT simulation. The reason

for this could not be explained in this study.
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5.4.3 Dehydration simulation with two thermostats

From Figure 5.6, it can be seen that when two thermostats were used, the

temperature of the crystal remained constant. Thus, this technique is suitable

for studying the dehydration curves without the influence of local temperature

rise within the system.
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Figure 5.10: Dehydration curves of epsomite at various starting vapour pres-
sures. The temperature of the crystal is maintained constant.

The dehydration curves for these calculations are shown in Figure 5.10. In-

terestingly, the dehydration rates in these simulations are considerably lower

compared to the previous results. At 9.75 mbar initial water vapour pressure,

after 0.5 ns the number of released water molecules under NVE ensemble is

roughly 200, whereas in this case when the temperature of the crystal is kept

constant, there is a release of less than 40 water molecules. Obviously, the rise

in the crystal temperature in the NVE and NVT simulations does have a large

influence in the dehydration rate. Comparing the slopes of the curves in Figure

5.10, one can see that the rate of dehydration at 19.5 mbar is slightly higher than

at 9.75 mbar. This is qualitatively consistent with what is expected according

to the results in previous subsections. A further increase in initial water vapour

pressure to 39 mbar results in a decrease in the rate of dehydration. However,
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it is not clear if such small variations in the slopes can be considered significant.

It could also be caused by the fluctuations in the dehydration curves.

The reason for the temperature rise under NVE and NVT simulations are still

not clear, although it seems to have been influenced by the time step size as

shown in Figure 5.4. The figure points out that the numerical errors accumulate

and might cause a temperature rise in the crystal. However, it is not clear

why this temperature rises more when the number of water molecules in the

system is large. Nevertheless, from the analysis shown in this section, it can

be concluded that such issues in MD simulations can be contained by using

multiple thermostats.

5.5 Changes in crystal properties during dehydration

From Figure 5.3, it can be seen that the temperature rise is more when the num-

ber of water molecules within the system is larger. When the starting vapour

pressure is zero mbar, the temperature rise is almost negligible. This implies

that this simulation is not affected much by the issues discussed in the previous

section. Therefore, the configurations obtained during this calculation is used

to study the density distributions, vacant fraction and radial distribution func-

tions during the dehydration of epsomite. Figure 5.11 shows the dehydration

curve for the epsomite crystal at a starting water vapour pressure of zero mbar.

The curves show the number of released water molecules from the crystal and

the total potential energy as a function of simulation time.

There are three distinct regions in the dehydration curve which exhibits an S-

curve: first the slow dehydration, then a faster dehydration and then the slow

equilibrating phase. The temperature of the system is maintained at 450 K

using a Berendsen thermostat. During the process, the vapour pressure of the

system increases since the released water molecules stay inside the simulation

box. Since the dehydration curve is continuous without any significant discon-

tinuity in the slope, it can be said that the dehydration proceeds without the

formation of any intermediate hydrate. However, it could also imply that in the

crystal, different hydrates co-exist at any point during dehydration. The final

degree of hydration after dehydration appears to be close to two, reckoning the

formation of MgSO4 · 2H2O. The final water vapour pressure in the system is
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Figure 5.11: Dehydration curve (NVT) of epsomite at 450 K and zero mbar
initial water vapour pressure. Number of released water molecules and total
potential energy vs. simulation time

approximately 20 mbar. The rate of dehydration is calculated as the slope of

a linear fit of the middle region. The rate of water molecules release per time

is calculated as 193 ns−1. As expected, the potential energy of the system in-

creases as the dehydration proceeds (see Figure 5.11), until at around 1.7ns, and

then it starts to decrease. This decrease could be due to some rearrangement

in the crystal towards the end of the dehydration process. Since the potential

energy is changing even at 3.5 ns, it can be seen that the dehydration is still

not complete. However, a longer simulation time than 3.5 ns is prohibitively

expensive with the ReaxFF force field.

The final snapshot after dehydration is shown in Figure 5.12. It can be seen that

the initial crystalline cuboid shaped epsomite crystal (Figure 5.2) is transformed

to an amorphous sphere. This is not surprising as the recrystallisation of some

of the dehydrated product, as reported in the experiments [42], can be difficult to

reproduce in simulations. In addition, the formation of such crystalline products

are highly dependent on the external conditions. Moreover, the potential energy

is changing even at 3.5 ns. Thus this configuration may not be the final one.
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X
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Z

Figure 5.12: Dehydrated epsomite structure at the end of the simulation

5.5.1 Density distributions

Density distributions within the crystal are calculated (refer to section 2.6.1

for the calculation method) at various time instances by sampling 1000 config-

urations over a simulation time length of 0.125 ns (=50000 iterations with a

sampling interval of 50) at various stages during the dehydration and the result

is shown in Figure 5.13. The distribution at every instance is calculated by aver-

aging those configurations. From the figure, it can be seen that the fluctuations

in density distributions are large, or in other words, the changes in density dis-

tributions within the crystal are within the fluctuations limits. However, it can

be seen that the average radius of the crystal (defined as the region where the

density drops abruptly) is reduced from approximately 16 Å till 14 Å as the

dehydration proceeds. This implies that the dehydration of the crystal followed

the shrinking core model [160].

In order to calculate the distribution of water molecules within the crystal,

hydrogen distribution is calculated and plotted in Figure 5.14. Since oxygen
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Figure 5.13: Density distribution within the crystal at various time instances
during dehydration (NVT ensemble with 450K and zero mbar initial water
vapour pressure)

atoms are also present in SO2−
4 fragments, the oxygen distribution does not rep-

resent the water distribution. In Figure 5.14, the hydrogen density distribution

is shown at various time instances. At the initial stages of dehydration, the

hydrogen density or water density is flat in the core region of the crystal and

then decreases sharply near the surface. As the dehydration proceeds, the dis-

tribution shows more gradients near the core region as well. This behaviour is

characteristics of a diffusion limited process as opposed to the reaction limited

process (which should show a sharp reaction front). Thus one may say that the

dehydration reaction in epsomite is mostly diffusion limited rather than reac-

tion limited. However, the degree of hydration within the crystal at any instant

is not unique throughout. Rather a mix of several hydrates is present in the

crystal at any instant. This is also a reason for such a hydrogen density profile.

5.5.2 Vacant fraction distributions

In a similar procedure as that of calculating the density profile within the crystal,

the vacant fraction is also calculated as a function of distance from the centre

of mass of the crystal. The result is shown in Figure 5.15. The vacant fraction
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Figure 5.14: Hydrogen density distributions within the crystal at various time
instances during dehydration (NVT ensemble with 450K and zero mbar initial
water vapour pressure). Hydrogen distribution is directly related to water distri-
bution within the crystal.

is defined as vf = 1− pf, where pf is the packing fraction which is defined as

the ratio of the volume occupied by the atoms to the total volume. The atomic

radii used in this calculation (Mg = 1.45 Å, S = 0.88 Å, O = 0.48 Å and H

= 0.53 Å) are obtained from Wolfram research [4]. Each vacant fraction profile

is generated by averaging of 2000 configurations taken from a simulation of

length 0.1 ns (=400,000 iterations). This means sampling the configurations

at every 200 iterations during the simulation. During this time of iterations,

approximately 5-7 water molecules escape from the crystal. This was the reason

for limiting the sampling time to 0.1 ns. The error bars, which are calculated as

twice the standard deviation, are also given in Figure 5.15. Since the definition

of the atomic radius is arbitrary, only qualitative information can be obtained

from Figure 5.15. The vacant fraction within the crystal can be related to a

qualitative measure of porosity. From the figure, one can see that the vacant

fraction within the crystal does not change too much as a function of dehydration

stage. From this one can see that there is no clear formation of pores within

the crystal or at the surface. However, a simulation using a non-reactive force
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field with epsomite bounded by periodic boundaries show the formation of pores

within the crystal [165]. This could be a result of the influence of the periodic

boundary condition which is constraining the crystal during dehydration.
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Figure 5.15: Vacant fraction distributions within the crystal at various time
instances during dehydration (NVT ensemble with 450K and zero mbar initial
water vapour pressure)

5.5.3 Radial distribution functions

Crystallinity of a material can be qualitatively analysed via the radial distri-

bution function (rdf). A detailed discussion on computing the rdf is given in

Chapter 2. The rdf’s for the crystals are calculated at different intervals during

the dehydration process. The comparisons of the rdf’s at various instances are

shown in Figure 5.16. Figure 5.16(a) shows the rdf for Mg−S atom pairs. The

first peak position in Figure 5.16(a) gives the average distance between Mg and

S atoms within the crystal. During dehydration the water molecules, which are

coordinated with the Mg atoms, are expelled from the crystal. This also in-

cludes the water molecules sitting between Mg atom and the SO2−
4 tetrahedron.

This will in turn decrease the distance between Mg and S atom pairs within

the crystal. This can be seen in Figure 5.16(a), where the relative height of the

first peak at 2.5 Å with respect to the height of the second peak is increasing.
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Figure 5.16: Comparison of rdf’s at several instances for the dehydration
(NVT ensemble with 450K and zero mbar initial water vapour pressure) curve.

The first peak height in the Mg-O rdf is increasing as a function of dehydration,

which can be seen in Figure 5.16(b). There are only minor changes in the rdf’s

of S−O and H−O pair in Figure 5.16(c) and 5.16(d). Overall, this implies that

there is little or no variation in the crystallinity of the material or it remains

amorphous during dehydration.

5.5.4 Surface vs. bulk diffusivity within the crystal

Surface properties of solids are usually considerably different from the bulk prop-

erties. Analyses of the density distributions and vacant fraction distributions

are done in the previous sections. In this section, the difference in the diffusiv-

ity of water through the crystal and at the surface are compared with a set of

simulations.
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Table 5.1: Diffusivity of hydrogen within the crystal and at the surface at
different instances of dehydration (NVT ensemble with 450K and zero mbar
initial water vapour pressure). This is obtained for the calculation using the
ReaxFF force field.

No. of remaining water
molecules

Bulk diffusiv-
ity (m2/s)

Surface diffu-
sivity (m2/s)

w400 (n=6.2) 5.39E-10 1.40E-9
w300 (n=4.6) 8.23E-10 2.28E-9
w200 (n=3.1) 5.62E-10 2.48E-9

The diffusivity of water molecules within the crystal is calculated using the sim-

ulation using the reactive force field and is shown in Table 5.1. Here only three

instances of dehydration are compared. Since there are oxygen atoms connected

to the SO4 fragment, only the diffusivity of hydrogen atoms is calculated. This

will show the diffusivity of water molecules within the crystal as well as at the

surface. Both the surface and bulk diffusivities are computed using the Green-

Kubo method, but in the case of surface diffusivity, only the atoms which are

within a shell of minimum radius 14 Å and maximum radius 16 Å from the

com of the crystal are incorporated. The diffusivities in Table 5.1 show that the

surface diffusivity is higher than the bulk diffusivity. The diffusivity values in

the bulk and at the surface are also calculated using a non-reactive force field,

GROMACS [61] by Zhang et al. [165]. The comparison shows that the diffusivity

values are good between the reactive and the non-reactive force field. This does

not necessarily imply that both methods should give identical results for other

properties as well. This can be seen in the deviation of the dehydration curve

for GROMACS shown in the literature [165] with respect to the reactive force

field results. So this consistency in the diffusivity values must be considered as

just a coincidence.

