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Abstract 

Reducing friction and wear inside lubricated contacts could lead to 

significant improvements in energy efficiency and emissions at a global level. Efforts 

in this direction are limited by lack of detailed fundamental understanding of the 

physicochemical mechanisms taking place at tribological interfaces. Molecular 

modelling can provide valuable insights into the atomic-scale behaviour of these 

systems in order to drive rational design of new lubricants and engineered surfaces 

that can meet current and future demands. 

In this thesis, several industrially-relevant tribological systems are studied 

by different molecular modelling methods. Firstly, the mechanisms through which 

different dopants affect the water adsorption and the subsequent hydrophobicity 

of diamond-like carbon coatings is investigated. The interaction between these 

coatings and water plays a central role not only on their frictional performance, 

but also gives clues as to their interactions other polar molecules such as lubricant 

additives. Secondly, a classical interfacial force field to model the adsorption of 

organic friction modifier additives on iron oxide is developed and applied to 

molecular dynamics simulations under boundary lubrication conditions. Finally, 

the decomposition mechanisms of adsorbed phosphate ester antiwear additives on 

ferrous surfaces are investigated using reactive molecular dynamics simulations. 

The effects of surface chemistry and molecular structure are studied, separately for 

both thermal and mechanochemical decomposition. The work presented here has 

contributed to a more complete picture of the atomic-scale phenomena at 
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tribological interfaces and has also helped to explain recent experimental results. 

The techniques developed have paved the way towards rational design of lubricant 

additives using in silico methods. 
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Chapter 1. Introduction 

1.1. Motivation 

Improving friction and wear in tribological contacts is imperative to 

increasing energy efficiency of and minimising emissions from engineering systems. 

The design of new lubricants and coatings requires understanding the atomic-scale 

mechanisms that dictate their macroscale performance. Tribological contacts are 

multicomponent interfaces that offer a rich physicochemical landscape. For 

example, the tribochemical interactions between surfaces and adsorbates such as 

the different lubricant additives serve a number of purposes, from friction reduction 

to preventing corrosion. The design of new lubricants and coatings has become a 

considerable challenge given the incomplete fundamental understanding of relevant 

interfaces. While there has been significant progress, experimental efforts are 

limited given the complexities of the systems and the difficulty in obtaining in situ 

atomic-scale information from buried tribological contacts. Moreover, most 

additives, as well as other environmental species, are surface active molecules, the 

behaviour of which is not fully understood. Consequently, developments tend to be 

rather evolutionary, heavily based on heritage knowledge or limited experimental 

insights. This style of development is struggling to keep pace with increasingly 

stringent regulations, which demand a more optimal approach.  

 As in other areas of science and engineering, a powerful tool which could 

help explain phenomena at the microscopic scale is computer simulation. This 
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project aims to utilise computational modelling in order to give atomic-scale 

insights into the behaviour of various important adsorbate-surface interfaces in 

tribology. Through improving our understanding of these phenomena, we hope to 

accelerate future developments. More specifically, we employ various forms of 

density functional theory (DFT) and molecular dynamics (MD) simulations to 

model the interactions between surface-adsorbate systems relevant to lubrication.  

The main focus will be surfactant systems relevant to tribological interfaces 

in automotive vehicles, which include lubricant additives such as organic friction 

modifiers and antiwear additives. The solid surfaces will be mostly those found on 

the outer layer of steel (iron oxides), which is used for most engine components, as 

well as diamond-like carbon coatings, which are increasingly being used for their 

improved tribological performance. There is a focus on not only on applying 

existing computational methods, but also developing new techniques and tools that 

expand the current modelling possibilities in tribology in order to enable atomistic 

simulations to become a predictive tool to help to develop new systems with 

improved performance.  

1.2. Research Goals 

The overarching goal of this project is to improve our understanding of 

molecular level phenomena at relevant tribological interfaces in automotive vehicles 

through computational techniques. This involves modelling of the surfactants and 

surfaces that participate in relevant adsorbate-surface systems. We aim to close 

gaps in the scientific knowledge as well as to expand on recent research in order to 
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provide a clearer picture of these interactions and understand experimental 

evidence. As such, we have identified interfaces where modelling can give answers 

to open problems. 

• Surfaces 

Most engineering components are made of steel. The interaction between 

steel surfaces and additives is thus central to their correct functionality. We aim 

to model the interaction of steel with organic friction modifiers and antiwear 

additives. Steel is known to be heterogenous at the nanoscale. While it is often 

modelled as iron oxide(s), it is also known to present nascent iron phases during 

rubbing, and can also be hydroxylated in the presence of water, which also affect 

these interactions. The interaction between water and modern diamond-like-carbon 

coatings also determines their tribological performance, and different dopants are 

used to modify it; we aim to understand the mechanisms behind this. 

• Adsorbants 

As mentioned before, adsorbants include water in diamond and ferrous 

surfaces. We also aim to model and understand two types of additives: organic 

friction modifiers (OFMs) and antiwear additives. MD simulations of OFMs have 

been extensively used in recent years, but they are based on inadequate potentials 

for the interfacial interaction with steel surfaces. Antiwear additives have been 

more scarcely researched at MD scales given the lack of suitable reactive potentials 

to describe their decomposition and protective film formation. Reactive MD 

simulations could provide valuable insight into their functioning mechanisms. 



 4 

 

1.3. Layout of the Thesis 

This thesis is organised into early chapters where the relevant literature is 

reviewed, results chapters where the modelling techniques are applied and the 

results analysed, and closing chapters where the main findings of the project are 

summarised and conclusions are drawn.  

