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Abstract

The aim of this work is to build on the foundations of our understanding of how haz-

ardous compounds interact with the environment by applying atomistic simulation

methods to determine the physiochemical factors controlling the distribution of pollu-

tants and their metabolites in aqueous and terrestrial environments and then applying

this to identifying sustainable ways of controlling their transport.

First, dispersion corrected DFT was applied to understand the interaction of hazardous

compounds such polychlorinated dibenzo-dioxins and phenethylamines with environ-

mental clay surfaces. We determined that electrostatic interactions drove adsorption

behaviour but most importantly, water contributions to adsorption was still unknown.

Potential models were required to model adsorption systems with explicit water solva-

tion. A potential set was created by mixing well known organic, inorganic and water

potential models and validated against dispersion corrected DFT data. We performed

transition matrix Monte Carlo, and molecular dynamics simulations to obtain structure

and dynamics of adsorption at mineral-water interfaces and found that water substan-

tially influenced the adsorption process. Next, we extend the study to organic terrestrial

surfaces and finally confirm the extent of the influence water can have on adsorption.

In the final chapter, we summarise the findings and outcome of this work and provide

perspectives for future work.

v
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Chapter 1

Introduction

1.1 The Fate of Hazardous Compounds in the Environ-

ment

The threat of chemical contamination in the environment is a worldwide public concern.

Since the industrial revolution, it has been an increasingly losing battle to limit the

release and transport of pollution through the environment in order to protect natural

resources such as soils, ground and surface water, the oceans and air. Humankind

have been able to enjoy the benefits from advanced technology, manufacturing and

agriculture but this has also introduced more complex and highly potent chemical

substances into the environment, chemicals that have the potential to cause adverse

health and environmental effects.

In the late 1980s, when synthetic and naturally occurring chemicals from anthropogenic

sources were found to be accumulating in higher organisms and in soils and waterways,

a decision was made to reduce and eliminate the sources of these chemicals into the

environment. In order for legislators to achieve this an understanding of the physico-

chemical properties of these chemicals has to be developed.This chapter summaries the

effort made into understanding the fate and transport of some of these chemicals in the

1
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environment and how computational chemistry can became an important tool for this

cause.

1.1.1 The Fate of Pollutants as Persistent Organic Pollutants

Persistent organic pollutants (POP) are toxic organic compounds released into the envi-

ronment due to human anthropogenic activity that are resistant to natural degradation

in the environment, i.e. they can withstand the chemical, biological, and photolytic

processes most chemicals undergo to metabolise in the environment. These chemicals

span the hydrophobicity range, and have a tendency to accumulate in soils, water and

organisms. They come from a number of sources, such as industrial chemicals (e.g.

polychlorinated biphenyls), manufacturing by-products (e.g. dioxins) and agriculture

waste and pesticides (e.g. aldrin) [1,2].

POPs have been detected around the world in worrying concentrations, but of even more

concern is that they have also been found in extremely remote areas such as indigenous

communities in remote areas in the Arctic [3]. Their persistence in the environment

make them susceptible to transfer to the atmosphere, where they can be transported

around the world and deposited into soils and waterways. The contaminants then

accumulate in high order mammals such as humans from food consumption, as they

biomagnify through the food chain [4]. More direct contamination sources come from

industrial use in low income countries who have few alternatives and also passed along

in various metabolic formats to infants through breast milk [5].

Some classic eco-toxicological studies have reported traces of POP contaminants and

associated adverse effects in large animals like polar bears and narwhals and especially

declining numbers in fish-eating birds of prey [3,6]. Over the years, some authorities have

become increasingly aware of the potential adverse environmental, human and animal

health effects of these contaminants and have tried to adopt a variety of measures at

the local levels to address this problem. The varied occurrence and accumulation of

POPs in the environment, their ability to transverse long pathways from their source

and exist in biota along with their metabolites can make it difficult to pin-point if an
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Figure 1-1: A list of the POPs originally restricted by the Stockholm Convention
international treaty. Adapted from [3]

adverse ecological effect is due to a specific chemical, a family of contaminants and

associated metabolites or a synergistic mix of all of the above. This makes it difficult for

individual nations to obtain the evidence required for the control of these contaminants

with regulation.

One consequence of this has been the introduction of the 2001 Stockholm Convention [7]

to control the release of 12 POPs into the environment. Updated to 26 in 2013 and 2015,

the treaty represents only a small fraction of the 30,000 chemicals that have potential

adverse ecological and health effects.

Locations within agrochemical, industrial manufacturing and mining sites still exist

with a broad range of chemical pollutant contamination. An additional complication

is that the nature of these contaminants as they age in the soil is unknown. They can

exist as simple molecules or interact with other chemicals in the soil to produce complex

mixtures that might be more dangerous than the original compounds [8]. In order to

support the remediation effort, it is important to understand the possible mechanism

the contaminants may be undergoing in the soil and at the soil-water interface [9].
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1.1.2 Emerging Contaminants

Emerging contaminants (EC) are naturally occurring or synthetic contaminants that

are found in the environment in low concentrations, but have the potential to cause

eco-toxicological harm to the environment and to human health and are not commonly

monitored. These contaminants may have been released into the environment over long

periods of time, but only recently have improvements in analytical methods enabled the

detection of these chemicals. Alternatively, new sources of contaminants are created

when new chemicals are synthesised or the synthesis of existing chemicals have been

modified. A wide range of compounds can be categorised as emerging contaminants,

with personal care products (PCPs), pharmaceuticals, illicit drugs and endocrine dis-

rupting compounds (EDCs) key examples [10,11]. These municipal derived ECs have been

detected in waste-water systems, surface waters and soils fertilised with waste-waster

sludge in concentrations below the toxic limit.

The major source of EC contamination is human consumption. The residues of phar-

maceuticals and illicit drugs remain in urine and can reach waste water treatment

plants (WWTP) [12]. If the WWTPs do not have the necessary equipment or technology

to degrade these contaminants, then they escape degradation and are released into

surface water. Unfortunately, as the threat of these contaminants have only just been

recognised, the technology required to remove them during waste treatment have not

yet been developed. Consequently, a wide range of ECs in the ng to µg range have been

observed in surface waters in the UK [11].

The toxicology concerns of these contaminants are high because their fate and transport

through the environment are not very well understood, particularly when the potency

of these chemicals have been designed to be very high. Pharmaceutical and illicit

drugs both often have high pharmaceutical activity and have potential adverse toxic

implications for wildlife. An additional complication is that the combination of these

compounds with other contaminants found in the soil could result in complex mixtures

that are difficult to characterise. The ecological effect of these contaminants in surface

waters and soils are not fully understood, but some evidence of the adverse effects have



1.1. The Fate of Hazardous Compounds in the Environment 5

Figure 1-2: Examples of sources of emerging contaminants and the journey to surface
water and soil.

already been observed. EDCs have been known to cause changes in the sex of fish

swimming in oestrogen contaminated waters [13,14] and some have questioned if the rise

in global cancer levels could be linked with rising EDC levels [15]. Whilst the ecological

effects of illicit drugs and other pharmaceuticals have not yet been discovered, a problem

like antibiotic resistance can be exacerbated by increasing antibiotic concentrations in

surface waters [16].

To prevent these contaminants from reaching concerning concentrations, it will again

be important to control and monitor the release of these contaminants into the en-

vironment. A facile way to accomplish this is to have legislation in place to prevent

the environmental toxic threshold from being met. At the moment, only a handful

of emerging contaminants are being monitored as part of the EU Water Framework

and the concentration limit does not reflect the potency of these chemicals at these

low concentrations [7]. An understanding of the interactions between ECs and the en-

vironment is required to set targets and give legislators and government reasons to

write and implement monitoring frameworks. Information on ECs and their metabo-

lites’ properties are scarce, and consequently, it is difficult to determine their fate and
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transport in the environment. Theoretical computational modelling offers an approach

to accomplish this. Ongoing experimental work can be combined with computational

atomistic models of the environment to obtain more information about the fate and

transport of these contaminants.

1.2 Modelling Methods in Literature

Data from empirical, multimedia and theoretical modelling approaches have been used

as guidance for setting legislative criteria for pollutants [17]. A number of empirical and

multimedia fugacity based models exist to predict the transport of pollutants through

the environment, over long time periods (years and decades) and distances (large land

masses and countries), using mathematical models and predictive weather conditions [18].

They are used by environmental scientists to track the movement of pollutants from

sources, across different mediums to sink zones across country lines. These models are

advanced forms of mass balance equations and typically rely on simple mathematical

equations and limited parameters to simplify the equations solved in the model. The

model form is always chosen posteriori from experimental data. This means that

experimental data are needed to both determine the fugacity model to use, and to

obtain accurate modelling results.

Multimedia fugacity models have through a many improvements, and despite the current

high degree of sophistication in the mathematical formulations behind these models,

they lack parameters that describe the fundamental physical relationships, especially

between the different media and contaminant interfaces. Where experimental data fails,

computational methods are able to fill in the gaps. Over the last 50 years, researchers

have been taking advantage of the increasing power of computers to solve quantum

mechanical and classical mechanic equations to explore the adsorption of small molecules

onto reactive surfaces, and solve reaction kinetics. Thus these approaches are highly

suited to provide quantitative data on adsorption and the fate of these contaminants

at the surfaces of each of the soil component. This section explores how this can be

expanded to model the transport of hazardous compounds through the environment.
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1.2.1 Literature Review

The environment is a large, complex entity that is very difficult to describe compu-

tationally. It is therefore worthwhile to separate it into manageable sections, and in

this case, focusing on the soil. It has been rationalised that the majority of pollutant

residues in the environment can be found in soils and sediment, or adsorbed into organic

matter [1]. Soil is a dynamic, heterogeneous mixture of minerals and organic matter from

micro-organisms, decaying animals and plants, mixing to form a soil matrix. Water and

air within the soil form the fluid phases, and allow the movement of ions and organic

substances between the soil matrix and surface water.

Clay Minerals and Contaminants

Clay minerals are an important aspect of soils, in that they can encourage the biodegra-

dation and volatilisation of pollutants from the soil, stimulated by their acidity and

ionic strength. They also provide surfaces for reactions between pollutants and other

organic molecules in the soil [19]. Some common minerals found in soils include sand,

silt, clay and rocks. Clay is ubiquitous in the environment, and present in versatile

physical forms and chemical properties due to their varied structures and compositions

so it’s appropriate to start here. Clay minerals are of particular interest for geologists

and geochemists, because they are abundant and involved in a wide range of geological

processes such as catalysis and adsorbents [20–23].

Clays are in the form of layered tetrahedral silicate (Si-O) sheets and octahedral metal

oxide (M-O) and hydroxide (M-OH) sheets. These structures are categorised by their

layering method. 1:1-type clay refers to a structure with one tetrahedral Si-O sheet and

one octahedral MO/M-OH sheet layered together. A 2:1-type clay structure consists of

an octahedral MO/M-OH sheet cutting into two tetrahedral Si-O sheets, as illustrated

in (figure 1-3. Kaolinites, halloysite and sepertine clays are examples of 1:1-type clays

and type 2:1 clays can be found in talc, vermiculite, montmorillonite, saponite and

sepiolite clays [24].

Modification in the octahedral M-O/M-OH sheet distinguishes the clay species. The
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Figure 1-3: The layers of tetrahedral and octahedral sheets that make up 1:1 (a) and
2:1 (b) type clays.

lattice framework of aluminium or magnesium oxides/hydroxides can undergo isomor-

phous substitution by variable amounts of other metals such as iron and alkali metals.

Cations can be present in the interface between the layers. Many other variations can

be introduced by mixing layers from different types of clays and in different orders [25].

The study of the adsorption of pollutants on clay surfaces is not a new topic. Since

the late 1980s, when small pollutant speciation in the environment was beginning to be

acknowledged, clay minerals were nominated as sorbents and catalysts for the immobi-

lization and storage of hazardous compounds. To start with, Zielke and co-workers [22]

explored the practical potential of different pillared and de-laminate (modified) sodium

laponite and sodium montmorillonite clays as sorbents for chloro-phenols. Mortland

et al. [23] investigated the adsorbent capacity of several synthesised organo-clays for

phenols with adsorption isotherms. Both studies found that the adsorption of organic

molecules onto clay surfaces is determined primarily by pH, adsorbent-solvent and

adsorbent-surface interactions, clay cation and substrate surface selectivity. Adsorp-

tion of pollutants on clays is an active mechanism in controlling the bioavailability

and transport into surface water. Atomistic simulations can gain insights into the

water-pollutant interactions and adsorption of pollutants to take more advantage of the

natural adsorption features.

Delvillet [27] and Skipper [28] were the early innovators of classical modelling of clay

systems, both studying the clay-water interfaces with newly derived forcefields and very

small atomic systems. Delvillet et al. used a combination of quantum and force field

calculations of calcium montmorillonite clay fragments to obtain interatomic potentials
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Table 1.1: Methods of Obtaining Clay Mineral Observables from Experiment or Simu-
lation [26]

Property Experiment Simulation

Unit cell parameters Diffraction Energy minimization,
constant pressure simulation

Local atomic coordination EXAFS, structure factor Radial distribution function

Interfacial structure X-ray scattering
Atomic density profiles

Contact angle Microscopy, microtomography MD simulation

Mechanical properties Nanoindentation Energy minimization
(MC or MD simulation)

Diffusion NMR, neutron scattering Mean square displacement
(MD simulation)

Vibrational motion Spectroscopy (IR, Raman)
Normal mode analysis, power spectra
(MD simulation)

for modelling the clay in water. Their primary goal was to probe the cause of clay

swelling, and they found that the cation size and charge in the clay centre determined

the swelling properties of the clay. In the same year, Skipper and co-workers performed

Monte Carlo simulation of clay systems with less than 64 water molecules. Their

approach to obtaining interatomic potentials was from experimental x-ray diffraction

data, which performed well in comparisons to experiment structure and thermodynamic

properties. They found that the type of cation significantly influenced the height of the

hydration layers in their clay models in the interlayer.

The growth in computer technology and power has led to the simulation of larger

atomistic systems, and the development of better force fields to describe the interactions

between ions. This progress is well described in this review from Molinari et al. [29].

Table 1.1 details the physical properties molecular dynamics, MD and Monte-Carlo

(MC) simulations methods can calculate, along with the experimental counterparts,

which can enable easy comparison to experimental data.
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First-principles quantum mechanical studies of clays, despite being much slower than

classical methods, have been utilised to provide crystallographic details and identify

positions of adsorption. In particular, Hess [30] used periodic Hartree-Fock theory to

probe the atomic orbitals and charge densities of kaolinite clay to characterise its

clay properties fully. Hess’s work contributed to an improved understanding of the

crystallographic basis of clays, which was not clear from experimental data alone. They

also used atomic orbital theory to determine which positions on the surface are most

susceptible to adsorption.

Dispersion corrected DFT methods have provided a crucial advantage in correctly

predicting the structures and energies materials where long range vdW interactions

influence their structure such as silicates and metals oxides layers. Bucko et al. [31]

performed a series of DFT structural optimisation of molecules that rely on some form

of short range interactions to be adequately described, such as graphite, boron nitride

and cellulose. They showed that when a semi-empirical dispersion potential was added

to the conventional Kohn-Sham DFT energy, a marked improvement in the prediction

of the structural properties, bulk moduli, and bonding energies could be obtained.

Tunega [32] and his team’s extensive assessment of a mixture of DFT functionals for

modelling clay minerals also concluded that good agreement with experimental x-ray

diffraction data was observed when dispersion correction was included in the DFT

functional. They predicted the structures of pyrophyllite, talc, lizardite and kaolinite

using standard functionals such as LDA and PBE, with and without dispersion cor-

rection and illustrated the issues that occur when the interactions between clay layers

are not adequately described. These studies demonstrate the advancement made in the

development of DFT functionals and methods for reproducing accurate properties for

layered materials, and also highlight the necessity of including dispersion correction in

DFT models for clays.

Obtaining an accurate adsorption energy and understanding of the key interactions of

organic molecules at clay surfaces are the first step towards developing an understanding

of the physicochemical properties of clay-organic molecule interfaces [31,33]. A brief
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overview of the range of atomistic studies of adsorption on clay minerals documented

in the literature are presented here. Water and calcium hydroxide adsorption on the

basal and edge surfaces of montmorillonite was explored with the DFT-D2 dispersion

correction method by Peng et al. [34]. They observed that the water molecule interacting

directly with the surface was the most stabilising interaction compared with the sodium

counter-ion. The calcium hydroxide molecules preferably adsorbed on the edge sites,

and this was enhanced when the surface was hydrated. Unfortunately, surface hydration

in this study was achieved with two water molecules, which was insufficient to simulate a

true hydration layer. Clausen et al. [35] performed ab-initio molecular dynamics studies

of volatile molecules on bespoke clay surfaces – this was to reproduce experimental

work. They investigated the adsorption of ethanol, ethyl-acetate, and pyridine at

various positions on the clay surface to probe adsorption behaviour in different chemical

environments. The binding strengths for these molecules were found to correlate with

the ionisation potentials and dominate around the clay counter-ions.

Pesticide adsorption on montmorillonite clay was studied extensively by Belzunces [36]

and Gorb [37] at the quantum level. Both studies fully characterised their clay mod-

els, which compared favourably to x-ray diffraction data. Belzunces’ model included

explicit water molecules to hydrate the basal montmorillonite surface, which affected

the adsorption orientation of the nitrobenzene adsorbent. Gorb’s model was of a dry

surface, so the counter-ion position determined the adsorption orientation and position.

While all these studies investigated different mineral and organic molecules, the crucial

takeaway was that these studies have only begun to scratch the surface of such complex

chemistry. [38] Organic-clay surface interactions have consistently been reported to be

governed by:

1. hydrogen bonding interactions

2. electrostatic interactions

3. clay surface composition

4. molecule flexibility
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The contribution of each interaction to the adsorption energy can be investigated

with modelling methods, to provide an understanding of why POPs persists in the

environment and if ECs will also follow the same fate.

Researchers have also placed importance on including hydration to adsorption studies,

owing to the abundance of water in the environment [39]. Hydrated surfaces have very

different surface structures and interactions with adsorbates, as noted in studies by

Yu et al. [40] with classical MD simulations and Kremlevm et al. with first-principles

MD simulations [41]. Yu placed the pesticides atrazine and DNOC in the hydrated

interlayer space of montmorillonite. The water structure formed in the interlayer

space was observed to displace the organic molecules from the clay surface, preventing

their interaction and immobilisation on the clay. Kremleva and co-workers show the

adsorption of uranyl compounds on pyrophyllite and beidellite clay minerals with

DFT methods. They added explicit water molecules to the clay systems, which led

to surfaces with a mixture of aluminol and silanol functional groups. These surface

structures chemically differ from the dry clay surface and subsequently resulted in

different adsorption characteristics with uranyl molecules. Underwood et al. [42] studied

the effect of pH on the adsorption of organic molecules on kaolinite clay surfaces

and found that the balance between water-molecule, water-clay and molecule-clay

interactions are very much affected by the changes in pH (i.e. charge of the molecules)

and ionic interactions become the primary cause of adsorption.

Organic Matter in Soils

Soil organic matter (SOM) can be generally defined as the combination of organic

compounds from animals and plants at various stages of decay and transformation. [43–46]

The heterogeneity of SOM is further complicated by the variability of the structure and

chemical properties found in samples originating from different ecosystems, climates

and surrounding environment. [47,48]

Clarity on the chemical composition and general structure of SOM has proven difficult

to find in literature [49,50]; however, several computational studies have been published to
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supplement the existing experimental data. Approaches to modelling SOM range from

utilising a model humic acid molecule that contain the functional groups experimentally

found in humic substances, to large 3-dimensional macromolecules of SOM compounds

with strong intermolecular interactions and voids to aid adsorption. [51]. Diallo et

al. [52] had a joint theoretical and experimental approach to developing substantial

3-dimensional and heterogeneous humic acid models. They extensively characterised

samples of soils to determine the humic acid composition and amounts, which they

used to generate representative humic acid compounds. Their model could adequately

predict the physical and thermodynamic properties from the experimental analysis after

molecular dynamics simulations, but this approach was very extensive. Alternative

approaches emphasised the range of pH, functional groups, hydrogen-carbon and oxygen-

carbon mass ratios in their models by developing supramolecular SOM models consisting

of small molecules with diverse conformations and compositions bound together with a

range of intermolecular interactions. [45,49,53]

Some computational studies of organic molecules adsorption on SOM can be found in

the literature. Shih et al. [54] modelled the diffusion of toluene through a macromolecular

SOM model with molecular dynamics. The low-density SOM model was a compressed

mixture of seven HA monomers, into which the toluene molecule was inserted after

energy minimisation. They found that their calculated diffusion coefficients did not

agree with experimental estimates, which is understandable considering the model’s

low density of SOM molecules. This suggests that the predicted diffusivities could be

improved with a more realistic, high-density SOM model. With combined modelling

and experimental studies, Ahmed et al. [55–57] have shown that the adsorption strength

of pesticides in SOM is influenced by the SOM aromatic content. In their series of

studies, they used simplified functionalised small molecules as SOM models to explore

their interactions with persistent organic pollutants. While this approach over simplifies

the adsorption model, these studies produced quantum level binding energies of different

pollutant functional groups on commonly found SOM molecule fragments, which will be

useful for comparisons. Petrov et al. [58] utilised a fully hydrated supramolecular model

of SOM with inorganic ions to obtain free energies of adsorption for 18 small organic
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molecules. With careful tuning of the interatomic potentials, they were able to obtain

free energies comparable to experimental sorption data. The large supramolecular model

and free energy simulations resulted in a computationally expensive study, however,

they could fully explore the different environmental conditions that might affect the

binding of molecules into SOM.

These examples have highlighted the array of SOM models and approaches published in

the literature. Whilst none of these models alone can realistically and accurately mimic

the multi-functionality and heterogeneous structure of SOM, adsorption mechanisms

and trends can be developed.

1.3 Aims of this Work

Atomistic modelling of POPs and ECs in the environment via classical methods and

ab-initio DFT will be performed within this work. It is important to investigate a

wide range of organic molecules and clay surfaces, to establish links between molecule

chemistry and surface structure.

The main outcome of the PhD is to use atomistic methods to study the adsorption of a

select number of POPs and emerging contaminants at water interfaces found in nature.

Potential based simulation methods are suitable to obtain free energies of adsorption

but force fields that can accurately describe the interactions between the atoms in the

simulations are required. To obtain these, interatomic potentials can be derived from

Lennard-Jones models using the Lorentz-Berthelot mixing rule. The potential models

will be benchmarked with results from dispersion corrected DFT calculations. Next,

free-energy of adsorption simulations will be performed at mineral and organic surfaces

found in the environment with a Monte Carlo based free energy simulation method.

Furthermore, the structure and dynamics of the contaminant-surface system will be

probed with MD simulations.

Polychlorinated dibenzo-p-dioxins (PCDDs) were chosen as model POPs molecules.

The dioxin family of POPs, illustrated in figure 1-4 are released into the environment
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through the use of pesticides and from the disposal of industrial manufacturing wastes.

PCDDs have a 7-11 years half-life and in high doses, have been reported to promote

increased risk of cancerous tumours, diabetes and thyroid disorders [59]. One of the

worst industrial disasters involving PCDDs was the Seveso accident in 1976, during

which an explosion at a TCP factory in Seveso, Italy, released up to 30 kg TEQ of

relatively pure 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) into the Italian country-

side [60]. Numerous mortality and cancer incidence studies uncovered an increase in

the occurrence of gastrointestinal cancers and cancers of the lymphatic and hematopoi-

etic tissue among the population exposed to the chemicals. Excess mortality from

cardiovascular and respiratory diseases and high occurrence of diabetes cases was also

found [61,62]. This underlines the severity of the adverse effect of PCDDs. In addition,

Figure 1-4: Structures of PCDDs.

ECs amphetamine and derivatives methamphetamine and ephedrine are also included

in this study. These substances are illicit drugs and have been found in water systems.

Their concentrations in the environment are not currently monitored and it is not clear

if they can induce adverse ecological effect, but their chemical structures, presented in

figure 1-5 suggest they have the potential to do so. Measurement of wastewater and

wastewater-impacted streams indicate the concentrations of the compounds increasing

in city waterways [63,64]. 3,4-Methylenedioxymethamphetamine, (MDMA) commonly

known as ecstasy, is another rampantly utilised illicit drug. Again, an understanding of

its action in the environment has not yet been developed and the structure of the chem-
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Figure 1-5: Structures of amphetamine and derivatives, methamphetamine and
ephedrine.

ical (figure 1-6) suggests it may also be a persistent contaminant candidate [63,65]. A

derivative of MDMA, 3,4-Methylenedioxyamphetamine (MDA) is included in the study

as a possible metabolites of MDMA. Benzene and chlorobenzene were also included in

Figure 1-6: Structures of MDA and MDMA.

the study as benchmarks of environmental contaminants. This work will focus on these

10 compounds in order to detect the links between the chemical properties of these HCs

and their fate and transport in the environment.



Chapter 2

Computational Theory

In this work, two principle approaches to modelling will be considered; quantum and

classical mechanics. Quantum modelling methods solve quantum mechanical equations,

in this case the Schrödinger equation, for electron wavefunctions. Density functional

theory (DFT) is a method of approximation to give the ground state electronic energy

and electron density. The atomic forces acting on atoms can be calculated as a deriva-

tive of the ground state total energy, with respect to the change in atomic position.

This approach to modelling atomistic behaviour is known for producing relatively accu-

rate representations of systems yet is computationally expensive to implement. Large

systems and long timescales are difficult to simulate, so alternative approaches can be

employed, such as methods that utilise classical potentials. Classical modelling methods

also compute atomic forces but utilize empirical potentials, also known as force fields

to achieve this. Force fields are parameterised equations that consider the attractive

and repulsive forces between pairs of atoms, disregarding electrons explicitly. Classical

based methods such molecular dynamics and Monte Carlo offer inexpensive alternatives

to quantum modelling methods. Although this chapter is not an all-encompassing de-

scription of the theory and formulation of quantum mechanical and classical methods,

it should be a summary of the underlying theory of both approaches as it pertains to

the computational methodology in this thesis.

17
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2.1 Quantum Theory

2.1.1 The Schrödinger Equation

The foundation of ab-initio computational chemistry is based on solving the quantum

mechanical problem to give a wavefunction, focusing on the computation of the energy

of the ground state of atomic systems. This is derived from the Schrödinger equation,

which in principle, can be solved and used to obtain the possible wavefunctions of

electrons and therefore, determine the ground state and other allowed energy states.

However, the practicalities of solving the time-dependent Schrödinger equation, as in

equation (2.1) is not trivial.

iℏ
∂Ψ

∂t
(r, t) = − ℏ2

2m

∆2Ψ

∆2
(r, t) + V (r, t)Ψ(r, t) (2.1)

The kinetic and potential energy of a one-particle system can be described by the

wavefunction Ψ(r, t) which determines the time dependent position of the particle and

all other properties of the system. V (r, t) is the time dependent potential and all other

symbols retain their conventional meaning. The kinetic and potential terms of the

time-dependent Schrödinger equation (2.1) can be rolled into the Hamiltonian operator,

Ĥ which acts on the wavefunction to generate the time and space evolution of the

wavefunction. This forms the simplified equation of (2.2).

iℏ
∂Ψ

∂t
= ĤΨ (2.2)

For a many-body system solving the time-dependent Schrödinger equation (2.2) is

not possible in general, due to the requirement of symmetry or antisymmetry of the

wavefunction, when dealing with many electrons and nuclei in a system. The time-

dependent Schrödinger equation gives the steady-state solutions to the time-dependent

Schrodinger equation (2.3).

ℏ2

2m

∂2Ψ

δr2
(r) + V (r)Ψ(r) = EΨ (2.3)
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Once again, the kinetic energy and potential terms can be transferred into the Hamil-

tonian operator, Ĥ. As a consequence of expanding the system to treat electrons and

nuclei, the terms for the kinetic energy and potential must be adjusted to include the

interactions between the nuclei with position vector R and electrons with position vector

r.

Ĥψ(r,R) = EΨ(r,R) (2.4)

The Hamiltonian operator can be expressed as a collection of electronic and nuclei

interactions, as in (2.5), where T̂e and T̂e are the electronic and nuclei kinetic energy

operators, V̂ee , V̂nn and V̂en are the potential energy operators of the electron-electron,

nuclei-nuclei and the electron-nuclei interactions.

Ĥ = T̂e + T̂n + V̂ee + V̂nn + V̂en (2.5)

Ĥ = −
∑
i

ℏ2

2me
∇2

ri −
∑
i

ℏ2

2Mn
∇2

Ri
+

∑
i>j

e2

4πϵ0|ri − rj |

+
∑
I>J

ZiZj

4πϵ0|Ri − Rj |
−
∑
i

∑
J

eZJ

4πϵ0|ri − rJ |

(2.6)

The practicalities of computing the Hamiltonian is expressed in equation (2.6), which

describes the expressions needed to compute the kinetic energies of electron, e and nuclei,

n and the Coulombic potentials of the electron-electron, nuclei-nuclei and electron-

nuclei interactions. The lower-case letters denote the properties of the electron and

the upper-case that of the nuclei. This equation highlights the computational costs

that might occur to solve Ĥ - a simple system like H2 comprises of 10 terms and 1

silicon atom has 127 terms. The smallest clay unit cell consists of 40 nuclei and 360

electrons - the Hamiltonian for this contains 80,400 terms. The complexity of the many

body Hamiltonian increases with electron count, therefore a solution is not possible

without high computational costs. A number of approximations to extract the electron

interactions and simplify the Hamiltonian have been developed; one such example is

density functional theory.
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2.1.2 Density Functional Theory

In this section, the development of density functional theory (DFT) to simplify and

make solvable the time independent Schrödinger equation is briefly summarised.

Born-Oppenheimer Approximation

The first pivotal simplification was the idea that the number of degrees of freedom of the

system can be reduced by the application of the Born-Oppenheimer approximation. [66]

All systems can be described as a set of positively charged nuclei with negatively charged

electrons. The Born-Oppenheimer approximation relies on the theory that the mass of

the nuclei is a thousand times heavier than that of the electrons and is spatially just as

large. The large mass and size difference means the light electrons react instantaneously

to any movement the massive nuclei make. As a consequence, the quantum mechanics

of the electrons can be decoupled from that of the ions. An approximation can be made

to affix the nuclei in position and therefore simplify the Hamiltonian by ignoring the

nuclear kinetic energy and nuclei-nuclei potential, Vnn. When the Born-Oppenheimer

approximation is applied to the time independent Schrödinger equation, (2.3), the

Hamiltonian can be redefined as a function of the electronic kinetic (T̂e) and potential

(V̂ee) operators and the external potential Vext from the fixed nuclei Ri.

Ĥ = T̂e + V̂ee + Vext(Ri) (2.7)

This simplified Schrödinger equation can be solved to obtain the total energy of the

system with the remaining terms. From this, the distribution of electrons can be

used to evaluate the total forces acting on the atoms, then modify their positions to

minimise these forces by applying optimising methods such as Newton’s classical laws of

motion. [67,68] With the change in nuclear positions, a new value of Vext will be generated

and in turn, fed back into the Schrödinger approximation to obtain updated atomic

forces. It is readily apparent that this process can be iterated until the forces acting on

the atoms falls below a specified threshold to obtain the nuclear positions and electronic

structure which corresponds to lowest energy.
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Hohenberg-Kohn

The first theorem of Pierre Hohenberg and Walter Kohn was that Hamiltonian of a

many-electron system was determined by the ground state electron density, ρ(r) (2.8).