5.6 Effect of hydrogen bonds in the dehydration kinetics

The presence of a large network of hydrogen bonds in the hydrates of MgSO4 is

discussed in Chapter 3. These hydrogen bonds seemed to cause the formation

of isomers which are different from what is expected from crystallographic data.

116



Chapter 5. MD simulations of MgSO4 hydrates

Such isomers appear to be energetically stable since they occupy local minima in

the configurational space. However, at non-zero temperatures, such structures

will jump from one minimum to the other because of the thermal (kinetic) energy

available to the system, thus creating the so-called meta-stable states. It was

argued in Chapter 3 that such meta-stable states might slow down the kinetics

of hydration or dehydration. This hypothesis is tested in this section using a set

of NVT simulations by switching off the hydrogen bond interaction in the force

field. The hydrogen bond interaction in the ReaxFF force field is described by

Eq. (5.1)

EHbond = Phb1 × [1− exp (Phb2 × BOXH)]

× exp

[

Phb3

(

r0hb
rHY

+
rHY

r0hb
− 2

)]

× sin8
(

ΘXHY

2

)

. (5.1)
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Figure 5.17: Comparison of dehydration curves (NVT) for epsomite with
(points) and without (lines and points) hydrogen bonds at three different vapour
pressures

The details about the parameters are given in Appendix A. This interaction can

be switched off by setting the value of the parameter Phb1 to zero. Three sets
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of simulations are performed at various starting vapour pressures (9.75 mbar,

19.5 mbar and 39 mbar). In each set, two dehydration curves are obtained: one

with the hydrogen bond interaction switched on and the other with the hydrogen

bond interaction switched off. Figure 5.17 shows the dehydration curves of these

three sets of calculations. Of course also here problems with temperature occurs

as explained in sections 5.3 and 5.4. But the focus is on the difference between

with and without hydrogen bond interaction. The broken lines correspond to

the cases where the hydrogen bond is switched on and the solid curves are for

the cases where the hydrogen bond is switched off. One can clearly see the

difference between the two situations. For instance, the slopes in each of these

three sets of curves are significantly different between the case with hydrogen

bond switched on and the case with hydrogen bond switched off. The slope,

by definition, is related to the rate of dehydration. In all the sets, the slope of

the dehydration curve with the hydrogen bond interaction switched off is larger

than that of the curve with the hydrogen bond interaction switched on. Thus

one can see a clear influence of the hydrogen bonds on reducing the kinetics of

dehydration. This result shows and validate the hypothesis that the hydrogen

bonds causes meta-stable states and meta-stability leads to reduced kinetics.

5.7 Summary

Using the optimized force field for MgSO4 hydrates, a set of MD simulations

is performed to understand the dehydration process in the hydrates. The NVT

simulations show that the dehydration rate increases with the water vapour

pressure initially and then decreases resembling the famous Topley-Smith effect.

However, an unusual rise in the temperature of the crystal during dehydration is

also observed in the calculation. This can be avoided by using two thermostats

for the crystal as well as for the water vapour. However, in that case the repro-

duction of the Topley-Smith effect is not convincing. The simulation performed

at zero mbar shows negligible temperature rise. The results from this simulation

did not show the presence of a sharp interface between the reactants and the

products. This could be seen in the hydrogen density profiles during dehydra-

tion. Instead, a gradual increase of the hydrogen density from the surface to

the core of the crystal is exhibited during dehydration. Thus, this dehydration
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in MgSO4 · 7H2O may be considered as a diffusion limited problem. However,

since the degree of hydration of epsomite is seven, the gradual reduction in the

density profile can also be an indication of the presence of different degrees of

hydration as one moves from the surface to the centre of the crystal. More sim-

ulations or experiments are required to identify the actual mechanism in this

process. Next, the diffusivity of water molecules through the crystal during de-

hydration is calculated using the ReaxFF force field. Also here, the calculations

were performed at zero initial water vapour pressure, so that the crystal tem-

perature is not varying. The surface diffusivity is much higher compared to the

bulk diffusivity within the crystal. Finally, the simulation to study the effect

of hydrogen bonds shows evidence of the influence of hydrogen bonds on the

kinetics of dehydration in epsomite. This study shows that the hydrogen bonds

create meta-stability in the hydrates and this would then reduce the kinetics of

dehydration. In essence, this implies that the trajectory of the system in the

phasespace is bumpy with large number of local maxima due to the presence of

hydrogen bonds. This relation between the hydrogen bonds and kinetics must

be studied for other systems before generalizing the effect.
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6
Hydrolysis and dehydration in MgCl2 hydrates

This chapter is published in The Journal of Chemical Physics [129]

6.1 Introduction

P
revious chapters dealt mostly with MgSO4 hydrates, which is one among

the several salt hydrates available for thermo-chemical energy storage

purpose. In this chapter, a study is performed to understand the char-

acteristics of MgCl2 hydrates. Molecular structures of MgSO4 hydrates have

been widely studied in the literature [6,13,15,26,44,45,68,124], especially the pres-

ence of strong hydrogen bond networks catalysing the formation of meta-stable

states [26,68,163]. However, limited discussion exists on the molecular structure of

MgCl2 hydrates. Crystalline structures of the hygroscopic magnesium chloride

hexa-hydrate (also known as Bischofite) are reported from Neutron Diffraction

studies by Agron and Busing [5]. Sugimoto et. al. [136] report X-Ray diffraction

studies for the crystalline refinement of three hydrates of magnesium chloride

MgCl2 · xH2O; (x = 1,2,4). In their experiments, they identified the presence

of several phases of magnesium chloride hydrates during dehydration. However,

most of these phases do not posses a distinguishable crystalline structure [136].

The most crystalline phase among these is the tetra-hydrate (MgCl2 · 4H2O).

A DFT (Density Functional Theory) study [90] reports the molecular structures

of MgCl2 · xH2O; (x=0,1,2,4,6). Information about the crystalline structures of
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other hydrates (n=5,3) are not reported in the literature, suggesting that these

hydrates are unstable.

Due to the industrial importance of the hydrates of MgCl2
[40,110], a number

of experimental studies have been performed on the dehydration reactions of

MgCl2 · 6H2O
[78,136]. Magnesium chloride hexa-hydrate is the main raw mate-

rial for the production of Mg metal by electrolysis of molten MgCl2
[88]. Often,

the dehydration process for the production of anhydrousMgCl2 fromMgCl2 · 6H2O

is challenging due to the release of HCl gas from the hydrolysis reaction [78,162].

Kelley [75] pointed out that hydrolysis is inevitable during the dehydration of

MgCl2 · 6H2O. Many studies have been carried out to understand the process

of hydrolysis during the dehydration step [48,49,80,110]. Hydrolysis in MgCl2 hy-

drates is usually avoided by performing dehydration in the presence of HCl [75,105].

Alternative methods to the direct dehydration of MgCl2 · 6H2O are being pro-

posed for the production of MgCl2
[119,166] in order to avoid hydrolysis. In energy

storage systems, this hydrolysis reaction poses a challenge, due to the release of

harmful HCl gas, to the salt hydrates as well as to the equipment. However, in

most of the experiments mentioned above, the dehydration for industrial appli-

cations is performed at relatively high temperatures (above 600 K), whereas in

seasonal energy storage systems, the dehydration is carried out at a maximum

temperature of 450 K. Kirsh and Shoval [80], in their experiment, did not see

hydrolysis when dehydrating below 473 K, whereas Huang et al. [65] observed

hydrolysis when calcining MgCl2 · 6H2O isothermally within the range from 440

K to 476 K. Partial hydrolysis was also observed at 473 K when dehydrating

MgCl2 · 4H2O in the absence of HCl pressure. Thus, the information about the

possibility of the hydrolysis reaction, and its preference over dehydration re-

mains ambiguous. A study based on the thermodynamic equilibrium principles

via the Gibbs free energy of the reactions is therefore necessary, to determine

the preference of hydrolysis over dehydration, especially when the experimental

observations remain inconclusive.

The objective of this study is to identify the formation of HCl at the operat-

ing temperatures in an energy storage system. The preference of hydrolysis over

dehydration needs to be quantified by applying thermodynamic equilibrium prin-

ciples. First, we study the molecular structures of the hydrates (n=0,1,2,4 and
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6) of MgCl2 to understand the stability and symmetry of each of the molecules.

Subsequently, the frequency spectra of these molecules are used to study the

equilibrium of the hydrolysis reactions. Changes in Gibbs free energy of various

reactions are calculated and thereby equilibrium concentrations of the reactants

and products are computed.

6.2 Methodology

Density functional theory (DFT) [63,82] using the generalised gradient approxi-

mation with the Perdew Wang 91 (PW91) functional [114] implemented in the

Amsterdam Density Functional (ADF) program is used for computing the opti-

mised structures and the energies of MgCl2 · xH2O (for x = 0, 1, 2, . . . 6). This

method is, successfully, applied for studying molecular systems involving magne-

sium [68], chlorides [11,117] and hydrogen bonds [66]. A spin-restricted Kohn-Sham

method is used with a doubly polarised triple-ζ basis set, while keeping the

integration accuracy to the maximum throughout the calculation. Molecular

structures of the hydrates for n=0,1,2,4,6 were optimised such that the final ge-

ometries resemble the atomic orientations in the crystalline structures reported

in the literature [136] for the respective hydrates. In addition, the geometries

of H2O, HCl and MgOHCl were also optimised using the same method. The

harmonic frequencies were calculated for all the final geometries in order to

find their vibrational contributions to the molecular energy and entropy. Bader

charges [10] were also calculated for each atom in the final geometries to study

the changes in the charge distribution around the atoms.

For the free energy calculation, the ideal poly-atomic gas assumption [100] is used

for each molecule. In reality, the hydrated MgCl2 reactants and products remain

in the solid state except the water vapour and the HCl gas. The periodic unit

cells of the hydrates include a large number of atoms (6,24,18,30 and 42 for

n=0,1,2,4 and 6 respectively), which makes it relatively expensive to calculate

the energies of optimised geometries and, especially, the frequencies with a sat-

isfactory accuracy. In addition, the crystal structure of MgOHCl is difficult to

identify and therefore, little information is available about the structure of this

product [136]. Nevertheless, in reality, the reactants and products may not be in

pure crystalline states. It is regarded that hydrolysis is more likely to happen
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in the liquid phase compared to the solid phase [78], and thus the equilibrium

hydrolysis and dehydration curves obtained for molecular structures may be

regarded as safety limits for the equilibrium temperatures in seasonal heat stor-

age systems. These were the reasons for using gas phase molecular structures

of the hydrates for this calculation instead of the crystalline structures. With

this assumption, we try to extract as much information as possible about the

behaviour of the system during dehydration reactions.

The dehydration reactions considered for analysis are

MgCl2 · xH2O
heating−−−−−→ MgCl2 · (x− 2)H2O+ 2H2O {x = 6 and 4},

MgCl2 · xH2O
heating−−−−−→ MgCl2 · (x− 1)H2O+ H2O {x = 2 and 1}.