In Chapter 2. the molecular modelling techniques employed and systems 

studied in this thesis are presented. This will include an overview of automotive 

lubricants and tribological contacts, the fundamentals of density functional theory 

and molecular dynamics, relevant developments and applications in the context of 

tribology, and finally an overview of the state-of-the-art of the studied systems and 

open problems we have identified that are suitable for computational 

investigations. 

In Chapter 3. density functional theory is used to study water adsorption 

on doped diamond surfaces, representative of diamond-like-carbon coatings. This 

is important since the interaction with water in this coatings has been shown to 

affect friction performance and interaction with other additives. 

In Chapter 4. we employ density functional theory to develop a force field 

for molecular dynamics for the interface between organic friction modifier additives 

and iron oxide surfaces, and subsequently apply it in state-of-the-art simulations. 

Previous efforts in the literature have used inaccurate force fields. This 

development will also be relevant to further studies of the adsorption process. 
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In Chapter 5. the thermal decomposition of phosphate esters on ferrous 

surfaces is studied with reactive molecular dynamics. Phosphate esters are antiwear 

additives used in fields like aviation and serve as a model for other phosphate-

based additives used in the automotive industry. The decomposition mechanisms 

are elucidated and compared with experimental results from the literature. This 

process is studied for a number of molecular substituents and surface chemistries, 

including iron, iron oxide, and iron oxide hydroxylated in the presence of water.  

In Chapter 6. the mechanochemical decomposition of phosphate esters is 

studied in confined molecular dynamics simulations. The effect of shear and 

temperature is used to obtain reaction barriers and activation volumes. The origin 

of the difference in reaction rates between primary and secondary substituents is 

analysed.  

Finally, conclusions from the early stages of the project, as well as future 

work for modelling of tribological interfaces, will be outlined in Chapter 7.  
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Chapter 2. Molecular Modelling in Tribology 

This chapter presents a brief background of the relevant chemistry in 

tribology and introduces the molecular-scale modelling techniques used in this 

thesis. First, an introduction to the lubricated contact and the necessity for 

molecular modelling in tribology will be given, followed by the fundamental theory 

behind DFT and MD and related techniques in the context of tribology. Finally, 

the systems studied in this thesis and open problems are discussed. 

2.1. Importance of Molecular Modelling in Tribology 

It is estimated that 23% of the world’s energy consumption originates from 

tribological contacts [5]. From that figure, approximately 20% is energy used to 

overcome friction and 3% is spent manufacturing new equipment due to wear. At 

a global scale, this constitutes immense economic and energy expenditures, and 

excess CO2 emissions. Just in passenger cars, which employ one third of the fuel 

energy in overcoming friction in the engine, transmission, tires, and brakes, it is 

calculated [6] that new tribology technologies could yield worldwide economic 

savings of up to 576,000 million euros and reductions in CO2 emissions of up to 

960 million tonnes. Comparable impacts have been estimated for other areas of 

transportation and industry by Holmberg et al. [5–11]. The interest from 

manufacturers in improving energy efficiency is further accentuated by factors like 

high fuel prices (gasoline, diesel and electricity) and government pressure in the 

form of increasingly strict legislations aimed at reducing CO2 emissions [12].  
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Machines consist of machine elements whose efficient and reliable operation 

relies on carefully engineered interfaces between them. The functional design of 

these interfaces covers aspects such as contact geometry, materials, surface 

topography and lubrication [13]. Compared to hardware redesigns that can impact 

energy efficiency, lubrication improvements are generally more cost effective and 

easier to implement. Nonetheless, a tribological contact is a system in which the 

many chemical components of surfaces and formulated lubricants must interplay 

synergistically at the smallest scale in order to extract the most performance. 

“Tribochemistry” is a term often used to collectively designate chemical phenomena 

taking place at tribological interfaces [14]. In the next section, a general description 

of tribological interfaces in automotive lubricated contacts is presented. 

2.2. The Lubricated Contact 

In automotive vehicles, mechanical components are exposed to a variety of 

contact conditions (e.g., pressure, temperature, sliding velocity), and these 

tribological contacts must be effective under all of them. A general and commonly 

used model that describes friction across different conditions in a lubricated contact 

is the Stribeck curve [15] (Figure 2.1), which relates the friction coefficient and the 

Hersey number, H= ηv/P, where η is the dynamic viscosity, v is the sliding velocity 

and P is the applied load per unit length.  
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Figure 2.1: General model of the Stribeck curve. Adapted with permission  

from Ref. [15].  

In the hydrodynamic regime, where the thickness of the lubricant is greater 

than the surface roughness, solid-solid contact is prevented through the load 

bearing capacity of the lubricant. In this regime, the viscosity of the lubricant 

determines the friction coefficient. A viscous liquid tends to provide a thicker film 

through fluid entrainment, and vice versa. In the mixed lubrication regime, as the 

liquid film is not thick enough to fully separate the surfaces, contact appears 

between asperities, which now share the load with the lubricant. The 

elastohydrodynamic lubrication (EHL) is a specific regime that appears at the 

crossover between hydrodynamic and mixed regimes, when significant elastic 

deformation of the surfaces takes place which considerably alters the shape and 

thickness of the lubricant film inside the contact. Boundary lubrication is 

encountered when film thickness is insufficient to separate the surfaces and the 

load is carried mostly by surface asperities in direct contact. Solid-solid contact can 
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result in large temperature rises and high wear and friction, the extent of which is 

determined by the nature of the contact surfaces.  