Once this is know, the energy and electronic properties of the many-electron system

can be evaluated . [69]t

ρ (r) = ρ (x, y, z) (2.8)

The initial Hohenberg and Kohn model proposed that for a system of electrons in

an external potential, the electron density can be used to determine the value of said

external potential. The total energy can then be expressed as a functional of the electron

density, E[ρ] given in equation (2.9). The energy functional is a sum of the kinetic

energy of the electrons, T [ρ], Vext[ρ] the external potential and Vee [ρ] the electron-

electron interaction potential, which can be combined with the explicit functional of

(2.10) to give a total energy of (2.11).

E[ρ] = T [ρ] + Vext[ρ] + Vee [ρ] (2.9)

VNe =

∫
Vext (r) ρ (r) dr (2.10)

E[ρ] = F [ρ] +

∫
Vext (r) ρ (r) dr (2.11)

The functional F [ρ], originally the sum of the kinetic energy of the electrons T [ρ] and

the electron-electron energy, Vee [ρ] can be rewritten to highlight the contribution of the

classic Coulombic electron-electron repulsion, J [ρ] and a non-classical portion Encl [ρ].

This final term represents the remaining contribution to the total energy.

F [ρ] = T [ρ] + J [ρ] + Encl [ρ] (2.12)

F [ρ] is a universal functional that can be utilised for all-systems, with system specific

information obtained from the external potential to calculate the ground state energy.
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The ground state energy of a system can then be given by (2.13).

E0 = Fρ + VNe + (r)dr (2.13)

The Kohn-Sham Scheme

The Hohenberg-Kohn theorem to calculate the ground state energy and electron density

introduced the F [ρ] term, which is calculable but included the electron-electron repulsion

term, Vee . Furthermore, the expressions for T [ρ] and Encl [ρ] are yet to be known. To

remove the need to compute Vee , Walter Kohn and Lu Jeu Sham in 1965 introduced the

concept of expressing a system of interacting electrons as a system of non-interacting

’quasiparticles’ which yield the same density as the system of real electrons existing in a

background potential. [70] The total electron density, ρ (r) is then a sum of the electron

wavefunctions, irrespective of electron spin.

ρ(r) =
∑
i

∣∣(Ψi

)
(r)2

∣∣ (2.14)
The kinetic energy T [ρ] from (2.12) in this case will be an approximate representation

of the non-interacting system, so it becomes a kinetic energy term that represents

the non-interacting system, Ts [ρ]. This term is in a format such that the density of

the non-interacting system is computed to be the same as the electron density of the

interacting system.

F [ρ] = Ts [ρ] + J [ρ] + Exc [ρ] (2.15)

Exc [ρ] is the exchange-correlation energy, which contains the remaining unknown con-

tributions to the kinetic energy. Within the Kohn-Sham scheme, the energy functional

minimisation with respect to electron density variations gives the final one electron

Hamiltonian (2.16) and the time-independent, single particle quantum mechanical prob-

lem (2.17).

Ĥ (ρ) = − ℏ2

2 m
∇2 + V̂ee (ρ) + V̂en (ρ) +V̂xc (ρ) (2.16)

H(ρ)Ψm = EmΨm (2.17)
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The form of the exchange correlation energy, Exc [ρ] is unknown, but is required to make

the Kohn-Sham scheme exact. The key approximation in DFT are the functionals

derived with the electron density to describe the exchange correlation energy. [71] [72]

Exchange-Correlation Energy

The earliest and simplest basis of approximating the exchange correlation functional is

the local density approximation, LDA. [69,72] Based on a model of a uniform free electron

gas, the functional of the exchange-correlation energy per electron of the gas, ϵLDA
xc , and

density, ρ[p] gives the exchange-correlation energy, ELDA
xc .

ELDA
xc =

∫
ρ (r) εLDA

xc (ρ (r)) dr (2.18)

LDA performs well for a crude model and allows one to extract Exc easily from just

electron density, but grossly overestimates bond energies [72,73] and as a consequence

gives much shorter bond distances when the structure is optimised. An improvement

over LDA is the generalised gradient approximation, GGA. The gradient and value of

the electron density, can be used to give the functional for the GGA approximation.

EGGA
xc =

∫
ρ (r) εGGA

xc (ρ (r) , ∇ρ (r)) dr (2.19)

There are many expressions for the EGGA
xc functional to fit different types of systems

and the constraints required to be fulfilled. Some popular GGA functionals include the

Perdew-Burke-Enzerhof (PBE) functional with its derivations as well as the Perdew-

Wang (PW86) options. [72] Becke’s 1986 (B86b) functional [74] was employed in all DFT

calculations featured in this work, in a dispersion corrected format, which will be

discussed in the next section.

vdW-Dispersion Correction

Long-range dispersion interaction behaviour is badly treated in conventional density

functional theory. For example, the LDA exchange correlation functional models overly

attractive systems whilst some GGA functional expressions produce systems with either



24 Chapter 2. Computational Theory

very strong attractive interaction or strongly repulsive interactions. There are also

examples where other chemical interactions, such as π to π and hydrogen bonding are

not well represented. The van der Waals (vdW) functional is an approach to improve the

exchange correlation function by including approximations of dispersion interactions.

The Dion et al [75] approach for their vdW-DF functional is to include a dispersion

approximation, Ec
N in their exchange correlation functional (2.20). [75]

Exc = Ex
GGA + Ec

LDA + Ec
N (2.20)

This revised PBE-GGA functional deals with the exchange energy whilst the LDA

and the non-local (nl) electron correlation effect gives an approximation of the vdW

interactions. A modification of this functional is the OptB86b-vdW variant of the

DFT DF functional, in which the revPBE exchange functional in the vDW-DF method

is replaced with the OptB86b correlation functional of Becke. [73,76] The OptB86b-

vdW correction was utilised in this work as it has been shown to improve the lattice

parameters for layered minerals in the direction where vdW interactions dominates. [73,77]

The modified OptB86b-vDW functional for vdW correction has been proven to work

well in combination with the PBE exchange correlation functional to produce simulated

RAMAN spectra of carbonate minerals in good agreement with experimental data. [78]

Plane-Wave Basis and Pseudo-Potentials

In DFT, the final single-particle equation needs to be solved for each electron. An

infinite number of electrons exists within the solid and most solids have nuclei arranged

in a repeating pattern. Bloch’s theorem states that “The eigenstates Ψ of a one-electron

Hamiltonian H for all Bravais lattice translation vectors T can be chosen to be a plane

wave times a function with the periodicity of the Bravais lattice.” [79] This simplifies

the number of calculations required, as it is only necessary to consider the number of

electrons within the simulation cell. A periodic electron wavefunction may be written

as eq.(2.21):

Ψ (r) = e(ik·r)ui (r) (2.21)
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k is a wavevector confined to the reciprocal lattice cell (Brillouin zone) and i the band

index. The periodicity of the potential is contained within ui (r) with R as the length

of the unit cell.

ui (r +R) = ui (r) (2.22)

ui (r) may be expanded using Fourier expansion and combined with reciprocal lat-

tice vectors (k-points) with plane-wave expansion coefficients. The resulting electron

wavefunction is a linear combination of plane-waves. Practically, a cut-off wavevector

controls the number of plane-waves to be included, however, an intimidatingly large

number of plane waves are required to deal with the electron-nuclei Coulombic inter-

actions in the core region. Pseudo-potentials can replace exact potentials to make the

plane-wave approach practical again. An in-depth look at pseudo-potentials are beyond

the scope of this report, but an attempt will be made to summarise their features.

Frozen Core Approximation

The most common pseudo-potentials use the frozen core approximation. The distribu-

tion of the core electrons tend to remain constant as the chemical environment is varied

and do not overlap with the core electrons of neighbouring atoms. It is justifiable to

pre-calculate the core electrons in their atomic environment, then isolate them when

performing calculations with other atomic systems. The premise of pseudo-potentials is

given in figure 2.1.2, where Vpseudo represents the pre-calculated potentials of the core

electrons and rc the point at which the values of the pseudo-potential and all-electron

potential match. The potential at rr serves as the cut-off potential to control the number

of plane-waves calculated.

Aside from decreasing the number of plane-waves to be treated, this approach also

reduces the total energy calculated, as the core electrons contribute a large portion

of the total. The Projector-Augmented-Wave (PAW) pseudo-potential is employed in

this work but other pseudo-potentials such as the Norm-conserving and the Ultra-soft

pseudo-potential are available. To obtain more information on the inner working of the

pseudo-potentials listed above, the reader is directed to these respective sources [79–81].
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Figure 2-1: Schematic representation of pseudo-potentials. The all electron (yellow
dashed line) and pseudo-electron (blue dashed lines) wavefunctions and potentials
intersect at rr

.

2.1.3 Lattice Dynamics and the Helmholtz Equation

The prior sections have established that the ground state configuration is obtained

when the forces acting on the nuclei are minimised. Geometry optimisation is the

process of minimising these forces to their local and possibly, global minima-energy

configurations and optimising stress tensors. Atoms in real crystals deviate from the

statistically minima-energy positions in response to kinetic energy increases, likely

from thermal energy changes and external probing of the crystal. Analysis of these

displacements give rise to phonon frequencies. These phonon frequencies can be used

to describe a number of physical properties of crystals such as IR, RAMAN, neutron

scattering, specific heat etc. [66,82,83] A very brief summary of the theoretical basis of

lattice dynamics is presented here, in order to provide an introduction to the phonon

calculations performed during this work.

Basis of Lattice Dynamics

Consider a periodic 3-dimensional crystal lattice of N atoms, at equilibrium positions.

In moderate temperatures, the vibrational properties of the periodic crystal lattice can
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be described as 3N independent quantum-harmonic oscillators.

Displacing an atom, i from the equilibrium position by a small distance generates

restoring forces on atom j, which is represented by the interatomic force-constant

matrix of the system in equation (2.23). α and β represents the Cartesian directions in

the x, y and z directions and the relative distance between the unit cells of the atoms i

and j are denoted by the indices l and l’ respectively.

Φαβ

(
il, jl′

)
= − δFa (il)

δrβ (jl′)
(2.23)

The restoring forces propagate through the crystal lattice in a periodic wave, with a

frequency, ω and wavevector, q which is modelled in reciprocal (k) space. The phonon is

a quantum of the lattice vibration. The phonon dispersion relation, ω(q), is the phonon

energies (frequencies, ω) as a function of the wavevector, q . The phonon dispersion

relation highlights the normal modes of vibration of a crystal lattice. To accurately

calculate the normal modes of vibration in a crystal, q is reduced to the unit cell of the

reciprocal lattice. The range of unit cell index, l-l’, and therefore the interatomic force

constant is dependent on the number of atoms in the unit cell. Long ranged interatomic

interactions in the system best describe the short-wavelength lattice vibrations which

occur when the force propagates across the whole unit cell.

There are number of ways to induce and obtain the force constant matrices required

for lattice dynamics calculations but density functional perturbation-theory (DFPT)

and the direct (finite) displacement method are the most common. [84] DFPT is a more

accurate method of calculating the force constants, because it utilises perturbation

theory to evaluate the second derivative of the Schrödinger equation in response to

the atom displacement. [85,86] Force constants are not dependent on the size of the

displacement and long range force constants can be easily treated without the use of

supercells.

The finite displacement method computes force constants based on the numerical

derivative of forces when atoms are displaced by a small distance from their equilibrium
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in each of the Cartesian directions. [87,88] It is limited to short range force constant

matrices and therefore unit cells have to be expanded to form supercells to capture long

range interatomic interactions. However, unlike DFPT, which can be computationally

expensive to run, this method can be applied to any system and has shown to be

successful for range of systems [89–91], and in particular layered minerals [92]. Once the

force constants are obtained, they are used to make up 3 x 3 blocks of dynamical

matrix as functions of every q vector, from which a diagonal matrix is formed to obtain

eigenvectors for the normal modes and eigenvalues corresponding to the associated

oscillator frequencies in equation (2.24), where m i and ri are the mass and position of

atom i in unit cell l.

Dαβ (i, j, q) =
1

√
mimj

∑
l′

Φαβ

(
i0, jl′

)
exp[iq • (r

(
jl′

)
− r (i0))] (2.24)

Helmholtz energy and quasi-harmonic approximation

The vibrational contributions to the constant-volume thermodynamic free energy can

be given by the Helmholtz equation (2.25) where the free energy, A, is a function of

temperature, T, UL and UV are the lattice and vibrational internal energies respectively

and Sv is the vibrational entropy for a periodic system.

A (T ) = UL + UV (T )− TSV (T ) (2.25)

The partition function Z is linked with the phonon frequencies, ω using this relation

equation (2.26), with Z given by equation (2.27), for the vibration modes at each

wavevector, q.

A (T ) = −kBT lnZ (2.26)

Z (T ) = exp

(
− UL

kBT

)∑
qv

exp(−ℏω(qv)
2kBT )

1− exp(−ℏω(qv)
2kBT )

(2.27)

In this case, the Bose-Einstein distribution determines the occupation of phonon energy

levels at a given temperature. This gives the Helmholtz energy re-arranged into a

sum of terms that describe respectively the lattice energy, the zero-point energies of
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each vibrational mode and finally, a temperature dependent term that encapsulates the

vibrational energy, UV and entropic contribution, Sv to the free energy to describe the

population of phonon energy levels in equation (2.28) qV is the vibrational wavevectors.

A (T ) = UL +
1

2

∑
qv

ℏω (qv) + kbT
∑
qv

ln

[
1− exp

(
−ℏω(qv)
2kbT

)]
(2.28)

This lattice dynamics model can give the temperature dependent free energy in addition

to the lattice energy available from total-energy calculations. The internal energy can

be evaluated separately according to equation (2.29), with the phonon population

controlled by a Bose-Einstein distribution. The entropic contributions is then the

standard entropy thermodynamic relation S in equation (2.30).

U (T ) = UL +
∑
qv

ℏω (qv)

1

2
+

1

exp
(
ℏω(qv)
kbT

)
− 1

 (2.29)

S = δT. (2.30)
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2.2 Potential Theory

Classical modelling is the use of classical potential models or force fields to approximate

the interaction between atoms. These models are sets of parameterised analytical

equations. The requirement of having parameters for each type of atom means that

care must be taken in selecting and combining such parameters. Otherwise, they will

produce less accurate results compared to the first principle methods detailed in earlier

sections. Despite this, potential methods can be used to simulate much larger systems

for much longer time-scales. Classical based molecular dynamics and Monte Carlo

simulations are utilised in this thesis, and these two methods use potentials to compute

system energies, therefore the theory underlying potential modelling will be briefly

discussed in the sections below.

2.2.1 Born Model of Solids

The lattice energy of crystals can be evaluated with the Born model of solids, which

describes a crystal lattice as an infinite array of ions, and the energy of a crystal lattice

system, Uij as a series of energy terms that approximate the interactions between the

ions, (2.31). [93]

Uij =
∑
ij

qiqj
4 πε0rij

+
∑
ij

Φij (rij ) +
∑
ijk

Φijk (rijk ) + . . (2.31)

The first energy term describes the sum of the long range Coulombic interactions in

the crystal lattice, given by the interatomic distance rij between the ions i and j, with

partial charges of qi and qj and the permittivity of vacuum ϵ0. Φij and Φijk describes

the short-range interactions with two body and three body terms respectively. The

contributions from the higher terms are generally small (often around 20%) compared

to the Coulombic term, but might still be necessary to accurately model lattice systems.

2.2.2 Long Range Interactions

Coulombic and dipole interactions occur over long ranges and cannot be truncated, so

special techniques have to be in place to acknowledge long range interactions without
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introducing inaccuracies. In this section, some of the techniques will be discussed in

short detail. For periodic boundary conditions, the interactions within the cell, and all

the periodic images, can be taken into account using a poorly conditionally divergent

series to calculate the potential energy of the system, U, for a system that consists of

positive and negatively charged ions in a periodic cube.

U =
1

2
N

N∑
i,j=1

∑
n

‘
qiqj

| ri + nL |
‘

(2.32)

The electrostatic potential at the position of ion i, is the sum over all periodic images,

n, and all particles j and the prime dictates that i=j is ignored when in the same

periodic image to make sure that particle i does not interact with itself. Equation

(2.32) contains a r1 term that makes it very difficult to converge, so techniques are in

place to improve the converging rate. [94]

Ewald Summation

The Ewald summation is a method for treating long range interactions when calculating

the lattice potential energy. The idea of the Ewald summation is to further separate

the long range interactions into short-range and long-range fragments and treat the

short range with a cut-off as it decays quickly with distance. The slowly varying long

range interactions with periodic boundaries can be treated with a finite Fourier series.

The potential is given by φ using three terms, φ1 for reciprocal space, φ2 for real space

and φ3 for self-interactions.

φ = φ1 + φ2 + φ3 (2.33)

First, the point charges at each particle are neutralised with Gaussian charge clouds

of opposite charge. The screened electrostatic potential for each particle is computed

with a Gaussian charge distribution, which is constructed to decay rapidly to near zero

at long distances and in real space. This process is represented as φ2. The width of the

Gaussian distribution is a positive correlation with the rate of the series conversion.

The now screened point charges are compensated for with a periodic and smoothly
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Figure 2-2: The reciprocal φ1 and real space φ2 components of the Ewald summation

varying charge density in the form of another Gaussian charge distribution with the

same charge as the particle. The potential for the charge density at each particle is

summed with a Fourier transform in reciprocal space. The width of the Gaussian

cloud determined the number of summations terms to be included and this affects the

rate of converging. A problem encountered when computing the compensating charge

cloud and the neutralising charge cloud for each particle is the interaction between

the Gaussian clouds. The self interaction energy is then subtracted from the total

Coulombic interaction to overcome this issue. [95,96]

Parry Summation

The Parry summation for the calculation of Coulombic forces with two-dimensional

periodicity was derived by Parry [97] and Hayes [94] and is a useful technique for modelling

surface slabs. In short, the Parry technique considers a crystal lattice to be built from

infinite charged planes. The Coulombic interactions is a summation of the in-plane

and perpendicular vectors separately. The directionality of these vectors are no longer

guaranteed, so the reciprocal Gaussian calculations will need to be reconsidered.

Ewald Particle Mesh

The Ewald summation is not solved directly; instead lattice Ewald methods are used as

an intermediary step. The atom charges are mapped onto a regular three-dimensional

grid and sampled continuously. Fast-Fourier Transform (FFT) equations are used

on the grid (in reciprocal space) and the electric field and forces are obtained from



2.2. Potential Theory 33

the differential of the resulting potentials. These steps are utilised by a number of

lattice Ewald methods such as the Particle Mesh Ewald (PME) [98] Particle-Particle

Particle Mesh (P3M) [99] and the Smooth Particle Mesh Ewald (SPME) [100]. These

algorithms speed up the calculations of the Fourier Transforms for large atomic systems

but introduce lower accuracies compared to the unmodified Ewald summation. [101]

2.2.3 Short Range Interactions

Short range interactions represent the repulsive and attractive forces. Pauli’s repulsion

arises when electron clouds at small inter-atomic range overlap and lead to strong short

range repulsions. Nuclei shielding of electron density is reduced and some electrons

migrate to higher energy states to avoid the existence of duplicate quantum numbers.

Contrasting but equally dominating and longer range interactions arise from the forma-

tion of instantaneous dipole-induced dipole forces, also known as London dispersions.

Where permanent dipoles exist, interactions between permanent dipoles and induced

dipoles are termed Debye forces whereas Keesom forces exist between permanent dipoles.

These attractive intermolecular forces fall under the heading of van der Waals (vdW)

interactions and tend to zero with increasing inter-atomic distances.

vdW interactions are the most unpredictable simulation interaction in potential mod-

elling and as such, careful considerations need to be taken over the choice of parameters

for the interaction model. Interactions between ion pairs are included in the short-range

interactions parameters, with cation-cation pairs neglected, as cations have tightly

bound electrons which massively reduces the strength of their interactions. [102,103]

Although the contribution from long range interactions dominate the total potential

energy, adjusting the parameters of the short range interactions can reproduce a gamut

of crystalline structures and affect the reliability and accuracy of the simulation. Some

examples of short-range potentials are summarised below.
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The Lennard-Jones Potential

The Lennard-Jones 12-6 approximation [104,105] (equation (2.34)), was one of the earliest

and fairly simple equation to describe short-range non-bonding interactions,

U(rij) = ε
[(rm
rij

)12
− 2

(rm
rij

)6]
= 4ε

[( σ

rij

)12
−
( σ

rij

)6]
(2.34)

where rij is the inter-atomic distance, U(rij) the inter-atomic pair potential, ε the

energy well depth and σ the finite distance when U(rij)=0. The atomic position at the

energy well minimum is given by rm. Figure 2-3 visualises the parameters.

Figure 2-3: The Lennard-Jones potential with parameters, showing the variation of
energy with interatomic separation.

The repulsive force dominates at short inter-atomic distances as the electron clouds

overlap. This is described by 4ε(σ/rij)
12, which includes a r−12 rapid decay term.

4ε(σ/rij)
6 describes the attractive dipole-dipole dispersions. The r−6 term dictates the

force that dominates at medium distances. [106] These parameters are adjustable and

can be derived to fit for different chemical environment and materials.
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Harmonic Potential

The harmonic potential is often used to reproduce covalent bonds between pairs of

atoms. A simple form of the harmonic bond potential is described (2.35), which adds

an energy penalty, U(rij) when the bond distance, r deviates from the equilibrium

bond distance, r0. k is the bond spring constant.

U(rij) =
1

2
kij(rij − r0)2 (2.35)

Many Body Interactions

The many-body potential model helps to define the correct conformation of three or

more covalently bonded bodies. Similar to the harmonic bond potential, an energy

penalty is calculated to account for deviations from equilibrium angles. A simple

harmonic expression to accomplish this is given by (2.36)

U(θijk) =
1

2
kijk(θijk − θ0)2 (2.36)

where kij is a force constant to describe the stiffness of the angles, θ and θ0 are the

bond angles and equilibrium bond angles respectively. This expression is particularly

useful for ensuring that bond angles are maintained. For maintaining most complex

geometries a four centre or torsional term is required. The dihedral equation takes into

account of all the torsional interactions using expressions, such as shown in (2.37).

U(ϕijkl) = kijkl

[
1− cos

(
Nϕijkl

)]
(2.37)

kijkl is the force constant of the equilibrium torsional angle, ϕijkl and N the periodicity

of the torsion. Unlike the harmonic potential, the dihedral interaction can include

Coulombic and short-range interactions. [106]
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2.2.4 Potentials Used in this Work

Force fields contain the collection of classical potential energy parameters with ad-

justable expressions to successfully model different chemical environments. Force fields

are represented by a summation of the potential parameters described above for a

collection of molecules with coordinates, rab, with intra-molecular interactions, U int
a

and inter-molecular non-bonded terms, Uab.

U(rab) =
∑
a<b

Uab +
∑
a

U int
a (2.38)

The energy expressions that describe these interactions are listed below.

1. Intra-molecular

(a) Harmonic terms for bond stretching and angle bending

(b) Dihedral angles represented by Fourier transformations

2. Inter-molecular (and 1-4 and 1-5 etc. interactions)

(a) Long-range Coulombic interactions

(b) Lennard-Jones interactions

The force field and parameters employed in this work is detailed in the following sections.

Clay Mineral Parameters

The rigid ion CLAYFF model [107] was employed to model the clay mineral parameters

in this work. The model treats clays and multicomponent mineral systems as a series

of ions, with inter-atomic non-bonded interactions. Initially, the ions were assigned

partial charges derived from electronic structure calculations of oxides and hydroxides

and oxygen was assigned the oxygen Lennard-Jones parameter from the single point

charge (SPC) water model. The model also includes parameters for a range of metal

cations such as Li, Na, Al and Mg, and the Lennard-Jones parameters, bond and angle



2.2. Potential Theory 37

potentials are detailed in tables 2.1, 2.2 and 2.3 respectively.

Table 2.1: Lennard-Jones parameters for the CLAYFF model.
Ion Charge/e εii /eV σ0ii/Å
Si 2.1000 7.9881× 10−8 3.7064
Oa -1.050 6.7388× 10−3 3.5532
OHa -0.950 6.7388× 10−3 3.5532
Alb 1.5750 5.7703× 10−8 4.7943
Mg 1.3600 3.9153× 10−8 5.9090
Na 1.0000 5.6411× 10−3 2.6378
K 1.0000 4.3360× 10−3 3.7423
Ca 2.0000 4.3360× 10−3 3.2237

a Charges change to compensate ion substitutions.
b As Si if in tetrahedral position.

Table 2.2: Harmonic bond potential for the CLAYFF model.
Ions kij / eVÅ−2 r0ij/Å

OH-H 48.048 1.0

Table 2.3: Harmonic angle potential for the CLAYFF model
Ions kijk / eVrad−2 rθijk/deg

Al-OH-H 3.969 109.47
Mg-OH-H 3.969 109.47
Si-OH-H 3.969 109.47

Organic Molecule Parameters

OPLS2005

The OPLS (Optimized Potential for Liquid Simulations) set of force fields [108] was

applied to parametrise the organic molecules. A commonly used variant, OPLS 2005 [109]

was designed for the simulation of liquid hydrocarbons such as sugars and proteins.

The parameters for the OPLS 2005 intra-molecular interactions are in the harmonic

form detailed in equation (2.35). A list of the most commonly used parameters from

the OPLS 2005 force field work are listed in table 2.4. The DL FIELD force field

development tool was used to generate the input files for the force fields for organic

molecules for the simulation.
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Table 2.4: Lennard-Jones parameters for the OPLS2005 model.
Ion εii /eV σ0ii/Å Description

HA 1.3009× 10−4 2.42 hydrogen on aromatic carbon
HC 1.3009× 10−4 2.50 hydrogen on aliphatic carbon

HANI 6.5046× 10−4 2.50 hydrogen on aliphatic carbon with amine group
H 1.3009× 10−4 0.50 hydrogen on nitrogen with amine group
CA 3.0355× 10−3 3.55 sp2carbon, aromatic
CT 2.8620× 10−3 3.50 sp3carbon, aliphatic
NT 7.3719× 10−3 3.30 nitrogen in primary amine
OH 9.1065× 10−3 2.96 sp3 oxygen in hydroxyl
O 7.3719× 10−3 3.00 sp2 oxygen in C=O
Cl 1.3009× 10−2 3.40 any chlorine

GAFF

The General Amber Force Field (GAFF) [110] potential model was also applied to the

organic molecules modelled in this work. This model is from a family of Amber

(Assistant Model Building with Energy Refinement) force field for modelling small

organic molecules. The AmberTools programme [111] provides a method for assigning

parameters to the organic molecules, including inter- and intra- molecular parameters.

The parameters for the GAFF intra-molecular interactions are in the harmonic form

detailed in (2.35). A list of the commonly used non-bonding parameters from the force

field are listed in table 2.5.

Table 2.5: Lennard-Jones parameters for the GAFF model.
Ion εii /eV σ0ii/Å Description

ha 6.504× 10−4 2.918 hydrogen on aromatic carbon
hc 6.8075× 10−4 2.974 hydrogen on aliphatic carbon
h1 6.8075× 10−4 2.774 hydrogen on aliphatic carbon 1 ewa

hn 6.8057× 10−4 1.200 hydrogen on nitrogen
ca 3.7290× 10−3 3.816 sp2 carbon, aromatic
c3 4.7436× 10−3 3.816 sp3 carbon, aromatic
n3 7.3712× 10−3 3.648 sp3 nitrogen
oh 9.1229× 10−3 3.442 sp3 oxygen in hydroxyl
o 9.1056× 10−3 3.322 sp2 oxygen in C=O
cl 1.1490× 10−2 3.896 any chlorine

a Electron withdrawing group
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Water

Two water models, rigid TIP3P [112] and flexible SPC/Fw [113], were chosen for their fre-

quent usage in models of physiological environments. Their Lennard-Jones parameters,

harmonic bond and angle potentials are listed in tables 2.6, 2.7 and 2.8 respectively.

Table 2.6: Lennard-Jones parameters for the water models.
Model Charge/e εii /eV σ0ii/Å

SPC/Fw OW -0.820 6.7392× 10−3 3.5531
SPC/Fw HW 0.410 0 4.7943
TIP3P OW -0.834 6.5942× 10−3 3.5366
TIP3P HW 0.417 0 3.5532

Table 2.7: Harmonic bond potentials for the water models.
Model kij / eVÅ−2 r0ij/Å

SPC/Fw 45.9252 1.0120
TIP3P/Fw 23.9907 0.9572

Table 2.8: Harmonic angle potential for the CLAYFF model
Model kijk / eVrad−2 rθijk/deg

SPC/Fw 3.2910240 113.24
TIP3P/Fw 4.3382909 104.52
Si-OH-H 3.969 109.47

Mixing Rules

A disadvantage of using force fields is that the parameters are fitted for specific chemical

environments and hence do not contain an explicit representation of the non-bonding

cross interaction parameters between unlike pairs. Although in the case of CLAYFF,

GAFF and OPLS 2005, their parameters were both derived so that they are transferable

across a wide range of systems and the cross interaction parameters have been tested

widely. [114–119] The Lennard-Jones energy, εij and the interatomic σij parameters are

determined from the properties of the homogeneous mixture of the substance, which

will differ if the substance is in a heterogeneous mixture. [120] A common solution to

the problem is to estimate the Lennard-Jones parameters from the averages of the like
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parameters using mixing rules. The Lorentz-Berthelot (2.40 and 2.39) mixing rule was

employed to calculate the cross-interaction parameters between pairs of atoms, i and j

from different force fields.

εij =
√
εiεj (2.39)

σij =
σi + σj

2
(2.40)

2.3 Summary

In this chapter, some of the theoretical concepts of DFT and classical potentials has

been outlined. First, the formalisation of Kohn-Sham equations to solve Schrödinger’s

equation for many body systems was explored and in the process, justified the approx-

imations required to make this possible. This was followed by a discussion of energy

functionals that make up potential theory. It was established that using the Born

model of solids, the energy of a chemical systems can be obtained with sets of empirical

algebraic functions that approximate bonding and non-bonding interactions. These

sets of energy functions have been curated into force fields that have unique simulation

targets but with mixing rules, a bespoke force field model can be developed to provide

a more accurate description of the soil components and organic molecules investigated

in this thesis. In the next chapter, the different methods and concepts used to run

simulations will be described.
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Simulation Methodology

The simulation techniques used in this work will be detailed in the following sections.