Hydrolysis reactions have been observed experimentally when the dehydration

starts from MgCl2 · 6H2O
[65] as well as from MgCl2 · 4H2O

[41], although, the

most common observation is when dehydrating MgCl2 · 2H2O
[75,78]. Therefore,

the hydrolysis steps considered in our study, assuming they are one-step reac-

tions, include

MgCl2 · xH2O
heating−−−−−→ MgOHCl + (x− 1)H2O+ HCl {x = 6, 4, 2, 1}.

The change in Gibbs free energy is calculated as

∆G =
∑

p

Gp −
∑

r

Gr. (6.1)

G(T, p) = U+ pV− TS, (6.2)

U(T) = Utrans +Urot +Uvib +UZPE +Uelec, (6.3)

S(T, p) = Strans + Srot + Svib, (6.4)

pV = nRT. (6.5)

In these equations, T is the temperature, p the absolute pressure and V the

volume. The internal energy and the entropy are given by U and S respectively,
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each consisting of a translational, rotational and vibrational part. Uelec repre-

sents the ground state electronic energy of the molecules at zero K and UZPE is

the zero-point energy. The general expression for the entropy and the internal

energy can be written in terms of the canonical partition function, q, as shown

in Eq. (6.6) and Eq. (6.7), respectively.

S = R ln q + RT

(

∂ ln q

∂T

)

, (6.6)

U = RT2

(

∂ ln q

∂T

)

. (6.7)

The partition functions for the different contributions are given below [100].

qtrans =
kBT

p

(

2πMkBT

h2

)

, (6.8)

qlinearrot =
I

σ

8π2kBT

h2
, (6.9)

qrot =

√
πIaIbIc
σ

(

8π2kBT

h2

)
3
2

, (6.10)

qvib =
∏

i

1

1− exp (−hvi/kBT)
. (6.11)

In the above equations, Ia, Ib and Ic are the three principal moments of inertia

of the molecules and νi represents the frequency for each vibrational mode i.

M is the total mass of the molecule and σ is the symmetry number defined

by the number of ways that the polyatomic molecule can be rotated into itself.

The Boltzmann constant, Planck’s constant and the universal gas constant are

respectively given by kB, h and R. Substituting Eqs. (6.8)-(6.11) into Eqs. (6.6)

and (6.7) results in the expressions for the entropies and internal energies for

the individual contributions, as shown below.
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Strans(T, p) = R

[

ln

(

kBT

p

(

2πMkBT

h2

) 3
2

)

+
3

2

]

, (6.12)

Srot(T) = R

[

ln

(√
πIaIbIc
σ

(

8π2kBT

h2

)
3
2

)

+
3

2

]

, (6.13)

Slinearrot (T) = R

[

ln

(

I

σ

8π2kBT

h2

)

+ 1

]

, (6.14)

Svib(T) = R
3N−6
∑

i=1

[

hvi/kBT

exp (hvi/kBT)− 1

]

,

−R

3N−6
∑

i=1

[ln (1− exp (−hvi/kBT))] . (6.15)

Utrans(T) =
3

2
RT, (6.16)

Urot(T) =
3

2
RT, (6.17)

Ulinear
rot (T) = RT, (6.18)

Uvib(T) = R

3N−6
∑

i=1

[

hvi/kB
exp (hvi/kBT)− 1

]

. (6.19)

The zero-point energy UZPE is calculated using Eq. (6.20)

UZPE = R
3N−6
∑

i=1

[

hvi
2kB

]

. (6.20)

The principal moments of inertia and the vibrational frequencies are determined

by DFT calculations and subsequently used to determine, respectively, the ro-

tational and vibrational contributions to the internal energy and the entropy in

addition to the zero-point energy.
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1.621

Figure 6.1: Molecular structure of MgCl2. Uelec = −201.39 kcal/mol. Atomic
(Bader) charges and bond lengths are also given. Mg = lime, Cl = green
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Figure 6.2: Molecular structure of MgCl2 · H2O. Uelec = −553.73 kcal/mol.
Bond lengths and atomic charges are given. Mg = lime, Cl = green, O = red,
H = white
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6.3 Molecular structures of MgCl2· xH2O; (x=0,1,2,4,6)

Using the methodology developed, the optimised structures of the magnesium

chloride hydrates MgCl2 · xH2O for x=0,1. . . 6 are calculated. The resulting

bond lengths and atomic charges are discussed here. The electronic energies,

Uelec, of the structures are given in the captions of Figures 6.1-6.6. Figure

6.1 shows the optimised structure of the MgCl2 molecule along with the bond

lengths and the atomic charges. The structure is linear with the two Cl atoms

separated by a Mg atom in the middle, which is similar to the crystalline struc-

ture of MgCl2
[136] as well as an ab initio study [39] reported in the literature. The

Mg−Cl distance in the molecule is 2.18 Å after a geometry optimisation which

is also consistent with the literature [39]. The addition of a water molecule to

the MgCl2 molecule results in the structure of MgCl2 · H2O, which is shown in

Figure 6.2. This results in the bending of the Cl−Mg−Cl angle to 156.3◦ along

with the stretching of the Mg−Cl bond to 2.21 Å. The coordination length

between the Mg atom and the O atom in water is found to be 2.05 Å.

For MgCl2 · 2H2O, two structures were considered. The first structure is the

lowest energy isomer as shown in Figure 6.3. This structure is slightly differ-

ent from the known structure in the literature [136] of crystalline MgCl2 · 2H2O.

The structure in Figure 6.3 has a Cl−Mg−Cl angle of 146.1◦ along with an

average Mg−Cl bond length of 2.26 Å. The structure involves two hydrogen

bond interactions between both the water molecules and the two Cl atoms, and

therefore the structure is not fully symmetric with respect to a plane passing

through the Cl−Mg−Cl atoms. The other structure considered is a planar sym-

metric structure, as shown in Figure 6.4, which is consistent with the crystalline

structure [136]. However, this planar symmetric structure possesses an imaginary

frequency corresponding to the rotation of the H2O molecules with respect to

the axis passing through the O atoms, parallel to the Cl−Mg−Cl atoms. The

bond lengths in the two structures of MgCl2 · 2H2O are not significantly differ-

ent. We will use the planar symmetric geometry of Figure 6.4 (discarding the

imaginary frequency) for the Gibbs free energy calculation in order to make sure

that our calculation is consistent with crystalline structures. Bader charges for

Mg in these structures seem to have slightly increased from 1.62 in Figure 6.1 to

1.68 in Figure 6.4, while the charges for Cl atoms increased only 0.02. Overall
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charge transfer appears to be negligibly small and therefore, the coordination

between water molecules and the Mg atoms may be considered as more of a

Coulombic interaction.

For the structure with four water molecules, Figure 6.5, an octahedral geometry

is obtained after optimisation with four water molecules on the plane and both

the Cl atoms at the axial positions. The shape of this structure is in accordance

with experimental observations [136]. The Mg−Cl bond length is increased to

2.43 Å. The four water molecules have an average coordination length of 2.15 Å.

This octahedral distortion is due to the larger size of the Cl atom compared to

the O atom in water and not due to the Jahn-Teller distortion [70]. The structure

in Figure 6.5 is not symmetric, but the octahedron is distorted by the influence

of hydrogen bonds between water and Cl atoms. Thus, hydrogen bonds appear

to have a small influence on the structures of MgCl2 hydrates, but not as much

as compared to MgSO4 hydrates [68]. Also, the hydrates of MgCl2 appear to

be non-complex without the presence of any unusual low energy isomers. This

difference in the influence of hydrogen bonds to form meta-stable states may

possibly be regarded as the reason for the faster hydration kinetics in MgCl2 as

observed by Ferchaud et al. [42] in comparison with MgSO4.

For the optimised hexa-hydrate molecule of MgCl2, Figure 6.6, the water molecules

seem to be at the corners of a regular octahedron and the two chlorine atoms

are placed along the axial direction, although the Cl atoms are not bonded to

the Mg atom. The two chlorine atoms are, clearly, stabilised by the hydrogen

bonds formed with the coordinated water molecules. Along with the significant

change in the interaction length between Mg and Cl, the charge around the Cl

atom is also decreased to -0.71.

Song et al. [131] reports another isomer of MgCl2 · 6H2O, where the water molecules

are stabilised at three different levels with three different coordination lengths.

In their study, at least two water molecules were not coordinated directly with

the Mg atom. Formation of such isomers may be caused by the presence of hy-

drogen bonds. Nevertheless, the MgCl2 · 6H2O structure obtained in this study

appears to be closer to the experimentally predicted octahedral structure of

MgCl2 · 6H2O
[136].

Figure 6.7 shows the optimised structure of the MgOHCl molecule along with
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Figure 6.3: Molecular structure of MgCl2 · 2H2O. Uelec = −903.94 kcal/mol.
Bond lengths and atomic charges are given. Mg = lime, Cl = green, O = red,
H = white
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Figure 6.4: Molecular structure of MgCl2 · 2H2O with planar symmetry.
Uelec = −899.38 kcal/mol. Atomic charges and bond lengths are also given.
Mg = lime, Cl = green, O = red, H = white
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Figure 6.5: Molecular structure of MgCl2 · 4H2O. Uelec = −1592.53 kcal/mol.
Atomic charges and bond lengths are also given. Mg = lime, Cl = green,
O = red, H = white
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Figure 6.6: Molecular structure of MgCl2 · 6H2O. Uelec = −2281.90 kcal/mol.
Atomic charges and bond lengths are also given. Mg = lime, Cl = green,
O = red, H = white
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Figure 6.7: Molecular structure of MgOHCl. Uelec = −373.61 kcal/mol.
Atomic charges and bond lengths are also given. Mg = lime, Cl = green,
O = red, H = white

its bond lengths and atomic charges. The Mg−Cl bond length and the atomic

charge of the Cl atom are close to those in the structure of MgCl2. On the other

side of the Mg atom, the OH fragment is bonded with an Mg−O bond length

of 1.78 Å. The magnitude of atomic charges of the Mg atom and the O atom

are larger than it is seen for the MgCl2 hydrates, resulting in a smaller Mg−O

bond length. Due to the low crystallinity of this material, the crystal structure

of MgOHCl could not be determined experimentally [136]. Therefore, various

initial geometries are considered in order to find the lowest energy isomer, all

resulting in the same structure as given in Figure 6.7. The Cl−Mg−O bond

angle is non-linear with an angle of 176.1◦, and the H−O−Mg bond angle is

148.2◦.

6.4 Reaction energies and vibrational frequencies

The energies of the chemical reactions for dehydration and hydrolysis are shown

in Table 6.1. The dehydration energies, ∆Edehydration, per release of water

molecule are calculated using the equations below.