Traditionally, most lubricated engineering components in automotive 

applications were designed to operate under hydrodynamic or elastohydrodynamic 

conditions, preventing asperity contacts and extending the longevity of different 

machine elements. However, as can be seen in Figure 2.1, friction increases with 

viscosity in the hydrodynamic regime. The efforts towards increasing fuel economy 

and reducing emissions has pushed towards lower viscosities in formulated 

lubricants [16]. Thus, thinner films separate the different machine elements and 

more components operate in the mixed and boundary lubrication regimes with 

harder to prevent solid-solid contact. Under boundary conditions, the tribochemical 

mechanisms between lubricant additives and surfaces play a central role in reducing 

friction and wear.  

There are three main elements in a lubricated contact: base oil, lubricant 

additives and surfaces.  

One of the main concerns with base oils is to manage a viscosity that is 

sufficiently low to reduce hydrodynamic friction, but high enough to prevent direct 

surface-surface contact across most of the operating conditions. They should also 

effectively remove heat from contacts and be stable under thermal and oxidative 

degradation. Modern lubricants are composed primarily of a mixture of base oils 

[12] (70-99% [17]). Two main types of base oils are used: mineral and synthetic oils 

[18]. Mineral oils are directly obtained from crude oil. They are hydrocarbons with 
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a mixture linear and branched chains, as well as aromatic and aliphatic rings. Their 

chemical structure and corresponding performance are dependent on the refining 

process, which yields primarily three chemical structures: paraffins (linear or 

branched, saturated aliphatics), aromatics (unsaturated, conjugated cyclic groups) 

and napthtenes (saturated, cycloaliphatics). Synthetic oils, on the other hand, are 

obtained by chemical synthesis and can be designed to have specific properties, 

with the disadvantage that the synthesis process makes them generally more 

expensive than mineral oils. There are three basic types of synthetic oils: synthetic 

hydrocarbons (e.g. PAO), synthetic oxygenates (e.g. esters, polyglycols) and 

organohalogens (e.g. PFPE). As more efficient production processes are being 

developed, synthetic hydrocarbon lubricants have become commonplace in 

commercial automotive lubricants [12], with PAO now being one of the most used 

base oil. PAO consists of branched oligomers synthetized from olefin monomers. 

These monomers consist of a linear carbon chain, with an unsaturated alkene group 

in the α-position. It is the presence of this α-alkene group that facilitates the 

oligomerisation that results in the finished base oil, with characteristics of high 

viscosity, low volatility and good oxidative stability. There has also been rapid 

development in the field of water-based lubricants [16] as it promises a low cost 

and sustainable alternative. However, their poor performance in metallic 

tribosystems such as those present in automotive systems, and associated problems 

such as risk of corrosion, mean some challenges remain in their industrial 

application [19]. As such, research on water-based lubrication often focuses on the 
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use of additives (such as ionic liquids or solid nanoparticles) to limit these 

drawbacks [19] and in the interaction with non-metallic surfaces and coatings (often 

carbon-based).  

Additives constitute up to 30% of a lubricant’s volume and are employed 

both to improve lubricant performance as well as to fulfil specific tasks. Commonly 

used additives include [17]: antioxidants, which delay oxidation degradation of the 

base oil (they include aromatic amines, phenols and sulphur compounds as well as 

organo-molybdenum compounds); detergents, which prevent the formation of 

carbon-based deposits on contact surfaces (variety of amphiphilic surfactants); 

dispersants, which prevent agglomeration of solid residue by keeping impurities in 

suspension (also molecules with a surfactant structure, e.g. succinimides); corrosion 

inhibitors, which protect the surface from reactive and oxidative species in base oil 

(amine succinates, alkaline metal sulfonates and benzotriazole [20]); viscosity index 

improvers (VII), which are added to modify the viscosity of the base oil (high 

molecular weight polymers such as polyalkyl-methacrylate (PMA) and olefin 

copolymer (OCP)); pour point depressants (PPD), which decrease the lowest 

temperature at which a lubricant can flow (low molecular weight PMA); or 

antifoam additives, which are used to address the foaming issues caused by 

dispersants and detergents in the formulation (e.g. such as high molecular weight 

silicon-based). 

The most relevant additives to this thesis are organic friction modifiers 

(OFMs) and antiwear additives.  
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Figure 2.2: visualisation of glycerol monooleate (GMO) OFM in n-

hexadecane base oil on α-Fe2O3(100). OFM atoms shown as beads: O atoms 

in red, H atoms in white, C atoms from OFM in blue, and Fe atoms in gray. 

Solvent molecules are shown as lines, C atoms are shown in brown, and H 

atoms are not shown. Used with permission from Ref. [21]. 

OFMs are a class of friction modifiers, which are compounds added to reduce 

friction in the boundary lubrication regime [22]. As opposed to other friction 

modifiers such as molybdenum dithiocarbamates (MoDTC), they are entirely 

organic molecules consisting of no contaminating species. They are amphiphilic 

surfactant molecules, with a polar headgroup and a non-polar tailgroup, such as 

fatty acids, amines, amides and esters, which adsorb onto contact surfaces to form 

monolayers which prevent the solid-solid contact and thus reduce friction and 

wear. They self-assemble on polar solid surfaces to form vertically oriented, close-

packed monolayers where each tailgroup is stabilised through van der Waals 

interactions with the neighbouring tailgroups. These monolayers reduce friction 
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since there is easy slip between the resultant, opposing methyl end groups (see 

example in Figure 2.2).  