A number of simulation packages and general computational methodologies were em-

ployed to obtain accurate properties of the models. Multiple energy minimisation (EM)

techniques were applied to the simulation using the DFT code, VASP [121], to minimise

the forces acting on the atoms and reach a global minimum and obtain a structure with

the lowest configurational energy. Molecular dynamics calculations were performed

using the DL POLY 4.0 code [122], which utilises Newton’s equations of motion to cal-

culate motion of atoms over time. These simulations were run over many time steps

to obtain the ensemble average configurational energy. Free energy difference calcula-

tions utilising transition matrix Monte Carlo was performed using the DL Monte 2.0

code [123]. A selection of alternative FED methods will also be discussed. Metadise [124]

was used extensively in the creation and modification of the clay mineral surfaces whilst

Ambertools [111] and DL FIELD [125] codes were used to generate the parameter files for

the potentials required for the molecular dynamics simulations.

3.1 Periodic Boundary Conditions

Periodic boundary conditions allow for the simulation of an infinite lattice with a

minimum number of ions. At the atomic-scale at which the simulation is run, the

41
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lattice can be considered to be a repeating image of the unit cell. To exploit this

feature, the simulation cell is linked to images of itself, and the movement of particles

and interactions between the simulation cell and repeating images allowed, as shown

in figure 3-1. When an atom moves out of a periodic image, it can enter the next cell

under the same simulation conditions but from the view point of the simulation cell, the

atom has just re-entered the simulation cell on the other side. From this, an inexpensive

approximation of an infinite lattice can be simulated to obtain the properties of the

bulk lattice.

Figure 3-1: A system under two-dimensional periodic boundary conditions, with the
red box as the simulation cell replicated infinitely in the plane. Adapted from Allen
and Tildesley. [126]
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3.2 Energy Minimisation

An energy minimisation is performed to seek the lowest energy configuration of a

structure. Essentially, starting from the initial structure, the atoms in the initial

configuration of the system are moved until the net forces acting on the ions reduce

close to zero. This can be performed at constant pressure, where the ions and cell

dimensions are both allowed to relax or at constant volume conditions, where only

the ions can relax but the cell dimensions are fixed. Energy minimisation has some

drawbacks, the main ones being that a local energy minimum may be found instead

of the global minimum and that at zero kelvin, the zero point energy or vibrational

properties are often ignored. A number of different minimisation techniques are utilised

in this work, and a summary of their details is presented here.

3.2.1 Conjugate Gradient Technique

The conjugate gradient [127] is an update of the steepest descent technique of utilising

the principles of line minimisation, but with the minimisation also directed by the

force history to accelerate the convergence. The steepest gradient algorithm is given

in equation (3.1), where rn is the position of the atoms at step n, α is a scaler value

to represent the step size at the nth iteration, in relation to the minimisation method

and gn is the gradient vector. The direction of the search is controlled by the negative

gradient of the potential energy function but is slow to converge.

rn+1 = rn − αgn (3.1)

In the more efficient conjugate gradient algorithm, the first iteration uses steepest

descent to obtain atom positions and new forces. In subsequent iterations, the gradient

vector is replaced with a displacement vector, sn, which includes the direction of

the gradient, gn and an additional term that indicates the gradient history, γn and

displacement sn−1 of the previous iteration.

sn = −gn + γnsn−1 (3.2)
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γn is a re-weighting of the current gradient vector with the previous gradient vectors.

γn =
gngn

gn−1gn−1
(3.3)

Energy minimisation with this method is set to be complete when the displacement

vector, sn calculated with (3.2) becomes 0.

3.2.2 Newton-Raphson Technique

The Newton-Raphson methods [128] are a series of energy minimisation techniques that

involve the second order Taylor expansion of the potential energy surface, U as a

function of the configuration position vector, rn.

d2U

dr2n
=
dgn
drn

= Wn (3.4)

rn+1 = rn −W−1
n gn (3.5)

The step in each iteration is in the direction of the negative gradient, so as to go

downhill. The size of the step is determined by the steepness of the potential energy

well, so the inverse of the second derivative, Wn is a good way to approximate the

step size. Newton Raphson methods require less iterations than the conjugate gradient

method to reach the minimum, but problems can arise if the structure is at the hill top

or far from the minimum, it can start to go uphill. Additionally, the computations of

W−1
n can be slow, when using both quantum and potential energies and is required at

every iteration. For large systems, this presents a major disadvantage.

3.2.3 BFGS Technique

The inverse Wn can be approximated with a variety of techniques. One such technique

is the Broydon-Fletcher-Goldferb-Shanno (BFGS), a quasi-Newtonian method that has

been found to be effective. [129] The W−1
n is approximated from the gradient and after

a set number of steps, is recalculated using previous gradient values to obtain a more

accurate value. In situations where the approximation results in large changes in energy,
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the value of W−1
n is re-assessed to make it more accurate.
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3.3 Ensemble Properties

Although low energy structures obtained from energy minimisation are important for

investigating the properties of systems, the contributions of the high energy states are

also important. For a given property, A, the average value is given by the product of

the probability that a system is going to be in state,i ρi and the value A in state i, Ai

summed over all of the possible states.

⟨A⟩ =
states∑
i=1

ρiAi (3.6)

The value of ρi is proportional to the Boltzmann factor, kBT and normalised by the

partition function, q, which represents all the Boltzmann factors of the system.

ρi =
1

q
e

−Ei
kBT

q =

states∑
i=1

e
−Ei
kBT

(3.7)

The discreet Boltzmann weighted average of the property is given by equation (3.8).

⟨A⟩ =
∑

iAe
−Ei/kBT∑

i e
−Ei/kBT

(3.8)

The analytical integration of the weighted average over atomic coordinates is a high

dimension (3N ) function which is difficult to compute. Instead, an approximate inte-

gration is performed with either a time average over trajectories in molecular dynamics

simulations or averaged over randomly sampled states in Monte Carlo simulations.
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3.4 Molecular Dynamics

Molecular dynamics calculations can predict the ensemble average properties of atomic

system based on fundamental atomistic interactions. These calculations rely on New-

ton’s equations of motion to solve the time dependent properties of a system of N

atoms, such as the velocities, accelerations and positions of particles over time, with

suitable initial boundary conditions, and an appropriate potential model to govern the

interaction between particles. These simulations are performed on an isolated system to

conserve the number of particles and the total energy of the system as the trajectories

change.

Newton’s Equations of Motion

Newton’s second law of motion is described in equation (3.9) where the force Fi, on an

atom, i, with a mass mi, can be used to determine its acceleration ai and its position

ri, in space. If the force acting on the atoms is constant, the new velocity νi and

position after a change in time, ∆t, can be calculated using equations (3.10) and (3.11)

respectively.

Fi = miai = mi
d2ri
dt2

(3.9)

vi(t+∆t) = νi(t) + ai(t) + ai(t)∆t (3.10)

ri(t+∆t) = ri(t) + ν(t)∆t+
ai(t)∆t

2

2
(3.11)

Solving these equations requires the use of infinitely small time steps for ∆t, but finite

time steps are required to describe the motion of ions. Integration algorithms are

introduced to update these differential equations on a step-by-step basis, using a Taylor

expansion to estimate the atomistic accelerations, velocities and positions at finite time

steps. A number of different algorithms are available to perform this action and Allen

and Tildesley [126] provide a simplified scheme of a MD simulation, shown in figure 3-2.
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Figure 3-2: Schematic representations of the general scheme of a step-wise MD simula-
tion, with a predictor-corrector algorithm.

Time Integration Algorithms

Time integration algorithms are required to preserve the energy conservation feature of

the Newton’s equations, which can be lost when the discrete time steps required in MD

are used. All of them use a Taylor series expansion, to expand the time function into

an infinite sum of terms. In practice, the time function is reduced to a number of finite

terms. The Velocity Verlet (VV) algorithm is a standard for time integration in MD,

because it is reversible and symplectic, with a single force and velocity evaluation per

time step. [126] The VV algorithm is ’self-starting’, meaning that as the initial positions

and velocities (for kinetic energy) of the particles are known, it can begin the algorithm

without the need for adjacent time steps. The second order Newton’s equation of

motion is reduced to two first order equations.

ai(t) =
F (ri(t))

mi

νi(t) =
dri
dt

(3.12)
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The first, second and third derivatives of the position with respect to time can be given

by (3.13). This describes the velocity, acceleration and jerk of the particle, i at time, t.

ν(t) =
dri
dt

a(t) =
dνi
dt

=
d2ri
dt2

b(t) =
dai
dt

=
d2νi
dt2

=
d3ri
dt3

(3.13)

b(t) is the jerk, which describes the change in force. Equation (3.11) can be converted

to a finite different algorithm using a Taylor expansion, (3.14), where Θ is an accuracy

parameter.

ri(t+∆t) = ri(t) + ν(t)∆t+
ai(t)∆t

2

2
+ Θ(∆t3) (3.14)

The acceleration, ai can be substituted to give an equation with known terms, (3.15),

to evaluate the positions.

ri(t+∆t) = ri(t) + ν(t)∆t+
∆t2

2

F (ri(t))

mi
+Θ(∆t3) (3.15)

Expand equation (3.10) to give the Taylor expansion that can calculate the velocities

of the particles over time steps.

νi(t+∆t) = ν(t) + ai(t)∆t+
∆t2

2
bi(t) + Θ(∆t3) (3.16)

An expression for bi(t), which describes the change in force of the particles, has to be

developed. Expanding the acceleration term, a(t+∆) can do this:

a(t+∆t) = a(t) + ∆tb(t) + Θ(∆t2) (3.17)

It is adequate to stop the expansion of the equation at the second derivative, as it is

all that is required in an approximation for ∆t2/2b(t) for ∆t3. Multiplying (3.17) by

∆t/2 gives:
∆t2

2
bi(t) =

∆t2

2
(a(t+∆t)− a(t)) + Θ(∆t3) (3.18)
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The velocity VV algorithm becomes:

νi(t+∆t) = νi(t) +
∆t

2mi
(Fi(ri(t+∆t)) + F (ri(t))) + Θ(∆t3) (3.19)

The VV algorithm is implemented in the MD engine, DL POLY4 [130] in 3 stages. Given

a current position ri, velocity νi, and a force or an expression for the force F at time, t.

1. VV1: Calculate the velocities at a half-time step, ν(t+∆t) to give new positions,

r(t+∆t).

2. FF: Evaluate the force at the half time-step to account for the change in position.

3. VV2: Calculate full time-step velocities from the full time-step position. Restart

cycle.

An alternative algorithm is the Verlet Leapfrog algorithm, which is numerically faster

and is also symplectic. It differs from the VV algorithm in that it is not reversible

and the kinetic properties are approximated thanks to the half-step position and hence

the velocities are evaluated out of sync. The leapfrog algorithm also uses the Taylor

expansion of r(t+∆t)(3.15) and that of r(t−∆t).

ri(t−∆t) = ri(t)− νi(t) +
∆t2

2
ai(t)−

∆t3

3!
bi(t) + Θ(∆t4) (3.20)

The leapfrog algorithm then calculates the velocity at half time-steps before and after

t.

νi
(
t− ∆t

2

)
=
ri(t)− ri(t−∆t)

∆t
(3.21)

The DL POLY 4.0 implementation of the leapfrog algorithm occurs in two steps: the

position and force at t and the velocity at a half time-step behind, ν(t − 1/2∆t) is

required.

1. FF: calculate the force at t, from the position at t and the velocity at t− 1/2∆t.

2. LFV: evaluate the velocities at t+ 1/2∆t by integrating the new force.
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The calculation of the velocity leapfrogs over the position over time. DL POLY some-

times requires both the velocity and the position for the same time, to evaluate MD

properties. Then, the velocity is calculated as an average of half time-steps before and

after t. This introduces approximations in the kinetic property sampled.

Both the velocity Verlet algorithm and the Leap Frog algorithm it is based on are

available in the DL POLY 4.0 code.

Time Step and Equilibrium Period

The time step, ∆t is an important aspect of molecular dynamic equations. It needs to

be short enough to correctly model the physical distance travelled by the atoms but

also long enough to allow the simulations to evolve in real time. A practical solution is

to choose a time step in the order of 0.1 and 1 femtoseconds. Each molecular dynamics

simulation begins with an equilibration period. This is designed to allow the initial

configuration to reach an equilibrium of the simulation temperature and pressure. The

idea is to let the system velocities reach a Maxwell-Boltzmann distribution, although

in practice, the equilibration period occurs over thousands of time steps, until the

configuration energy and other system properties become constant. Data collected after

this period in the production phase can then be reliably allowed to converge, in order

to obtain the desired MD properties.

MD Ensembles

An ensemble describes the set of conditions applied to a system that gives rise to the

distribution of thermally accessible states. Each ensemble has a representation of all

the possible states of the system, in all values of N and all possible energy state ES(N)

for a given N. The most basic ensemble is the micro-canonical ensemble is an isolated

system with N, system volume V and a total energy, E all constant, illustrated in Figure

3-3. Other thermodynamic properties fluctuate and can be determined by ensemble

averaging. The conservation of energy in all statistical ensembles is derived from the
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Figure 3-3: Diagrammatic representation of the isolated NVE ensemble.

Hamiltonian H, with potential energy, U, and kinetic energy, K.E terms.

HNV E = U +K.E (3.22)

The partition function of the constant N, V and E ensemble can be expressed in (3.23),

as a summation of the probability density of the micro-canonical ensemble across all

the indistinct particles in the ensemble, where Γ is the set of particle positions and

momenta, H(Γ) is the Hamiltonian. The integral function seeks out and only allows

the states of N -particles with energy E to remain in volume V. [131]

QNV E =
∑
Γ

∫
(H(Γ)− E) (3.23)

The micro-canonical ensemble which describes an isolated system is not usually useful

in practice, so that ensemble is not often utilised. The canonical (NVT) ensemble, in

contrast, is an open system in contact external heat bath, which means the system in

the ensemble can remain at constant temperature T, with a fixed number of particles,

N and volume V.

The partition function for the ensemble is the summation over the probability density

of all particles, N at all positions and momenta, in volume V, with temperature T
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Figure 3-4: Diagrammatic representation of the NVT ensemble, with the system in
contact with a heat bath.

normalised by Boltzmann constant kB.

QNV T =
∑
Γ

e−H(Γ)/kBT (3.24)

Particles with all energy values are allowed in the system and this leads to the fluctuation

of energy within the system.

Energy can be transferred between the system and external heat bath, and in order for

the temperature to remain close to the target value, the energy of the systems in the

ensemble must change. This process is controlled by the algorithm of the Nosé-Hoover

thermostat [132], in which Newton’s equations of motion are modified to include an

imaginary frictional variable,χ, whose role is to ensure the temperature is at the desired

value by accelerating or deceleration particles.

fi = χmiνi = mi
d2ri
dt2

(3.25)

dχ(t)

dt
=

1

QNV T

[ N∑
i=1

mi
ν2i
2
− 3N + 1

2
kbT

]
(3.26)

QNV T determines the relaxation dynamics of the χ(t) friction term, T is the target

temperature and kB denotes Boltzmann constant. The modified Newton’s equations
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of motion in the Nose-Hoover thermostat can be combined with a time integration

algorithm. The canonical ensemble is the standard and most useful in practice, because

it deals with systems at thermal equilibrium with their surroundings. This ensemble was

utilised for the production simulation runs during this work, to explore the configuration

energy of the system.

The isothermal-isobaric ensemble (NPT) is another useful ensemble, where both the

temperature T and the pressure P are constant. The system in this ensemble is

coupled with an external heat as well as a pressure bath (Figure 3-5). The normalised

probabilities over all possible volumes, V and all particles, N at all positions and

momenta and at temperature, T is given by the isothermal-isobaric in (3.27)

Figure 3-5: Diagrammatic representation of the NPT ensemble, with the system in a
heat and pressure bath.

QNPT =
∑
Γ

∑
V

e−H(Γ)/kBT (3.27)

The system together with the pressure and heat bath could be considered to be an

isolated system with a constant total energy and volume, but the volume and temper-

ature within the system and the external bath are allowed to vary to keep the target

temperature and pressure of the system constant. In this ensemble, the relation of the

system results in the fluctuating of the system volume, in order to keep the pressure
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at the target value. There are two types of barostats available to run MD simulations

at constant pressure and temperature. One example is the Berendsen thermostat and

barostat, which is incorporated into the time integration algorithms for solving the

equations of motion terms that effects temperature (3.28) and pressure (3.29) changes

by rescaling the calculated velocities and positions of particles [133]

(dT
dt

)
=
T0 − T
τT

(3.28)

(dP
dt

)
=
P0 − P
τP

(3.29)

The simulation cell varies in response to the changes in pressure after each MD step,

and this is controlled by a scaling factor,η which can be given by (3.30) with γ the

system isothermal compressibility.

η(t) = 1− ∆t

τP
γ(P0 − P ) (3.30)

The volume of the MD cell is scaled by η and the coordinate and cell vectors modified

by η1/3. The Nosé-Hoover barostat is another alternative, extended from the Nosé-

Hoover thermostat. The scaling factor η from (3.30) can be described as a ”piston”,

with associated kinetic and potential energy. [134] The Melchionna [135] modification of

the Nosé-Hoover barostat provides a method for solving the equations of motion of

the Nosé-Hoover NPT dynamics. The NPT ensemble is intended to relax the system

to the target temperature and pressure, whilst decreasing the volume of the system.

This ensemble was utilised within this study to relax the initial periodic arrangement

of atoms and produce configurations with more realistic configurational space. The

Nosé-Hoover thermostat and barostat was used in this study.

3.4.1 System Properties

This section briefly describes the properties that can be calculated from molecular

dynamics simulations.

Static system properties
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� Kinetic energy

⟨K.E.⟩ = ⟨1
2

N∑
i

miv
2
i ⟩ (3.31)

� Configuration energy

U = ⟨
N∑
i

N∑
j=1

Ur(ij)⟩ (3.32)

� Temperature

T =
2

3NKB
⟨K.E⟩ (3.33)

� Pressure

P =
NkBT

V
− 1

3V
⟨

N∑
i

ri.fi⟩ (3.34)

� Radial Distribution Function (RDF)

GA−B(r) =
⟨nB(r, δr)⟩
4πNB

V r2δr
(3.35)

r is the shell diameter, V is the volume of the cell, nBr, δr are the number of particle,

B between shells at r − δr/2 and rtδr/2.

Dynamical system properties

� Mean Square Displacement

D =
1

6t
⟨|ri(t)− ri(0)|2⟩ (3.36)

where D is the diffusion coefficient. The diffusion component can be divided into

calculate diffusion in a specific direction, for example in the z-direction, Dz is given by

Dz = lim
t→∞

1

2t
⟨|zi(t)− zi(0)|2⟩ (3.37)

Additionally, the simulation cell can be divided into layers perpendicular to the surface,

and the diffusion calculated for each layer. The diffusion can be plot as a function of

the coordinate to give a diffusion profile.
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3.5 Monte Carlo

Monte Carlo (MC) sampling experiments enable the calculation of thermodynamic

properties of configurational space, such as the ordering, adsorption, partition coeffi-

cients and free energy differences. Essentially, it is a technique where the execution of

a limited number of arithmetic and logical operations follows the generation of random

numbers. [126]

3.5.1 Metropolis Monte Carlo

The Metropolis algorithm is a guided random walk of points through a state space via

the formation of a Markov chain. [136,137] In this case, it can be thought of as a correlated

series of trials to sample from the equilibrium distribution of the configurational space

and generate new states, defined as the set of particle coordinates. The outcome of the

previous trial, state i determines the current sample state j but is independent of the

next trial. The transition probability of moving from state i to j is represented τi,j .

All the possible transitions from i to j can be used to build a N x N matrix of τi,j ,

suitably termed the transition matrix (TM), where N is the number of possible states.

The TM holds the features of the Markov chain and the sum of the probabilities, τi,j

for a given state, i is given by (3.38).

∑
i

τi,j = 1 (3.38)

σ(t) is a vector (eq.(3.39)) which contains the probabilities of the system being in each

state, where pi(t) denotes the system being in state i at timestep t in the Markov chain.

σ(t) = (p1(t), p2(t), ..., pN (t)) (3.39)

With the correct timestep value, repeated application of the transition matrix should

result in the convergence of the distribution function of the states generated by the

Markov process towards a desired equilibrium probability distribution ρ. A Markov

chain with such limiting distribution is given by (3.40) and is independent of the starting
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(p1(t).

ρ = σeq = lim
t→∞

σ(1)τ t (3.40)

At the equilibrium distribution, subsequent Monte Carlo steps should produce a state

that is still at equilibrium. For molecular or atomic systems, the probability of state i

proportional to the canonical ensemble (Boltzmann distribution)(3.41)

p(i) ∝ exp
−Ei

kBT
. (3.41)

To yield the equilibrium distribution, the principle of balance must be satisfied. Balance

corresponds the reversible Markov chain (eq. (3.42)), where the number of transitions

from state i to state j is on average the same as the number of transition from state j

to state i.

ρ(i)τi−j = τj−iρ(i) (3.42)

Now, equation (3.42) can be decomposed into two components. Moving from state i to

j involves proposing state j, and then accepting state j. With this in mind, τi−j can be

written in terms of the probability of proposing j (from i) αi−j and the probability of

accepting j (from i), ρi−j .

τi−j = αi−jρi−j (3.43)

Detailed balance can be recovered by careful acceptance of moves. If the energy of state

j is less than the energy of state i, the equilibrium probability of j would be greater

than that of state i. In this case the probability of acceptance, ρi−j , is chosen to be

equal to 1.

Otherwise if the energy of state j is larger than that of state i, in which case the

equilibrium probability of j is less thani, ρi−j is chosen to be equal to ρj−i. Equation

(3.44) is the form of the transition matrix used in Metropolis Monte Carlo. Application

of this equation is the Metropolis algorithm.

τi,j = αi,j(ρi < ρj)

τi,j = αi,j
ρj
ρi
(ρi > ρj)

(3.44)
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To summarise, the Metropolis Monte Carlo algorithm is derived from the condition

that at equilibrium, the transition between two states are reversible equal and can be

given as the product of the transition probability and the state population.

τi,jρi = τj,iρj (3.45)

The application of the Metropolis algorithm [138] as a Monte Carlo method is to:

1. Randomly generate a trial move by sampling the distribution of states near the

current state

2. accept the trial move if the energy of the new configuration is lower than original

3. if the energy is higher, apply the Metropolis algorithm (eq. (3.44) to make sure

the new distribution is proportional to Boltzmann factor.

In a practical implementation, the Metropolis function is used to determine a trial move

acceptance probability, P .

Pi,j = min

[
1,
αj−iρj
αi−jρi,

]
(3.46)

where the probability of accepting proposed move under the Boltzmann distribution,

is given in (3.47).

Pi,j = min

[
1,
αi−j

αj−i
exp
−(E(j)− E(i)

kBT

]
(3.47)

If a proposed move results in a new state with a lower energy, the move is accepted

with a probability of one. However, when the energy of the new state is higher than

that of the old state, τi,j/τi,j is compared to a random number ζ between 0 and 1.

The new move is accepted if the random number is less than the transition probability;

otherwise it is rejected and state i is counted as the new state. With this algorithm,

the distribution of energies should stay around the ground state of the system and to

avoid getting stuck in a local energy minimum, moves to raise the energy of the system

will be rarely accepted. Over many trial steps, the configurations can be analysed to

obtain the canonical average of desired observable, A, with equation (3.48) where M
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is the total number of configuration generated and rN the positions of atoms in the

system.

⟨A⟩ = 1

M

M∑
i=1

A(rN ) (3.48)

This Metropolis algorithm can be implemented to sample any canonical distribution of

states and beyond the canonical distribution and predict their equilibrium thermody-

namic properties. However, the implementation algorithm can become very inefficient

for systems with phase transitions or systems with competing interactions where the po-

tential energy landscape is rough with many energy minima. [139] A number of different

approaches have been developed to address the inefficiencies for the different systems.

One such method is the transition matrix Monte Carlo technique, the procedure which

will be detailed later on in this chapter. More rigorous discussions of Markov chains

and the Metropolis Monte Carlo can be found in [102,136,137,140].

3.5.2 Ensembles

The NPT and NVT statistical ensembles described in section 3.4 can be modified

and applied to Metropolis Monte Carlo simulations to obtain distribution of states

and predict different thermal properties such as the free energy and entropy. Another

important ensemble is the grand canonical ensemble.

Grand Canonical Monte Carlo

The grand canonical ensemble is considered to be an ensemble of open systems in contact

with a heat and particle bath at equilibrium, as illustrated in figure 3-6. The system

contains Na number of particles in a volume Va whilst the particle bath contains Nb

particles. Particles can freely move between the particle bath and the system and the

chemical potential, µ is fixed, as well as the T and V, which determines the equilibrium

of particles between the system and the particle bath.

The partition function given in (3.49) is a summation over the microstate distribution

for the grand canonical ensemble. It includes terms for the specified chemical potential
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Figure 3-6: Diagrammatic representation of the µT ensemble, with the system in a heat
and pressure bath.

µ, and a variable number of particles N , particle positions and momenta Γ. [126]

Q =
∑
Γ

∑
N

e−[H(Γ)−µN ]/kBT (3.49)

When the grand canonical ensemble is applied to the Metropolis method, grand canon-

ical Monte Carlo (GCMC) simulations can make three types of moves to generate a

new state:

1. Translation - particle in the system is randomly selected and displaced (via trans-

lation or rotation)

2. Deletion - particle in the system is randomly selected and transferred to the

particle bath

3. Insertion - a new particle is transferred from the particle bath and placed in a

random position in the system with a random orientation

The probability of proposing an insertion and deletion should be equal so that one is

not favoured over the other.

During insertion and deletion trial moves, the probabilities of a move from state i to the
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new state j from equation (3.47) can be updated to include the activity term, z, which

incorporates the chemical potential of the attempted species, µ and where Λ is the

thermal de Broglie wavelength (all other symbols retain their conventional meaning).

Λ =
√
h2/2πmkBT (3.50)

The transition probabilities to determine if an insertion or deletion move is successful

are calculated with equations (3.51) and (3.52) respectively, where N is the number of

particles in the system and V is the system volume.

∆I =
V Λ−3

N + 1
exp

{
ϑj(r

N+1)− ϑi(rN )− µ
kBT

}
(3.51)

∆D =
N

V Λ−3
exp

{
ϑj(r

N−1)− ϑi(rN ) + µ

kBT

}
(3.52)

The acceptance probabilities are defined in equations (3.53) and (3.54).

Pi = min[1,∆I] (3.53)

Pd = min[1,∆D] (3.54)

In the DL Monte 2.0 code [123] used in this work, the insertion and deletion of molecules

uses the thermodynamic activity, z as a simulation parameter, where z = exp(/(kBT )).

Pi = min

[
1,

V z

N + 1
exp

{
ϑj(r

N+1)− ϑi(rN )

kBT

}]
(3.55)

Pd = min

[
1,
N

V z
exp

{
ϑj(r

N−1)− ϑi(rN )

kBT

}]
(3.56)

3.5.3 Transition Matrix Monte Carlo

In section 3.5.1, it was established that the traditional Boltzmann weighted Metropolis

Monte Carlo can suffer from insufficient sampling of state space when the system

being sampled has a rugged free energy landscape. [139] A number of solutions have

been developed to resolve this issue, most of them based on the technique of biased
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sampling. That is, to use non-Boltzmann weighting to access high energy states of

interest, and achieve a more uniform sampling over some parameter, such that the

accumulated collection histogram of an observable is (almost) flat. The simulation

output can then be reweighted to obtain the thermodynamic properties under the

Boltzmann distribution.

Some of the advanced MC algorithms that have been developed to overcome this issue

include multicanonical sampling [141,142], umbrella sampling [143,144] and the Wang and

Landau flat histogram method [145,146]. In these methods, the ideal sampling weights

or bias function that would generate a uniform sampling of state space is informed

by the density of states (DOS), an unknown entity at the beginning of the simulation.

The solution to this has been to approximate the DOS and iteratively refine the bias

over the run of the simulation to yield a flat histogram or use a pre-production run to

roughly estimate the DOS. Although these methods have had some success, they have

some underlying issues in part due to the estimation of the DOS for the bias function.

Transition matrix Monte Carlo (TMMC) is an efficient and self-adaptive method to

adequately sample state space. This method involves reporting biased and unbiased

proposed transitions across experimentally defined macrostates, with the probability of

these transition stored within a matrix. Over the course of the simulation, an estimate

of the ideal bias function is obtained from this information, which is then cycled back

into the simulation to bias the sampling to higher energy states. As more transitions are

logged, the estimation of the ideal bias function improves until all states are sampled

uniformly. The free energy of adsorption calculations in this thesis were performed with

this technique.

TMMC Method

The formulation of the TMMC method will be provided here, based on the work of

Fitzgerald et al. [147,148] and Smith et al. [142] and is a continuation of the Metropolis

Monte Carlo formalism provided in 3.5.1. As described in equation (3.46), the transition

probability of moving from state i to j is represented by τi,j and in the Metropolis
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Monte Carlo, is used to determine the trial move acceptance probability. In this context,

the transitions are between microstates, characterised in part by the positions of the

particles. The probability that the system will be any microstate is determined by the

thermodynamic state, ensemble and microscopic particle interactions.

Properties (or macrovariables) such as pressure, temperature and energy are the results

of many microstates coming together to form macrostates. The transition probability

of a MC step from macrostate I to macrostate J , TI,J is the ensemble average of all

microstate transition probabilities, τi,j belonging to macrostates I and J respectively.

n(I) gives the degeneracy of macrostate I (also termed the density of states).

TI,J =
1

n(I)

∑
iεI

∑
jεJ

Ti,j (3.57)

The macrostate transition matrix with the transition matrix element of TI,J satisfies

normalisation conditions such that the sum over all allowed macrostates is equal to 1.

The macrostate transition matrix is also a stochastic matrix at the limiting distribution.

The possibility that a move can occur in the reverse direction changes how Ti,j is

presented. The macrostate transition is then represented as a sum of the microstate

transition in terms of the probability of proposing a microscopic transition from i to j,

αi,j and the probability that the proposed move will be accepted, ρi,j .

TI,J =
1

n(I)

∑
iεI

∑
jεJ

αi,jρi,j (3.58)

The difference in the forward and reverse macroscopic transition probabilities is given

by equation (3.59).
TI,J
TJ,I

=
n(J)

n(I)

∑
iεI

∑
jεJ αi,jρi,j∑

iεI

∑
jεJ αj,iρj,i

(3.59)

From this point, the goal is to design a MC scheme that would yield uniform sampling

such that the density of state, n(I) for a set of defined macrostates can be obtained.

If it is assumed that the reversible microscopic transition move is also symmetric, then
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the probability of proposing a move in either direction is equal i.e. the value of αi,j =

the value of αj,i, so both can be dismissed. To calculate an ensemble independent DOS

by exploring all allowed states, all proposed transitions should be accepted, such that

ρi,j = 1, for all i, j. Applying these two conditions will derive an expression that links

the all-moves-accepted macroscopic transition matrix elements T∞ to the DOS.

n(I)T∞I,J = n(J)T∞J,I (3.60)

However, it is difficult to design a Metropolis MC simulation which fulfils both condi-

tions. Fortunately, the probabilities about all allowed moves from the current state to

all other states of a system can be deduced from their proposed transitions.

In an actual simulation, a collection stage is included in the Metropolis Monte Carlo

cycle to accumulate all information about the proposed transitions between macrostates

in a collection matrix, CI,J .