∆Edehydration =























0.5× EMgCl2.(x−2)H2O +

EH2O − 0.5× EMgCl2.xH2O, if x = 6,4;

EMgCl2.(x−1)H2O +

EH2O − EMgCl2.xH2O, if x = 2,1. (6.21)

Similarly, the hydrolysis energies, ∆Ehydrolysis, are given by
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∆Ehydrolysis =EMgOHCl + (x− 1)× EH2O

+ EHCl − EMgCl2.xH2O. x = 6, 4, 2, 1 (6.22)

In the above equations, the energies of stand-alone H2O and HCl molecules

(i.e. EH2O = -329.8 kcal/mol and EHCl = -139.6 kcal/mol) are used. It can be

seen that, during the dehydration process, the first two water molecules are the

easiest to be removed because the energy of dehydration of the first step is the

lowest. The third, fourth and fifth also have similar dehydration energies. The

last water molecule is the most difficult to be removed. Looking at the fourth

column in Table 6.1, the energies of hydrolysis reactions are lower for lower

hydrates. This is consistent with experimental evidences, which show that the

chances of hydrolysis is higher for lower hydrates.

Table 6.1: Energies of the molecules and the dehydration (per release of water
molecule) and hydrolysis reactions

Molecule Energy ∆Edehydration ∆Ehydrolysis

kcal/mol kcal/mol kcal/mol

MgCl2 · 6H2O -2281.9 14.8 119.3
MgCl2 · 4H2O -1592.5 16.7 89.7
MgCl2 · 2H2O -899.4 15.7 46.3
MgCl2 · H2O -553.7 22.4 40.5

The O−H and Mg−Cl vibrational frequencies are plotted in Figure 6.8 and

Figure 6.9. The calculated peak positions for the H2O molecule correspond well

with the results found in the literature [1]. The eigenmodes corresponding to the

Mg−Cl, Mg−O and O−H vibrations are indicated specifically in the figures for

clarity. From Figure 6.8, it follows that the O−H vibrational frequencies in the

molecules did not change when n (the hydration number) is increased from 1 to

2. However, the peak corresponding to symmetric stretch has been shifted to

the left for n=4 and still further for n=6, presumably due to the influence of

hydrogen bonds in the molecule [109]. In Figure 6.9, the asymmetric stretch of

the Mg−Cl vibrations was shifted to the left from n=0 to n=2.
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In the case of MgCl2 · 6H2O, the intensity of the Mg−Cl vibration, denoted with

the ◦ marker, is almost zero. The Cl atoms are stabilised by the H atoms by

hydrogen bonds. Therefore, this vibration may be interpreted as the hydrogen

bond vibrations between [Mg(H2O)6]
2+ and Cl2− instead of Mg−Cl vibration,

thus resulting in an increased frequency compared to the Mg−Cl stretch in the

case of MgCl2 · 4H2O. The peak corresponding to Cl−Mg−Cl bend, marked

with ×, disappears in Figure 6.9.

6.5 Equilibrium curves for dehydration reactions

From Equation 6.1, it is understood that the change in Gibbs free energy ∆G for

a reaction is a function of temperature T and pressure p, i.e. ∆G = ∆G(T, p).

At equilibrium, ∆G = 0, which implies that we can calculate the equilibrium

pressure of the reactants and products as a function of temperature, i.e. p = p(T).

Such equilibrium curves for the dehydration reactions, mentioned in the intro-

duction, are calculated to show the effect of temperature and pressure on the

reaction equilibrium. Figure 6.10 shows the equilibrium water vapour pres-

sure vs temperature for the three dehydration reactions: (from hexa-hydrate to

tetra-hydrate, from tetra-hydrate to di-hydrate and from di-hydrate to mono-

hydrate). In this calculation, only the partial pressure of H2O is changed and

the partial pressures of the hydrates are kept constant at 1 atm (1013.25 mbar).

In real experiments, only the partial pressures of H2O and sometimes HCl are

the controlled variables and the changes in concentrations of the hydrates are

not important. This is the reason for using constant hydrates pressure.

The equilibrium curves in Figure 6.10 match approximately with the results

found in the literature [75,78]. According to Figure 6.10, the dehydration of higher

hydrates occurs at lower temperatures and vice versa for lower hydrates, which

is consistent with experiments [75,78]. In addition, the slopes of the equilibrium

lines are equal to those found in the literature. However, an offset of 25 K is

observed in the temperature axis in Figure 6.10 compared to values found in

literature. This difference may be the consequence of the ideal poly-atomic gas

assumption involved in the calculation. From the curves, it may be understood

that the first two reaction steps in the dehydration mechanism proceed relatively

at ease (lower temperatures) within the temperature range of interest. The
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Figure 6.8: Calculated vibrational spectra of the hydrates in the O − H fre-
quency range. The signs indicate symmetric O−H stretch (∗) and asymmetric
O −H stretch (◦).
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Figure 6.9: Calculated vibrational spectra of the hydrates in the Mg − Cl
vibrations range. The signs indicate Cl −Mg − Cl bend (×), Mg − Cl stretch
(◦) and Mg −O stretch (△).
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Figure 6.10: Equilibrium H2O pressures for the dehydration reactions of the
MgCl2 hydrates

figure shows that the dehydration becomes increasingly difficult as the water

vapour pressure increases.

6.6 Equilibrium curves for hydrolysis reactions

A similar analysis is performed to obtain the equilibrium curves for the hy-

drolysis reactions starting from hexa-hydrate, tetra-hydrate, di-hydrate and the

mono-hydrate. Figure 6.11 shows the equilibrium water vapour pressure as a

function of temperature for the four hydrolysis reactions, in which the HCl pres-

sure is kept constant at 1.013 mbar for this calculation. The concave curves

show that the hydrolysis reaction is increasingly difficult as the water vapour

pressure increases. The hydrolysis reaction for the mono-hydrate does not de-

pend on the water vapour pressure as water vapour is not a product of the

reaction. Therefore, the corresponding equilibrium curve is a vertical line in

Figure 6.11.

Comparing Figure 6.10 and 6.11, it can be seen that at a given water vapour

pressure and for an HCl pressure of 1.013 mbar, the equilibrium temperatures

for the hydrolysis reactions are higher than those for the dehydration reactions.

This implies that the dehydration reaction is favourable compared to the hydrol-
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MgCl2 hydrates. pHCl = 1.013 mbar
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Figure 6.12: Equilibrium HCl pressures for the hydrolysis reactions of the
MgCl2 hydrates. pH2O = 23.3 mbar
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ysis reaction for this HCl pressure of 1.013 mbar. Another observation is that

the equilibrium temperature difference between the hydrolysis reaction and the

dehydration reaction for a given water vapour pressure, or in other words, the

offset of the hydrolysis line in Figure 6.11 with respect to the dehydration line in

Figure 6.10 for each hydrate, decreases with the hydration number. From this,

one should expect that hydrolysis becomes less favourable for lower hydrates.

However, experiments show that hydrolysis happens mostly for the lower hy-

drates. Now, Figure 6.12 shows the changes in the equilibrium HCl pressure as

a function of temperature for the hydrolysis reactions with the H2O pressure

kept constant at pH2O= 23.3 mbar. From Figure 6.12, it can be seen that the

changes in the equilibrium temperature are larger for lower hydrates for a given

change in the HCl pressure. This is because the molar ratio between HCl and

H2O in the hydrolysis products increases with a decrease in hydration number.

This implies that lowering the HCl pressure indeed favours the hydrolysis reac-

tion for lower hydrates and thus decreases the temperature offset between the

hydrolysis and the dehydration reaction, so that it eventually becomes smaller

for the lower hydrates. This is the reason why we observe more hydrolysis for

lower hydrates, which is consistent with experiments [41,48,75,78].

6.7 Preference of hydrolysis over dehydration

A comparison between the hydrolysis reaction and the dehydration reaction, to

understand the preference of one over the other for different combinations of

HCl and H2O pressures, is shown here. Figure 6.13 shows the equilibrium lines

for the dehydration reaction as well as the hydrolysis reaction of the magne-

sium chloride mono-hydrate. It shows the equilibrium water vapour pressure as

function of the temperature for different HCl pressures. It can be seen that the

equilibrium temperature decreases as the HCl pressure is decreased. In principle,

hydrolysis becomes favourable when the HCl pressure becomes low, such that

the hydrolysis curve crosses over to the left of the dehydration curve. For in-

stance, the maximum HCl pressure required for the hydrolysis curve to cross the

dehydration curve, at pH2O= 23.3 mbar, is about pHCl = 10−4 mbar. Similarly,

the maximum HCl pressures below which the hydrolysis becomes favourable

for the di-, tetra- and hexa-hydrate, at pH2O= 23.3 mbar, are 10−14, 10−18

138



Chapter 6. Hydrolysis and dehydration in MgCl2 hydrates

500 600 700 800 900 1000 1100 1200 1300 1400

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Equilibrium Temperature [K]

lo
g 10

(p
H

2O
 [m

ba
r]

)

 

 
MgCl

2
⋅H

2
O ⇔ MgCl

2
 + H

2
O(g)

MgCl
2
⋅H

2
O ⇒ MgOHCl + HCl

Figure 6.13: Equilibrium H2O pressures for the dehydration reaction and the
hydrolysis reaction for MgCl2 ·H2O. The HCl pressure is varied from 10−4 to
102 mbar.

and 10−22 mbar respectively. Thus the equilibrium curve analysis shows here

that the hydrolysis reactions are, usually, thermodynamically less favourable

compared to dehydration reactions especially in the operating conditions of a

seasonal energy storage system.

Figure 6.14 shows the equilibrium H2O and HCl pressures for the dehydration

and hydrolysis reaction for MgCl2 ·H2O as a function of temperature. Since

only either one of the products among H2O and HCl will be formed for these

reactions, the curves should be viewed with the correct pressure axis. The

equilibrium HCl pressure for the hydrolysis reaction is given on the right axis

in Figure 6.14, while the equilibrium H2O pressure for the dehydration reaction

is given on the left axis. From this figure, it can be seen that hydrolysis is

favourable if the equilibrium temperature of the hydrolysis reaction is lower

than the equilibrium temperature of the dehydration reaction. Each equilibrium

temperature is related to particular values of HCl and H2O pressures. The line

in Figure 6.15 corresponds to combinations of HCl and H2O pressures with equal

equilibrium temperatures. Therefore, any combination of pressures on the left

side of the line will result in a condition favouring dehydration reaction, and
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Figure 6.14: Equilibrium H2O and HCl pressures for the dehydration and
hydrolysis reaction for MgCl2 ·H2O as a function of temperature

any combination on the right side of the line will result in a condition favouring

the hydrolysis reaction for mono-hydrate.

Overall one can say that hydrolysis occurring from the hexa-, tetra- and di-

hydrate is only possible when the temperature is increased too fast to a high

value. For instance, if the temperature is increased in order to dehydrate the

lower hydrates when at the same time, the higher hydrates are also present,

the temperature might reach towards the maximum value for hydrolysis to oc-

cur from the higher hydrates. Even then, the dehydration reaction remains

favourable at every temperature and pressure. However, in the case of the

mono-hydrate, hydrolysis may become favourable at high water vapour pressure,

which will counteract the dehydration reaction, and at very low HCl pressure,

which will favour the hydrolysis reaction. Despite this, if a little HCl is formed

and the HCl pressure rises, it thwarts the formation of more HCl.