Antiwear additives form a protective layer (tribofilm) on sliding surfaces 

under shear, which prevents direct asperity contact and reduces wear. Zinc dialkyl 

dithiophosphate (ZDDP) is the most widely used in automotive lubricants [23], 

although other organo-sulphur or organo-phosphorus compounds such as phosphate 

esters are known to also form tribofilms and are used in other applications such as 

aviation lubricants. When exposed to shear in a tribological contact, ZDDP forms 

patchy tribofilms mostly consisting of amorphous polyphosphate chains (see Figure 

2.3) which protect the surfaces.   

 
Figure 2.3: Schematic representation of ZDDP tribofilm patches. Used with 

permission from Ref. [24].  

Surfaces play a central role in many tribochemical processes. Most 

automotive component surfaces are made of steel. While steel primarily consists of 

iron, it is known to form different iron oxides in the outer layers [25,26], especially 
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when lubricants are contaminated with water [27,28]. This plays a role, for 

example, in the depolymerization of amorphous polyphosphate tribofilms formed 

from the initial decomposition of ZDDP into more mechanically resistant 

nanocrystalline orthophosphates: O provides the nucleophile to break P–O–P bonds 

into two P–O bonds and Fe provides a cation to balance the anionic charge 

generated [29]. They are also important in the adsorption of OFMs, with Fe surface 

atoms generally interacting strongly with O atoms in the OFM headgroups and O 

surface atoms with H atoms in the headgroups [30]. Environmental contamination 

can also affect surface characteristics [14]. Clean metal surfaces or nascent surfaces 

have very high surface energies, so they readily uptake molecules from the 

environment [14]. Surfaces are often hydrogenated and/or hydroxylated in the 

presence of water molecules. In aqueous environments, experiments have shown 

that the outermost layer of carbon steels consists mostly of hydroxylated Fe2O3 

[31]. The presence of water can limit the ability of antiwear additives to attach to 

the substrate and consequently limit their antiwear performance [32].  

A way to modify surface characteristics is through the use of coatings [33]. 

By far the most studied for tribological applications are diamond-like-carbon 

(DLC) coatings [16,34–36]. Due to their ultra-hardness, low-friction, and high wear 

resistance capabilities, they are now used in many different engine components 

[34,36]. DLC is amorphous carbon that displays some of the beneficial properties 

of diamond and graphite. The properties of the coatings can change depending on 

factors such as sp2/sp3 hybridization ratio or levels of hydrogenation. Interaction 
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with the chemical species in their environment during sliding determines the extent 

of friction and wear of DLC coatings [36,37]. In aqueous or humid environments, 

the interaction of DLC surfaces with water molecules may modify or even 

determine its tribological properties [38]. At low relative humidity, hydrophobic 

DLC films protected by a self-assembled monolayer show lower adhesion and 

friction compared to hydrophilic DLC films [39]. On the other hand, hydrophilic 

DLC films generally show lower friction at high relative humidity [40]. The 

wettability of DLC surfaces is a complex phenomenon, affected by macroscopically 

observable properties such as surface energy [41], as well as atomic-scale factors 

including polarity, dangling bonds, sp3/sp2 ratio [42] and surface hydrogenation 

[43]. A popular approach to modifying the hydrophilicity of DLC is doping it with 

other elements in order to increase surface energy and/or polarity [59–62].  

As outlined above, tribological contacts are complicated, multicomponent 

systems which rely on the synergistic performance of their different elements. To 

optimise friction and wear behaviour in lubricated contacts it is hence essential to 

understand the underlying tribochemical mechanisms. Early surface analytical tools 

were dedicated to this task [44]. Modern surface analysis techniques such as X-ray 

photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), time-of-

flight secondary ion mass spectrometry (ToF-SIMS), transmission electron 

microscopy (TEM), atomic force microscopy (AFM) and so on are nowadays 

routinely applied in tribology research [14]. Although these methods are valuable, 

they still have limitations in providing tribochemical understanding at the 
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molecular level. These techniques often fail to work at buried interfaces which are 

not readily accessible to spectroscopic probes (photons or electrons). Significant 

effort has been put towards developing in situ techniques that can be applied 

directly during sliding or contact [45], but in situ techniques often have limitations 

such as lack of sub-monolayer resolution (e.g. Raman) or requiring experimental 

setups that are not representative of real-world conditions (e.g. vacuum 

environment and electron-transparent interface in TEM+AFM). The difficulty in 

the access to a molecular-scale understanding of the different component in a 

tribological contact means new designs of lubricants, additives and coatings often 

rely on trial and error procedures which struggle to meet modern demands [46]. 

As such, a number of developments have focused on applying molecular-

scale simulation to tribology research [14,46–52]. Molecular modelling can be used 

to study phenomena in designed microscopic conditions, assisting in the 

interpretation of experimental data and providing predictions that targeted 

experiments can subsequently confirm or refute. In addition, simulations can reveal 

unexpected phenomena that can lead to new research paths, which is similar to 

what often occurs with experiments.  

In the following sections two different molecular-scale levels of theory, DFT 

and MD, are introduced, and methodological developments and techniques in the 

context of tribology are discussed.  
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2.3. Molecular Modelling Techniques 

2.3.1. Density Functional Theory 

Density functional Theory (DFT) is the most widely employed first 

principles method in different fields of chemistry and physics. First principles 

methods, also called ab initio methods, are those which describe systems based on 

fundamental laws of physics instead of employing higher-level or empirical models. 