CI,J ← CI,J + ρi,j

CI,I ← CI,I + (1− ρi,j)
(3.61)

In scheme (3.61), the collection matrix is updated after every macroscopic move is

proposed, regardless of whether the move is accepted. The collection matrix also

contains the probability acceptance of all the proposed moves under the Boltzmann

distribution, which is information about the unbiased sampling of the system. The

macroscopic transition probability, T∞I,J can be estimated during the simulation from

the collection matrix, CI,J divided by the total number of all allowed transitions from

I to other macrostates.

T∞I,J =
CI,J∑
K CI,K

(3.62)

Next, the detailed balance expression in equation (3.60) is used to find the unbiased

probability distribution P (I), with which the ideal bias function, Ub can be calculated.

Ub = kBT ln[P (I)] (3.63)
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The bias function can be incorporated into the move acceptance criteria as follows:

PI,J = min

[
1,

exp(Ub(J))τj,i

exp(Ub(I))τi,j

]
(3.64)

Over the course of the simulation, periodic updates of the bias function improves

the sampling of the state space until all macrostates are uniformly sampled. The

efficiency of the TMMC method for sampling state space lies in the accumulation of the

unbiased information in the collection matrix. Although the simulation is biased, the

criteria for updating the collection matrix is based on the unbiased Metropolis Monte

Carlo acceptance criteria. Therefore, the information about the unbiased sampling in

incorporated into the matrix, even as the bias function is continuously updated.

DL Monte 2.0 [123] supports TMMC simulations and also has the option to parallelise

the accumulation of the collection matrix within windows of the collective variable. At

the end of the simulation, the many collection matrices are pooled together to calculate

an overall DOS.
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3.6 Free Energy Methods

Free energy is an important thermodynamic quantity that gives a measure of the stability

of a system under constraints. The thermodynamic equilibria and metastability can

be discerned from the global and local free energy landscape, whereas the free energy

maxima can reveal the thermodynamic barriers separating the states. Absolute free

energies can be computed via lattice dynamics calculations, and are computationally

expensive. Free energies relative to an appropriate reference state can be calculated

with computational methods. The Helmholtz free energy, A, of a state can be calculated

from the ensemble partition function, Q,

A = −kBT lnQ (3.65)

The free energy is a state function, so the difference in free energies between different

macroscopic states 1 and 2, can be given by equation (3.66).

∆A = A2–A1 = −kBT ln
Q2

Q1
(3.66)

It is practically simple to run a simulation of one state and estimate ∆A from the oc-

casional sampling of the other state, however if the energy barrier between both states

is very high, simulating one state will not give adequate access to the second state of

interest to determine an accurate ratio of Q2/Q1. One of the earliest general solutions

to allow the sampling of both states was the free energy perturbation method [149], where

state 1 is mechanically transformed into state 2 via overlapping intermediate states, with

statistics collected of the intermediate states using MD or MC. However, this method

is not viable for models that can contain many hundreds of atoms, which exacerbates

the problem of adequately sampling configurational space. Other approaches are based

on calculating the probability distributions of states and on thermodynamic integra-

tion. [150] In this section, some of the approaches to enhanced sampling applicable for

computing the free energy difference of adsorption will be outlined. These approaches

should be able achieve adequate sampling of the configurational space of the molecules
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on the surface along the order parameter of the distance between the molecule and the

surface

3.6.1 Potential of Mean Force

The potential of mean force (PMF) approach underlines a number of methods to

overcome the problem of sampling connected states separated by high energy barriers.

These methods are characterised by the evaluation of the free energy landscape as a

function of points along the pathway between states of interests, termed the reaction

coordinates, R. [151] For adsorption calculations, this is the vertical distance from the

surface to the centre of mass of the molecule.

3.6.2 Constrained PMF

Enhanced sampling along the pathway of interest can be achieved by constraining the

molecule at a point along the reaction pathway, which enables the 3N Cartesian coor-

dinates to be dependent on each other. One of the Cartesian coordinates is designated

the reaction coordinate, Rc. Multiple MD simulations are performed at different values

Figure 3-7: Schematic of constraints PMF simulations.

of Rc to obtain the force(s) required to maintain the constraint. The free energy is the

integration of the forces at different reaction coordinate values.

A(Rc) =

∫ Rc

∞
dRc (3.67)
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Constrained PMF calculations have to run over long simulations times until the force

are converged but no additional information about the system is required to start a sim-

ulation. However, configurational sampling is limited by the starting adsorbate-surface

geometry, so for small molecules with internal degrees of freedom, 2-3 simulations with

differing starting adsorbate-surface geometries will need to be performed for each con-

strained simulation. The extra simulations to ensure sufficient configuration sampling

for larger molecules can be computationally costly.

3.6.3 Umbrella Sampling

An advanced approach to improve configurational sampling along the reaction co-

ordinate is the combination of the umbrella sampling technique with PMF calcula-

tions. [143,152] In umbrella sampling, a biasing potential Ub, is applied to restrain a

reaction coordinate R to a harmonic region, with a spring constant of k. R0 is the

minimum position of the bias.

Ub(R) =
1

2
k(R−R0)

2 (3.68)

A series of umbrella sampling runs where the umbrella potentials overlap along the

reaction coordinate are performed. Each umbrella simulation produces a histogram of

the probability distribution of R within the region. The weighted histogram analysis

Figure 3-8: Schematic of umbrella sampling simulation windows.

method (WHAM) [153] is utilised to combine all the regional histograms into a single

unbiased one that covers the breadth of the reaction coordinate. After performing S
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number of simulations, the WHAM equation (3.69) evaluates the best estimation of

the unbiased probability distribution p(R), where ni(R) is the number of data points

collected in histogram bin R for the i-th simulation window, ni is the number of samples

and qiR is the biasing factor.

p(R) =

∑S
i=1 ni(R)∑S

i=1NifiqiR
(3.69)

The unknown normalising constant, f is solved iteratively from an initial guess with

equation (3.70), and M is the number of bins.

f−1
i =

M∑
j=1

qiRp(R) (3.70)

Individual umbrella calculations are quick to perform, but a large number of calculations

might be required to cover the reaction coordinate. Prior knowledge of the system,

via preliminary umbrella simulations is needed to fit the harmonic potential to ensure

the correct region of the free energy landscape is explored and also to define the

reaction coordinate such that the adsorption process is fully sampled. The WHAM

post-processing treatment is an additional computational cost that should be accounted

for.

3.6.4 Metadynamics

Metadynamics is another biased MD simulation method to use reaction coordinates (or

collective variables, CVs) to accelerate slow process like adsorption. [154] As proposed by

Laio and Parinellero [155], a non-equilibrated MD simulation is biased with respect to

the CV to escape from the energy minima and explore high energy configurations. The

biasing potential is a history dependent Gaussian function that fills in the free energy

landscape of the process of interest. Over adequate simulation time t, the external

biasing potential converges to the free energy, A and constant, c.

lim
t→∞

U(R, t) = −A(R) + c (3.71)
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Figure 3-9: Schematic of Gaussian filling of the free energy landscape in a metadynamics
simulation.

The well-tempered variant of metadynamics adapts the bias potential as a function

of the simulation time in order to avoid pushing the system to non-physical CV by

overfilling the free energy landscape and to decide when the simulation has converged.

The choice and number of CVs should clearly define the adsorption process as this

determines the region of the free energy landscape to be explored and enhances the

construction of the free energy profile with well defined minima and saddle points.

Prior knowledge adsorption process is needed to fit the Gaussian function and time

consuming trial-and-error processes are usually required to resolve this.

3.6.5 TMMC Free Energy Difference

The transition matrix Monte Carlo method, described in depth in section 3.5.3, can be

used to calculate thermodynamic properties with high statistical accuracy. [156–158] In

summary, the transition probabilities between pairs of macrostates are used to estimate

an ideal bias function that uniformly samples the free energy landscape of interests.

The free energy, A(R) is the negative of the ideal bias function Ub(R).

A(R) = −Ub(R) (3.72)

The TMMC method is adapted to calculate the free energy of adsorption. The reaction

coordinate of the distance between the molecule and the surface is partitioned into

overlapping simulation windows, and each window further divided into bins which

define a ”macrostate” for transitions. Parallel TMMC simulations are performed within
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Figure 3-10: Schematic of TMMC simulation windows and ”macrostate” bins.

each simulation widow to collect the transition probabilities into collection matrices,

which are later pooled together to calculate Ub(R). No prior knowledge about the

system is required to run TMMC simulation, apart from the reaction pathway desired.
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3.7 Details of DFT Calculations

All DFT calculations were performed using the Vienna Ab-Initio Simulation Pack-

age (VASP) code. [121] Here, the simulation methodology related to the VASP code is

detailed.

3.7.1 VASP Geometry Optimisation

VASP provides an automated geometry optimisation method that uses a combination

of electronic and ionic minimisation algorithms to reach the instantaneous ground

state. Electronic minimisation in VASP occurs via an iterative scheme to solve the self-

consistent Kohn-Sham equations, eigenvalues and corresponding eigenvectors outlined in

section 2.1.2. The two main quantum mechanical algorithms used to find the electronic

groundstate are the Davidson-Block and the Residual Minimisations Direct Inversion

in Iterative Subspace (RMM-DIIS) algorithms. [159]

The Davidson-Block implementation is a stable and robust eigensolver with a fairly

quick convergence rate but can become slow for large systems, with the reduction in

speed inversely related to the system size. The RMM-DIIS eigensolver is closely related

to a quasi-Newtonian scheme. Faster than the Davidson-Block implementation, once

close to the minima, electronic convergence can occur quickly. The main advantage

of this scheme is that for large systems, it requires a smaller number of basis sets

to compute the wavefunction compared to the Davidson-Block solver, however, some

eigenstates information can be lost.

The solution is to use a mixture of the Davidson and RMM-DIIS algorithms. The

Davidson method is used for the initial five electronic minimisations, to obtain trial

wavefunction and electron densities to be used in the RMM-DIIS method for the

subsequent iterations. After solving for the electronic ground states, the ionic positions

are updated based on the calculated force. The ionic relaxations were performed with a

combination of a quasi-Newtonian and conjugate gradient algorithms. For more details

on these iterative methods for electronic structure minimisation, the reader is directed
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to the references within [159] or to these books [160,161] for a general summary.

3.7.2 Simulation Details

The projector-augmented wave (PAW) pseudopotential treating the semi-core states as

valence were used to model the ion cores, and a plane-wave basis set with a kinetic-

energy cut-off of 500 eV was used to describe the valence electrons. [79,162] Given the

size of all the simulation cells, the electronic Brillouin zone was sampled at the Gamma

point to maximise intra-cellular interactions and in adsorption calculations, to reduce

interactions between adsorbates in different periodic cells. Additionally, to eliminate

the electric field effect which arises when an adsorbate is placed on one side of a slab,

a dipole correction was applied in a direction perpendicular to the slab surface. [163]

Electron exchange and correlation was treated with the PBE exchange-correlations func-

tionals [164,165] with the dispersion correcting opt-B86b functional of Klimes et al. [73,77]

The electronic wavefunctions were optimised to a tolerance of 10-8 eV on the total

energy, and fixed-cell geometry optimisations were carried out until the forces on the

atoms fell below 10-2eV Å-1. Additional geometry optimisations and adsorption-energy

calculations were performed with the vacuum region replaced by a dielectric continuum

with ε = 80, mimicking the presence of water, using the VASPsol model. [166,167]
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3.8 Modelling of Vibrational Properties with Phonopy

The Phonopy package is a first-principle lattice dynamic calculator, which couples

to first-principle code to calculate phonon frequencies and analyse them to produce

density of states, band structures and thermal properties. [168] With VASP as the force

calculator, the finite displacement method was employed to obtain phonon frequencies

and eigenvectors. These were used to calculate the vibrational contributions to the

constant-volume (Helmholtz) free energy. [169] [89] The phonon density of states and free

energies were calculated by evaluating the phonon frequencies on a uniform grid of

q-points with 24x24x1 subdivisions.

The zone-centre (Γ-point) frequencies and eigenvectors were further used to obtain

simulated infrared (IR) spectra using the Phonopy-Spectroscopy package. [170] The

required Born effective-charge tensors were computed using the finite-field approach

implemented in VASP, with the default field strength of 10-2ÅeV-1.

The work flow for Phonopy is simple:

1. Relax a structure with VASP

2. Use Phonopy to build a set of super-cell structures that includes the displacement

of every atom

3. Use VASP to calculate the forces acting on atoms in the set of structures

4. Use Phonopy to collect and analyse the forces to force constants and build a

dynamical matrix.

5. obtain phonon frequencies from the dynamical matrix over specified q-points

6. Analyse the phonon frequencies to obtain density of state (DOS) and thermal

properties.
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3.9 Approach to Modelling Mineral Surfaces

Mineral surfaces make up a small fraction of a bulk mineral but can provide useful

information about the properties of the mineral. To generate surfaces for simulations, a

bulk structure is cleaved across it’s Miller index in order to maintain some of the bulk

properties of the crystal. The energy of the basal surface is determined by the energy

of breaking the bonds required to create it. The charge distribution at the surface can

also determine the energy of the surface. The surface created can be classified by the

dipole environment of the surface. Tasker’s rules of surfaces [171] can be used to classify

the type of surface created and predict its stability.

� Type 1: neutral layers with anions and cations, no dipole

� Type 2: charged individual layers stacked symmetrically to give neutral unit cell,

no dipole

� Type 3: asymmetrically stacked charged layers produce a net dipole and charge

perpendicular to surface.

It should be noted type 3 surface do not converge with system size, but can be re-

constructed to cancel the internal dipole. Tasker’s approach to surface cleavage often

produces crystals with many charged planes, which are computationally costly to sim-

ulate. Instead, the two region method, also developed by Tasker, can be applied to

overcome this short-coming. [172] Consider a simulation cell of a crystal, repeated in two

dimension. The crystal can be described as a consisting of a Region I and Region II.

Figure 3-11 is a schematic of the approach. The atoms in Region II are frozen in the

bulk equilibrium positions, whilst the region I atoms are able to relax.

Two types of simulation are then performed: a bulk simulation on a cell made of two

blocks, stacked with two Region Is face on and a surface simulation on a cell with one

block, with the Region 1 as the surface.

The energy of the blocks is given by the sum of the ionic interactions in each region,

EI−I and EII−II and the interaction energy between the ions of Region I and II, EI−II
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Figure 3-11: The two region approach to cleaving surfaces.

and EII−I . The energy of the bulk, UB is given by (3.73) and the surface energy, US

given by (3.74).

UB = (EB
I−I + EB

I−II) + (EB
II−I + EB

II−II) (3.73)

US = (ES
I−I + ES

I−II) + (ES
II−I + ES

II−II) (3.74)

The energy required to generate a surface from the bulk, γ, is the difference between

Figure 3-12: Generate surface from bulk.

the UB and US per surface area, S.

γ =
US − UB

S
(3.75)
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The thickness of the slab, and the vacuum must be sufficient to avoid an interaction

between the slabs. The cleavage plane will determine the Bravais setting of the slab.

3.10 Optimum Adsorption Orientation

Complex organic molecules may have many internal degrees of freedom, and it can be

unclear as to which functional group(s) should be in close proximity to the surface for

optimum adsorption. Obtaining initial configurations of the molecule in an optimum

adsorption orientation is an advantageous step. For DFT simulations, the computa-

tional cost required to rotate the molecule to the preferred orientation can be reduced.

Secondly, for low temperature MD simulations, if the molecule is in a non-optimum

orientation, a typical simulation is unlikely to overcome the energy barriers to generate

the optimum adsorbed geometry.

The optimum starting configurations are the lowest energy of a set of configurations

generated by scanning different orientations of the molecule above a grid of the surface,

via simple axis rotations.

x, y, z

y, z, x

z, x, y

xcosπ − ysinπ, ycosπ + xsinπ, z

ycosπ − zsinπ, zcosπ + ysinπ, x

zcosπ − xsinπ, xcosπ + zsinπ, y

(3.76)

Each of the generated configuration undergo either a single point DFT electronic

minimisation step or a short MD equilibration simulation to obtain their configurational

energies.
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3.11 Summary

The main simulation techniques and concepts utilised in this theses have been described,

such as energy minimisation methods, MD and methods to explore the free energy

landscape. An introduction to transition matrix Monte Carlo as a method for evaluating

the free energy of adsorption was presented. In the next sets chapters, these methods

will be applied to modelling a wide range of organic molecules and soil surfaces, to

establish links between molecule chemistry and surface structure.



Chapter 4

Ab-Initio Calculations of

Hazardous Compounds on Clay

Minerals

4.1 The Clay Minerals

Clay minerals are among the main constituents of soil, and are present in a variety

of physical forms with differing chemical properties. The interaction of clays with

small molecules is of particular interest to geologists and geochemists due to the abun-

dance of the minerals in the environment and their involvement in a wide range of

geological processes including catalysis and the sequestration of chemical compounds

by adsorption. [20–23]

It has been suggested that clay minerals could act as geosorbants to remedy pollution,

and so this section of the thesis is an evaluation of how the structure of clays can

determine the adsorption characteristics. [173] The basic structure of clays comprises of

layered tetrahedral silicate (Si-O), octahedral metal-oxide (M-O) and metal-hydroxide

(M-OH) sheets. The simplest 2:1 di-octahedral clay structure is that of pyrophyllite

80
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Figure 4-1: Schematic representation of the atoms in the tetrahedral and octahedral
layers of pyrophyllite and montmorillonite. The atoms have been labelled for reference,
with the hydroxyl oxygen is represented by Oh, the basal oxygen and apex oxygen of
the SiO4 tetrahedral is represented by Ob and Oa respectively.

[Al2Si4O10(OH)2] (figure 4-1) and as such it has been widely explored as a model

system in atomistic simulations, which have yielded detailed information on layered

phyllosilicates. The basal pyrophyllite surface is hydrophobic with partial iconicity,

therefore the effect of the solvation structure is minor. [174,175]

The adsorption of organic pollutants on pyrophyllite has been characterised by quantum

mechanical methods, which identified that dispersion forces are the most important

interaction. [176] Studies of the interaction of water [177], organic molecules and nanopar-

ticles [114,116] with pyrophyllite surfaces, as well as the surfaces of other clays such

as montmorillonite (unit cell formula Na/Ca0.7[Si8][Al3.3Mg0.7]O20(OH)4) and kaolin-

ite ([Al2Si2O20(OH)4]) have been carried out using a mixture of first-principles and

potential-based techniques.

Ca/Na montmorillonite clay structure differs from the pyrophyllite clay structure by the

replacement of Al3+ by Mg2+ within the octahedral sheets. This gives the octahedral

layer a net positive charge, which leads the basal oxygen atoms in the tetrahedral layer

to become more negatively charged compared to pyrophyllite. On the [001] basal surface
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Figure 4-2: Top (a) and side (b) views of the pyrophyllite (001) surface. (c, d) Top (c)
and side (d) view of the sodium montmorillonite (001) surface. Colours: Si - blue, O -
red, H - white, Al - grey, Mg - orange, Na - yellow. These images were generated using
the VESTA software. [178]

of sodium montmorillonite, the sodium counter-ions occupy the cavities of the siloxane

rings, as seen in figure 4-2c, which have been identified as ideal sites for adsorption. [34]

Figure 4-2d is a side view of the sodium montmorillonite [001] surface, which shows the

middle layer of aluminium and magnesium ions sandwiched between the silica layer. On

the other hand, the pyrophyllite [001] surface is charge neutral, (figure 4-2a), with the

octahedral layer being formed of pure alumina and leaving all the siloxane ring cavities

accessible. These differences should induce a good range of clay-molecule interactions

within the study and lead to a better understanding of the interaction of pollutants

with clay surfaces.

The METADISE [124] code was utilised to build models of the clay surfaces investigated

in this work. The pyrophyllite clay surface models were generated by cleaving the

respective [001] surfaces (Figure 4-2). The surfaces were assembled from a 4x2x1

expansion of the crystallographic unit cell, with dimensions of approximately 20 Åby

18 Åparallel to the surface to give 320 atoms. An excess vacuum 10-12 Åin the slab

direction was added to prevent interactions between periodic images. As there are no
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atomic coordinates for Na-montmorillonite available from experiment, an established

approach to derive a montmorillonite model is the substitution of Mg2+ for Al3+ in

the octahedral sheet of a pyrophyllite model, with Na ions added on the surface to

neutralise the negative charge. [34,36,179] Consequently, the Na-montmorillonite model

utilised during this study and in all other studies described within this thesis were of the

expanded pyrophyllite model with 18.75% of the aluminium ion sites were substituted

with magnesium ions. This was close to the reported value of 17.5%.

Historically, layered materials have been difficult to model using traditional electronic

structure approaches, in part due to their failure at describing the long-range disper-

sions interactions required to hold the layers of the materials together. [76,180] In order to

produce the correct surface features that should obtain accurate adsorption properties,

this study has utilised the vdW inclusive exchange correlation functional ”Opt-B86b-

vdW functional” from Klimes et.al. [73,77] in an effort to eliminate this problem and

produce configurations with the dispersion interactions accounted for. Out of all the

options of dispersion corrective functionals available [181,182], the Opt-B86b-vdW func-

tional has been proven to work well with other layered minerals [78] and especially with

clay minerals. [33]

In order to determine if these models of the clay surfaces could accurately imitate

the naturally occurring sodium montmorillonite and pyrophyllite clay surfaces, simple

geometry optimisation calculations were performed on the clay unit cells and [001] slab.

A simple description of the DFT calculation using the VASP program as described in

section 3.7.2.

Table 4.1 reports the average interatomic distance between basal (Ob), apex (Oa) and

hydroxide (Oh) oxygen atoms and the silicon, magnesium and hydrogen atoms within

the layers of optimised pyrophyllite and Na-montmorillonite configuration (please see

schematic in figure 4-1 for reference). Also included are the experimental and theoretical

results from literature for comparison for the pyrophyllite clay. Unfortunately, experi-

mental results for Na-montmorillonite are unavailable, because single crystal diffraction

studies of montmorillonite are difficult to obtain due to the variable composition, stack-
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ing disorder and inhomogeneity found in the natural occurring structure. [183]

The interatomic distances for pyrophyllite obtained with the OptB-86b-vdW functional

are in good agreement with both the observed data from single crystal diffraction

experiments [184] and the data observed when the PBE-D2 functional was used to

correct for the vdW interactions in the DFT calculation of the bulk structure of py-

rophyllite. [179] The largest variation was a 3% difference in the Si-Ob; this indicates

that using the OptB-86b-vdW correction along with the PBE exchange-correlations

functionals can effectively reproduce the bond lengths found in naturally occurring

pyrophyllite, which has historically been difficult to produce with ab-initio meth-

ods that do not consider the effect that vdW interaction have on layered minerals.



4.1. The Clay Minerals 85

Table 4.1: Average interatomic distance (Å) in pyrophyllite and sodium montmo-

rillonite (001) surfaces after geometric optimisation. Interatomic distances from

literature are included for comparison.

bond typea

Interatomic distance (Å)

Pyrophyllite Na-montmorillonite

PBE-OptB86bb Exptc PBE-D2d PBE-OptB86bb PBE-D2e

H-Oh 0.969 0.978 0.971 0.969 0.978

Si-Ob 1.618 1.628 1.627 1.618 1.629

Si-Oa 1.658 1.614 1.65 1.638 1.635

Al-Oh 1.878 1.897 1.898 1.898 1.938

Al-Oa 1.928 1.927 1.935 1.928 1.938

Mg-Oh n/a n/a n/a 2.038 2.087

Mg-Oa n/a n/a n/a 2.078 2.084

aThe hydroxyl oxygen is represented by Oh, the basal oxygen and apex oxygen of the

SiO4 tetrahedral is represented by Ob and Oa respectively.

bResults from present work.

cLee and Gugenhei’s X-ray diffraction of pyrophyllite [184]

dVoora et.al calculations with the PBE functional in addition to the D2 Grimme dis-

persion scheme. [179]

eBelzuncas et.al calculations with the PBE functional in addition to the D2 Grimme

dispersion scheme. [36]

In a comparison between the Na-montmorillonite bond distances and those from another
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theoretical study where the PBE-D2 functional was used to correct for vdW interactions

in DFT simulations [36], it can be seen that the bond distances are almost equivalent,

except from some small differences. Although experimental data for the bond lengths in

naturally occurring montmorillonite are not available, the geometry optimised slab for

sodium montmorillonite modelled in this study has similar features to the pyrophyllite

slab, and the bond lengths comparable.

4.2 Adsorption to Dry Surfaces

The ab-initio modelling of the gas-phase adsorption of hazardous compounds on dry

clay surfaces is described. These hazardous compounds are complex molecules and

it would be difficult to reach an optimised geometry if the starting position of the

adsorption was not close to the optimum. Additionally, it can be difficult for DFT

simulations of such large number of atoms to overcome the energy barriers required

to reach the optimum positions. Therefore, to speed up the simulations, the optimum

orientation method explored in the simulation methodology (section 3.10) was utilised

to find the chemically desirable sites on the clay surface. Two configurations were made

for each molecule and clay surface, to give a total of 40 starting configurations. These

configurations were then optimised in VASP with the protocol described in section 4.1

to obtain geometry optimised systems.

The adsorption energies were calculated with a procedure established by Zhu et al. [116]

to study the interaction of molecules with mineral surfaces. This was accomplished by

obtaining the energies of the pristine slab, Eslab and molecule Emol separately, then

subtracting the sum from the energy of the slab with molecule present Eslab−mol.

Eads = Eslab−mol − (Eslab + Emol) (4.1)

Table 4.2 shows the gas-phase adsorption energies calculated using equation 4.1. The

adsorption energies of the HCs on the Na-montmorillonite surface are stronger on

average than those on the pyrophyllite surface and the largest difference occurs in the
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Table 4.2: . Calculated gas-phase adsorption energies (eV) of the organic pollutants
investigated in this study on pyrophyllite and sodium montmorillonite 001 surfaces.

Species Pyrophylite Na-montmorillonite
Heteroatoms

O N Cl

Benzene -0.46 -0.86 0 0 0

Chlorobenzene -0.6 -0.79 0 0 1

Amphetamine -0.78 -1.25 0 1 0

Methamphetamine -0.72 -1.08 0 1 0

Ephedrine -0.54 -1.06 1 1 0

MDA -0.77 -1.11 2 1 0

MDMA -0.8 -1.10 2 1 0

DD -0.95 -1.27 2 0 0

TCDD -1.29 -1.56 2 0 4

OCDD -1.68 -1.93 2 0 8

adsorption energies of ephedrine. This can be understood by the fact that the presence

of Na ions and charge difference on the Na-montmorillonite surface allows for additional

interactions to occur compared to those on the pyrophyllite surface. This was expected

because the pyrophyllite surface is known to be charge neutral but the difference in

adsorption energy was a little lower than anticipated. For a given heteroatom (e.g. N,

O, Cl), the adsorption energy is found to correlate with the number of such heteroatoms

in the molecule. Of particular note is that the adsorption energy of the PCDDs on both

clay surfaces increase with chlorine content. This is consistent with previous ab-initio

studies on PCDDs carried out with different DFT methods [176,177] although in the work

of Austen et al. [176] the exchange-correlation functional did not include a dispersion

correction, while Sharpley et al. [114] utilised a different dispersion scheme. Although

all electrostatics interactions play an important role in the binding of molecules, vdW

interactions make a significant contribution [23] such that the additive nature of per-

atom or per-functional-group interactions can contribute significantly to the adsorption
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energies of large molecules. This may explain why the PCDDs have higher binding

energies relative to the other classes of molecules.

Figure 4-3: Adsorption positions for the PCDDs class of molecules: DD (1), TCDD
(2) and OCDD (3) on pyrophyllite (a) Na-montmorillonite position one (b) and Na-
montmorillonite position two (c).Colours: Si - blue, O - red, H - white, Na - yellow, C-
brown, N - blue. These images were generated using the VESTA software. [178]

A closer look at the geometry optimised adsorption positions for the PCDDs on the

pyrophyllite and Na-montmorillonite surface is given in figure 4-3. Figure 4-3b and c

are the adsorption positions on Na-montmorillonite with different initial configurations,

where figure 4-3b obtained more stable adsorption energies. The initial configuration

for figure 4-3b were the most energetically favourable configurations in the scan-rotate

script, whilst figure 4-3c were less energetically favoured and their final adsorption

positions have different interaction points. All the molecules are orientated to enhance

the atom to atom electrostatic interactions but are observed to do so in different ways.

The adsorption positions in figure 4-3a on pyrophyllite show the PCDDs are interact-

ing via the chlorine and oxygen atoms to the silica-like surface, with no distinctive

characteristics. On Na-montmorillonite, the charged surface and presence of the Na

ion provides additional options for adsorption. Figure 4-3b2 and b3 clearly show the
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chlorine atoms in TCDD and OCDD interacting with the sodium ions which is in

contrast with the positions in figure 4-3c1, c2 and c3 where the delocalised dioxin rings

are interacting with the sodium ions. This suggests that the OptB86b-vdW functional

is able to reproduce the delocalised electrons system within the dioxin rings but the

electrostatic interactions with the Na-montmorillonite surface was not as favourable as

multiple vdW interactions with the surface through the Cl atoms. This might be why

the adsorption energy increases with chlorine content.

The electrostatic potentials of the optimised configurations of bound amphetamine,

ephedrine and MDA are presented in Figure 4-4. These electrostatic potential surfaces

highlight the regions of positive (green) and negative (red) in the modelled systems

and can give more insight into the data from the adsorption energies. Once again, it

can be seen how the presence of Na ion on Na-montmorillonite affects the preferential

adsorption positions relative to the pyrophyllite surface as some evidence of the repul-

sion between the phenyl rings and sodium ions can be seen. Ideally, the negatively

charged sections, which are the oxygens of the amino moieties and the delocalised

electron rings on these molecules, should form electrostatic interactions with the pos-

itive charged sodium ions on the Na-montmorillonite surface, which is what is seen

for amphetamine, ephedrine and MDA on Na-montmorillonite (figure 4-4 d1, d2 and

d3). The pyrophyllite surface has no distinctive features for the amino moieties on the

molecules to interact with, therefore only vdW-interactions should dictate where the

adsorption occurs. Despite this, the positions of adsorption are quite similar across the

range of amphetamine-type molecules. Additionally, the orientations of the molecule

during adsorption are not consistent. Some of the molecules during adsorption fold

in order to enhance the interactions of the negatively charge moieties with the clay

surface, for example when ephedrine is adsorbed on Na-montmorillonite clay surface

(figure 4-4d2). In contrast, when ephedrine adsorbs onto pyrophyllite, the molecule

is observed to bend to keep the negative moieties away from the pyrophyllite surface

(figure 4-4e2).

The distance between the adsorbed molecules and the clay surface were also calculated
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Figure 4-4: Electrostatic potential surface of the phenethylamine-class molecules: am-
phetamine (1), ephedrine (2) and MDA (3) on Na-montmorillonite and pyrophyllite
clay surface. The images labelled for free molecules (a), top views of the molecules
on Na-montmorillonite (b) and pyrophyllite(c), side views of the molecules on Na-
montmorillonite (d) and pyrophyllite(e). An isosurface level of 0.15a0

-3 was used and
the electrostatic potentials on the isosurface range from -3.66 au to 0.646 au with
VESTA [178]

.
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Figure 4-5: A comparison of the distance between the different organic contaminants
and the clay surfaces.

utilising the center of mass of the molecule and the center of mass of the atoms on the

clay surface. A comparison can be found in figure 4-5.