6.8 Summary

Molecular structures of MgCl2 · xH2O, where x={0, 1, 2, 4 and 6}, were analysed
along with the atomic charges in order to understand the equilibrium curves for
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dehydration and hydrolysis reactions observed in these salt hydrates. Harmonic

frequencies were calculated for the geometries, and thereby the Gibbs free en-

ergies of the dehydration and the hydrolysis reaction are used to generate the

equilibrium curves. From the molecular structures of the hydrates, it can be

seen that the hydrogen bonds existing in the geometries are relatively weak

with almost no meta-stable isomers. This probably may be related to the faster

kinetics observed in the hydration of chlorides compared to sulphates. Gibbs

free energy calculations are performed to study the preference of hydrolysis over

dehydration reactions. It is found that the probability for hydrolysis to occur

is larger for lower hydrates. Hydrolysis occurring from the hexa-, tetra- and

di-hydrate is only possible when the temperature is increased too fast to a very

high value. In the case of the mono-hydrate, hydrolysis may become favourable

at high water vapour pressure and at low HCl pressure.
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7
Conclusions and recommendations

7.1 Conclusions

A
n attempt to characterise the thermo-chemical energy storage materials

is made using molecular simulation techniques. Although there exists a

number of potential salt hydrates for energy storage application, the

study is limited to MgSO4 and MgCl2 hydrates because of their wide availability

and high energy storage density. In this study, the molecular properties of

MgSO4 and MgCl2 hydrates are studied using DFT and MD techniques. Some

of the general conclusions are listed below.

◮ A DFT study on the hydrates of MgSO4 provided insight into the structure

and chemical interactions involved. Also the presence of an extensive network

of hydrogen bonds has been identified. The study confirms the formation of

multiple isomers for hexa-hydrates with varying number of hydrogen bonds and

varying number of coordination bonds. Among the two isomers, the lowest en-

ergy isomer appears to be stabilised by the formation of six hydrogen bonds and

low coordination number (four) against the expected octahedral coordination.

In addition, the presence of isomers for other hydrates, which are stabilised by

the formation of hydrogen bonds, are also reported in the literature [26] as well

as in this study. Thus, it can be concluded that the presence of hydrogen bonds

significantly influences the structure of the hydrates. This can also influence the

kinetics of hydration and dehydration in MgSO4 hydrates.
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Another observation is the proton transfer process that occurs in hexa-hydrated

structures. This gives significant insights into the possibilities of breaking or

formation of covalent bonds during hydration or dehydration processes in these

crystals. For understanding more about this and for studying the hydration

process in detail, the water binding process on the (100) surface of the MgSO4

crystal is modelled using periodic DFT. The study reveals the possibility of

dissociation of water during hydration. It appears that the hydrogen bond

interaction involved in the system between the oxygen atoms in MgSO4 and

H2O is strong enough to split the water molecule when it comes in contact with

the surface. Thus the dissociation of water appears to be characteristic for the

hydration process of MgSO4, although such a dissociation was not observed with

the approach of the second water molecule. This suggests that the dissociation of

water is not always present and several other factors play a role in the hydration

of magnesium sulphate, thus making it rather a complex process.

◮ DFT calculations are generally expensive and limited to systems with a small

number of atoms. Thus the information obtained from DFT must be used to de-

velop an up-scaled model. A reactive molecular dynamics method was proposed

to model MgSO4 hydrates. The upscaling is done by fitting the ReaxFF force

field parameters using a Metropolis Monte Carlo method with Simulated Anneal-

ing (MMC-SA). This method is more robust than the traditional single param-

eter parabolic-search algorithm. The performance of the MMC method and the

parabolic-search method for optimizing the ReaxFF force field are compared.

It is found that the MMC method performs much better than the parabolic-

search method in optimizing the force field when starting from a random initial

force field. A good agreement is obtained between the results from the opti-

mised force field and DFT data for the structural and configurational energies

of the hydrated molecules of magnesium sulphate. The force field reproduces

the proton transfer phenomena observed in the hexa-hydrated molecule. In ad-

dition, the equations of state of anhydrate, tetra-hydrate, penta-hydrate and

hepta-hydrates were also reproduced by the optimised force field within satis-

factory accuracy limit. Using the Metropolis Monte Carlo algorithm to optimise

the ReaxFF force field avails one to search for the global minimum in a high di-
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mensional parameter space. Compared to the single parameter parabolic-search

algorithm [144], the Metropolis algorithm is robust and can climb over local max-

ima, and, therefore, does not depend as much on the initial conditions. In

addition, a set of several parameters can be selected simultaneously for each

trial, unlike in the parabolic-search method where only one parameter at a time

can be optimised. Also a further improvement of the MMC-SA method over the

single-parameter parabolic-search algorithm is found. The simulated annealing

method provides a better control on the parametrization procedure. The trans-

ferability of the force field within a close range of the training set data is proven

to be excellent. The agreement is found to be less accurate in the case of a data

set further away from the training set (see section 4.8). The choice of the data

set used for training is thus important in reproducing the correct behaviour of

the system in MD simulations, and it is asserted that the ReaxFF force field is

not indefinitely transferable for a set of atoms and one should make a careful

judgement in building the appropriate training set. The method used by van

Duin et al. [147] for randomly sampling the configurational space, seems to be an

appropriate choice for building the training set. Further investigation is needed

to find more effective methods in efficiently sampling the configurational space

and in optimizing the parameters.

◮ Using the optimized force field for MgSO4 hydrates, a set of MD simulations

are performed to understand the dehydration process in the hydrates. First an

attempt was made to study the kinetics during dehydration and to simulate

the so called Topley-Smith effect. However, the evaporation rate as function

of water vapour pressure appears to be strongly dependent on the ensemble

used. Especially in the case of NVT and NVE, large temperature increases in

the crystal were found during dehydration. The results when the crystal tem-

perature were fixed with a separate thermostat did not yield convincing results.

From the hydrogen density profiles during the dehydration of epsomite, where

the initial water vapour pressure was zero and the temperature of the crystal

remains more or less constant, the presence of a sharp interface between the

reactants and the products was not seen. Instead, a gradual decrease of the

hydrogen density from the surface to the core of the crystal was found. This
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might show that the dehydration in epsomite is largely a diffusion limited prob-

lem. Since the degree of hydration of epsomite is seven, the gradual reduction

in the density profile can also mean the presence of a different degree of hydra-

tion as one moves from the surface to the centre of the crystal. The diffusivity

of water molecules through the crystal during dehydration (using a zero initial

water vapour pressure condition) is calculated. In general, it is found that the

surface diffusivity is much higher compared to the bulk diffusivity within the

crystal. Finally, the simulations also show the influence of hydrogen bonds on

the kinetics of dehydration in epsomite. It was found that the hydrogen bonds

create meta-stability in the hydrates and leading to a reduction in the kinetics

of dehydration.

◮ Hydrolysis reactions in MgCl2 hydrates during heating are a drawback of using

this material for seasonal energy storage applications. Thus, the preference of

hydrolysis over dehydration in these hydrates is studied using thermodynamic

equilibrium principles on the molecular structures of MgCl2 hydrates. Molec-

ular structures and atomic charges are studied and the study shows that the

structures of these hydrates are non-complex (especially due to the absence of

large hydrogen bond networks) compared to MgSO4 hydrates. Harmonic fre-

quencies are calculated for the geometries, and the Gibbs free energies of the

dehydration and the hydrolysis reaction are used to generate the equilibrium

curves. From the molecular structures of the hydrates, it can be seen that the

hydrogen bonds existing in the geometries are relatively weak with almost no

meta-stable isomers. This probably may be related to the faster kinetics ob-

served in the hydration of chlorides compared to sulphates. Gibbs free energy

calculations are performed to study the preference of hydrolysis over dehydra-

tion reactions. It is found that the probability for hydrolysis to occur is larger

for lower hydrates. Hydrolysis occurring from the hexa-, tetra- and di-hydrate is

only possible when the temperature is increased too fast to a very high value. In

the case of the mono-hydrate, hydrolysis may become favourable at high water

vapour pressure and at low HCl pressure.
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7.2 Recommendations

During this research, a number of interesting aspects of salt hydrates are iden-

tified. Some of them are investigated in this study and many are not, due to

lack of time. Since this study also shows a way, to a limited extent, to model

such systems using multi-scale modelling techniques, further improvements in

the methodology will enable one to model the system more in accordance with

the experimental conditions. Some of such possible directions to take in this

study of salt hydrates as thermo-chemical energy storage materials are given in

this section.

◮ One of the important outcomes of this study is the presence of meta-stability in

MgSO4 hydrates which is connected with the hydrogen bonds present in these

hydrates. The large network of hydrogen bonds in these hydrates are due to

the sulphate (SO2−
4 ) fragments present in these materials. It is interesting to

analyse if such an effect can be seen in other sulphate containing salt hydrates

such as Li2SO4, or CuSO4. This can also be tested for the salts which do not

have a sulphate fragment such as MgCl2, CaCl2. For instance, the DFT data

shown in Chapter 6 can be augmented with some additional calculations and can

be used to generate a ReaxFF force field to model the dehydration behaviour

of MgCl2 hydrates.

◮ Another possible direction for further research in method development is to look

for an alternative to MMC-SA algorithm for force field optimisation. A proof

of concept using a genetic algorithm to parametrize the ReaxFF force field is

shown recently in the literature [87]. A comparison on the performance between

the MMC-SA and the genetic algorithm is worth studying. In addition, the

MD results obtained in this study on MgSO4 hydrates can be used to develop

meso-scale models to study the system on a larger scale.

◮ During the dehydration simulation of epsomite, the temperature of the crystal

was found to be increasing when using NVT and NVE ensembles. However, a

set of NVT simulations with two thermostats appears to remove this unusual

temperature rise of the crystal. A limited set of calculations to study the Topley-

Smith effect using multiple thermostats did not yield convincing results. Thus,
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it is interesting to extend these simulation under controlled crystal temperature

conditions and study the Topley-Smith effect further.

◮ The preference of hydrolysis over dehydration of MgCl2 hydrates is studied using

the molecular structures of these hydrates. However, in reality, this reaction

occurs in the solid state of these hydrates. Although, this calculation result

serves as a safety limit for preventing hydrolysis, it is recommended to calculate

the equilibrium curves corresponding for the reactions in solid state of these

hydrates. In addition to the equilibrium studies, it is also important to study

the kinetics of these reactions using reactive MD simulations.
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A
Potentials of interaction in ReaxFF

This section contain all the general ReaxFF potential functions. In the ReaxFF

code all the energy contributions in this document are calculated regardless of

the system compositions. However, some of the contributions can be effectively

switched on and off by tweaking the values of some parameters.