This fundamental law is taken to be Schrödinger’s equation, which governs 

quantum systems and matter at the atomic level. 

In the Born-Oppenheimer approximation it is assumed that the 

wavefunctions of electrons and atomic nuclei can be treated separately, which 

means the time-independent electronic Schrödinger equation can be written as : 

(�̂� + �̂�𝒆𝒆 + �̂�𝒆𝒙𝒕)𝚿 = 𝑬𝚿 ( 2.1 ) 

where Ψ is the electronic wavefunction, and the left hand side is the Hamiltonian 

of the electron system with the kinetic energy operator �̂�, the operator for the 

electron-electron interaction energy �̂�𝑒𝑒 (Coulomb interaction), and the operator 

for the external potential the electrons experience �̂�𝑒𝑥𝑡 (in most cases, the one just 

provided by the nuclei, which are treated as point particles). This equation 

describes electrons in any system from single molecules to macroscopic materials 

containing many moles of atoms.  

However, this equation is computationally intractable even for the smallest 

of systems, as a back-of-the-envelope calculation can show. The wavefunction Ψ of 
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a system with N electrons is a function of N 3-dimensional vectors (assuming it to 

be real and disregarding spin). If we want to represent it in a real-space 3D grid 

made up of M points, the numerical representation of Ψ would consist of MN 

numbers. Even on a coarse 100 × 100 × 100 real-space grid, storing the wavefunction 

of a single oxygen molecule with 16 electrons would consist of ((100)3)16 ∼ 1096 

numbers, which is orders of magnitude larger than the estimated number of atoms 

in the observable universe.  

Instead, DFT calculates the properties of electronic systems based on the 

electronic density n(r), which depends on a single 3-dimensional vector (thus 

simplifying the problem from MN degrees of freedom to M), and was first introduced 

through the work of Kohn, Hohenberg and Sham.  

In 1964, Hohenberg and Kohn [53] first proved the following theorems (brief 

mathematical proofs can be found in Ref. [54]): 

• Theorem I: the potential �̂�𝑒𝑥𝑡 is uniquely determined, up to a constant, by 

the ground state particle density n0(r). Since the kinetic energy operator and 

electron-electron Coulomb interaction are the same for all electronic 

systems, this means that the Hamiltonian, and therefore all properties of the 

system, are completely determined given only n0(r). 

• Theorem II: let us define a universal functional for the energy in terms of 

the density n(r):  
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𝑬[𝒏] = 〈𝚿[𝒏]|�̂� + �̂�𝒆𝒆|𝚿[𝒏]〉 + ∫ 𝒏(𝐫)𝐕𝒆𝒙𝒕(𝐫)𝐝𝐫 ( 2.2 ) 

Then the ground state energy, E0[n], is the minimum of E[n] with respect to 

n and the density that minimises it is the ground state density n0(r). It 

follows that the functional E[n] alone is sufficient to determine the exact 

ground state energy and density. 

The Hohenberg-Kohn theorems showed that the energy is a functional of 

the electronic density and is minimised by the ground state density, but make no 

prescription regarding the nature of said functional. In 1965, Kohn and Sham [55] 

provided an ansatz which assumes that the ground state density of the system in 

question is equal to that of some chosen non-interacting system. This leads to 

independent-particle equations for the non-interacting auxiliary system that can be 

numerically solved. The Kohn-Sham approach to the full interacting many-body 

problem is to rewrite eq. ( 2.2) as: 

𝑬𝑲𝑺[𝒏] = 𝑻𝒔[𝒏] + 𝑬𝑯𝒂𝒓𝒕𝒓𝒆𝒆[𝒏] + ∫ 𝒏(𝐫)𝐕𝒆𝒙𝒕(𝐫)𝐝𝐫 + 𝑬𝑿𝑪[𝒏] ( 2.3 ) 

with the density given by the orbitals |𝜑𝑖⟩ of the auxiliary system with occupation 

numbers 𝑓𝑖: 

𝒏(𝐫) = ∑ 𝒇𝒊

𝒊

|𝝋𝒊(𝐫)|𝟐 ( 2.4 ) 

the independent-particle kinetic energy given by the usual kinetic energy operator 

acting on the auxiliary orbitals: 
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𝑻𝒔[𝒏] =
𝟏

𝟐
∑ 𝒇𝒊|𝛁𝝋𝒊(𝐫)|𝟐

𝒊

 ( 2.5 ) 

and the Coulomb interaction energy of the electron density n(r) is what is 

commonly called the Hartree energy: 

𝑬𝑯𝒂𝒓𝒕𝒓𝒆𝒆[𝒏] =
𝟏

𝟐
∫ 𝐝𝐫𝐝𝐫′

𝒏(𝐫)𝒏(𝐫′)

|𝐫 − 𝐫′|
 ( 2.6 ) 

This last step makes DFT a mean field theory in which quantum many-

body effects are neglected. All many-body effects of exchange and correlation are 

grouped into the exchange-correlation energy Exc, i.e., the difference of the kinetic 

and internal interaction energies of the true interacting many-body system from 

those of the auxiliary independent-particle system. Assuming a functional form for 

Exc, and applying a functional variation with respect to the density to eq. ( 2.3), it 

can be shown [54] that it results in a series of one-electron Schrödinger equations 

for the non-interacting auxiliary system: 