It can be observed that none of the molecules come within covalent bonding distance

to the clay surface. The minimum interaction distance was more than 3 Å and taking

into consideration the relatively low adsorption energies, it can be theorised that these

contaminants are not chemically attracted to these clay surfaces under these simu-

lating conditions. The adsorption distance fluctuates between 3.3-4.1 Å and 3.3-4.8

Å for Na-montmorillonite and pyrophyllite respectively and for the most part, there

is a little variation between adsorption on pyrophyllite and Na-montmorillonite per

molecule. Overall, the phenethylamine-class molecules (i.e amphetamine, metham-

phetamine, ephedrine, MDA and MDMA) have adsorbed further away from the surface

compared to the other contaminants. Ephedrine on pyrophyllite especially has the

largest distance, which can either be due to the lack of vdW interactions between the

molecule and the surface, which has been established as a major determining factor for

adsorption or that the initial orientation was not conducive for optimum adsorption.
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Figure 4-6: An illustration of the link between the adsorption energy and the dis-
tance between the organic contaminant on the Na-montmorillonite (a) and pyrophyllite
(b)surface.The adsorption energy is presented as positive value for clarity.
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Another way to approach this is to look at the relationship between the adsorption

energy and the distance between the molecule and the surface. The distance between

the molecule and the surface determines the adsorption energy, which comes from

vdW interactions. Figures 4-6 are graphs with plots of the adsorption energies and

molecule to surface distances for Na-montmorillonite (a) and pyrophyllite (b). This was

included to try to explain any outliers in the data, particularly for ephedrine (Ephe) on

pyrophyllite (figure 4-6). Compared to the other phenethylamine-class molecules, i.e.

amphetamine (amph), methamphetamine (meth), MDA and MDMA, the adsorption

energy for ephedrine on pyrophyllite is on average 40% less than the others, and its

the furthest away from the surface by 22%. None of the other distance and energy

relationships show such behaviour, so in this case, the lack of vdW interactions and the

orientation of the molecule both affect the binding. When the energetically favourable

adsorption positions in figure 4-4(d2) and (e2) are compared, the orientation of ephedrine

in figure 4-4(d2) is favoured for interaction with the sodium ion but the orientation

in figure 4-4(e2) has folded the important moieties away from the surface. Therefore,

for this orientation of ephedrine, this is the energetically favoured adsorption site.

This could be a case where the initial molecule orientation is a determining factor in

obtaining the optimum energetically favoured geometry. Although the set-up process

includes a method to find and start from the optimum adsorption orientation, the

DFT minimisation algorithm can get stuck in one of the lower local energy minimum

structures, unfortunately a drawback of this technique. It is uncertain if the resultant

minimised structure obtained from the DFT minimisation is not a structure stuck in a

local energy minimum and there are some steps that can be taken to be certain, one

of which is to perform lattice dynamic calculations on the structures. This is explored

further in section 4.5.

Having established that dispersion interactions contribute substantially to adsorption en-

ergies, it is important to evaluate the performance of the dispersion-correcting exchange

correlation functional, OptB86b-vdW used to model the adsorption systems. Although

the application of dispersion corrected DFT techniques have proven to significantly im-

prove the treatment of long-range interactions needed to account for dispersion forces



94 Chapter 4. Ab-Initio Calculations of Hazardous Compounds on Clay Minerals

in DFT simulations, inaccuracies in adsorption energy values still remain. [185,186] Zen

et al. [33] evaluated the performance of a range of dispersion corrected DFT techniques,

including OptB86b-vdW, when modelling the adsorption of small molecules on kaolinite

clay and noted that the relative adsorption values were of a similar order of magnitude

as higher level, quantum Monte Carlo calculations and experimental values. However,

the absolute adsorption energy values predicted with OptB86b-vdW functional were

consistently overestimated, and that overall, the adsorption energies were very sensi-

tive to the exchange correlation functional used. This conclusion was also observed in

adsorption studies on Pt [187], nano-materials [188] and semiconductors [189]. Within this

study, the comparison of the adsorption behaviour of the PCDDs on the [001] surfaces

of pyrophyllite and sodium montmorillonite with the work from Sharpleyet al. [114] have

illustrated this phenomenon.

Many-body electronic structure methods might provide better treatment of the vdW

interactions, which in turn, may lead to more accurate adsorption energies. However, the

dispersion corrected DFT function in this study can sufficiently illustrate the behaviour

of different organic molecules on the clay surfaces, and offers a more practical approach

to obtaining the electronic structure properties of a large number of adsorption systems.

4.3 Adsorption in a Solvent Continuum

In most natural adsorption situations, contaminants would interact with the clay sur-

faces in the presence of water. To investigate the effect of a solvated environment on

the binding energies, additional geometry optimisations were performed on a subset

of systems, in which the vacuum region was replaced by a dielectric continuum with

E= 80, mimicking the presence of water, using the VASPsol model. [166,167] This offers

a cost-effective method to assess the effect of an aqueous environment on ab-initio

calculated adsorption, without the explicit inclusion of water.

The presence of a solvent can in principle have two opposing influences on the binding

energetics: the free surfaces and molecules can be (de)stabilised by the solvation energy,
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Figure 4-7: Side view of Na-montmorillonite in the gas phase (a) and the continuum
solvent (b) after geometry optimisation. Colours: Si - blue, O - red, H - white, Al - grey,
Mg - orange, Na - yellow. These images were generated using the VESTA software. [178]

while conversely the presence of the solvent may stabilise the bound molecule. The

approximate solvation energies of the pyrophyllite and Na-montmorillonite slabs were

calculated to be -0.83 and -9.69 eV, respectively, which indicates that the counter

sodium ions are significantly stabilised in water compared to the vacuum continuum.

Figure 4-8: Differences between the adsorption energies calculated in a solvent
continuum and in vacuum for the organic contaminants on pyrophyllite and Na-
montmorillonite.

A closer look at the geometries of the surfaces shows the Na ions spontaneously detach

from the Na-montmorillonite slab and move into the dielectric continuum, producing a
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slab surface with a similar chemistry as pyrophyllite, as illustrated in figure 4-7.The net

negative charge of the montmorillonite slab is screened by the high dielectric of water

and with no sodium ions to enhance the interactions of the molecule with the surface,

the adsorption energies should then more like those of the pyrophyllite slab. To our

knowledge, there have been few, if any, reported first-principles studies of adsorption

at clay surfaces in the presence of a solvent. Studies with potential-based adsorption

techniques in the presence of water indicate that the PCDDs prefer to linger closer to

the surface of the slab than migrate away into the solvent layer. [114,115]. If the PCDDs

are hydrophobic, then it is expected the phenethylamine-class molecules will be more

stabilised in the solvent layer.

Figure 4-8 illustrates the differences in adsorption energies between the continuum

solvent and the gas-phase calculations(AdsEsol - AdsEvac). When the difference is

negative, the adsorption energy in the gas-phase was less than the adsorption energy in

the solvent phase. The contaminant-pyrophyllite clay interaction on the most part seem

relatively unaffected by the inclusion of an aqueous environment, as the adsorption

energies in the gas phase are only a fraction larger than solvent energies. Surprisingly,

methamphetamine, ephedrine and MDMA deviate from the general trend, indicating

that adsorption on pyrophyllite is more stable in the solvent phase calculations, by more

than 77, 40 and 161% respectively. This range and variation of adsorption energies

was not observed in the gas phase calculations, which leads to the conclusion that it

is an effect where the solvation of the molecule stabilises and enhances the interaction

with the clay surface. It was possible that the electronic structures of these molecules,

especially MDMA in the VASPsol calculations were better stabilised compared to those

in the gas phase calculations. However, the negligible differences in the energies the

molecules did not support this theory.

The Na-montmorillonite systems, on the other hand, show much larger differences

in adsorption energies overall, in the order of 47%. The data suggest the aqueous

environment did not improve the adsorption on the now ”bare” montmorillonite surface.

The dislodged Na in the solvent phase might also interfere with the interactions of the
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Figure 4-9: A comparison of adsorption positions on Na-montmorillonite of benzene (a),
MDMA (b) and OCDD (c) in the vacuum (1) and solvent continuum (2). Colours: Si -
blue, O - red, H - white, Na - yellow, C- brown, N - blue. These images were generated
using the VESTA software.

molecules with the clay surface and perhaps stabilise the adsorption. The position of

adsorption for a small subset of organic molecules are presented in figure 4-9 as examples

for comparison. The clay surfaces did not change on adding the solvent excerpt for the

sodium ions which detached and can be seen to affect the orientation of the molecules.

For example in figure 4-9a2, where the benzene has tilted to interact with the sodium

ion and in figure 4-9c2, the planer OCDD has flexed upwards since the sodium ions are

no longer directly on the montmorillonite surface.

Another factor to consider is the effect of solvation on the height of adsorption. Shapley

et.al [114] and Zhu et al ’s [115] adsorption studies with explicit water contaminants predict

that the more hydrophobic contaminants like the PCDDs will prefer to be closer to

the clay surface and the more hydrophilic contaminants such as the phenethylamines

might more likely migrate to the aqueous layer. The results observed are different than
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Figure 4-10: Differences between the adsorption distances calculated in a solvent contin-
uum and vacuum for the organic contaminants on pyrophyllite and Na-montmorillonite.

predicted. Once again, the contaminants have adsorbed more than 3 Å away from the

both clay surfaces and range between 3.3-4.4 Å for Na-montmorillonite and 3.3-4.5 Å

for pyrophyllite.

Figure 4-10 illustrates the differences in adsorption distance between the continuum

solvent and the gas-phase calculations(AdsDsol - AdsDvac). When the difference is more

negative, the adsorption distance is smaller in the solvent calculation. There are some

trends in the effect of solvation on adsorption position between the different clays and

contaminant types. The PCDDs were all more closer to the clay surface in the solvent

calculations, which was as predicted, although this could change if the calculation is

repeated more times. Both benzene and chlorobenzene adsorb closer to the montmo-

rillonite surface in the solvent calculations, again a result of the hydrophobicity of the

molecules. There are no clear trends within the phenethylamine-class contaminants.

Surprisingly, ephedrine on pyrophyllite and MDA and MDMA on montmorillonite have

adsorbed closer to the clay surface. This was unexpected because these three molecules

have the largest number of polar substituents compared to the other phenethylamine

molecules and should be more able to interact with the solvent layer. The other systems
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Figure 4-11: The average time taken for a self-consistency LOOP to converge in calcu-
lation with increasing multiples of pyrophyllite unit cells

show no clear trends.

The use of the solvent continuum, in theory, offers a cost-effective method of ab-initio

modelling how these organic contaminants will behave in aqueous clay-like environments.

However, in order to obtain useful data on the adsorption sites and interactions that

might occur, a large slab of more than 300 atoms was used to model the clay surface.

The efficiency of the VASP software for DFT calculations is greatly reduced when such

large numbers of electrons are modelled and with the additional calculation of the

dielectric continuum, this drop in efficiency was very noticeable.

To corroborate this observation, single point calculations were performed with multiple

unit cells of pyrophyllite, in a solvent continuum and vacuum. The effect of increasing

the number of unit cells of pyrophyllite on the average time taken for the Kohn-Sham

self-consistent field to converge during a simple electronic ground state minimisation

is shown in figure 4-11. From the graph, its observed that the LOOP time does not
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increase linearly as atom numbers increases, and the inefficiency is more pronounced

when the number of atoms is over 300.

Although in this example, the average LOOP time in the continuum phase is just a

fraction longer than the gas phase, when performing adsorption calculations in the

dielectric continuum, the inefficiency might become more pronounced. This might ex-

plain why completing these additional calculation had taken much longer than expected.

Despite this, the results show that the binding behaviour of the organic contaminants

on the clay surfaces does not vary when the calculations are performed in the vacuum

and aqueous phase.

4.4 Effect of pH on Adsorption

The previous section was concerned with the effect of water solvation on the interactions

between the clays and the organic contaminants. An aspect yet to be considered is the

effect of pH on the adsorption process, an effect which under the natural conditions

of soil can alter the chemical and physical properties of the organic contaminant and

therefore the interactions that can occur between the contaminant and clay surface.

The contaminants with amino moieties are most susceptible to this, due their pKa.

This value determines the pH at which the protonated and neutral form of the molecule

exists in equal concentrations. When the external pH is more acidic than the pKa,

the molecule adjusts to neutralise its conditions by accepting a proton to become

positively charged. Joint electronic and experimental studies on the structures of all the

phenethylamine molecules have shown protonation occurs at the amine group. [190,191]

and at pH levels between 5-9, will be predominantly found in the positively charged

molecule. [12,192] Table 4.3 lists the various pKa values for the phenethylamine-class

organic contaminants. It is important to note that based on these pKavalues, the

equilibrium of ionic and neutral forms of the molecules will be heavily skewed towards

the cationic forms in the majority of natural environments with pH values between 5-9.

Another point worth mentioning is that there will still be a proportion of molecules

in the neutral form observed in the natural environment and therefore, the earlier
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Table 4.3: pKa values of the phenethylamine-class of organic contaminants.

contaminant amphetaminea methamphetaminea ephedrineb MDAc MDMAc

pKa 9.9 9.87 9.65 10 10.38

a [193,194] b [195] c [196]

simulations can still provide a useful proxy for comparison.

The next step will be to repeat the adsorption ab-initio calculations with the cationic

forms of amphetamine, methamphetamine, ephedrine, MDA and MDMA. The major

issue with modelling charged molecules is the charge imbalance it causes for the simu-

lation cell and there are a number of complications in relation to the periodic images

for periodic boundary conditions and the evaluation of the Coulombic interactions [197].

A number of solutions have been explored to use DFT to model charge-unbalanced

simulations cells, such as limiting the long range interactions to only the simulation

cell [198] or applying a constant background charge to neutralise the simulation cell [199]

but these solutions come with several drawbacks. A less problematic solution is to

include an ion of opposite charge in order to keep the simulation cell charge neutral, a

popular solution for molecular dynamic simulations of charged unbalanced simulation

cells [200,201]. This becomes a very complex solution when attempted in the VASP code,

especially when modelling adsorption. In order to avoid over-complicating what is

already a very complex and large simulation system, the decision was taken to focus

only on the Na-montmorillonite system, and simply remove one of the sodium ions

charge balancing the slab. The addition of the altered cation form of the organic

contaminant will lead to a charge neutral simulation cell. This is a variation of the

method utilised in the preparation of hybrid organo-montmorillonite models, where the

sodium counter-ion is replaced with an organic cation to modify the properties of the

montmorillonite [202–204].

The adsorption energies can then be obtained with a modified form of eq (4.1), where

the energies of the pristine montmorillonite slab, ENa6mont, organic contaminant, Emol
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and aqueous water EH2O(aq) were separately obtained, then the sum subtracted from

the sum of the energies of the protonated molecule on the slab without one Na ion,

ENa5mont −molH+ and aqueous sodium hydroxide ENaOH(aq) as shown in eq. (4.2).

The method for obtaining the energies of aqueous sodium hydroxide and water are

explained with eq (4.3) and (4.4) respectively, with EDFT,NaOH the DFT calculated

energy of one molecule of solid sodium hydroxide, ∆Hsoln,NaOH the enthalpy of solution

of sodium hydroxide, EDFT,H2O the DFT calculated energy of one molecule of water

and ∆Hfus,H2O the enthalpy of fusion of water.

Eads = [ENa5mont −molH+ + ENaOH(aq)]− [ENa6mont + Emol + EH2O(aq)] (4.2)

ENaOH(aq) = EDFT,NaOH +∆Hsoln,NaOH (4.3)

EH2O(aq) = EDFT,H2O +∆Hfus,H2O (4.4)

The results from these set of calculations are presented in figure 4-13 as a comparison of

the adsorption energies and in figure 4-12 as a comparison of the adsorption distances

between the charged and neutral form of amphetamine, ephedrine, MDA, MDMA and

methamphetamine adsorbed on Na-montmorillonite in the gas-phase.

The effect of the removal of one Na+ ion from the montmorillonite surface on the struc-

ture was examined via an assessment of the average interatomic distances between the

basal (Ob), apex (Oa) and hydroxide (Oh) oxygen atoms and the silicon, magnesium,

aluminium and hydrogen atoms within the layers of the charged Na-montmorillonite

systems. Overall, the differences in the interatomic distances of the neutral and charged

adsorption systems were always less than 0.05 Å. This analysis indicated that ex-

changing the sodium ion with the charged molecules did not significantly affect the

montmorillonite structure and the cationic adsorption energies were not affected by

significantly different relaxation effects compared to the neutral energies.

In figure 4-12, the adsorption distances for the charged forms of the organic contam-

inants are closer to the clay surface than the neutral form of the molecule. Overall,
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Figure 4-12: Comparison of adsorption distances between the charged and neutral
forms of amphetamine, ephedrine, MDA, MDMA and methamphetamine on Na-
montmorillonite in the gas-phase.

there is very little variation between charged and neutral adsorption distances and the

differences are within 10-40% of each other. This observation is the opposite for the

adsorption energies presented in in figure 4-13. The charged forms of amphetamine

and ephedrine have higher adsorption energies compared to the neutral form, which

indicates that the charged form of these molecules were more strongly adsorbed to the

clay surface than the neutral forms. The opposite is observed for MDA, MDMA and

methamphetamine. There is also more of a variation in the adsorption energies of the

charged molecules compared to the neutral forms. The the removal of a sodium ion

from the Na-montmorillonite surface resulted in a less crowded and more negatively

charged surface. More favoured adsorption sites for the cationic form of these molecules.

Figure 4-14 shows the adsorption positions and geometries of the molecules above

the surface of Na-montmorillonite. When comparing figures 4-14a-e and 4-14f-j, the

protonated forms of the molecules have different adsorption orientation or surface

positions compared to the neutral forms. The more bulky MDA and MDMA molecules

(figure 4-14d/i and 4-14e/j) adsorb with a similar molecule orientation over different
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Figure 4-13: Comparison of adsorption energies between the charged and neutral
forms of amphetamine, ephedrine, MDA, MDMA and methamphetamine above Na-
montmorillonite in the gas phase.

surface positions. The cationic MDMA+ has a small rotation of the amine moiety, but it

has not adsorbed closer to the clay surface compared to the neutral form. A look at figure

4-13 shows adsorption energy of the cationic MDMA is less than the adsorption energy

of neutral MDMA, perhaps because the benzene-Na interaction in 4-14e is not present

in 4-14j. The cationic forms of the other molecules have rotated to orientate the amine

group closer to the negatively charged Na-montmorillonite surface. A good example

of this can be seen for the pair of methamphetamine molecules. Methamphetamine

in figure 4-14c adsorbs with the benzene over a sodium counter-ion and the amine

group rotated away from the surface but the cationic methamphetamine+ in 4-14h

adsorbs with the hydrogen in the nitrogen group clearly interacting with the clay

surface. These hydrogen atoms are on average 1.9 Åfrom the clay surface, compared to

the 3.7 Ådistance in the neutral form.

The pair of amphetamine molecules in figure 4-14a/f can also be seen to have a difference

in configuration, with the amine hydrogens in 4-14f now much closer to the surface, at
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Figure 4-14: A comparison of adsorption positions and orientations of a amphetamine,
b ephedrine, c methamphetamine, d MDA, e MDMA, f amphetamine+, g ephedrine+,
h methamphetamine+, i MDA+, j MDMA+ in the gas phase. Colours: Si - blue, O -
red, H - white, Na - yellow, C- brown, N - blue. These images were generated using the
VESTA software.
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1.68 and 1.49 Åcompared to the 3.18 and 4.08 Åin 4-14a. The key interaction between

the neutral amphetamine molecule and the clay surface occurs with the nitrogen and

the sodium ion, whilst the hydrogen in the amine moiety is involved in the principal

interaction between the amphetamine+ and the clay surface. There is very little differ-

ence between the adsorption energies of the two molecules in figure 4-13, which implies

that both types of interactions may be contributing equally to the adsorption.

A less overt difference in adsorption configuration is observed in the ephedrine molecules

(4-14b/g). The adsorption configuration in 4-14b has a sodium ion approximately 2.13

Åaway from the surface to interact with both the hydroxide and amine groups. Once

this sodium ion was removed as in 4-14g, the ephedrine+ molecule has moved closer

to the surface and the hydrogens of the amine and hydroxyl groups, which are 2.16

Åfrom the surface, are now interacting with the clay surface.

The analysis of the adsorption positions and orientations of the neutral and protonated

forms of these drug molecules reiterate that the dominant interactions between the

molecules and the clay surface are electrostatic. Wherever possible, the molecules

either re-orientate or rotate to maximise the interactions of the molecule with the

clay surface. Although some individual atoms have moved closer to the surface, this

often does not extend to the whole molecule. As observed earlier from figure4-13, the

difference in adsorption distance between the neutral and charged molecules are less

than 0.5 Å, but the charged forms are always closer to the clay surface than the neutral

forms of the molecules.

The adsorption energy values calculated in the gas phase and the solvent phase for

the charged and neutral phenethylamine-class of molecules are given in table 4.4 for

comparison. There are no clear trends in the adsorption data within the adsorption

energies calculated in the vacuum, because the group with the more negative adsorption

values vary. In comparison, the charged adsorption energies of MDA and MDMA are

28% and 44% of the neutral adsorption energies whilst the charged adsorption energies

of amphetamine and ephedrine are higher than the neutral energies by 13% and 30%.

Additionally, the disparity in adsorption energies within the set of neutral molecules is
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Table 4.4: . Calculated gas-phase and solvent phase adsorption energies (eV) of the
neutral and charged phenethylamine-class of molecules on the sodium montmorillonite
001 surface.

Molecule
vacuum solvent

neutral charged neutral charged

Amphetamine -1.25 -1.42 -0.35 -0.21

Methamphetamine -1.08 -0.73 -0.39 -0.15

Ephedrine -1.06 -1.38 -0.69 -0.42

MDA -1.11 -0.31 -0.57 -0.24

MDMA -1.10 -0.49 -1.09 -0.20

not replicated in the set of charged adsorption values. These inconsistencies may be

due to the change in how the charged molecule interacts with the surface. As discussed

earlier, the protonated amphetamine, methamphetamine and ephedrine have moved

closer to the clay surface and have direct interaction of the positive charged amine

group with the negatively charged montmorillonite surface. This is not observed for

the protonated forms of MDA and MDMA, which have lost key interactions with the

surface sodium ions.

Based on the behaviour of the Na-ions in solvated Na-montmorillonite, it may be

argued that repeating the adsorption simulations in the solvent phase should also present

alternative ways for the different forms of the molecules to interact with the clay surface

or the solvent continuum. A detailed analysis of the adsorption positions and orientation

of the protonated molecules in the solvent phase are not presented here, because the

molecules were mostly in the solvent continuum than adsorbed to Na-montmorillonite

surface. This is reflected in the charged solvated adsorption energies, which are overall

less negative than the neutral solvated adsorption energies. The affinity of these organic

contaminants to water is greater than that to the montmorillonite surface, even when

the montmorillonite surface is modified to make it more attractive to the molecule.

Since the charge of these drug molecules are pH dependent, the analysis of the adsorption
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energies, distances and configurations imply that pH could be an important metric to

understanding the fate of these drug molecules in soil. This is an opportunity to expand

the analysis past the calculation of the adsorption energy and modify the model to

include the effect of the pKa of the individual molecules and the pH of the system to

predict the adsorption free energies. This model is based on the understanding that the

equation utilised to calculate the adsorption energies of the charged molecules, eq(4.2)

is very similar to the base equation used in the thermodynamic cycle frequently adapted

to approximate the pKa values of organic molecules [205–210]. The basic dissociation

process in eq(4.5), where Ka is the equilibrium dissociation constant, has simply been

padded with counter-ions and the clay surface in order to calculate the adsorption

energy of the charged molecule adsorbed in place of the Na ion, as given in eq (4.2).

H2O+Mol
Ka−−⇀↽−− MolH+ + −OH (4.5)

∆GKa = RTlnK (4.6)

Once this is established, the Gibbs free energy of MolH+, GMolH+ can be estimated

from the sum of the DFT energy of the neutral molecule and the Gibbs free energy

change ∆GKa , determined by the equilibrium dissociation constant, Ka with eq(4.6).

Ka is available experimentally from the pKa of the molecule. Additionally, assuming

the equilibrium dissociation described in eq(4.5) occurs in buffered solution under

standard conditions where the pH is kept constant, then the Gibbs free energy from

the pKa can be recast to include the chemical potential of MolH+ in the solution. The

chemical potential is pH dependent, so the Gibbs free energy of MolH+ will be pH

dependent, whilst the energy of the neutral molecules remains unaffected. The difference

in Gibbs free energy between the Mol and MolH+ can be used to calculate which form

of the molecule is in excess at different pH values. This information is valuable, as it

utilises experimental data to help identify the most likely initial form of the molecule in

solution before adsorption occurs and therefore affects how the adsorption free energy

is calculated.
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In the case where the neutral form of the molecule dominates, the adsorption can occur

in two possible pathways, as shown in eq (4.7) and (4.8).

Mol + NaMont + H2O
ΔGa−−−→ MontMolH+ +NaOH (4.7)

Mol + NaMont + H2O
ΔGa−−−→ NaMontMol + H2O (4.8)

The first pathway, (4.7) leads to the formation and adsorption of the protonated molecule

in place of a sodium ion on montmorillonite,MontMolH+ and the second pathway (4.8)

produces the neutral molecule adsorbed over the montmorillonite surface NaMontMol.

The adsorption free energies for the first pathway can be calculated using eq (4.2),

with the energies of water and aqueous sodium hydroxide replaced with their free

energy equivalent. Additionally, since the product on adsorption of MolH+ is OH-,

then the free energy change will be dependent on the pH of the system, therefore the

free energy of adsorption can be recalculated to include the chemical potential of OH-

as a function of pH. In comparison, the adsorption free energy of the second pathway

(4.8) is independent of pH, as both products are neutral. A comparison can be made

between both sets of adsorption free energies and the pathway with the most favourable

free energies is the one most likely to occur, at pH levels where the neutral form of the

molecule is in the majority.

MolH+ + −OH+NaMont
ΔGa−−−→ MontMolH+ +NaOH (4.9)

MolH+ + −OH+NaMont
ΔGa−−−→ MontMol + H2O (4.10)

In the case where the protonated form of the molecule is in excess, there are two possible

adsorption pathways, as shown in eq (4.9) and (4.10). The first pathway eq(4.9) leads

to the adsorption of the protonated molecule in place of a sodium ion on montmoril-

lonite, MontMolH+ and in the second pathway eq(4.10), the protonated molecule is

neutralised once adsorbed over the montmorillonite surface to give NaMontMol. The

calculation of the adsorption free energies for both pathways are more complicated, as

the Gibbs free energy of the formation of MolH+ from Mol will need to be included, but
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this is simply a function of the molecule’s pKa. The product from the first adsorption

pathway is OH-, so its chemical potential will be included in the adsorption free energy

calculation, to give the values a pH dependence whilst the adsorption free energy of

the second pathway is independent of pH, as both products are neutral. Both sets of

adsorption free energies can be compared and the pathway with the most negative free

energies is the one most likely to occur, at pH levels where the charged form of the

molecule is in the majority.

An adsorption free energy profile as a function of pH can be predicted based on the

following set of rules:

1. Can adsorption occur? (i.e. is ∆G ≤ 0?)

2. Which set of adsorption pathways is more likely to be taken, given that the initial

mixture of Mol and MolH+ is governed by pH?

3. What is the adsorption product, determined by the pathway that produces the

most negative adsorption free energy?

The predicted adsorption free energy as a function of pH for amphetamine, ephedrine,

MDA, MDMA and methamphetamine on Na-montmorillonite is given in figure 4-15.

Where the profile is a smooth line, the adsorption free energy is calculated relative to

the charged MolH+ in excess in the solution, and when the profile are dashed lines,

the adsorption free energy is calculated relative to the neutral Mol in excess. The

model can predict the product of the adsorption as either the charged, MontMolH+ or

neutral MontMol and for these sets of molecules and DFT energies, all of the adsorption

products are charged. For all the molecules, the value of the adsorption free energies

becomes less negative as the pH approaches the pKa of the individual molecules which

are given as 9.9 for amphetamine, 9.65 for ephedrine, 10 for MDA, 10.38 for MDMA

and 9.87 for methamphetamine. It can be seen that MDA, MDMA, ephedrine and

amphetamine have very similar and more favourable adsorption free energy values

compared to methamphetamine. In this part of the profile, a charged molecule adsorbs

onto the clay to form a Mont-MolH+ complex. This behaviour is theoretically sound,
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Figure 4-15: Predicted adsorption free energy profiles as a function of pH of the charged
and neutral forms of amphetamine, ephedrine, MDA, MDMA and methamphetamine
on Na-montmorillonite in the solvent phase. The pH where the system initially has
MolH+ in excess is the smooth line and when Mol is in excess is a dashed line
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because at these acidic pH levels, there will be hydrogen ions available to protonate the

molecules.

At pH values large than the pKa of the molecule, the adsorption free energies then

drop to their respective most negative values before starting to become less favourable

again. All the molecules have very similar adsorption free energy values. At these pH

conditions, the molecule is initially neutral before undergoing protonation during the

adsorption process to form a Mont-MolH+ complex. It was expected that at these

high pH conditions, protonation will be difficult to occur and therefore the adsorption

product will be the neutral molecule on Na-montmorillonite, but instead the pathway

where the clay surface facilitates the protonation of Mol to MolH+, which then replaces

a Na ion on the clay surface was more favoured.

The adsorption free energy calculations have shown that all of the molecules are able

to adsorb to the montmorillonite surface at all pH levels and that the initial form

of the molecule does not necessarily determine the form of the adsorption product.

Additionally, when compared to the adsorption energy values in 4.4, where the charged

molecules are less favourable than the neutral molecules, the adsorption free energies

show the opposite behaviour and it is the charged molecules that are more favoured, as

they are the only adsorption product.

4.5 Phonon Stability and Simulated Spectra

This section of the chapter summarises the attempt to utilise lattice dynamic calcula-

tions to gain an insight into the level of the structural optimisation within the bound

contaminant-clay systems. An added bonus would have been to generate reference sim-

ulated infrared (IR), RAMAN and neutron scattering spectra of the systems, especially

of the emerging contaminants adsorbed on the clay surfaces. The phonon stability of

the bound systems was investigated by preparing simulated phonon spectra with the

lattice-dynamics technique detailed in section 3.8. This involves using the Phonopy

package [168] to prepare multiple configurations where each atom has been displaced
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by a finite distance from equilibrium to mimic the vibrations to mimic the process of

vibrations. A single point VASP electronic energy minimisation for a fixed geometry is

performed on each configuration to obtain force constants, which are then fed back to

the Phonopy package to calculate the phonon frequencies and eigenvectors.