Overall system energy: Various contributions to the total potential energy

of the system is described in Eq. (A.1)

Esystem =Ebond + Elp + Eover + Eunder + Eval + Epen

+Ecoa + EC2 + Etriple + Etors + Econj

+EH−bond + EvdWaals + ECoulomb (A.1)

The partial energy contributions are explained in the following sections

Bond order and Bond energy: A fundamental assumption of ReaxFF is

that the bond order BO′
ij between a pair of atoms can be obtained directly from

the inter-atomic distance rij as given in Eq. (A.2). In calculating the bond

orders, ReaxFF distinguishes between contributions from σ bonds, π bonds and

ππ bonds.
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BO′
ij =BO′σ

ij +BO′π
ij + BO′ππ

ij

=exp

[

Pbo1 ·
(

rij
rσo

)Pbo2
]

+ exp

[

Pbo3 ·
(

rij
rπo

)Pbo4
]

+exp

[

Pbo5 ·
(

rij
rππo

)Pbo6
]

(A.2)

Based on the uncorrected bond orders BO′, derived from Eq. (A.2) an un-

corrected over-coordination ∆′ can be defined for the atoms as the difference

between the total bond order around the atom and the number of its bonding

electrons i.e. Valency, val.

∆′
i = −vali +Σ

nei(i)
j=1 BO′

ij (A.3a)

∆′boc
i = −valboci +Σ

nei(i)
j=1 BO′

ij (A.3b)

ReaxFF then uses these uncorrected over-coordination definitions to correct the

bond orders BO′
ij using the scheme described in Eqs. (A.4a) - A.4f. To soften the

correction for atoms bearing lone pairs of electron a second over-coordination

definition ∆′boc, Eq. (A.3b), is used in Eq. (A.4e) and (A.4f). This allows

atoms like nitrogen and oxygen, which bear lone electron pairs after filling their

valence, to break up these electron pairs and involve them in bonding without

obtaining a full bond order correction.

BOσ
ij = BO′σ

ij · f1
(

∆′
i,∆

′
j

)

· f4
(

∆′
i, BO

′
ij

)

· f5
(

∆′
j, BO

′
ij

)

BOπ
ij = BO′π

ij · f1
(

∆′
i,∆

′
j

)

· f1
(

∆′
i,∆

′
j

)

· f4
(

∆′
i, BO

′
ij

)

· f5
(

∆′
j, BO

′
ij

)

BOππ
ij = BO′ππ

ij · f1
(

∆′
i,∆

′
j

)

· f1
(

∆′
i,∆

′
j

)

· f4
(

∆′
i, BO

′
ij

)

· f5
(

∆′
j, BO

′
ij

)

BOij = BOσ
ij + BOπ

ij + BOππ
ij (A.4a)
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 (A.4b)

f2
(

∆′
i,∆

′
j

)

= exp
(

−Pboc1 ·∆′
i

)

+ exp
(

−Pboc1 ·∆′
j

)

(A.4c)

f3
(

∆′
i,∆

′
j

)

= − 1

Pboc2
· ln
{

1

2
·
[

exp
(

−Pboc2.∆
′
i

)

+ exp
(

−Pboc2.∆
′
j

)]

}

(A.4d)

f4
(

∆′
i, BO

′
ij

)

=
1

1 + exp
(

−Pboc3 ·
(

Pboc4 · BO′
ij · BO′

ij −∆′boc
i

)

+ Pboc5

)

(A.4e)

f5
(

∆′
j, BO

′
ij

)

=
1

1 + exp
(

−Pboc3 ·
(

Pboc4 · BO′
ij · BO′

ij −∆′boc
j

)

+ Pboc5

)

(A.4f)

A corrected over-coordination ∆i can be derived from the corrected bond orders

using Eq. (A.5)

∆i = −vali +Σ
nei(i)
j=1 BOij (A.5)

Eq. (A.6) is used to calculate the bond energies from the corrected bond orders

BOij

Ebond =−Dσ
e · BOσ

ij · exp
[

Pbe1

(

1−
(

BOσ
ij

)Pbe2
)]

−Dπ
e · BOπ

ij −Dππ
e · BOππ

ij (A.6)

Lone pair energy: Number of lone pairs around an atom is determined using

Eq. (A.7). ∆e
i , Eq. (A.8) describes the difference between the total number of

outer shell electrons (6 for oxygen, 4 for silicon, 1 for hydrogen etc.) and the

sum of bond orders around an atomic center.
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nlp,i = int

(

∆e
i

2

)

+ exp

[

−Plp1 ·
(

2 + ∆e
i − 2 · int

{

∆e
i

2

})2
]

(A.7)

∆e
i = −valei +Σ

nei(i)
j=1 BOij (A.8)

For oxygen with normal coordination (total bond order = 2, ∆e
i = 4), Eq. (A.7)

leads to two lone pairs. As the total bond order associated with a particular

oxygen atom starts to exceed two, Eq. (A.7) cause a lone pair to gradually break

up, causing a deviation ∆lp
i , defined in Eq. (A.9), from the optimal number of

lone pairs nlp,opt (e.g. 2 for oxygen, 0 for silicon and hydrogen)

∆lp
i = nlp,opt − nlp,i (A.9)

This is accompanied by an energy penalty, as calculated using Eq. (A.10)

Elp =
Plp2 ·∆lp

i

1 + exp
(

−75.∆lp
i

) (A.10)

Over-coordination: An over-coordinated atom (∆i > 0), Eqs. (A.11a) -

A.11b imposes an energy penalty on the system. The degree of over-coordination

∆ is decreased if the atom contains a broken up lone electron pair. This is done

by calculating a corrected over-coordination (Eq. (A.11b)), taking into account

the deviation from the optimal number of lone pairs, as calculated in Eq. (A.9).

Eover =
Σnbound
j=1 Povun1 ·Dσ

e · BOij

∆lpcorr
i + vali

·∆lpcorr
i ·





1

1 + exp
(

Povun2 ·∆lpcorr
i

)





(A.11a)

∆lpcorr
i = ∆i −

∆lp
i

1 + Povun3 · exp
(

Povun4 ·
{

Σ
nei(i)
j=1

(

∆j −∆lp
j

)

·
(

BOπ
ijBO

ππ
ij

)})

(A.11b)
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Under-coordination: For an under-coordinated atom (∆i < 0), energy con-

tributions due to resonance of the π-electrons between attached under-coordinated

atomic centres is taken into account using Eq. (A.12). Eunder is only important

if the bonds between under-coordinated atom i and its under-coordinated neigh-

bours j partly have π-bond character.

Eunder =−Povun5 ·
1− exp

(

Povun6 ·∆lpcor
i

)

1 + exp
(

−Povun2 ·∆lpcor
i

)

· 1

1 + Povun7 · exp
[

Povun8 ·
{

Σ
nei(i)
j=1

(

∆j −∆lp
j

)

·
(

BOπ
ij + BOππ

ij

)}]

(A.12)

Angle energy: Just as for bond terms, it is important that the energy contri-

bution from valence angle terms goes to zero as the bond orders in the valence

angle goes to zero. Eqs. (A.13a)-(A.13g) are used to calculate the valence angle

energy contribution. The equilibrium angle Θ0 for Θijk depends on the sum of

π-bond orders (SBO) around the central atom j as described in Eq. (A.13d).

Thus the equilibrium angle changes from around 109.47 for sp3 hybridization

(π-bond = 0) to 120 for sp2 (π-bond = 1) to 180 for sp (π-bond = 2) based on

the geometry of the central atom j and its neighbours. In addition to including

the effects of π-bonds on the central atom j, Eq. (A.13d) also takes into account

the effects of over- and under-coordination in central atom j, as determined by

Eq. (A.13e), on the equilibrium valency angle, including the influence of a lone

electron pair. valangle is the same as valboc used in Eq. (A.3b) for non-metals.

The functional for of Eq. (A.13f) is designed to avoid singularities when SBO=0

and SBO=2. The angles in Eqs. (A.13a)-(A.13g) are in radians.

Eval =f7 (BOij) · f7 (BOjk) ·

f8 (∆j) ·
{

Pval1 − Pval1 exp
[

−Pval2 (Θ0 (BO)−Θijk)
2
]}

(A.13a)

f7 (BOij) = 1− exp
(

−Pval3 · BOPval4
ij

)

(A.13b)
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f8 (∆i) = Pval5 − (Pval5 − 1) ·
2 + exp

(

Pval6 ·∆angle
j

)

1 + exp
(

Pval7 ·∆angle
j

)

+ exp
(

−Pval7 ·∆angle
j

)

(A.13c)

SBO =Σ
nei(j)
n=1

(

BOπ
jn + BOππ

jn

)

+
[

1−Π
nei(i)
n=1 exp

(

−BO8
jn

)

]

·
(

−∆angle
j − Pval8 · nlp.j

)

(A.13d)

∆angle
j = −valanglej +Σ

nei(j)
n=1 BOjn (A.13e)

SBO2 =























0 if SBO ≤ 0

SBOPval9 if 0 < SBO < 1

2− (2− SBO)Pval9 if 1 < SBO < 2

2 if SBO > 2

(A.13f)

Θ0 (BO) = π −Θ0,0 · {1− exp [−Pval10 · (2− SBO2)]} (A.13g)

Penalty energy: To reproduce the stability of systems with two double bonds

sharing an atom in a valency angle, like allene, an additional energy penalty, as

described in Eq. (A.14a) and A.14b, is imposed for such systems.

Epen = Ppen1 · f9 (∆j) · exp
[

−Ppen2 · (BOij − 2)2
]

· exp
[

−Ppen2 · (BOjk − 2)2
]

(A.14a)

f9 (∆j) =
2 + exp (−Ppen3.∆j)

1 + exp (−Ppen3 ·∆j) + + exp (−Ppen4 ·∆j)
(A.14b)

Three-body conjugation term: The hydrocarbon ReaxFF potential con-

tained only a four-body conjugation term (section A), which was sufficient to

describe most conjugated hydrocarbon systems. However, this term failed to

describe the stability obtained from conjugation by the −NO2− group. To de-

scribe the stability of such groups a three-body conjugation term is included,

Eq. (A.15).
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Ecoa =Pcoa1 ·
1

1 + exp
(

Pcoa2 ·∆val
j

) · exp
[

−Pcoa3 ·
(

−BOij +Σ
nei(i)
n=1 BOin

)2
]

· exp
[

−Pcoa3 ·
(

−BOjk +Σ
nei(i)
n=1 BOkn

)2
]

· exp
[

−Pcoa4 · (BOij − 1.5)2
]

· exp
[

−Pcoa4 · (BOjk − 1.5)2
]

(A.15)

Torsion angle terms: Just as with angle terms we need to ensure that de-

pendence of the energy of torsion angle ωijkl accounts properly for BO → 0 and

for BO > 1. This is done by Eqs. (A.16a) - (A.16c).

Etors =
1

2
f10 (BOij, BOjk, BOkl) · sinΘijk · sinΘjkl·
[

V1 · (1 + cosωijkl) + V2 · exp
{

Ptor1 ·
(

BOπ
jk − 1 + f11 (∆j,∆k)

)2
}

·
(1− cos 2ωijkl) + V3 · (1 + cos 3ωijkl)] (A.16a)

f10 (BOij, BOjk, BOkl) = [1− exp (−Ptor2 · BOij)] · [1− exp (−Ptor2 · BOjk)] ·
[1− exp (−Ptor2 · BOkl)] (A.16b)

f11 (∆j,∆k) =
2 + exp

[

−Ptor3 ·
(

∆angle
j +∆angle

k

)]

1 + exp
[

−Ptor3 ·
(

∆angle
j +∆angle

k

)]

+ exp
[

−Ptor4 ·
(

∆angle
j +∆angle

k

)](A.16c)

Four-body conjugation term: Eqs. (A.17a) - (A.17b) describes the contri-

bution of conjugation effects to the molecular energy. A maximum contribution

of conjugations energy is obtained when successive bonds have bond order values

of 1.5 as in benzene and other aromatics.