[−
𝟏

𝟐
𝛁𝟐 + 𝑽𝑲𝑺(𝐫)] 𝝋𝒊(𝐫) = 𝜺𝒊𝝋𝒊(𝐫) ( 2.7 ) 

with:  

𝑽𝑲𝑺(𝐫) = 𝑽𝒆𝒙𝒕(𝐫) + ∫ 𝐝𝐫′
𝒏(𝐫′)

|𝐫 − 𝐫′|
+ 𝑽𝑿𝑪(𝐫) ( 2.8 ) 

then the ground state density can be obtained self-consistently by starting with an 

initial estimate, use it to calculate VKS, and re-evaluating n0(r). Basis sets used to 

approximate the electronic density are plane waves in most systems involving solids 

and surfaces (more prevalent in tribological study of interfaces), while purely 
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molecular systems are often more suited for basis sets resembling atomic orbitals 

such as Gaussian or Slater-type orbitals [56].  

The functional form of Exc remains an unknown. In the local density 

approximation (LDA), initially proposed by Hohenberg and Kohn, it depends solely 

on upon the value of n(r) at each point in space. LDA performs well in systems 

with slow spatial variation of the electronic density and has a tendency for 

overbinding chemical bonds [54]. The next step up the so-called Jacob’s ladder of 

DFT [57] entails the generalized gradient approximation (GGA) functionals, which 

account for the non-homogeneity of the true electron density by also including the 

gradient of the calculated density. Among these, the Perdew-Burke-Enzerhof 

(PBE) [58] functional enjoys a long-lasting popularity as a general non-empirical 

functional (it does not include parameters developed against a limited number of 

systems). It has been shown to be suitable for a broad range of systems, including 

organo-metallic systems often found in tribological contacts [59,60]. In tribology 

investigations, often concerned with energetics and reactions in medium-to-large 

systems, the GGA step of Jacob’s ladder is the most frequent level of theory as it 

offers the best compromise between computational cost and accuracy in these 

quantities. Further approximations and techniques described below, which are not 

part of the original conception of Jacob’s ladder, can increase its accuracy and 

versatility for different systems in tribology. 

Default GGA (and meta-GGA) functionals are semi-local in that they only 

include the value of the electron density and its derivatives at each point in space 
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(as opposed to non-local methods such as MP2 [61]). As such, they are naturally 

unfit to accurately capture long-range correlation effects, i.e., dispersive van der 

Waals (vdW) interactions, which are important in some chemical reactions or in 

the adsorption of molecules on surfaces at tribological interfaces. Two types of 

approaches aim to correct this [62,63]. On the one hand, there are self-consistent 

schemes in which dispersion is directly included in the functional. A popular 

example of this class is the vdW-DF functional proposed by Dion et al. [63,64], 

which adds a double-space integral connecting the electronic density at two 

different points in space. Gattinoni et al. [30] applied this functional in the study 

of adsorption of OFMs on iron oxide surfaces, where neighbouring tailgroup-

tailgroup vdW interactions stabilised the vertical adsorption conformation of high 

coverage OFM films. On the other hand, a more computationally efficient approach 

is to add a semiclassical correction that is only a function of the atomic positions 

and polarizabilities (that is, it does not act on the electronic density). The most 

commonly used examples of this class are the different DFT-D approaches 

developed by Grimme et al. [62,65,66], which have been applied in the study of 

carbon-based surfaces [67,68] such as DLC [69]. 

Short-range correlation errors appear in DFT in “strongly correlated” 

materials as a result of the mean-field approximation appearing in the Hartree term 

[70]. When two electrons of opposite spin fill an orbital, the resulting energy is not 

the sum of the two separated energies because of the appearing electron repulsion 

forces. Default GGA fails to capture this behaviour, which results in 
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underestimated bandgaps and incorrect formation energies or magnetism. A typical 

example of strongly correlated systems are the d and f orbitals of transition metal 

oxides, such as the iron oxide representative of steel in automotive components. 

DFT+U [71,72] tackles this problem at low computational expense by using a 

Hubbard model [73] for these localised states, which, essentially, consists of an on-

site interaction of strength U for electrons in the same orbital. The DFT+U 

approach is therefore used in tribology when surfaces such as iron oxide are present, 

see e.g. Ref [30].  

Pseudopotentials [74,75] are used as a way to reduce the computational cost 

of DFT by removing non-valence electrons from the calculation. They consist of 

modified effective potentials constructed to replace the core states, which will 

resemble those of the isolated atoms regardless of the valency state, in the 

Coulombic potential term of the Schrödinger equation. In plane-wave bases, this 

allows the (pseudo) wavefunctions to be described with reduced Fourier modes as 

they reduce the rapidly varying nodes near the atomic cores. Common types of 

pseudopotentials in DFT codes are norm-conserving pseudopotentials [76], which 

satisfy the condition that the pseudo and all-electron wavefunctions norms are 

identical inside a cut-off radius from the core; and the related [74] ultrasoft 

pseudopotentials (USPP) [77] and projector augmented wave (PAW) method [78], 

which relax that condition in order to require less Fourier modes.  