The phonon density of states (PDoS) is an unweighted histogram of the number of

phonon modes as a function of frequency from all phonon wavevectors. The PDoS can

be decomposed into atomic contributions, which enables the characterisation of the

types of vibrational modes contributing to different frequency ranges. IR and Raman

spectroscopy represent the phonon modes present at the Brillouin zone centre (Γ point),

and the resulting spectral bands are weighted by the spectroscopic activity. Although

PDoS are a mid-point to obtaining simulated spectra, they offer a cost-effective solution

to probe the stability of optimised systems before using more resources to obtain the

IR and Raman spectra.

Figure 4-16 compares the simulated PDoS spectra of the pyrophyllite and Na-montmorillonite

clay slabs utilised in this chapter. The positions of the peaks compare well to published

Raman and IR data for montmorillonite and pyrophyllite. [211] The peaks at 3600-3700

cm-1 (highlighted in 4-16ii) are due to the metal to hydroxide (M-OH) bonds in the

octahedral layers of the clays and the fingerprint regions at 200-1100 cm-1 are unique

and can be used to identify the clays. This is encouraging as it indicates the dispersion

correction terms included in the OptB86b-vdW functional can replicate the interatomic

forces between the clay layers adequately.

The adsorption process can be difficult to model and a lattice dynamics analysis of those

systems can give a qualitative insight into how the contaminant and clay structures

change during adsorption. When the configurations of contaminant on clay slabs

undergoes optimisation, it is assumed that the outcome is the contaminant at the

optimum adsorption position within an energetically stable system. The results from the

lattice dynamics calculations performed with amphetamine, benzene and chlorobenzene

on Na-montmorillonite indicate that this is not always the case.
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Figure 4-16: Comparison of the PDOS of (a) sodium montmorillonite and (b) pyrophyl-
lite clay slabs from a Γ centred 24x24x1 q-point mesh calculated with Phonopy.

Out of three systems processed with Phonopy, it was observed that the PDoS of am-

phetamine and benzene optimised structures had imaginary (negative) frequencies in

the Brillouin zone sampled, which indicates the configurations of atoms in those sys-

tem are not fully dynamically stable. This is illustrated by the frequencies at 0 cm-1

in Figure 4-17. The region, highlighted in 4-17i shows the negative frequency peaks

on 4-17b for the amphetamine molecules and 4-17c, the adsorbed amphetamine on

Na-montmorillonite spectra. Since the Na-montmorillonite slab spectrum (4-17a) does

not show any imaginary frequencies, it can be assumed that the atoms in the slab are

already in the most energetically favourable configuration and the structure is dynami-

cally stable. It is therefore more likely that the bound systems with these imaginary

frequencies had not undergone a full geometry optimisation and are dynamically unsta-

ble rather than it be an error in the Phonopy process. This problem is understandable

when the modelling temperature is considered and the system undergoing structural

optimisation is examined. Based on the PDoS of Na-montmorillonite clay, the clay
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Figure 4-17: Phonon density of states for (a) sodium montmorillonite, (b) amphetamine
and (c) amphetamine adsorbed on Na- montmorillonite from a Γ centred 24x24x1 q-
point mesh calculated with Phonopy.

slab configuration is already optimised and known to be dynamically stable. During

the geometry optimisation for adsorption, the clay can be thought of as a stationary

slab whilst the molecule is free to rotate until a configuration is obtained where the

forces acting on the atoms are lower than 10-2eV Å-1. This step can sometimes lead the

system to fall into a local minima, where the force requirement is met but the atoms

are not dynamically stable. The imaginary frequency is discovered when as part of the

lattice dynamics calculation, a displacement of an atom by Phonopy places the system

in a more dynamically stable configuration than it was originally.

The Phonopy package provides tools to find and investigate the displacement configu-

rations that contribute to the imaginary frequencies and use them as a starting point

from which we can restart the optimisations process. This process was trialed for the

amphetamine on Na-montmorillonite system. Figure 4-18 highlights the movement of
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Figure 4-18: The (a) first, (b) second and(c) third optimised configuration for am-
phetamine on Na-montmorillonite and corresponding adsorption energies, obtained
after lattice dynamics calculations with Phonopy. Colours: Si - blue, O - red, H - white,
Na - yellow, C- brown, N - blue.

the molecule on the slab surface after each stage of optimisation was completed and

the force criteria had been met, as the amino moiety shifts closer to the sodium ion

and the adsorption energy decreases. The PDoS of the final configuration still contains

imaginary frequencies and this could be a limitation of modelling the adsorption pro-

cess with DFT, although not all of the adsorbed systems studied exhibited negative

frequencies. This process was very time and resource intensive and hence only the

Na-montmorillonite-amphetamine system was tested in this way.

The next stage was to extend the Phonopy process to obtain IR and RAMAN spectra

from the density of states already obtained. Figure 4-19 is the successfully simulated

IR spectrum of cholrobenzene. Its compared to a FT-IR of chlorobenzene from [212].

Overall, there is good agreement between the simulated and experimental spectra of

chlorobenzene - all the identifying peaks are present and there are no excess peaks in

the simulated spectra. This result was a successful proof of concept, particularly when

the molecule was optimised with the Opt-B86b-vdW functional and spectra obtained

with a fairly novel package.

The final step was to obtain full IR spectra for the amphetamine and chlorobenzene
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Figure 4-19: A comparison of the experimental and simulated IR spectrum of chloroben-
zene. Simulated spectrum calculated with a Γ centred 24x24x1 q-point mesh calculated
with Phonopy

Figure 4-20: The simulated spectra of amphetamine and chlorobenzene adsorbed on
Na-montmorillonite and Na-montmorillonite only.
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on Na-montmorillonite systems. Once the Born Effective charges for each of the 326+

atom systems was obtained, Phonopy was utilised to produce the spectra in figure

4-20. The simulated IR spectrum of Na-montmorillonite was included for comparison.

This technique is sensitive enough to differentiate between molecules and the pattern

of peaks are unique enough to act as reference spectrum.

Performing the lattice dynamics calculations have enhanced the understanding of how

the process of adsorption between the contaminant and the surface is modelled. It

has highlighted the possibility that the geometry optimised systems might not all be

dynamically stable but the chemical properties of the molecule and the clay is still

captured, as indicated with the simulated PDoS and IR spectra. These provide spectral

signatures that can be used to verify the presence of contaminants in experimental

samples

4.6 Chapter Summary

In this chapter, ab-initio techniques have been applied to study the adsorption behaviour

of a selection of organic pollutants on two representative clay surfaces - pyrophyllite

and Na-montmorillonite. To overcome the lack of long-range dispersion interactions

in standard electronic structure approaches, the vdW inclusive exchange-correlation

functional Opt-B86b-vdW was utilised to model the clays accurately. Overall, it was

found that there is good agreement between the parameters of the clay predicted with

the Opt-B86b-vdW functional and experimental data; therefore, the functional was

suitable to model the clay structures.

The adsorption of contaminants on the clay surface was investigated with dispersion

corrected DFT simulations. It was found that electrostatic interactions governed ad-

sorption, primarily vdW forces, hence the type of chemical moieties on the clay surface

and in the contaminants determine how the adsorption occurs. For Na-montmorillonite,

the sodium ions and the charged surface provided a more chemically interesting sur-

face for adsorption; thus, the adsorption energies were overall more favourable than
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pyrophyllite. It was found that the PCDDs overall had more favourable adsorption

energies and had adsorbed closer to both clay surfaces compared to the other class of

contaminants. A closer look at the adsorption geometries and positions highlights how

the molecule configurations can change to enhance the interactions with the surface.

All the molecules have varying adsorption orientations, but the phenethylamine-class

molecules were more influenced by the initial molecule orientation.

Additional geometry optimisations were performed in the aqueous phase, with the

VASPsol model to evaluate the effect of solvation on contaminant adsorption. These

calculations reaffirmed the vacuum calculations results - the hydrophobic PCDDs prefer

to adsorb closer to the clay surface than migrate into the solvent phase, and the

phenethylamine-class of molecules were more affected by the solvation. The PCDDs

were found to adsorb most favourably for all the different simulation conditions, followed

by molecules from the phenethylamine-class and the benzenes. This suggests an order

of influence can be given to the functional groups, with the combination of chlorine

and oxygen more influential than nitrogen and oxygen. Overall, it was found that

adsorption energies can be used to differentiate between the groups of contaminants.

The effect of pH on adsorption was also investigated with the charged forms of the

amphetamine, ephedrine, methamphetamine, MDA and MDMA. The pKa of these

molecules suggests that they will be in their cationic form at the physiological pH

of soil, and therefore the behaviour of these charged forms on clay surfaces should be

investigated. A workaround based on the cation exchange between a sodium counter-ion

on Na-montmorillonite surface and a cationic molecule was utilised to overcome the

issues that occur when the simulation cell is not charged balanced. The adsorption

energies for the charged molecules were then obtained in the gas and solvent phase.

Adsorption was more favourable to the molecules’ dry, neutral forms than the solvated,

charged forms. The adsorption position and configuration varied between the neutral

and charged forms, with some of the cationic forms showing very different types of

interactions between the molecule and the clay surface. Unfortunately, there were

no clear and consistent trends in favourability between the molecules in any of the
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simulation conditions - the adsorption energies did not vary enough to make a clear

distinction.

The solvated adsorption free energies of the phenethylamine-class of contaminants were

predicted from the charged and neutral DFT energies and experimental pKa values.

The charged molecules were found to adsorb more favourably compared to the neutral

forms across all pH levels. This is the opposite of the observation in adsorption energies

and can be attributed to the use of experimental pKa and free energy values to calculate

the free energies of adsorption. Nevertheless, the results after including the effect of pH

and pKa reveal that the positively charged forms of the phenethylamine-class molecules

are more likely to be the majority at the physiological pH. This implies that to obtain

a good model of their environmental behaviour, it would be best to use the molecules’

positively charged forms rather than the neutral forms.

The final section highlighted the potential role of lattice-dynamics calculations in ad-

sorption studies, as these techniques can assist in verifying equilibrium geometries,

improve the accuracy of the adsorption energies by enabling the evaluation of structural

stability and provide spectral signatures that can be used to verify the presence of con-

taminants in experimental samples. From PDoS spectra, it was discovered that some

of the optimised geometries were dynamically unstable. Unfortunately, due to the high

cost of lattice dynamics calculations, the simulated IR spectra of only a small subset of

the group of molecules was obtained. These spectra demonstrated that the methodology

explored within this chapter could successfully model ’ adsorption of contaminants on

clays.

Overall, this chapter has reported the development of a reliable method to calculate

vdW-inclusive DFT adsorption energies on clays. This method was applied to a range

of organic contaminants on two representative surfaces - the adsorption energies were

found to be driven by electrostatic interactions and could differentiate between the

distinct groups of contaminants. Additionally, this method was substantiated with

simulated IR spectra from lattice dynamics calculations. The adsorption energies of

the cationic forms of the phenethylamine contaminants suggest that adsorption was
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more favourable for the neutral forms; however, the free energies of adsorption profile

implies the opposite. This indicates that there are factors other than the charge and

electrostatic interactions that can influence adsorption. Furthermore, it is uncertain

whether the use of implicit solvation in this chapter was useful and perhaps was limited

in solvation interactions. The work reported in this chapter lays the groundwork for

using dispersion corrected DFT methods to investigate the fate of hazardous compounds

on clay surfaces. Here, a brief outlook is given to describe how further insights can be

obtained.

Despite the performance and speed advantage of using implicit solvation to model the

effects of water, one limitation is the loss of detail of the water-molecule interaction.

The DFT study can be expanded to include explicit water molecules on the clay surfaces

in future work. Gradually increasing the water coverage to investigate the effect of

hydration on adsorption interactions can give better insight into the hydration behaviour

of the clay.

Based on the current understanding, it is most likely that water adsorption will be

driven by dispersion interactions as well. There would be many energetically equivalent

adsorption positions for small water molecules compared with the organic pollutants,

so it will be more practical to perform multiple geometric optimisations for different

water molecule orientations and surface positions. Alternatively, ab initio MD can be

explored instead, which has the further advantage of including the effect of the dielectric

constant explicitly.

A further step would be to add water molecules in a stepwise manner, such that

they can interact with the existing water molecule on the clay surfaces – and form

a matrix/network of water layers. This method will be tricky to undertake. The

explicit water molecules would have to be suspended and strictly controlled. The water

matrix should be able to translate across the surface and rotate during the geometric

optimisation. Tracking the change in binding energies per water molecule and how

the configuration changes might aid in understanding the process of clay hydration.

Building on that, some explicit water molecules can be placed around the organic
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molecules and at the surface to complement the implicit solvation model. This will

provide a more accurate representation of the hydration layers around the molecule

during adsorption whilst retaining some of the efficiencies gained from using the implicit

solvation model.

The scope of the thesis research limited all the adsorption studies in this chapter to

the basal [001] plane of pyrophyllite and montmorillonite. An obvious extension of

this study is to repeat these sets of studies, focusing on including the other types

of montmorillonite and pyrophyllite surfaces - the inner layer and edge surface. Of

particular interest is the effect of defects and edge-sites acidity on the clay surface’s

structure, electrostatic and hydration properties.

The ideal clay model should be constructed from the minimum number of atoms

that can adequately represent the desired surface. The Kohn-Sham method to solve

wavefunctions has cubic-scaling with atom number, and at just over 300 atoms, the

pyrophyllite and Na-montmorillonite models utilised during this study reached the

limits of efficiency. However, a better understanding of the interlayer region of 1:2:1

clay such as Na-montmorillonite would require at least 2x300 atoms. One option is

to perform these simulations with less costly hybrid methods such as QM/MM and

QM/QM, where the region of low interest is treated with a lower-level method as a

compromise. Building a suitable QM/MM coarse-graining model will require systematic

improvement, but this will be an interesting avenue. Once a reliable model is established,

organic molecules on larger clay surfaces can be explored.

Obtaining simulated spectra of organic pollutants in environmental surfaces would

be valuable for identifying these pollutants and their metabolites in WWTP or the

environment, especially since it can be challenging to identify specific chemicals when

testing samples from surface water or WWTP. The lattice dynamics studies above

have proven that accurately simulated reference spectra of pollutant adsorption can

be obtained from readily available computational tools. However, it is evidenced that

the workflow could be improved upon in terms of efficiency and reliability to obtain

accurate results without numerous and resource-wasting steps. For example, only the
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surface layers of the clay were affected by the displacement of the organic molecule, so

a starting point could be to limit the phonon calculation to the regions of interest. The

number of displacement simulations required to capture the phonon properties of the

system accurately can then be decreased.



Chapter 5

Fate of Contaminants at

Environmental Mineral Surfaces

In this chapter, the adsorption behaviour of POPs and emerging contaminants to soil

mineral surfaces are explored with classical methods. These organic contaminants have

a range of functional groups and environmental persistence tendencies, so predicting

their adsorption energies and dynamic properties on these mineral surfaces can inform

their fate and transport through the environment.

First, a bespoke potential model derived from the force fields presented in section 2.2.4

will be validated against the dispersion corrected DFT simulations from chapter 4. The

free energies of adsorption of these contaminants at the water-mineral interface are

calculated with the potential model and a fast and efficient FED method. The dynamics

of the organic contaminants in relation to water will also be presented.

5.1 Clay and Quartz Minerals

There are many types of mineral surfaces organic contaminants may encounter in soil,

but in this study, three minerals interfaces were chosen to represent the clay and sandy

components of soils. The model structures of pyrophyllite, sodium montmorillonite and

124



5.1. Clay and Quartz Minerals 125

Figure 5-1: Structures of pyrophyllite (a), sodium montmorillonite (b), and α-quartz
(101̄0) side view (c) and top view (d), dashed lines indicate hydrogen bonding. Colours:
Si - blue, O - red, H - white, Al - grey, Mg - orange, Na - yellow. These images were
generated using the VESTA software. [178]

α-quartz are given in figure 5-1. Detailed descriptions of hydrophobic pyrophyllite (fig.

5-1(a)) and hydrophilic sodium montmorillonite (fig. 5-1(b)) have been given in section

4.1 and in this study, will represent the types of clay minerals found in soil.

Quartz is a mineral form of SiO2 and makes up 20% of the earth crust. [214,215] The

prism 101̄0 crystal form of α-quartz is included in this study to represent the interfaces

found in sandy soils. The α-quartz slab was built with 24 unit cells (2x3x3) for VASP

calculations and 100 unit cell (4x5x5) for the free energy and MD calculations. Figure

5-1(c) shows the side structure of the 101̄0 α-quartz and figure 5-1(d) the top view.

Both surfaces of the α-quartz are fully hydroxylated with vicinal silanol termination, to

account for the high quartz surface protonation present at pH 7, found in experimental

results. [216] Vicinal silanols are close enough to hydrogen bond and form bridges between

the quartz chains, indicated by dashed lines in figure 5-1(d). The silanol surface should

offer a different surface structure for adsorption studies, in comparison to the clays. The

rest of this chapter details the adsorption and dynamics of benzene and chlorobenzene;

the phenethylamine-class molecules amphetamine, methamphetamine, ephedrine, MDA

and MDMA; and the polychlorinated dibenzo-dioxin (PCDDs) dibenzodioxin (DD)
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tetrachloro-dibenzodioxin (TCDD) and octachloro-dibenzodioxin (OCDD) on these

three interfaces, obtained with a mixture DFT, FED and MD simulations.

5.2 The Potential Set

A successful potential model must be robust and reliable, capable of detecting the

differences in molecular functional groups and discriminating between high energy,

non-physical geometries and low energy, naturally observable geometries. [217,218] Many

approaches are available to derive parameters to model solvated organic-mineral systems,

and in the following, the approach utilised in this study will be described.

5.2.1 The Force Field Potentials

The classical simulation of the adsorption of organic molecules on aqueous inorganic

mineral interfaces require four groups of parameters; a force field each for the inorganic

surface, water and organic molecule and the final group, a collection of the cross-terms

that describe the interactions between the interface, organic molecules and water.

CLAYFF is an accurate and flexible force field, empirically derived to model clay-organic

interactions, particularity the organic species found in the interlayer of clays. [107] Widely

used, the force field has successfully reproduced the dynamics and properties of dry

clays and at the clay water interface. [219–221]

The α-quartz slab could also be modelled with CLAYFF considering the parameter

for the Si-O interaction was derived from quartz structures. [107] CLAYFF has been

shown to be better able to reproduce the structural properties of quartz compared to

other two-body potentials [222] and the dynamics at the water-quartz (101̄1) and -quartz

(101̄0) interface were found to be consistent with ab-initio calculations. [223,224]

Moreover, CLAYFF is a simple point charge potential, with only hydroxyl bonding

terms and partial charge Lennard-Jones 12-6 parameters, so it is a computationally

low-cost force field, an advantage when performing expensive free energy simulations.
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Water potentials are one of the most extensively studied models, with a large number

of force fields available. [225,226] However, no single water potential can fully mimic the

properties of water, so the choice of an appropriate water model is dependent on the

simulation system and the desired outcome. The SPC/Fw [113] and TIP3P [112] water

potentials are commonly used variants of SPC and TIPnP families of water force fields,

capable of modelling physiological water. The bonding parameters in both force fields

are very similar to the CLAYFF hydroxyl parameters and are also parameterised with

Lennard-Jones 12-6 partial charges. The vdW parameters are consistent with the

CLAYFF vDW parameters, as they have similar charge magnitudes.

The choice of organic force fields are plentiful, but for drug-like organic molecules,

the general AMBER force field (GAFF) [110] and the OPLS 2005 [109] variant from the

Optimized Potentials for Liquid Simulations (OPLS) framework are suitable candi-

dates. Both force fields are harmonic and have reliably reproduced properties of drug

molecules. [227,228]

The issue now lies in incorporating these organic potential models into the water

and CLAYFF potentials to obtain the cross-term parameters and Freeman et al. [229]

recommend an approach to solving this. Their work on the binding of eggshell proteins

to a solvated calcite surface was parameterised with a combination of the AMBER

force field, TIP3P water forcefield and a bespoke charge model for the calcite surface.

By careful consideration of the water model, the protein-water cross terms could be

obtained with combination rules, but the calcite-water and calcite-organic cross terms

required additional fitting due to the charge disparity in the underlying vdW functions.

This approach can be adapted to obtain the collection of the cross terms that describe

the interactions between the interface, organic molecules and water. All five of the

suggested force fields have Lennard-Jones 12-6 parameters and no charge disparity in

the vdW terms, and therefore, the cross terms can be obtained from mixing rules. This

solution is inexpensive and versatile; it avoids extra fitting simulations and can produce

potential models for a range of organic molecules and inorganic interfaces. However,

as the reliability of the derived cross-terms for the desired application is uncertain,
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the capability of the GAFF and OPLS potentials is evaluated by benchmarking the

adsorption energies obtained with the potential model against DFT dispersion corrected

adsorption energies.

5.2.2 Benchmarking Potential Model with DFT Calculations

The CLAYFF potential was used to model all the inorganic surfaces. The structure

of the surface will govern the binding of molecules, so the surfaces reproduced by

CLAYFF are compared to the surface produced by the OptB86b-vdW functional. An

overview of the pyrophyllite surface from X-ray diffraction data [184] is provided in figure

5-2(a), as a comparison to the surface structure reproduced from the OptB86b-vdW

functional, figure 5-2(b) and the CLAYFF potential model figure 5-2(c). There are

minor differences in the treatment of the siloxane rings - the electronic structure is a

better reproduction of the experimental pyrophyllite surface compared to the CLAYFF

model, if a little exaggerated. The variation in the SiO4 bond lengths and angles

is a result of the rigid ion model of the inability of the CLAYFF model to replicate

the covalent bonding adequately. [219] The differences in the structures of the sodium

montmorillonite reproduced with the OptB86b-vdW and CLAYFF model shown in

figures 5-2(d) and 5-2(e) are also a result of the CLAYFF rigid ion model, although the

deviation in the siloxane not as striking as the pyrophyllite surfaces. Despite this, both

representations of the pyrophyllite and sodium montmorillonite surfaces retain enough

similarities in the structures such that the available sites of adsorption are comparable.

The α-quartz (101̄0) surface reproduced with the CLAYFF model in figure 5-2(g) is

similar to the surface from the OptB86b-vdW functional, 5-2(f), so comparisons of the

adsorption energies and positions between the two can be made with no reservations.

The ability of the OPLS 2005 and GAFF force field parameters to reproduce desired

physical properties will be evaluated in two ways. First, the absolute adsorption energies

of the molecules on each surface will be compared to the reference OptB86b-vdW (DFT)

adsorption energies. Secondly, the relative trends in adsorption energies within the types

of contaminants will be considered where possible. The analysis will be corroborated
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Figure 5-2: The surface structures of pyrophyllite, (a) from X-ray Diffraction data [184],
minimised with the (b) OptB86b-vdW DFT functional and (c) CLAYFF potential
model; sodium montmorillonite minimised with the (d) OptB86b-vdW DFT functional
and (e) CLAYFF potential model; and α-quartz (101̄0) minimised with the (f)OptB86b-
vdW DFT functional and (g) CLAYFF potential model. Colours: Si - blue, O - red, H
- white, Na - yellow. These images were generated using the VESTA software. [178]

with comparisons of the adsorption positions and orientations. As a reminder, all

simulations used to obtain the adsorption energies were initiated with the molecule at

the optimum orientation and position for adsorption to the mineral surfaces, following

the procedure set out in section 3.10. The MD simulations were carried out with the

DL POLY code, Nosē-Hoover thermostat at 10K and 0.5 fs time-step for 2 ns in the

NPT ensemble followed by 5 ns in the NVT ensemble.

Beginning with pyrophyllite, adsorption energies predicted with the OPLS 2005 /

CLAYFF potential is compared to the corresponding DFT energies in figure 5-3(a).

The OPLS 2005 adsorption energies seem to be in good agreement with the DFT en-

ergies. For the small molecules benzene and chlorobenzene, very close agreement was

achieved with the DFT energies, and OPLS 2005 was able to correctly predict that the

chlorobenzene more strongly adsorbed onto pyrophyllite than benzene. Good agree-
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Figure 5-3: Correlation between adsorption energies calculated with OptB86b-vdW
functional and potential adsorption energies for hazardous compounds adsorbed onto
pyrophyllite calculated with (a) OPLS 2005/CLAYFF and (b) GAFF/CLAYFF poten-
tial models.
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ment with the DFT data is also observed for amphetamine and MDMA. The energies

of methamphetamine and MDA are slightly overestimated but ephedrine is severely

overestimated. Additionally, the trends in adsorption are also incorrectly predicted.

The PCDDs adsorption energies on pyrophyllite are all under-estimated in comparison

to the DFT energies, with an average 0.32 eV. However, the trends in the PCDDs

DFT adsorption energies were correctly predicted by the OPLS 2005 force field. The

adsorption energies on pyrophyllite predicted with the GAFF/ CLAYFF potential is

compared to the corresponding DFT energies in figure 5-3(b). The DFT energies were

generally overestimated, with the best agreement found in benzene, chlorobenzene

and amphetamine. Additionally, the trends in adsorption energies were not correctly

predicted.

Select adsorption geometries on pyrophyllite are presented in figure 5-4, where it can

be observed that the predicted adsorption positions and molecule orientations generally

deviated from the reference DFT geometries. The chlorobenzene adsorption orienta-

tion predicted by both OPLS 2005 (figure 5-4(b-1)) and GAFF (figure 5-4(c-1)) were

observed to be perpendicular to the surface, rather than the flat orientation observed

in the reference DFT geometry (figure 5-4(a-1)). Both sets of potential adsorption

energies are in good agreement with the DFT energies; therefore, the difference in

adsorption orientation was not reflected in the adsorption energies. Furthermore, the

GAFF chlorobenzene is orientated with the chlorine atom away from the surface, so the

only interaction with the surface is via the benzene hydrogens, whereas the OPLS 2005

chlorobenzene orientation places the chlorine atom closer to the surface, and results in

a destabilising interaction with the surface.

For the range of phenethylamine-class molecules on pyrophyllite, both potential models

overestimate the binding energies; however, the OPLS 2005 adsorption energies for

ephedrine is overestimated by 0.87 eV. The adsorption geometries for DFT, OPLS 2005

and GAFF are given in figures 5-4(a-2), 5-4(b-2) and 5-4(c-2) respectively. In all the

geometries, ephedrine is orientated with the OH group away from the surface. The main

difference between the DFT geometry and the potential model geometries is the surface
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area of the molecule available for interaction with the surface. OPLS 2005 predicts

ephedrine is folded less than the DFT and GAFF molecules. This results in a flatter

Figure 5-4: Adsorption geometries of (1) chlorobenzene, (2) ephedrine and (3) OCDD on
pyrophyllite, predicted with the (a) OptB86b-vdW functional, (b) OPLS 2005/CLAYFF
and (c) GAFF/CLAYFF potential models. Colours: Si - blue, O - red, H - white, Na -
yellow, N - blue. These images were generated using the VESTA software. [178]

molecule orientation more able to interact with the surface. The adsorption distance

from the surface of the pyrophyllite slab corroborates this conclusion: DFT at 4.8 Å,

GAFF at 4.5 Å and OPLS 2005 at 4.0 Å, which mirrors the degree of folding observed

in the adsorption geometries. Comparison of the adsorption energies within the PCDDs

show that although both potential models underestimate the adsorption energies to

pyrophyllite, the OPLS 2005 force field correctly predicted the trend of increasing

adsorption energies with chlorine content. The GAFF model severely underestimates the

OCDD adsorption energy, and as such, predicts the wrong trend. A comparison between

the DFT, OPLS 2005 and GAFF adsorption geometries in figures 5-4(a-3),(figure 5-

4(b-3) and (5-4(c-3) respectively show the minor differences in adsorption orientations

and positions - the dibenzo-dioxin ring(s) have generally adsorbed over the siloxane

oxygen. Additionally, the adsorption distances are also very similar at 3.4, 3.6 and

3.4 Å. Overall, OPLS 2005 performed marginally better than GAFF at predicting the



5.2. The Potential Set 133

Figure 5-5: Correlation between adsorption energies calculated with optB86b-vdW func-
tional and potential adsorption energies for hazardous compounds adsorbed onto sodium
montmorillonite calculated with (a) OPLS 2005/CLAYFF and (b) GAFF/CLAYFF
potential models.
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adsorption energies of the molecules on the hydrophobic pyrophyllite surface.

Proceeding to the sodium montmorillonite surface, the adsorption energies predicted

with the OPLS 2005/ CLAYFF potential is compared to the corresponding DFT ener-

gies in figure 5-5(a). Once again, the adsorption energy of benzene estimated by the

OPLS 2005 potential model is in excellent agreement with the DFT energies. Chloroben-

zene is surprisingly underestimated, which leads to incorrect trend predicted for the

benzene group. Amphetamine, methamphetamine, ephedrine and MDA are very well

estimated, but the adsorption of MDMA is substantially overestimated in comparison

to the DFT adsorption energies. The PCDDs are underestimated on average by 30%

but the effect of increasing chlorine content is correctly predicted. The adsorption

energies estimated by GAFF are also shown in figure 5-5(b). GAFF provides very

good agreement with the reference DFT energies for DD, TCDD and OCDD and pre-

dicts the correct trend in adsorption energies. The energy predictions for benzene and

chlorobenzene are also in excellent agreement because DFT does not discriminate be-

tween chlorobenzene and benzene interactions. The phenethylamine-class molecules are

by far the worst treated by GAFF on the sodium montmorillonite surface. Despite the

good agreement with the DFT energies shown by amphetamine and methamphetamine,

MDA and MDMA are under- and overestimated considerably, MDA by 56% and MDMA

by 105%.

The predicted adsorption positions and molecule orientations of chlorobenzene, MDMA

and OCDD on sodium montmorillonite are provided in figure 5-6. Its shown that

the adsorption orientation and position of chlorobenzene predicted by the OPLS 2005

potential (figure 5-6(b-1)) is remarkably similar to the DFT adsorption geometry 5-6(a-

1)), with the benzene ring centralised over a sodium ion, at 2.5 Åand 2.6Årespectively.

The MDMA adsorption energies from both potential models were overestimated when

compared to the DFT energies and as such, the adsorption geometries from the DFT,

OPLS 2005 and GAFF models are presented for comparison in figures 5-6(a-2), 5-6(b-2)

and 5-6(c-2) for comparison. The GAFF model predicts MDMA adsorbed in a flat

orientation over a sodium ion, which is a similar position and orientation as produced
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Figure 5-6: Adsorption geometries for (1) chlorobenzene, (2) MDMA and (3) OCDD
on sodium montmorillonite, predicted with the (a) OptB86b-vdW functional, (b)
OPLS 2005/CLAYFF and (c) GAFF/CLAYFF potential models. Colours: Si - blue, O
- red, H - white, Na - yellow, N - blue. These images were generated using the VESTA
software. [178]

by the DFT calculation. The overestimation of the adsorption energy by GAFF is most

likely due to the extra stabilisation by the sodium ion, which is closer to the molecule

than the montmorillonite surface. The primary interactions of the OCDD molecule

in figures 5-6(3) are between the delocalised dioxin rings and the surface oxygen or

chlorine and the surface sodium ions. The number of sodium ions in proximity to the

molecule and orientation of the molecule to the sodium ion(s) enhance the interaction.