Econj = f12 (BOij, BOjk, BOkl) · Pcot1 ·
[

1 +
(

cos2 ωijkl − 1
)

· sinΘijk · sinΘjkl

]

(A.17a)
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f12 (BOij, BOjk, BOkl) = exp
[

−Pcot2 · (BOij − 1.5)2
]

·

exp
[

−Pcot2 · (BOjk − 1.5)2
]

· exp
[

−Pcot2 · (BOkl − 1.5)2
]

(A.17b)

Hydrogen bond interactions: Eq. (A.18) describes the bond order depen-

dent hydrogen bond term for an X−H· · ·Y system as is incorporated in ReaxFF.

EHbond =Phb1 · [1− exp (Phb2 · BOXH)] · exp
[

Phb3

(

r0hb
rHY

+
rHY

r0hb
− 2

)]

·

sin8
(

ΘXHY

2

)

(A.18)

Correction for C2: ReaxFF erroneously predicts that two carbons in the C2-

molecule form a very strong (triple) bond, while in fact the triple bond would

get de-stabilized by terminal radical electrons, and for that reason, the carbon-

carbon bond is not any stronger than a double bond. To capture the stability

of C2 a new partial energy contribution (EC2) is introduced. Eq. (A.19) shows

the potential function used to de-stabilize the C2 molecule.

EC2 =

{

kc2 ·
(

BOij −∆i − 0.04 ·∆4
i − 3

)2
if BOij −∆i − 0.04 ·∆4

i > 3

0 if BOij −∆i − 0.04 ·∆4
i ≤ 3

(A.19)

Triple bond energy correction: To describe the triple bond in carbon

monoxide a triple bond stabilization energy is used, making CO both stable

and inert. This energy term only affects C−O bonded pairs. Eq. (A.20) shows

the energy function used to describe the triple bond stabilization energy.
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Etrip = Ptrip1 exp
[

−Ptrip2 (BOij − 2.5)2
]







exp
[

−Ptrip4 ·
(

Σ
nei(i)
k=1 BOik − BOij

)]

1 + 25 · exp [Ptrip3 (∆i +∆j)]
+

exp
[

−Ptrip4 ·
(

Σ
nei(i)
k=1 BOjk − BOij

)]

1 + 25 · exp [Ptrip3 (∆i +∆j)]







(A.20)

Non-bonded interactions: In addition to valence interactions which depend

on overlap, there are repulsive interactions at short inter-atomic distances due to

Pauli principle orthogonalization and attraction energies at long distances due

to dispersion. These interactions, comprised of van der Waals and Coulomb

forces, are included for all atom pairs, thus avoiding awkward alterations in the

energy description during bond dissociation.

Taper correction: To avoid energy discontinuities when charged species move

in and out of the non-bonded cut off radius ReaxFF employs a Taper correction.

Each non-bonded energy and derivative is multiplied by a Taper-term, which is

taken from a distance-dependent 7th order polynomial, Eq. (A.21).

Tap = T7 · r7ij +T6 · r6ij +T5 · r5ij +T4 · r4ij +T3 · r3ij +T2 · r2ij +T1 · rij +T0

(A.21)

The terms in this polynomial are chosen to ensure that all 1st, 2nd and 3rd

derivatives of the non-bonded interactions to the distance are continuous and

go to zero at the cut off boundary. To that end, the terms T0 to T7 in Eq. (A.21)

are calculated by the scheme in Eq. (A.22), where Rcut is the non-bonded cut-off

radius.
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T7 =
20

R7
cut

(A.22)

T6 =
−70

R6
cut

T5 =
85

R5
cut

T4 =
−35

R4
cut

T3 = 0

T2 = 0

T1 = 0

T3 = 1

van der Waals interactions: To account for the van der Waals interactions

we use a distance-corrected Morse-potential Eqs. (A.23a) - (A.23b). By in-

cluding a shielded interaction Eq. (A.23b), excessively high repulsions between

bonded atoms and atoms sharing a valence angle are avoided.

EvdWaals =Tap ·Dij ·
{

exp

[

αij ·
(

1− f13 (rij)

rvdW

)]}

−Tap · Dij · 2
{

exp

[

1

2
· αij ·

(

1− f13 (rij)

rvdW

)]}

(A.23a)

f13 (rij) =

[

rPvdW1
ij +

(

1

γw

)PvdW1
] 1

PvdW1

(A.23b)

Coulomb Interactions: As with van der Waals-interactions, Coulomb inter-

actions are taken into account between all atom pairs. To adjust for orbital

overlap between atoms at close distances a shielded Coulomb-potential is used,

Eq. (A.24).

Ecoulomb = Tap · C · qi · qj
[

r3ij + (1/γij)
3
]1/3

(A.24)
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Atomic charges are calculated using the Electron Equilibrium Method (EEM)

-approach. The EEM charge derivation method is similar to the QEq-scheme;

the only differences, apart from parameter definitions, are that EEM does not

use an iterative scheme for hydrogen charges (as in QEq) and that QEq uses a

more rigorous Slater orbital approach to account for charge overlap.
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B
ReaxFF energies for water

In this section, the energy output from ReaxFF is compared with the internal

energy values reported in steam tables for water at different thermodynamic

states. As a first choice, two condensed phase states are selected for comparing

the energy values for water. Both the systems are chosen at the same density

but at different temperatures (one at 298 K and the second one at 353 K). The

density of the system is chosen in such a way that the system exist fully in the

liquid state. The details of both the systems are listed in Table B.1.

Table B.1: System specification in MD simulation

Number of Molecules 4096(H2O)

Box size 96× 80× 80 Å3 Periodic (den-
sity = 199.2647 kg/m3)

Ensemble NVT
Operating Temperatures 298 K and 353 K

Time step 0.25 fs
Total run time 0.15 ns

From the TS-diagram, Figure B.1, by following the constant density line for

vspecific =0.005 m3/kg (corresponding to a density of 199.2647 kg/m3), it can

be seen that at 298 K the system is fully in the liquid state. A snapshot of the

final configuration is shown in Figure B.2. The system is periodic and thus the
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formation of a bubble like empty space can be visualised from the figure. The

configuration also confirms that almost all the molecules are in the condensed

phase.

Figure B.1: Temperature Entropy diagram for water

Now, it is interesting to calculate the energy of this system from the simulation

as well from steam tables to validate the energy output from ReaxFF. Thermo-

dynamic energy of the system is calculated by knowing the temperature and

entropy of the system. Entropy can be obtained from TS diagram, Figure B.1,

using the density and temperature of the system. The calculation steps for

water at 298 K is shown below.

Temperature, T= 298 K

from TS-diagram, Figure B.1,

Entropy, S = 0.328 kJ/kgK

from steam tables,
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Figure B.2: Liquid water at 298 K

Internal energy, U298K = 104.7636 kJ/kg

Now, the energy from ReaxFF output can be written as the sum of kinetic

energy and potential energy (KE+PE)

i.e. E298K = -253.9599 kcal/mol

Here, it must be understood that the reference states for ReaxFF and steam

tables are different from each other. Therefore, it is not correct to compare

the absolute values of energies. Nevertheless, one can compare the difference

in energies between any two arbitrary states. This argument is valid since the

internal energy is a state function. For this purpose, another system is taken

with same density as that of the above system, but at a different temperature

(353 K). From TS-diagram, it can be seen that the system at this temperature

is still in the liquid state for a density of 199.2 kg/m3. The above calculation is

repeated for this system as well and the energy values are reported below.
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Temperature, T = 353K

Entropy, S = 1.044 kJ/kgK

Internal energy from steam table, U353K = 334.8675 kJ/kgK

Energy from ReaxFF, E353K = -252.2338 kcal/mol

Now, the difference in energy is computed between two states and the result is

shown below.

∆EReaxFF = 1.7260 kcal/mol

∆Usteamtable = 0.9908 kcal/mol

Thus from the above calculation it can be seen that the difference in energy val-

ues are not predicted accurately with respect to steam table calculation. One

of the main reason could be that the system has not completely reached equilib-

rium. Also, from TS diagram, the difference in energy between both the states

under consideration does not seem to be large enough to surpass the fluctuations

in energy signals in MD.

Considering these two reasons, three different thermodynamic states are se-

lected.

◮ Water (N=1000) at its liquid state at 473 K

◮ Water (N=1000) at its vapour state at 473 K

◮ Superheated steam (N=1000) at 873 K

The three states are marked in the TS-diagram in Figure B.3. The state of the

systems are specified in the NVT ensemble by adjusting the values of density

and temperature.

This time, the system is allowed to run for sufficiently long time till the system

reaches equilibrium. Equilibrium condition is checked by assessing the value of

standard deviation in total energy output. Final outputs of the simulations are

shown in Figure B.4. Figure B.4(c) shows condensed phase at 473 K. Formation

of a bubble can be clearly visualised by recreating the periodic geometries in all

the directions. Figure B.4(b) and Figure B.4(a) shows that these two systems

are in the vapour state.
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Figure B.3: Three thermodynamic states selected for comparison of energies

A comparison of the change in energy is done by calculating the energy corre-

sponding to these states from MD as well as from steam tables. The results are

shown in Table B.2 and Table B.3.

Table B.2: Evaporation of water at 473 K

Energy, kcal/mol 473 K, 500 kg/m3 473 K, 5 kg/m3 ∆ E

ReaxFF -242.488 -234.214 8.274
Steam tables 3.6704 12.018 8.348

Table B.3: Superheated steam

Energy, kcal/mol 473 K, 5 kg/m3 873 K, 5 kg/m3 ∆ E

ReaxFF -234.214 -229.745 4.4689
Steam tables 12.145 15.818 3.6733

The results for evaporation shows a good comparison for the change in energy

for ReaxFF and steam tables. However, a slight variation in the results for the

case of superheated vapour is seen. This cannot be explained at this stage as
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(a) State-1: water vapour at 873K (b) State-2: water vapour at 473 K

(c) State-3: liquid water at 473 K

Figure B.4: Simulation of water at three different thermodynamic states

it requires to have a careful analysis of the force field parameters. It has been

proved along with the results in Chapter 2 that ReaxFF predicts the behaviour

of water pretty well, especially to predict the phase change processes.
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C
Heat of formation of MgSO4 crystal

(a) Triplet O2, Energy=-
228.8098 kcal/mol

(b) Mg-HCP, Energy=-
67.2745 kcal/mol

(c) S8, Energy=-11691.5149
kcal/mol

Figure C.1: Molecular structures of triplet O2, Mg-HCP and S8

Energy per unit cell (surface energy of structure in Fig.3.2) = -2932.6953 kcal/mol.