Perhaps the first examples of DFT used specifically with a tribological 

purpose came in the late 1990’s with the works of Jiang et al. [79] and Armstrong 
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et al. [80,81], who employed it to study the structure and bond characteristics of 

antiwear additives DTP and ZDDP for validation with experimental data or 

subsequent force field training (force fields will be discussed in the following 

sections). DFT is currently used in tribology [48] as a powerful way to elucidate 

surface-lubricant/additive interactions and chemical reactions [30,82–85], binding 

energies [84,86–89] or potential energy surfaces (PES) [90–93] responsible for 

atomic-scale friction. For example, Ta et al. [84], Le et al. [83] and Righi et al. [82] 

studied the adsorption of lubricant molecules on metal/metal oxide surfaces. The 

study of sodium phosphate interaction on iron and iron(III) [84] to obtain the 

bonding strength and interaction mechanisms helped explain the effectiveness of 

different phosphate compounds observed from experiment. Righi and co-workers 

have also extensively used DFT to study carbon coatings [94–101], including the 

PES surface corrugation, the interaction with water and the effects of dopants. 

Osei-Agyemang et al. [85] studied the decomposition mechanisms of the phosphate-

based antiwear additive tricresyl phosphate on iron surfaces; it was found that the 

thermodynamic likelihood of different mechanisms depended on the presence of 

water and hydrogen, highlighting the importance of studying not only additive-

surface interactions, but also consider water and surface passivation at the 

interfaces, as will be considered in chapters 3 and 5. The Onodera group studied 

the reactions between PTFE and aluminium/aluminium oxide/copper surfaces 

[102,103], where they found that reactions occurring by C-F bonds breaking 

followed by F-surface bonds, and it was subsequently experimentally proven that 
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aluminium fluoride formation decreases the performance of PTFE, as it inhibits 

this mechanism. They also studied the effect of environmental factors such as the 

presence of water [104], and found that the depolymerized chain (C5F10) of PTFE 

preferentially reacted with water vapour as opposed to oxygen or nitrogen. 

Tribochemical reactions under pressure can be modelled by using two surfaces and 

manually changing the distance between them. Yubo et al. [105] decreased the 

distance in a controlled manner and estimated the external force from the 

corresponding energy change to study benzene confined between Pt/Au surfaces. 

Mechanical load, and not catalytic effects, were responsible for C-H breaking and 

the linking of C-C bonds. Another method to account for pressure is controlling 

the simulation cell by applying a perpendicular force to the surface [106]. Loehlé et 

al. [106] used this approach to study the effects of the pressure on the dissociation 

of the phosphide molecules confined between two iron substrates. A recent 

development has been the first use of high throughput calculations in tribology by 

Restuccia et al. [93] as they introduced a protocol to calculate adhesion energy and 

shear strength at dry solid interfaces. Ab initio molecular dynamics (AIMD) can 

be employed to model dynamic processes and has been used in a number of 

tribology investigations [48], such as the different studies on ZDDP by the Mosey 

group [107–110]; but the small system sizes available at this level of theory pose 

strict limitations in their applicability to complex tribological systems (force-field-

based molecular dynamics, capable of accessing larger scales, will be discussed in 

section 2.3.3For an in-depth review of the uses of DFT in tribology, see Ref. [48]. 
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In summary, DFT can be employed to obtain accurate energetics, 

geometries, charge distribution, etc. Of particular interest in understanding 

tribochemical mechanisms is the study of chemical reactions, transition states and 

energy barriers. The next section discusses transition state theory and the nudged 

elastic band method to study reactions in DFT.  

2.3.2. Chemical Reactions: Transition State Theory, 

Mechanochemistry and the Nudged Elastic Band Method 

Most interesting reactions are rare events (i.e., much slower than 

vibrations). A transition with an energy barrier of 0.5 eV and a typical collision 

rate happens ∼103 times per second at room temperature. A dynamical simulation 

(described later in this chapter) would require ∼1012 force evaluations and 

thousands of years of CPU time to cover the average time period between such 

events. Instead, transition state theory (TST) [111] describes chemical processes 

from a molecular scale perspective of the position and potential energies of atoms 

in a molecule which can be obtained by methods like DFT. By deriving expressions 

for their respective reaction rates, TST provides a link between microscopic 

behaviour and macroscopic effects.  

TST starts from a certain set of assumptions. The first one is that nuclei 

move on a single potential energy surface (PES), which is equivalent to the Born-

Oppenheimer approximation in DFT. The second assumption is that nuclei move 

classically, which is also the case for standard DFT calculations. The third 
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assumption is that there is thermal equilibrium in the reactant valley of the PES. 

This simplifies calculations by assuming probabilities to be dictated by Boltzmann 

factors (𝑒−𝐸/𝑘𝐵𝑇). The final assumption is that there is no recrossing of the 

transition states (TS) between a reactant and a product. The TS is the highest 

energy point in the path along the PES between reactants and products. 

Conversely, the most favourable path for a system to move between two stable 

states is the minimum energy path (MEP). It is the one that provides the lower 

energy barrier, and thus the most statistically relevant (see example in Figure 2.4).  

 
Figure 2.4 Example of a 2-dimensional PES with two different reactions, 

TSs and MEPs. Used with permission from Ref. [112]. 

The relation between microscopic reaction barriers of energy 𝐸𝑎 and reaction 

rates 𝑘, which might be studied macroscopically, is often described through the 

empirical Arrhenius model: 

𝒌 = 𝑨𝒆−𝑬𝒂/𝒌𝑩𝑻 ( 2.9 ) 

where 𝑘𝐵 is the Boltzmann constant and the empirical pre-exponential factor 𝐴 

roughly encapsulates, according to collision theory, the frequency with which atoms 
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or molecules attempt to cross the reaction barrier. The Arrhenius model is 

numerically equivalent to that obtained in harmonic TST, which involves 

expanding the PES to second order in the vibrational modes around the reactants 

minimum and the TS saddle point [113,114].  