In contrast to the relatively good agreement between the DFT and both potential models

adsorption energies previously observed, the adsorption energies on the quartz surfaces

deviated substantially from the DFT values. The data in figure 5-7(a) for OPLS 2005

and (b) for GAFF show that both potential models underestimate the adsorption

energies. The GAFF force field also gave very low adsorption energies, including a

positive adsorption value for MDA. The range of molecule adsorption distance to the

quartz surface was no different from the pyrophyllite and sodium montmorillonite

surfaces, which suggest the molecules were able to approach the hydroxylated surface,
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Figure 5-7: Correlation between adsorption energies calculated with OptB86b-vdW
functional and potential adsorption energies for hazardous compounds adsorbed onto
α-quartz calculated with (a) OPLS 2005/CLAYFF and (b) GAFF/CLAYFF potential
models.
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Figure 5-8: Adsorption geometries for (1) chlorobenzene, (2) MDA and (3) OCDD on
α-quartz, predicted with the (a) OptB86b-vdW functional, (b) OPLS 2005/CLAYFF
and (c) GAFF/CLAYFF potential models. Colours: Si - blue, O - red, H - white, Na -
yellow, N - blue. These images were generated using the VESTA software. [178]

despite the projected hydroxyls. Therefore, the lower than expected adsorption energies

were a factor of the interactions between the molecule and the surface. However,

OPLS 2005 was able to reproduce the trends of adsorption within all of the contaminant

groups. The adsorption geometries in figure 5-8 show varying adsorption orientations

and positions for chlorobenzene and MDA.

In all the adsorption geometries, MDA adsorbs with the nitrogen group orientated to the

surface, and in the DFT (figure 5-8(a-2)) and OPLS 2005 (figure 5-8(b-2)) geometries,

the MDA orientations are very similar. A different orientation is observed in the

adsorption geometry predicted by GAFF (figure 5-8(c-2)), where the methylene group

on the MDA is orientated very close to a hydroxyl on the surface, with an adsorption

distance 0.6 Åless compared to the DFT and OPLS 2005 geometries. The OCDD

adsorption geometries predicted by the DFT, OPLS 2005 and GAFF potential model

had very similar adsorption orientations and positions, but this is not reflected in the

adsorption energies.
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Given that the initial molecule orientation and position were determined by the force-

fields, the final geometries should be the optimum adsorption energies and orientations

possible for each forcefield. It could be suggested that the performance of both force

fields were almost the same. The OPLS 2005 consistently predicted the correct ad-

sorption trends for the PCDDs, benzene and chlorobenzene, and sometimes with excel-

lent agreement with DFT adsorption energies. The preferred adsorption orientations

were often similar to the orientations from the DFT calculations, especially for the

phenethylamine-class molecules. The GAFF forcefield was able to predict adsorption

energies in excellent agreement with DFT energies and orientations, but it was not

consistent at predicting the correct adsorption trends within the contaminant groups.

Both forcefields underestimated adsorption energies for the PCDDs in comparison to

the DFT, a result of the increased ability of the dispersion corrected DFT to calculate

the vdW interaction energies available in the system. This is also reflected in the

inconsistent performance of both forcefields at reproducing the adsorption energies of

the phenethylamine-class molecules, which have more intra- and intermolecular points

for vdW interactions compared to the flat benzene and PCDDs. Given the analysis on

the adsorption energies and orientations, OPLS 2005 is the most applicable force field

for modelling these organic molecules; it performed more consistently than the GAFF

forcefield and should provide a robust potential model for future simulations without

the need for extra fitting calculations.

5.2.3 Water Potential

Water is an important component of the soil-mineral interface, so the choice of water

potential also has to be carefully considered. The two suggested water force fields,

SPC/Fw [113] and TIP3P [112] were used to model a box of 941 water molecules to deter-

mine which model will better reproduce the structure, dynamics and thermodynamic

properties of water. The evaluation is focused on the comparison of the ambient pressure

and temperature density, ρ, diffusion coefficient, D and the three radial distribution

functions (rdfs) [230,231], calculated over a 5 ns MD simulation in the NPT ensemble,

maintained at 298K with the Nosé–Hoover thermostat.
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Table 5.1: Comparison of experimental [232] and simulated density (/rho) and diffusion
(D) values of water.

ρ/ gcm-3 D / 10 9m2s-1

Experiment 0.997 2.30
TIP3P 1.014 3.07
SPC/Fw 1.011 2.48

Table 5.1 compares the density (ρ) and diffusion coefficients (D) values calculated with

the TIP3P and SPC/Fw water models to experimental data. The models produced

densities close to the experimental value, but the diffusion coefficients for SPC/Fw

is in better agreement. The SPC/Fw water model is parameterised with a longer

oxygen-hydrogen bond compared to the TIP3P water model, and this improves the

intermolecular hydrogen bonding leading to more accurate diffusion values.

The experimental and predicted radial distribution functions for oxygen-oxygen, oxygen-

hydrogen and hydrogen-hydrogen interactions are compared in figures 5-9(a), 5-9(b)

and 5-9(c) respectively.

In figure5-9(a), TIP3P and SPC/Fw give very good oxygen-oxygen rdfs, but the second

peak in the TIP3P RDF is not well represented. The rdfs in 5-9(b) omits the peak

from oxygen-hydrogen bond and shows the radial positions in both models agree with

the experimental RDF. The discrepancy in the first peak height between the models

and the experiment is due to the over structuring of the water molecules via hydrogen

bonding. The hydrogen-hydrogen rdfs in figure 5-9(c) also show over structuring in the

first peak height. Additionally, the radial position of the first peak from the SPC/Fw

RDF reflects the wider bond angle in the SPC/Fw model, which was introduced to

reproduce better water properties.

For the most part, the SPC/Fw and the TIP3P water models gave similar performances

but the better diffusion of SPC/Fw water model makes it the ideal water model to

simulate the mineral-water interfaces for the adsorption studies.
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Figure 5-9: The radial distribution functions (rdfs) of (a) oxygen-oxygen, (b) oxygen-
hydrogen and (c) hydrogen-hydrogen interactions of liquid water from MD simulations
and high energy x-ray diffraction [233] and joint x-ray and neutron experiments [234].
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5.3 Free Energies of Adsorption

in Solvated Systems

The rest of the chapter deals with the adsorption of contaminants across the solvated

mineral surfaces, the resulting structure and properties at the mineral-water interface.

First, the free energy of adsorption of the molecules at the solvated mineral surfaces was

calculated. Some of the methods available to calculate the free energy of adsorption are

the PMF, umbrella sampling, metadynamics and TMMC. Detailed exploration of each

method can be found in section 3.6. Given the large number of adsorption calculations

to be performed within this work, the ideal method to calculate the free energy of

adsorption must be capable of producing a reliable and quantitative free energy profile

within a short time. It will also be best to avoid excess pre-production simulations

to obtain preliminary information about each system such as the ideal bias or force

constant. Additionally, the adsorption coordinate is limited to one collective variable.

These conditions limit the choice to the PMF and TMMC methods, which becomes a

question of Monte Carlo or molecular dynamics simulation. Monte Carlo simulations are

more capable of overcoming large energy barriers by performing random, non-physical

moves to better explore the free energy landscape. Secondly, the TMMC is accumulated

under biased conditions and makes use of the information from rejected moves, both of

which speed up the free energy calculation. In consideration of all these reasons, the

TMMC method was the most suitable for the systems in this work.

The work flow for the TMMC adsorption simulation was automated and occurred in

three stages with the DL Monte simulation code [123]. All simulations were performed

with a 12 Å cut off. First, to parallelise the TMMC calculations, 20 Å from the surface

of the slab was divided into 32 individual TMMC simulations windows. A molecule is

placed at the specified position from the surface in each simulation cell, then GCMC

simulations performed to add 30 Å of water to each side of the slab and around the

molecule. Next, a TMMC simulation was performed in each simulation cell. During

the TMMC calculations, the molecule was constrained within the height of the window
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Figure 5-10: Free energy of adsorption profiles at 298K of benzene and chlorobenzene
on pyrophyllite (top), Na-montmorillonite, (middle) and α-quartz (bottom), surface
under aqueous conditions.

Table 5.2: Adsorption free energies and distance for benzene, chlorobenzene and the
PCDDs from surface atoms on pyrophyllite, Na-montmorillonite and α-quartz slabs.

Pyrophyllite Na-montmorillonite α-quartz
eV Å eV Å eV Å

Benzene -0.03±0.01 3.8 -0.05±0.02 3.4 -0.07±0.02 3.8
Chlorobenzene -0.03±0.01 3.6 -0.09±0.06 3.2 -0.01±0.00 3.8
DD -0.03±0.01 3.8 -0.05±0.03 6.6 -0.04±0.02 4.0
TCDD -0.18±0.07 3.4 -0.19±0.05 3.4 -0.13±0.07 4.0
OCDD -0.20±0.07 3.4 -0.19±0.06 3.4 -0.11±0.05 4.0

but could move and rotate freely in the x-y plane as part of a MC move. The MC

moves were undertaken with a probability of 0.5 for water and molecule translation and

0.5 for rotation. After 10x107 simulation steps, the individual TMMC simulations are

merged to obtain the free energy of adsorption profile.

The free energy of adsorption profiles of benzene and chlorobenzene on pyrophyllite,

Na-montmorillonite and α-quartz surface under aqueous conditions are presented in

figure 5-10. The free energy minima and distance for the profiles are quoted in table

5.2. Uncertainties were estimated from four different TMMC free energy profiles with

standard error analysis (95% confidence level). The free energy profiles for benzene
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Figure 5-11: Free energy of adsorption profiles at 298K of DD, TCDD and OCDD on
pyrophyllite (top), Na-montmorillonite, (middle) and α-quartz (bottom), surface under
aqueous conditions.

and chlorobenzene show very low adsorption energies across all the interfaces. This

is most surprising for pyrophyllite, given that it has a hydrophobic and flat surface.

Na-montmorillonite shows the most favourable adsorption values and short adsorp-

tion distances. All of the free energy profiles indicate there is an energy barrier to

adsorption at approximately 5.5 Å from the surface atoms, and for chlorobenzene on

Na-montmorillonite and quartz, the energy barrier was up to 0.05 eV. Although ben-

zene is a well-studied molecule, free energy of adsorption values on pyrophyllite and

Na-montmorillonite were not available but results at 100̄1-quartz aqueous interface

are available for comparison. Wright et al. [235] with a CLAYFF/CHARMM/TIP3P

potential obtained PMF adsorption free energies for benzene at the 100̄1-quartz- water

interface that were more favourable and adsorbed closer to the surface than observed in

this work. They speculate that the surface topology, i.e. the interstitial spaces between

silanol groups, enabled the hydrophobic molecules to be shielded from the aqueous

environment. This goes some way in explaining why the adsorption free energies for

quartz were on par with the free energies on the other surfaces, although this effect was

not observed with benzene.

The free energy profiles for DD, TCDD and OCDD are presented in figure 5-11. The free
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Table 5.3: Adsorption free energies and distance from surface atoms for the
phenethylamine-class molecules on pyrophyllite, Na-montmorillonite and α-quartz slabs.

Pyrophyllite Na-montmorillonite α-quartz
eV Å eV Å eV Å

Amphetamine -0.04±0.01 9.2 -0.05±0.03 4.6 -0.05±0.07 4.0
Ephedrine -0.11±0.03 3.8 -0.07±0.08 3.6 -0.15±0.14 4.2
Methamphetamine -0.02±0.07 10.38 -0.16±0.04 3.8 -0.18±0.05 3.8
MDA -0.04±0.09 4.0 -0.17±0.20 3.8 -0.00±0.10 4.0
MDMA -0.02±0.03 3.6 -0.06±0.06 3.6 -0.03±0.14 4.0

energy of adsorption values and distances are also given in table 5.2. The adsorption of

DD is the least favoured across all the interfaces, on par with benzene and chlorobenzene.

The adsorption distance of DD on the Na-montmorillonite surface is 3.2 Å further away

than the TCDD and OCDD. Although this is unexpected in terms of the preference

of hydrophobic DD for bulk water instead of the hydrophobic pyrophyllite surface,

the Na-montmorillonite-water system will have ions in solution, which may provide

alternative sites for interactions. The adsorption energies of TCDD and OCDD on

pyrophyllite and Na-montmorillonite are similar and more negative than the energies

calculated on α-quartz. The adsorption distance from the surface also reflect this. The

effect of increasing Cl content from TCDD to OCDD does not cause a marked increase

in adsorption free energies, in contrast to results from previous studies. [114,176] However,

the order of adsorption remains the same, with OCDD more favoured for adsorption

followed closely by TCDD then DD.

Table 5.3 presents the adsorption energies for the phenethylamine-class molecules,

with the corresponding free energy profiles shown in figure 5-12. The energies on

Na-montmorillonite are the most favourable for all the molecules, followed closely by α-

quartz. This is in contrast to what was observed with the dry adsorption studies, where

the adsorption on pyrophyllite was most favourable. Methamphetamine, amphetamine

and MDMA adsorption on pyrophyllite have the least negative adsorption energies;

however, the methamphetamine and amphetamine adsorption minima occur much

further away from the surface than the other molecules on pyrophyllite. Figure 5-12(a)

and (c) highlight these differences very well. From this, it can be inferred that the
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Figure 5-12: Free energy of adsorption profiles at 298K of (a) amphetamine, (b)
ephedrine, (c) methamphetamine, (d)MDA and (e) MDMA on pyrophyllite, Na-
montmorillonite and α-quartz interfaces under aqueous conditions.

adsorption for these molecules were very unfavoured and overall, adsorption of the

phenethylamines at the pyrophyllite-water interface is not favoured. For most of the

other surfaces, although the free energy of adsorption values are generally low, the

adsorption is considered to be favourable, with some energy barriers to adsorption.

Previous studies on the first principles adsorption of phenethylamines on clay sur-

faces show that at the environmental pH and in aqueous environments, amine groups

will be protonated. Therefore, free energy of adsorption studies were performed with

the charged forms amphetamine+, ephedrine+, methamphetamine+, MDA+, MDMA+.

The slabs remained the same but to account for the charge imbalance, a Cl ion param-

eterised with the CLAYFF force field was placed at the opposite side of the slab. The

adsorption energies from those TMMC simulations are summarised in table 5.4, and the

free energy of adsorption profiles are shown in figure 5-13. For the charged phenethy-

lamine molecules, MDA+ has the most and ephedrine+ the least favoured across all

the mineral surfaces, which is consistent with the neutral adsorption free energy values
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Figure 5-13: Free energy of adsorption profiles at 298K of (a) amphetamine+, (b)
ephedrine+, (c) methamphetamine+, (d)MDA+ and (e) MDMA+ on pyrophyllite, Na-
montmorillonite and α-quartz interfaces under aqueous conditions.

Table 5.4: Adsorption free energies and distance from surface atoms for the charged
forms of the phenethylamine-class molecules on pyrophyllite, Na-montmorillonite and
α-quartz slabs.

Pyrophyllite Na-montmorillonite α-quartz
eV Å eV Å eV Å

Amphetamine+ -0.15±0.03 5.6 -0.01±0.01 5.2 -0.19±0.04 5.8
Ephedrine+ -0.16±0.04 6.2 -0.07±0.05 6.2 -0.03±0.08 7.8
Methamphetamine+ -0.15±0.06 4.2 -0.10±0.02 4.2 -0.10±0.10 5.1
MDA+ -0.13±0.03 4.2 -0.17±0.02 3.8 -0.11±0.07 4.7
MDMA+ -0.13±0.07 3.8 -0.08±0.05 3.8 -0.08±0.06 4.8
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(table 5.3). However, the most favourable mineral surface by the smallest margins is

now pyrophyllite, in contrast to what was observed with the neutral molecules. Except

for amphetamine+ on Na-montmorillonite, the adsorption of these charged molecules

are favourable. Furthermore, the adsorption values are overall very similar to the ad-

sorption values of the neutral molecules, suggesting the charged molecules have had

no substantial effect on adsorption. This is a somewhat surprising observation, given

that the hydrophilic quartz and the net negative surface charge on the montmorillonite

should provide ample opportunities to improve the interaction between the molecules

and the quartz surfaces. These results, in addition to the outcomes from the electronic

implicit solvation adsorption studies, suggest that that adsorption at the mineral-water

interface is driven by more than the chemical interactions or competition between water

and molecule and that other factors, such as the water layers at these surfaces, may

limit the molecules’ access to the surface. MD simulations of the system can provide

details about the water structure at the mineral-water interface.
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5.4 Structure Properties of the Mineral-Water Interface.

The structure of water and contaminants at the mineral interface can be discerned

from z-density profiles, which show the density of any species as a function of distance

perpendicular from the surface. The mineral surfaces were solvated by the placement

of 30 Å of water to both sides of the slab and MD simulations conducted for 5 ns

with a 0.5 fs time step, in the NVT ensemble maintained at 298 K with the Nosê

Hoover thermostat. The z-density along the z-direction of the system is constructed

by dividing the simulation cell into 0.3 Å sections parallel to the surface. The average

species density in each section is plotted as a function of the distance to the surface

atoms.

The z-density profiles of water and adsorbed molecules on the pyrophyllite, sodium

montmorillonite and α-quartz surfaces are presented below. The z-density profiles of

water in systems with the molecules adsorbed are very similar, so for simplification, the

density profile of water on each surface is compared with the z-density of water in a

system with a representative contaminant. The densities of benzene and chlorobenzene

have been omitted as they show the same features as the other z-density profiles. Finally,

the densities have been normalised to the water oxygen peak height for clarity, therefore

are on an arbitrary scale and are present to highlight the positions of the peaks and

relative height to enable comparison.

The z-density profiles of water above the surface of pyrophyllite with and without TCDD

is shown in figure 5-14(a). The peaks at 2.9 and 6.6 Å in the O water profile indicate

the positions of the first and second water layers. The peaks in the H water profile can

also be ascribed to this, apart from the additional peak at 1.8Å, which indicates the

tendency of water molecules to be orientated with the hydrogen closer to the surface.

When these peaks are compared to the peaks in the tcdd O water and tcdd H water,

the decrease in the first peak and increase in the second peak heights suggest that water

has been displaced from those positions by the TCDD molecule. The peaks in figure

5-14(b-d) show the PCDDs remained within 3 to 3.5 Å away from the surface, within

the first water layer. This is almost the same distance as in the dry adsorption studies
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Figure 5-14: Z-density profiles of (a) water only interface, then the carbon and oxygen
atoms of (b) dibenzo-dioxin, (c) TCDD and (d) OCDD on pyrophyllite under aqueous
conditions.

(3.5 Å). The water peak position and change in height in TCDD is repeated for DD and

OCDD, and the peak height decreases with increasing chlorine content, and as the size

of the PCDDs increases. Based on these observations, the hydrophobic pyrophyllite

surface favours the organic molecules more than the water molecules.

Figure 5-15: Z-density profiles of (a) water only interface, then the carbon and oxygen
atoms of (b) dibenzo-dioxin, (c) TCDD and (d) OCDD on Na-montmorillonite under
aqueous conditions.

The z-density profiles for water and the PCDDs on Na-montmorillonite are given in
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figure 5-15. The density profiles of O water and H water in figure 5-15(a) are very

similar to the profiles from pyrophyllite: peaks at 2.9 and 6.0 Å indicate the presence

of two water layers. However, in contrast to pyrophyllite, hydrogen bonding between

the montmorillonite surface and water-hydrogen results in a large peak at 1.9 Å in

the H water profile. The presence of TCDD prompts some changes in the profile of

TCDD water in figure 5-15(a), with the addition of a tcdd O water peak at 2.0 Å and a

tcdd H water peak 1.3 Å, suggesting the first water layer is closer to the montmorillonite

surface. The peak positions of DD, TCDD and OCDD in figures5-15(b-d) are at a

similar distance as in the pyrophyllite system, but there is water present between the

molecules and the montmorillonite surface. Additionally, it can be observed that DD

was more mobile along the z-direction than TCDD and OCDD.

Figure 5-16: Z-density profiles of (a) water only interface, then the carbon and oxygen
atoms of (b) dibenzo-dioxin, (c) TCDD and (d) OCDD on α-quartz aqueous conditions.

The hydroxylated α-quartz surface is very different from the pyrophyllite and Na-

montmorillonite surfaces, and the O water and H water z-density profiles in figure

5-16(a) reflect this. The two water layers are much closer to the quartz surface, with

the O water peaks at 2.4 and 3.7 Å, and the second peak higher than the first. The

corresponding H water peak is spread across the range. The strong water structure

is a result of the extensive hydrogen bonding between the water molecules and the

hydroxylated quartz surface. In the presence of TCDD, the height of the first two
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peaks in the tcdd O water profile gets inverted, suggesting that the water molecules

are closer to the surface. This is also reflected in the additional small peak at 1.9 Å in

the tcdd H water profile. The change in the water positions is from the displacement

of water towards the quartz surface by TCDD, which according to the z-density profile

in 5-16(c), is within the second water layer. OCDD is positioned at the same distance

(fig.5-16(d)) and once again, the position of DD ranges from 4 to 10 Å. It should be

noted that the positions of the PCDDs are the same as the adsorption distances in the

dry calculations.

Figure 5-17: Z-density profiles of (a) water only interface, then the carbon and nitrogen
atoms of (b) amphetamine+, (c) ephedrine+, (d) methamphetamine+, (e)MDA+ and
(f) MDMA+ on pyrophyllite under aqueous conditions.

Z-density profiles of water and the charged phenethylamine-class molecules were also

obtained. Figure 5-17(a) shows that the O water and H water profiles on pyrophyllite

remain the same in the presence of the ephedrine+ molecule. The z-density profiles of

the charged molecules on pyrophyllite in figure 5-17(b-f) show the positions and the

orientations of the adsorbed molecules. The carbon peaks in the charged molecules

profiles are located 3.3 Å from the surface atoms, and the nitrogen further away. The
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overlapping C and N peaks suggest the molecules adsorbs with the carbon atoms

closer to the surface whilst the length of the molecule is parallel to the surface. This

configuration raises the nitrogen group a little further from the surface and allows it to

interact with the water molecules. Moreover, the carbon atoms, most likely belonging

to the benzene group in the charged molecules, are located within the first water layer

on pyrophyllite, and there are no signs of water displacement away from the pyrophyllite

surface. Hence, a slightly tilted orientation is the most favourable for these molecules.

Figure 5-18: Z-density profiles of (a) water only interface, then the carbon and nitrogen
atoms of (b) amphetamine+, (c) ephedrine+, (d) methamphetamine+, (e)MDA+ and
(f) MDMA+ on Na-montmorillonite in the presence of water.

The z-density profiles of water in the presence of the ephedrine+ shown in figure 5-

18(a) indicate increased hydrogen bonding with the montmorillonite surface, and some

water molecules very close to the surface. In figure 5-18(c) and (e), the first C peaks

are located 3.5 Å from the surface, and the N peaks located closer to the surface.

Amphetamine+ and methamphetamine+ in figures 5-18(b) and (d) show the N peak

located very close to the montmorillonite surface and no overlapping of the N and C

peaks, which indicates the molecule adsorbs lengthways perpendicular to the surface,

with the charged nitrogen group interacting with the surface. The z-density positions
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in the other profiles have some level of C and N peak overlapping, so the molecule

orientation should be more parallel to the surface. The z-densities in figure 5-19 for the

Figure 5-19: Z-density profiles of (a) water only interface, then the carbon and nitrogen
atoms of (b) amphetamine+, (c) ephedrine+, (d) methamphetamine+, (e)MDA+ and
(f) MDMA+ on α-quartz under aqueous conditions.

charged molecules on α-quartz are less ordered than those in the previous figures. The

molecules in 5-19(b-d,f) easily changed positions across the quartz surface, whilst in

5-19(e), the sharp peaks indicate MDA+ was locked in the same position throughout

the simulation. However, all the molecules were located higher than 4 Å from the

surface, and in the second water layer, therefore the quartz surface favoured water over

the charged molecules.

The adsorption free energies of the PCDDs on pyrophyllite and Na-montmorillonite were

more favourable than on quartz, and the z-densities of the MD simulations supports

this. The PCDDs were located closer to the pyrophyllite and Na-montmorillonite

surfaces in comparison to the quartz surfaces. Both Na-montmorillonite and quartz

have strong hydrogen bonding with the water at the surfaces which limits access to the

surface. However, the strong water structuring at quartz prevents the molecules from
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approaching, so the adsorption energies are therefore less negative.

The charged phenethylamine-class molecules also could not readily gain access to the

Na-montmorillonite and quartz surfaces. From the z-density profiles, it is observed that

the charged molecules can adopt orientations that improve the interaction of the charged

nitrogen group with the Na-montmorillonite surface with minimum disruption of the

surface water structure. The z-densities at the quartz surface show the molecules firmly

away from the surface. The hydrophobicity of the pyrophyllite surfaces provides access

to the molecules, and therefore more opportunities for interaction with the surface,

which is observed in the higher than expected adsorption free energies.
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5.5 Summary

In this chapter, a simplified approach to modelling the adsorption of organic molecules

at the mineral-water interface was implemented. A method from literature was modified

to develop potential models that can adequately describe mineral-organic interactions.

The performance of these potential models was evaluated against dispersion corrected

DFT interactions, and the choice was made to use the OPLS 2005 forcefield to model

the organic molecules. After consideration, the SPC/Fw water model was chosen

because of its excellent diffusion capabilities. The potential model was used to perform

free energy of adsorption calculations at solvated mineral interfaces using the TMMC

method.

Generally, low adsorption energy values were obtained as a result of diminished in-

teraction after solvation. OCDD and TCDD adsorbed most favourably across all the

surfaces, whilst both neutral and charged forms of the amphetamine groups produced

very similar adsorption energies. Consistent trends were difficult to observe; however, it

was apparent that the adsorption of the phenethylamine-class molecules on the quartz

surface was not excessively favoured over the other interfaces, despite the higher surface

functionality. Adsorption on Na-montmorillonite was generally more favoured than

on quartz; however, pyrophyllite seems to be a best candidate to act a geosorbent,

as all organic molecules showed favourable adsorption with the surface, despite the

lack of surface chemical functionalities. The most surprising was the insensitivity of

the adsorption energies to the various functional groups within the molecules. The

trends observed in the dry adsorption studies caused by the interaction of the different

chemistries between the surface and the molecules were no longer significant.

Z-density profiles from the MD simulations of the adsorption configurations offered

some insights into the less than expected results. Z-density profiles of water on both

Na-montmorillonite and quartz indicate strong water structuring, an effect of water

hydrogen bonding to the surface. The average positions of the hydrophobic molecules at

the Na-mont and quartz surfaces show the molecules moving away, whilst the charged

phenethylamines could interact with the surface with the correct orientations. The
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pyrophyllite water z-densities were as expected for a hydrophobic surface, as molecules

could interact directly with the surface.

Based on the results from this chapter, there are several opportunities to extend the

studies in this chapter further. The first could be optimising interatomic potential

parameters to yield better agreement with the DFT results. This will involve iteratively

improving force field parameters to obtain more accurate properties in comparison

to data from first-principle calculations. Whilst the traditional force field refinement

process can be an exhaustive process that can keep researchers occupied for decades, new

machine learning methods can be explored to improve the accuracy and transferability

of the existing force fields. [236]

Secondly, clay bilayers can swell because of clay hydration and montmorillonite is

known for gaining large interlayer separations with hydrated [26,237]. To capture the

natural behaviour of montmorillonite clay when its fully hydrated, the interlayer can

be isolated as an alternative adsorption surface and natural storage for remediation.

This can be done by the stepwise addition and optimisation of water molecules between

two montmorillonite layers to ensure the clay interlayer does not get overly swollen and

obtain correct interlayer d-spacing. Then the interaction of emerging contaminants and

POPs on those surfaces can be investigated.

The methods detailed in the chapter can be applied to find organo-clays suitable for

remediation stores. Some modified organo-clays have shown an enhanced affinity for

organic pollutants. [238,239]. The adsorption behaviour of emerging contaminants and

POPs of these modified organo-clays can be explored to assess their effectiveness as

adsorbents for emerging contaminant remediation.

To summarise, in this chapter a bespoke robust and flexible potential model was gen-

erated and applied to study the adsorption of organic contaminants at mineral-water

surfaces. It was found that the competition between water and the molecule for adsorp-

tion on the mineral surface severely affected the sorption behaviour of these molecules,

and informs on their on the fate and transport through the environment. In the next
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chapter, adsorption studies on organic environmental surfaces will be performed to

investigate their sorption behaviour.



Chapter 6

Adsorption of Emerging

Contaminants at Soil Sorbent

Organic Matter

The previous chapters explored the adsorption behaviour of emerging and persistent

organic contaminants at environmental surfaces with a range of classical and ab-initio

simulation techniques. Potential models with transition matrix Monte Carlo (TMMC)

have proven to estimate reproducible adsorption free energy profiles and with molecular

dynamics, produce the structures of the mineral-water interface. The work in this chap-

ter will focus on the adsorption behaviour of the emerging contaminants at soil organic

surfaces with the aforementioned simulation techniques, to further understanding of

their interaction through the environment.

6.1 Soil Organic Interfaces

Soil organic matter (SOM) is an important component in the breakdown of contami-

nants in soil; they mediate the adsorption of molecules in soil and control storage and

distributions. SOM is an incredibly complex mixture of plant and micro-organisms

158
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at different stages of decay and transformation. [43,44] SOM can be classified by a com-

bination of their sources, and the hydrogen-carbon and oxygen-carbon ratios of the

compounds, which change as the molecules continue to decay. Immature SOM is pri-

marily composed of highly oxidised and intact plant and animal matter which decays

over time to highly reduced, condensed compounds such as humic molecules.

Cellulose is the very ubiquitous in nature, found in the cell walls of plants and some

algae. [241,242] Cellulose can be considered to be a SOM macromolecule in the early

stages of decay, and as such is a good representative of a SOM surface with a high

oxygen-carbon ratio. The naturally occurring β-D-glucose forms long chains with β-1,4

glycosidic linkages, and analogue to the α-quartz, are held together by very strong

intermolecular hydrogen bonds. High dimensional and more complex polymorphs of

cellulose can result, based on the degree of hydrogen bonding between the cellulose

chains. However, for the purpose of this study, a simple structure based on the naturally

occurring cellulose polymorph (cellulose I) that can sufficiently reproduce the properties

of cellulose will be sufficient. Recently, Stalker et al. [243] have developed a new approach

to generate stable naturally occurring allomorphs of cellulose with the cellulose-builder

script [244], and parametrised with the OPLS 2005 forcefield. The method was adapted

to generate a simple 12 chained cellulose slab with a 1β allomorph and figure 6-1(a)

shows the side view of cellulose surface.

The second surface is generated from a slab of 25 long chained alkyls, condensed into

a periodic box to generate a surface with a high hydrogen-carbon ratio. Figure 6-

1(b) shows the alkyl interface. The alkyl slab was also assigned parameters from the

OPLS 2005 force field. The cellulose and alkyl slabs should be adequate prototypes

of two types of SOM surfaces and provide some understanding of how the emerging

contaminants might interact in SOM environments. This begins with studies of the dry

adsorption of the emerging contaminants to these surfaces.
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Figure 6-1: Side views of the (a) cellulose [100] surface and (b) slab of alkyl chains.
Colours: O - red, H - white, C- brown. These images were generated using the VESTA
software

6.2 Adsorption on Dry Surfaces

The adsorption of the neutral and charged forms of the emerging contaminants were

obtained with classical MD as described in earlier chapters. Preceding the MD simu-

lations, the energetically favoured adsorption orientations and positions were obtained

following the procedure set out in section 3.10. The MD simulations were carried out

with the DL POLY code, Nosē-Hoover thermostat at 10K and 0.5 fs time-step for 2 ns

in the NPT ensemble followed by 5 ns in the NVT ensemble.