Energy of MgSO4 crystal = -3429.1841 kcal/mol

Heat of formation for MgSO4 crystal at zero K is given by

∆EMgSO4 =
EMgSO4

4
−
(

EMg−HCP

2
+

ES8−rhombic

128
+ 2× EO2

)

=
−3429.1841

4
−
(−67.0804

2
+

−11691.5149

128
+ 2×−228.8098

)

= −274.7 kcal/mol(−307.0984 [153]) (C.1)
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Heat of formation of MgSO4 · 7H2O crystal at zero K is given by

∆EMgSO4.7H2O =
EMgSO4.7H2O

4
−
(

EMg−HCP

2
+

ES8−rhombic

128
+ 2× EO2

)

− (7× EH2 + 3.5× EO2)

=
−13121.2432

4
−
(−67.0804

2
+

−11691.5149

128
+ 2×−228.8098

)

− (7×−156.8190 + 3.5 ×−228.8098)

= −799.2437 kcal/mol(−809.9211 [153]) (C.2)

Heat of formation of H2O

∆EH2O = EH2O −
(

EO2

2
+ EH2

)

−∆Evap298

= −329.9093 −
(−228.8098

2
+−156.8191

)

− 12.64

= −71.3254 kcal/mol(−68.315 [153]) (C.3)

Heat of hydration

∆Ehydration = ∆EMgSO4.7H2O − (∆EMgSO4 + 7×∆EH2O)

= −799.2437 − (−274.7962 + 7×−71.3254)

= −25.1696 kcal/mol(−24.6177 [153]) (C.4)
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D
Optimised MgSO4-water force field

Force field parameters in ReaxFF: The force field file contains the force

field parameters. The first line of the ffield-input file contains a force field

identifier. Thereafter, the force field is divided into 7 sections, containing the

general, atom, bond, off-diagonal, valence angle, torsion angle and hydrogen

bond parameters. A typical force field containing information about 6 elements

are given below. It follows a description of the format and meaning of the force

field parameters in each of these sections.
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General parameters: The first section of the force field contains the general

parameters, which affect all interactions regardless of atom type. The first line

of this section contain the npar, the number of general parameters present in the

force field file, followed by npar lines each containing a parameter value followed

by a parameter identifier. Of particular interest are the Upper Taper radius

parameters, which describes the non-bonded cut off radius, and the Cut off for

bond orders, which describes the bond order threshold, above which atoms are

considered connected. Both these parameters have major impact on ReaxFF

calculation speed; decreasing the Upper Taper radius parameter or increasing

the bond order cut off parameter can make ReaxFF run considerably faster.

These parameters, however, have a major impact on the force field description

and can, as such, not be changed without re-parametrization of other parts of

the force field.

Atom parameters: The second section of the force field contains the atom

parameters. The section starts with the number of atoms types present in the

force field, followed by four lines of parameter identifiers. Thereafter follow

four lines for each atom, starting with a line containing the atom name an 8

parameter values followed by three lines with 8 parameter values. Table D gives

a short description of the meaning of each parameters in the atom parameter

section. If negative values are given to either of the three bond radii (sigma,

pi and double pi) bond order contributions are ignored for that atom. “n.u.”

stands for “not used”.

Table D.2: Atom parameters in ReaxFF force field

cov.r sigma bond covalent radius

valency Valency

a.m Atomic mass

Rvdw van der Waals radius

Evdw van der Waals dissociation energy

gammaEEM EEM shielding

cov.r2 pi bond covalent radius

el. Number of valence electrons
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alfa van der Waals parameter

gammavdW van der Waals shielding

valency valency for 1,3-BO correction

Eunder Under-coordination energy

Eover Over-coordination energy

chiEEM EEM electronegativity

etaEEM EEM hardness

cov.r3 double pi bond covalent radius

Elp Lone pair energy

Heat inc. Heat of formation increment

p(boc4) Bond order correction

p(boc3) Bond order correction

p(boc5) Bond order correction

p(ovun2) Over/under-coordination

p(val3) Valence angle energy

val(boc) Valence angle energy

p(val5) Valence angle energy

Bond parameters: The second section of the force field contains the bond

parameters. This section starts with the number of bond types defined in the

force field, followed by two lines of parameter identifiers. Then follow two lines

for each bond type, the first of which contains two atom type identifiers, followed

by 8 parameter values. The atom type identifiers define the bond; ‘1 1’, for

example, describes the bond between atom #1 and atom #1. The second line

contains another 8 parameter values. ReaxFF will terminate if at any stage of

the simulation a bond type is found that is not defined in the ffield-file. Table

D.3 gives a short description of the bond parameters in the force field.

Off-diagonal terms: This section allows for the definition of off-diagonal val-

ues for both bond order and van der Waals pair interactions. By default, ReaxFF

calculates these terms from the combination rules and the atom parameters (i.e.

the default C−H van der Waals radius is (RvdW [C]×RvdW [H])0.5), but the
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Table D.3: Bond parameters in ReaxFF force field

De(sigma) Sigma-bond dissociation energy
De(pi) Pi-bond dissociation energy

De(pipi) Double pi-bond dissociation energy
pbe1 Bond energy
pbo5 Double pi bond order

13corr 1,3-Bond order correction
pbo6 Double pi bond order

p(ovun1) Overcoordination penalty
pbe2 Bond energy
pbo3 Pi bond order
pbo4 Pi bond order
pbo1 Sigma bond order
pbo2 Sigma bond order

ovcorr Overcoordination BO correction

off-diagonal section overrules that obtained from the combination rules.

The off-diagonal section starts with the number of off-diagonal types defined in

the force field, followed on the same line by parameter identifiers. Then follow

one line each for each off-diagonal type, beginning with the type identifier fol-

lowed by six parameters. Table D.4 gives a short description of the off-diagonal

parameters.

Table D.4: Off diagonal parameters in ReaxFF force field

Dij vdWaals dissociation energy
RvdW vdWaals radius

alfa vdWaals parameter
rosigma sigma bond covalent radius

ropi pi bond covalent radius
ropipi double pi bond covalent radius

Valence angle parameters: The fifth section in the ffield-file contains the

valence angle parameters. This section starts with a line containing the number

of valence angles defined in the force field, followed by the parameter identifiers.
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Thereafter follow one line one for each valence angle type. Each of these lines

starts with the valence angle identifier followed by seven parameters. ReaxFF

will ignore valence angles in the simulation that are not defined in the ffield-file.

Table D.5 gives a short description of the parameters.

Table D.5: Valence angle parameters in ReaxFF force field

Thetao Equilibrium angle
p(val1) 1st force constant
p(val2) 2nd force constant
p(coa1) Valence conjugation
p(val7) Undercoordination
p(pen1) Penalty energy
p(val4) Energy/bond order

Torsion angle parameters: The sixth section in the ffield-file contains the

torsion angle parameters. This sections starts with a line containing the number

of torsion angles defined in the force field and the parameter identifiers. There-

after followed one line for each torsion angle type. Each of these lines starts with

the torsion angle identifier, followed by seven parameters. ReaxFF will ignore

torsion angles not defined in the ffield-file. Table D.6 gives a short description

of the torsion angle parameters.

Table D.6: Torsion angle parameters in ReaxFF force field

V1 V1-torsion barrier
V2 V2-torsion barrier
V3 V3-torsion barrier

p(tor1) V2/bond order
p(cot1) Torsion angle conjugation

Hydrogen bond parameters: The seventh section of the force field contains

the hydrogen bond parameters. This section starts with a line containing the

number of hydrogen bond types described in the force field and the parameter

identifiers. Thereafter follows one line for each hydrogen bond type. This line
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Table D.7: Hydrogen bond parameters in ReaxFF force field

Rhb Hydrogen bond equilibrium distance
p(hb1) Hydrogen bond dissociation energy
p(hb2) Hydrogen bond/bond order
p(hb3) Hydrogen bond parameter

first defines the hydrogen bond type, followed by four parameter values. ReaxFF

will ignore hydrogen bonds not defined in the ffield-input file. Table D.7 gives

a short description of the hydrogen bond parameters.
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Summary

In silico characterisation of magnesium salt hydrates as energy storage

materials

M
agnesium salt hydrates are potential candidate materials for thermo-

chemical energy storage system, considering their high storage den-

sity and their wide availability. Excess solar energy can be stored

as energy of dehydration and can be regenerated during winter by hydrating

the material. The hydrates considered in this thesis are magnesium sulphate

(MgSO4 · xH2O) and magnesium chloride (MgCl2 · xH2O) with x=0, 1...6. In

practical applications, magnesium sulphate suffers mostly from low efficiency

due to its sluggish kinetics and significant structural changes during hydration

and dehydration, and magnesium chloride is known for the release of harmful

HCl gas (hydrolysis) during dehydration.

In this study, a set of computer simulations was performed to analyse the

behaviour of these hydrates during the hydration and dehydration reactions.

Molecular structural changes of MgSO4 · xH2O during hydration and dehydra-

tion reactions were the primary focus of this study. In addition, the preference of

hydrolysis over dehydration of MgCl2 · xH2O was studied using thermodynamic

equilibrium principles.

To investigate the molecular structural properties of MgSO4 hydrates, a Density

Functional Theory (DFT) based study was performed. The study identified
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a wide network of hydrogen bonds, which were significantly influencing the

chemical structure of the molecules. These hydrogen bonds appeared to cause

distortions in the hydrated structures and even hindered the coordination of

water with magnesium, resulting in low energy isomers. The sluggish hydration

kinetics in magnesium sulphate was attributed to such strong hydrogen bond

networks present in the crystals. Secondly, studies on the structural changes

of water during hydration at the (100) surface of MgSO4 crystal showed the

dissociation of the incoming water molecule. It is argued that such dissociation

of water during hydration is because of the presence of strong hydrogen bonds.

With the DFT data obtained for MgSO4 hydrates, next a reactive molecular

dynamics (MD) force field (ReaxFF) was parametrized using a Monte Carlo

algorithm. This way to parameterize the ReaxFF force field appeared to be

superior over the traditionally used single-parameter parabolic-search algorithm

in searching for the optimum values for the parameters in an irregular high

dimensional parameter hyperspace. The transferability of the resulting force

field was also tested in this parametrization study.

Using the obtained force field, a set of molecular dynamics simulations was

performed to study the Topley-Smith effect in the dehydration reactions of

MgSO4. The simulations show some similarities to the experimentally observed

behaviour of increasing dehydration kinetics with the water vapour pressure.

Although in this case, a temperature rise in the crystal, which could not be

explained, is also observed. The kinetics of the hydration reaction of MgSO4

was extremely slow, which made it difficult to characterise the dynamics of

hydration.

Finally, using DFT, the preference of hydrolysis over dehydration of MgCl2

hydrates was studied by applying the reaction equilibrium principles. Molecular

structures were used for this analysis, with the assumption that the gas phase

reactions occur with ease compared to the solid phase reactions and, therefore,

the limits obtained in this study form a safety limit for preventing hydrolysis

from happening in thermo-chemical storage systems. The study revealed that

hydrolysis is limiting dehydration only if the temperature is increased too fast

or to a too high value.

In conclusion, this study resulted in a better understanding of the structural
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and dynamic properties of the magnesium salt hydrates within the framework

of thermo-chemical energy storage system.
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