The alkyl slab surface is hydrophobic, and non-polar; there are no chemical functionali-

ties that could enhance the interaction of the molecules with the surfaces. Compared

to the alkyl slab, the cellulose surface has more functionality in the glucose molecules.

The neutral adsorption energies across the two surfaces are compared in table 6.1. The

most favoured adsorption is obtained by MDA on both the cellulose and alkyl surfaces.

Overall, adsorption on cellulose was more favoured than on the alkyl surface.

Table 6.1: Adsorption energies of the neutral and positively charged emerging contami-
nants of the alkyl and cellulose surfaces.

Neutral Charged
Alkyl Cellulose Alkyl Cellulose

Amphetamine -0.28 -0.20 0.36 -0.74
Methamphetamine -0.27 -0.20 -0.67 -0.57
Ephedrine -0.06 -0.19 -0.70 -0.47
MDA -0.36 -0.91 0.11 -1.25
MDMA -0.26 -0.70 -0.67 -0.94



6.2. Adsorption on Dry Surfaces 161

The adsorption energy for the charged molecules were generally more favourable than on

the neutral molecules. On the alkyl surface, ephedrine is the most favoured, in contrast

to the order observed with the neutral molecules and MDA the least favoured. The

adsorption values for the charged amphetamine and MDA were unfavourable compared

to the neutral adsorption energy, however, the adsorption values for methamphetamine,

ephedrine and MDMA were more than double these values. This could be an indication

that the favoured adsorption position or orientation, and therefore the interactions with

the surface could be different between the two sets of molecules.

The order of favourability of adsorption on the cellulose surface remained constant,

and the adsorption energy values increased. The favoured adsorption positions and

orientations on both surfaces are compared in figures 6-2 and 6-3.

The orientation of the charged molecules adsorbed on alkyl in figure 6-2(f)-(j) can

be compared to the orientation of the neutral molecules in figure 6-2(a)-(e). With

the exception of ephedrine (figure 6-2b), all of the neutral molecules have oriented

the nitrogen group away from the surface, to obtain a flat configuration and enhance

interactions with the surface. The additional OH group on ephedrine might make it

difficult to orientate both the nitrogen and oxygen groups away from the surface - this

results in the low adsorption energy observed. The adsorption energies of ephedrine+,

methamphetamine+ and MDMA+ in figures 6-2 b/g, c/h and e/j are more negative

than their neutral counterpart and that is reflected in the orientation of the oxygen and

nitrogen group away from the surface in the charged molecules. The nitrogen group

in amphetamine+ (fig. 6-2f) and oxygen in MDA+ (fig. 6-2i) are closer to the surface;

this interaction destabilising the adsorption, resulting in the unfavourable adsorption

energies in comparison to the other charged molecules.

Figure 6-3 shows the adsorption orientations for the both forms of the emerging con-

taminants on cellulose. All of the molecules have orientated with the nitrogen group

directed at the cellulose surface. The molecules also adsorb above similar positions

-over the bridge between the glucose chains, held together by hydrogen bonds - but

interact with different surface atoms determined by the orientation of the molecule.
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Figure 6-2: Adsorption orientations of (a) amphetamine, (b) ephedrine, (c) metham-
phetamine, (d)MDA and (e) MDMA, (f) amphetamine+, (g) ephedrine+, (h)
methamphetamine+, (i) MDA+ and (j) MDMA+ on the alkyl surface under dry condi-
tions.Colours: O - red, H - white, C- brown, N - blue
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Figure 6-3: Adsorption orientations of (a) amphetamine, (b) ephedrine, (c) metham-
phetamine, (d)MDA and (e) MDMA, (f) amphetamine+, (g) ephedrine+, (h)
methamphetamine+, (i) MDA+ and (j) MDMA+ on the cellulose under dry condi-
tions. Colours: O - red, H - white, C- brown, N - blue.
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The higher adsorption energies of the charged molecules are the result of the enhanced

interaction of the charged nitrogen group and the electrostatic cellulose surface.

These dry adsorption studies suggest that the strength of the adsorption can be affected

by the charge of the molecule and type of the interactions with the surface. In real

systems, SOM surfaces will have some level of hydration, in addition, contaminants

will be carried to the adsorption sites as solutes in water. In an attempt to accurately

reproduce the conditions for adsorption, the rest of chapter will focus on the sorption

of the positively charged emerging contaminants at the SOM surfaces.
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6.3 Free Energies of Adsorption in Solvated Systems

The transition matrix Monte Carlo method in the DL Monte code was used to obtain

the free energy profile for the charged molecules with the same simulation procedure

as described in chapter 4. All simulations were performed with a 12 Å cut off, 30 Å of

water to each side of the slab. The MC moves were undertaken with a probability of 0.5

for water and molecule translation and 0.5 for rotation. After 10x107 simulation steps,

the individual TMMC simulations were merged to obtain the free energy of adsorption

profile. Uncertainties were estimated from four different TMMC free energy profiles

with standard error analysis (95% confidence level).

Table 6.2: Adsorption free energies and distance from surface atoms for the
amphetamine-class of molecules on the alkyl and cellulose surfaces.

Alkyl Cellulose
eV Å eV Å

Amphetamine+ -0.09±0.03 3 -0.07±0.03 6.2
Ephedrine+ -0.08±0.03 3.1 -0.08±0.02 6.3
Methamphetamine+ -0.08±0.05 4.7 -0.15±0.03 4.3
MDA+ -0.09±0.04 2.8 -0.26±0.03 4.6
MDMA+ -0.06±0.01 4 -0.14±0.03 4.6

Favourable free energy changes were obtained for all the charged molecules adsorbed

the cellulose and alkyl surfaces. The adsorption free energy and distances are presented

in table 6.2 as a comparison between cellulose and alkyl. The free energy profiles are

shown in figure 6-1. The first observation is the free energy profiles of the molecules

moving towards the both surfaces are fairly smooth, with low barriers to adsorption.

The rugged free energy profile close to the surface indicate that the cellulose and alkyl

surfaces are not uniform. The absolute adsorption values on alkyl are in a very narrow

range, from 0.06 to 0.09 eV, suggesting that any speciation effect has been reduced

after the addition of water.

Adsorption on cellulose was more favourable compared to the alkyl adsorptions. How-

ever, in comparison to the dry adsorption energy, the free energy values were low.

MDA+ adsorption on cellulose was the most favoured, this was also observed in the dry
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Figure 6-4: Free energy of adsorption profiles at 298K of (a) amphetamine+, (b)
ephedrine+, (c) methamphetamine+, (d)MDA+ and (e) MDMA+ on the alkyl and
cellulose interfaces under aqueous conditions.

adsorption, however no other similarities were found between the two trends in adsorp-

tion. The adsorption distances reported in table 6.2 for amphetamine+ and ephedrine+

on cellulose were more than 6 Å, which could account for their lower adsorption energies.

Additional free energy simulations were performed in the absence of water, to estimate

the effect of water on the absolute adsorption energies. The adsorption free energies of

the molecules on the alkyl and cellulose surface are presented in figure 6-5(a) and (b)

respectively. The adsorption energies under dry conditions are significantly larger than

in solution for both surfaces and all the molecules. The difference in energies between

the two simulation conditions are more pronounced for the cellulose systems. The

adsorption free energies obtained under dry conditions could be considered the most

favourable adsorption energies available for the systems. However, the wet adsorption

free energies are a fraction of the dry free energies and this suggests that the water
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Figure 6-5: Comparison of the free energy of adsorption at 298K of amphetamine+,
ephedrine+, methamphetamine+, MDA+ and MDMA+ on the (a) alkyl and (b) cellulose
surfaces in vacuum (dry) and solvent (wet) conditions.

layers introduce energy barriers to the molecule adsorption. Additionally, the dry free

energies of adsorption on cellulose are more favourable than the adsorption free energies

on the alkyl slab. The partial charges of the glucose molecules on the cellulose surface

are stronger than the methyl groups on the alkyl surface, so the vdW interactions

between the cellulose surface and the molecules would be stronger. Amphetamine and

MDMA are more favoured on the alkyl surface whilst ephedrine and MDA are more

strongly adsorbed to the cellulose surface.

Free energy of adsorption calculations have revealed that there is more to the adsorption

of the charged molecules to the water-organic interface than just electrostatic interac-

tions. Water structuring and other effects can affect binding and in the next section,

MD simulations will be performed to investigate the organic-water interface.
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6.4 Structure and Dynamic Properties at the Organic In-

terface.

In this section, the z-density profiles were obtained to study the effect of water on the

adsorption of the emerging contaminants on organic surfaces. The starting configura-

tions from the dry adsorption simulations were solvated by the placement of 30 Å of

water to both sides of the slab and MD simulations conducted for 5 ns with a 0.5 fs

time step, in the NVT ensemble maintained at 298 K with the Nosé Hoover thermostat.

Figure 6-6 shows the z-density profiles for water and the charged molecules on the alkyl

surface. The effects of the molecule on the surface water structure are similar, as such

a representative water density profile is given as a comparison. Figure 6-6(a) shows

the z-density of O water and H water in the presence and adsence of ephedrine+ as

as it changes from the alkyl surface. The profile shows two small peaks at 2.6 and

5.6 Å for both O water and H water, which indicates the positions of two water layers

at the surface. This is likely the result of the non-uniform alkyl surface, which can

trap water molecules into pores. The profiles are also very similar, suggesting there

is no preference in the orientation of the water molecules at the surface. The effect

of the molecule adsorption on the water structure can be observed in the profiles for

ephedrine+ O water and ephedrine+ H water. The position of the first peak is further

away from the surface at 4 Å and second peak at 7 Å is almost negligible. The preference

is for the molecule to adsorb close to the surface, which displaces the water away from

the hydrophobic alkyl surface.

Figure 6-6(b-f) show the z-dentity profiles of the molecules on the alkyl surface. All

of the molecules have adsorbed with the carbon atoms orientated towards the alkyl

surface, between 2.6 and 3.4 Å from the surface. Since both carbon and nitrogen peaks

overlap, the molecules are most likely adsorbed with molecule length parallel to the

surface, and the nitrogen group oriented away from the surface and into the bulk water.

The predicted orientation and distance from the surface are similar to that observed in

the dry adsorption studies. Despite the low free energies of adsorptions predicted by
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Figure 6-6: Z-density profiles of (a) water only interface, then the carbon and nitrogen
atoms of (b) amphetamine+, (c) ephedrine+, (d) methamphetamine+, (e)MDA+ and
(f) MDMA+ on the alkyl surface, under aqueous conditions.

the TMMC calculations, the MD simulations indicate the organic molecules are very

close to the surface.

Figure 6-7(a) shows the water z-density profiles in the presence and absence of ephedrine+

on the cellulose surface. The O water and H water profiles show little water structur-

ing at the surface, however, small peaks at 1.0 Å in the O water and 1.3 Å in the

H water profiles are evidence of water hydrogen bonding with the cellulose surface.

The ephedrine+ O water profile does not have such a peak, otherwise all four profiles

have the same features. Figure 6-7(b) and (c) suggests that the amphetamine+ and

ephedrine+ molecules move away from the cellulose surface during the simulation and

this behaviour is reflected in the lower adsorption free energies compared to the other

systems on cellulose. Figure 6-7(c-f) show methamphetamine+, MDA+ and MDMA+

have adsorbed with the carbon atoms closer to the surface.

Despite the low free energies of adsorptions predicted for the molecules on the alkyl

surface, MD simulations indicate the molecules are remain close to the alkyl surface
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Figure 6-7: Z-density profiles of (a) water only interface, then the carbon and nitrogen
atoms of (b) amphetamine+, (c) ephedrine+, (d) methamphetamine+, (e)MDA+ and
(f) MDMA+ on the cellulose surface, under aqueous conditions.

during the simulation. The alkyl water z-density profiles show that the alkyl surface

favours the adsorption of the molecules over water, yet the low wet adsorption free

energies suggest even at hydrophobic surfaces, water can introduce barriers to the

adsorption, most likely through favourable water-molecule interactions, and particularly

with the charged nitrogen groups, those interactions are likely to be strong.

The z-density profiles for the cellulose systems indicated there was hydrogen bonding

between water and the surface. The adsorption of the molecules did not affect the

water layers and the molecules would adsorb in the first water layer. Amphetamine

and ephedrine moved away from the surface, but the other atoms adsorbed with the

nitrogen group orientated towards the bulk water. In addition to the large difference in

the dry-wet adsorption free energies, this implies the wet adsorption free energies are

low because the molecules can get stuck in the first water layers at the cellulose surface

by forming interactions with the water molecules.

Analysis of the z-density profiles of the molecules and water at the surfaces of alkyl and
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cellulose had revealed the extent of the impact that water can have on the adsorption

of the contaminants at these organic surfaces. It has become clear that adsorption is

a competition between the molecule-water interactions, molecule-surface interactions

and water-surface interactions. The water-surface and molecule-surface interactions are

both influenced by the partial charges on the surface. Probing the diffusion of water at

the surface can inform on the strength of interactions between water and the surface.

6.4.1 Diffusion at the Interface.

The diffusion coefficient was calculated from the mean square displacement (MSD) of

the water molecules moving perpendicular (Dz) and parallel (Dxy) to the surface. The

simulation cell was divided into layers 0.5 Å thick in the z-direction and the Dz and

Dxy calculated for each layer to obtain diffusions profile as a function of the distance

from the surface atoms. Demonstration MSD plots of water at the alkyl and cellulose

surface are included in Appendix A.

The diffusion coefficient for water on the alkyl and cellulose surfaces are given in figure

6-8. Figure 6-8(a) shows the diffusion of water above the alkyl surface. Diffusion is

very slow 1 Å above the surface but quickly increases to a peak in the Dxy at 2.5 Å,

corresponding to the the first water layer. Water is diffusing faster in the plane of the

surface at the first water layer. Diffusion perpendicular to the surface, Dz increases

until a peak at 5.3 Å, corresponding to the second water layer, showing that diffusion

between the water layers is possible but very slow. The overall diffusion profile shows

that water is diffusing slower in the 5 Å above the surface.

Figure 6-8(b) shows the diffusion of O water at the cellulose surface. As with the alkyl

surface, diffusion is very low right at the surface, but on cellulose, diffusion is slow to

increase with distance from the surface. Small peaks in the Dz profile show areas where

perpendicular diffusion might be occurring between the water layers, however, the Dz

does not increase above Dxy, therefore diffusion parallel to the surface is stronger.

Water diffuses faster at the alkyl surface than on the cellulose surface. On both of
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Figure 6-8: Diffusion coefficient profiles of water oxygen in the z-direction, Dz and x-y
plane, Dxy and total diffusion, D as a function of the distance from the (a) alkyl and
(b) cellulose surface.

these surface, the water structure and diffusion rates show its more difficult to move

perpendicular to the surface. This is particular true for the cellulose surface; the strong

water structuring at the surface limits the movement of the water molecules.
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6.5 Summary

The aim of this chapter was to study the adsorption behaviour of emerging contaminants

at soil organic surfaces with a range of simulation techniques and analysis, in order to

gain a well-rounded understanding of their fate and transport through the environment.

Two surfaces were chosen to represent the types of surfaces the molecules are likely to

encounter in soil organic matter – a hydrophilic cellulose surface and the hydrophobic

alkyl slab. The emerging contaminants amphetamine, ephedrine, methamphetamine,

MDA and MDMA were first adsorbed to the dry surfaces in their charged and neutral

forms. Adsorption was more favourable for the charged molecules on cellulose than to

the alkyl surface. For the dry adsorption, molecular orientation and charge play a part

in predicting the adsorption energies and trends.

The influence of water on adsorption was investigated with free energy calculations of

the charged molecules in solvated systems. All molecules were predicted favourable

adsorption energies, adsorption on cellulose was more favourable than on alkyl systems

and MDA was most favoured regardless of the surface. Low adsorption free energy

values were attributed to a reduction in speciation when water is present; therefore, free

energy profiles in the absence of water molecules were obtained. The dry, free energies

suggest that water was much more of an influence on adsorption than previously realised.

Z-density profiles from MD simulations were used to probe the structure of water above

the surface. The alkyl surface had water layers, but adsorption displaced the water

molecules away from the surface. The molecules orientated to enhance interaction with

the water layers and the alkyl surface and adsorbed very close to the alkyl surface. The

cellulose surface showed the presence of strong water layers as well as hydrogen bonding

orientation. The carbon and nitrogen z-densities show ephedrine and methamphetamine

were more mobile on the surface, whilst the other molecules adsorbed with the nitrogen

atoms further away from the surface, in contrast to the dry adsorption studies. These

results reiterate the competition between water and molecules for adsorption and further

implies that water interactions with the molecules can also influence adsorption. High

surface charges control the water structuring at the surface, so diffusion coefficients
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analysis were performed for water on these surface. Even the hydrophobic alkyl slab

revealed slow water diffusion at the interface and along the simulation cell; however,

water was much less mobile at the hydrophilic cellulose interface.

This chapter has briefly investigated the sorption of anionic emerging contaminants on

cellulose and alkyl surfaces. The immediate further work would be to perform additional

investigations of the neutral forms of the emerging contaminants and hydrophobic

persistent organic pollutants.

Additionally, the properties of the SOM models can be updated to the current under-

standing of SOM structure, composition, and properties by tweaking the model content

and composition. Generally, structural models of SOM have not been fully established,

so simple models were used to represent the types of SOM in the study. Whilst this

offers more realistic SOM models than models of single-molecule fragments, further

development of the model will help propose new SOM models, linking the theoretical

results to the experiment.

Many different types of SOM, differentiated by the functional groups, acidity, and

mixture of humic and fumic acids, can be explored. The construction methods used for

the current alkyl and cellulose models can be modified to build a range of SOM models

with varied functional groups, polarity and chemical composition. This will generate

models with different structural properties that may enhance adsorption.

To conclude, the adsorption free energies obtained for a solvated adsorption system

are but a fraction of the free energy available; however, water interactions and surface

structure generate energy barriers to adsorption. Molecules may remain trapped in

the water layers above the surface, resulting in low adsorption free energies or move

away from the surface if the water-molecule interactions are unfavourable. These

outcomes are controlled by factors such as surface charge, surface-water interactions and

molecule-water interactions. At this point, it will be difficult to predict if these emerging

contaminants might accumulate in higher concentrations in the environment without

considering other combinations of these factors, such as surfaces with varying partial
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charges or large molecules that contribute heavily to the vdW pair-wise interactions.



Chapter 7

Conclusions

7.1 Findings and Contributions

The accumulation and persistence of hazardous compounds (HCs) in surface and ground-

water and living organisms have emerged as an adverse effect of human anthropogenic

behaviour. A variety of HCs, from emerging contaminants found in pharmaceutical

residues and personal care products to household chemicals, pesticides and manufac-

turing wastes persist in the environment. Some of these compounds have been shown

to cause adverse effects in aquatic organisms and promote an increased risk of devel-

oping thyroid disorders, tumours and diabetes. [11] Clay minerals are ubiquitous in the

environment, so they provide a good start for our study. Additionally, it has been

suggested that clay minerals could act as geosorbants to remediate organic pollutants,

so evaluating their adsorptive properties would be useful. The studies were extended

to other surfaces found in the environment, such as plant matter and sand.

The investigation focused on ten molecules including dibenzo-dioxins and two poly-

chlorinated derivatives, benzene and chlorobenzene, emerging contaminants amphetamine,

ephedrine, methamphetamine and MDMA and its metabolite, MDA. These compounds

were chosen to detect the links between chemical properties of HCs and their possible

fate and effects in the environment.

176



7.1. Findings and Contributions 177

This work aims to build on the understanding of how organic contaminants interact with

the environment. A range of atomistic simulation methods were applied to determine

the physiochemical factors controlling pollutants and their metabolites’ distribution

in aqueous and terrestrial environments. Understanding these factors can enable the

prediction of contaminants behaviour and just as importantly, identify sustainable

ways of controlling their transport through the environment. The work begins in

chapter 4, which describes the exploration of ab-initio methods to probe the adsorption

of molecules at representative clay surfaces. Chapter 5 focused on developing and

applying a potential model on the adsorption and dynamics of contaminants at the

water-mineral interfaces. In chapter 6, the modelling systems were extended to model

organic surfaces.

7.1.1 DFT Calculations

A wide range of dispersion corrected DFT calculations were performed to understand

the contaminants’ adsorption on clay mineral surfaces. After verifying that the vdW-

functional could adequately reproduce the clay minerals properties, adsorption energies

in vacuum and under implicit solvation were obtained for a range of molecules of

different charges and functionalities. It was concluded that electrostatic interactions

were the defining factor to adsorptions. An order of functionalities was predicted, which

corroborates with the electro-negativity of the groups. Lattice dynamics simulations

could correctly predict the IR spectra of some of the adsorption systems and organic

molecules – this could be useful to generate reference spectra for experimental work.

The charged forms of the phenethylamine contaminants were included in the studies

to account for the basic nature of the molecules at neutral pH. The results show that

adsorption was more favourable for the neutral forms; however, when the systems were

modelled under implicit solvation, the opposite outcome was observed. Further work

to explicitly model water was planned to provide clarity on the results.
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7.1.2 Calculating Free Energies of Adsorption.

A simplified approach to modelling organic molecule adsorption at a mineral-water inter-

face was developed. The potential model was verified with the dispersion corrected DFT

data from the previous chapter and found good agreement in the adsorption energies.

Adsorption free energies of the systems were very low; however, trends in adsorption

could be observed. The PCDDs were most favourable adsorbed, but the adsorption

energies for both neutral and charged forms of the phenethylamine produced very sim-

ilar adsorption energies. The most surprising was the insensitivity of the adsorption

energies to the various functional groups within the molecules. The trends observed

in the dry adsorption studies caused by the interaction of the different chemistries

between the surface and the molecules were no longer significant. Pyrophyllite seems to

be the best candidate to act a geosorbent, as all organic molecules showed favourable

adsorption with the surface, despite the lack of surface chemical functionalities.

7.1.3 Organic Environmental Surfaces

The surfaces were extended to include hydrophilic cellulose and hydrophobic alkyl slab

as SOM representatives. Focusing only on the contaminants amphetamine, ephedrine,

methamphetamine, MDA and MDMA, it was found that adsorption on the dry surface

was more favourable for the charged molecules on cellulose than to the alkyl surface and

that molecular orientation and charge play a part in predicting the adsorption energies

and trends. Low solvated adsorption free energy values were attributed to a reduction in

speciation when water is present; therefore, free energy profiles in the absence of water

molecules were obtained. The free energies obtained on the dry surfaces suggest that

water was much more of an influence on adsorption than previously realised. Studies

of the adsorption structure and dynamics show the molecules orientated to enhance

interaction with water and the surface. However, molecules could adsorb closer to

the alkyl surface but not to the cellulose surface. Surface charges control the water

structuring at the surface and determines how close the molecules can adsorb. Molecules

may remain trapped in the water layers above the surface, resulting in low adsorption

free energies or move away from the surface if the water-molecule interactions are unable
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to stabilise the adsorption.

Overall, this work has presented atomistic studies of adsorption across a range of

complex interfaces. The TMMC method to calculate the free energy of adsorption was

combined with low cost, potential models to understand the physicochemical factors

that control the distribution of contaminants in the environment. This approach can

be used for any combination of environmental surface and contaminants. More work

is needed to fully understand the physicochemical factors that control adsorption, and

therefore the fate and transport of contaminants in the environment.

7.2 Future Work

Some future work were outlined in the summaries for Chapters 4, 5 and 6. This section

offers some additional opportunities to expand the work presented in this thesis and

some ideas of how they can be accomplished.

7.2.1 Interatomic Potentials

The CLAYFF force field was the only inorganic force field used for the potential model

simulations. INTERFACE [245] is another inorganic force field that can be used to model

clay and other inorganic surfaces. The developers claim to have reached high chemical

accuracy in comparison to experimental data and obtained results superior to DFT.

INTERFACE is a promising alternative to the CLAYFF force field and can be easily

adapted into the potential model utilised in the work. Some of the adsorption studies

can be repeated with INTERFACE as the clay potential to evaluate the accuracy of

the INTERFACE force field.

7.2.2 Contaminant Aggregation

The molecules studied in this work had relatively small molecular weights and one or

two heteroatoms. An additional opportunity for further work would be to investigate

the self-aggregation of drug molecules and metabolites in the environment. Organic

pollutants aggregating is one of the unintended consequences of the organic mixtures
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found in the environment and can lead to molecular properties vastly different from

molecules on their own. Both DFT and MD simulations offer an excellent opportunity

to investigate the feasibility of the behaviour with emerging contaminants. A real test of

the methodology would be to model large, high molecular weight organic molecules with

many functionalities and hydrophobicity areas. Additionally, the free energy approaches

available in the Monte Carlo methods could be employed to investigate the effect of

chemical potential, and hence molecule concentration on the adsorption properties.

7.2.3 Remediation Opportunities

There are references in the literature of technology based on cellulose fibres [246,247] and

SOM [56] to aid in the removal of contaminants from influents or soils. In addition, sys-

tems based on organo-clays [239,248–252] have been suggested as cost-effective absorbents

for water treatment. One of the eventual goals of these studies was to devise synthetic

organo-clays that can aid in the remediation of persistent and emerging contaminants

from the environment. The methodologies explored in this thesis can aid in identifying

clay structural properties that can be modified to enhance pollutant absorption and

removal from the environment.

7.2.4 Improving the TMMC Method

While the TMMC method overcomes many limitations associated with other free energy

methods, it still suffers from the issue of convergence simply because of the sizeable

configurational space that must be explored. Some refinements can be made to improve

the efficiency of the TMMC free energy sampling method.

The current iteration of the TMMCmethod breaks down the maximum distance between

the molecule and surface into windows for individual TMMC simulations to increase

the efficiency of exploring the configurational space. The windows are further divided

into bins, which track the positions of the molecule. An improvement to this method

would be to increase the number of bins in each window - this will help improve the

beginning of the TMMC simulation when the collection matrix is being built, and the
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initial density of the state is calculated. The TMMC windows are highly parallelisable,

so GPUs can be used to retain efficiency as the number of bins increases.

Additionally, an approach combining the current strata methods of TMMC and multiple

walker strategies with some level of communication can be explored. For example,

spawning multiple independent TMMC simulations of each window will result in more

efficient sampling compared to a single TMMC simulation. However, a more significant

improvement could be obtained if the collection matrix from the individual simulations

can occasionally synchronise so that the updated bias can reflect the states that have

already been sampled across all the different simulations. This approach could lead to

faster, more uniform state space sampling but introduce the complications of transferring

information between the simulations.

7.2.5 Opportunities for Experimental Studies

An interesting area of investigation is to focus on the detection methods used to measure

the concentrations of contaminants at a source with a mixture of contaminants. One

such detection method is the Ultra Performance Liquid Chromatography (UPLC) of

wastewater effluent. A large amount of experimental data is being produced with this

technique, and it will be useful to plan simulation experiments that mimic the experi-

mental methods used and be able to benchmark the simulation model to experimental

results directly.

7.2.6 Towards Contaminant Prediction

The data and insights obtained in this study can be combined with existing experimental

data to derive models comparable or applicable to current contaminant fate models.

Current models for predicting the partitioning behaviour of organic compounds in the

environment, such as the linear free-energy relationships (PP-LFER) model, often do not

account for charged or polar molecules, such as emerging contaminants. Additionally,

they tend to rely on assuming similarities between molecule structure and activity.

For example, PP-LFERs use descriptors of molecules at environmental interfaces to
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characterise their partition or sorption coefficients. However, relevant descriptors for

new and emerging contaminants can be difficult to obtain quickly. Supervised machine

learning models can be effective at detecting the complex relationships between organic

molecule properties and their behaviour at environmental surfaces from different data

formats and variables. Some studies have developed methodologies to produce data

about the behaviour of pollutants at different environmental surfaces and focus on

different aspects of the machine learning approach. [253–255] There is scope here to merge

simulated data from this work with existing experimental data and build a machine

learning model to identify and quantify relationships between molecules and different

phases in the form of partition coefficients. Fortunately, there are many historical

experimental and theoretical data on contaminants that can be used to train and test

the machine learning model. The trained models can then be used to predict the

partition coefficients of newly emerging contaminants.
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[132] S. Nosé, A unified formulation of the constant temperature molecular dynamics

methods, The Journal of Chemical Physics, 1984, 81, 511–519.

[133] W. G. Hoover, Canonical dynamics: Equilibrium phase-space distributions, Phys-

ical Review A, 1985, 31, 1695–1697.

[134] W. G. Hoover, Constant-pressure equations of motion, Physical Review A, 1986,

34, 2499–2500.

[135] S. Melchionna, G. Ciccotti and B. Lee Holian, Hoover <i>NPT</i> dynamics

for systems varying in shape and size, Molecular Physics, 1993, 78, 533–544.

[136] S. M. Ross, Introduction to Probability Models, Elsevier, Boston, 2010, pp. 191–

290.

ftp://148.79.163.56/ccp5/DL{_}POLY/DL{_}POLY{_}4.0/DOCUMENTS/USRMAN4.04.pdf
ftp://148.79.163.56/ccp5/DL{_}POLY/DL{_}POLY{_}4.0/DOCUMENTS/USRMAN4.04.pdf


198 Bibliography

[137] J. R. Norris, Markov Chains, Cambridge University Press, Cambridge, 2012th

edn, 1997, pp. 1–237.

[138] N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller and E. Teller,

Equation of state calculations by fast computing machines, The Journal of Chem-

ical Physics, 1953, 21, 1087–1092.

[139] K. Binder and D. W. Heermann, Monte Carlo Simulation in Statistical Physics.

Graduate Texts in Physics, Springer Berlin Heidelberg, Berlin, Heidelberg, 2010,

pp. 153–174.

[140] K. Binder and D. Stauffer, Applications of the Monte Carlo Method in Statistical

Physics, Springer Berlin Heidelberg, 6th edn, 1984, ch. 1, pp. 1–36.

[141] B. A. Berg and T. Neuhaus, Multicanonical ensemble: A new approach to simulate

first-order phase transitions, Physical Review Letters, 1992, 68, 9–12.

[142] G. R. Smith and A. D. Bruce, A study of the multi-canonical Monte Carlo method,

Journal of Physics A: General Physics, 1995, 28, 6623–6643.

[143] G. M. Torrie and J. P. Valleau, Monte Carlo study of a phase-separating liquid

mixture by umbrella sampling, The Journal of Chemical Physics, 1976, 66, 1402–

1408.
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Appendix A

Mean Square Displacement Plots

Mean square displacement (MSD) plots of the diffusion of water above the alkyl A-1(a)

and cellulose A-1(b) surface used for calculating the diffusion coefficients as a function

of distance.

Figure A-1: Mean square displacement plots of water oxygen the (a) alkyl and (b)
cellulose surface.
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