The empirical Arrhenius model has a number of limitations. E.g., the local 

harmonic approximation breaks at very high temperatures, where it is not enough 

to accurately represent the regions with appreciable Boltzmann statistical weight, 

and at very low temperatures, where quantum mechanical tunnelling becomes the 

dominant transition mechanism rather than hops over the energy barrier [115–117]. 

Similarly, the pre-exponential factor A does not explicitly define quantities such as 

the entropy of activation or temperature dependence that is captured in more 

rigorously derived models (such as Eyring model [118]). Nonetheless, it has found 

wide application in tribology such as to model atomic-scale wear [119].  

At a tribological interface, chemical reactions may be driven by applied 

stress [120]. In a 1978 study of adhesion between cells [121], Bell introduced what 

is now known as the stress-augmented thermal activation (SATA) model [120], 

often called Bell model. According to the SATA model, when a force f is applied 

to an atom or molecule along a reaction coordinate, the Arrhenius eq. ( 2.9) is 

modified to: 

𝒌 = 𝑨𝒆−(𝑬𝒂−𝒇∆𝒙)/𝒌𝑩𝑻 ( 2.10 ) 
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This can be simply understood in terms of the force effectively lowering the reaction 

barrier, which is schematically shown in Figure 2.5. 

 

Figure 2.5: (a) Activation energy barrier in the absence of any applied force. 

(b) Influence of an applied force f on the effective energy barrier, which is 

reduced. Used with permission from Ref. [120] 

Eq. ( 2.10 ) can also be written in terms of the applied shear stress, τ: 

𝒌 = 𝑨𝒆−(𝑬𝒂−𝝉∆𝒗)/𝒌𝑩𝑻 ( 2.11 ) 

where Δν, called the “activation volume”, is the coupling constant between shear 

and the reduction in the effective energy barrier. This model is a further link 

between a macroscopic property, shear, and microscopic dynamics, and is central 

to the study of mechanically-driven chemical reactions, or mechanochemistry. 

Mechanochemistry has become an important topic of research in tribology in recent 

years [48,52,120,122–124] as a number of experimental [119,125–129] and modelling 

[52,130–132] studies have tried to shed light on the role of pressure and shear in 

reactions at tribological interfaces. Particularly relevant examples are the works of 

Gosvami et al. [127] and Zhang and Spikes [126], which showed that tribofilm 

formation of ZDDP antiwear additives is a mechanochemically-driven process, 
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which sparked a focus on understanding the effects of shear and the mechanisms 

behind this phenomenon.  

Given a PES, which may be obtained via DFT, different strategies exist to 

identify TSs and reaction paths. A TS is a first order saddle point on the PES (it 

is a maximum along the relevant reaction coordinate and a minimum along any 

other). This can be easily visualised on the example PES in Figure 2.4, and is put 

on mathematical footing by the Morse Lemma [133], which is beyond the scope of 

this text. As first order saddle points, TS have one normal mode of vibration with 

one imaginary frequency and the remaining with real frequencies.  

A strategy to find TSs is precisely identifying states with one imaginary 

frequency. This was the approach used by Mosey and Woo [134] to investigate 

unimolecular decomposition mechanisms of ZDDP and the potential effects of 

different alkyl substituents on the energy barriers in an early DFT study. When 

the final reaction state is not known, PES walkers methods can search for TSs by 

following the lowest vibrational mode until it becomes negative [135]. However, 

there is no guarantee that such mode leads to the MEP. In the easier case where 

both the initial and final states are known, the nudged elastic band (NEB) method 

[136] has proven to be a powerful tool to identify the TS, and can be also applied 

to trial final states in order to identify the most probable reaction.  

NEB is a chain-of-state method where trial intermediate guesses or “images” 

between an initial and final state (often obtained by linear interpolation between 

initial and final states) are connected along the reaction path through “springs” 
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that penalise large deviations between adjacent distances, and images are allowed 

to relax with the added spring forces as a way for them to converge to the MEP. 

An issue with chain-of-state methods is that stiff spring constants can result in 

corner-cutting along the reaction path, while looser spring constants can result in 

images sliding down from the barrier region (see Figure 2.6). The solution 

introduced in the NEB method is straightforward: eliminate the perpendicular 

component of the spring force (preventing corner-cutting) and the parallel 

component of the true force (preventing sliding down the barrier), which decouples 

the dynamics of the path itself from the distribution of the images along the path.  

 
Figure 2.6: A contour plot for the example PES of a system with three 

atoms: atom B can bond with either one of two atoms, A or C, through an 

LEPS potential (see Ref. [136] for further details). Horizontal axis gives the 

AB distance and the vertical axis the BC distance. The solid line represents 

the MEP, which passes through the saddle point. The dots represent the 

images in paths that present corner-cutting (left) and images sliding down 

the barriers (right).  

Further developments of the NEB method include the use of progressive 

functions that add a fraction of the perpendicular component of the spring force in 

“kinky” paths to prevent buckling of the chain [137] and the climbing image (CI) 
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method, where the closest estimate of the TS is allowed to climb up the barrier for 

more accurate results [138]. 

This section has presented an introduction DFT and associated techniques 

to study systems relevant in tribology, from accurate adsorption energetics to 

chemical reactions. While DFT offers the most accurate interatomic interactions, 

its main limitation is the computational cost associated with larger and dynamical 

systems. The next section introduces MD, which can substantially scale up the 

systems sizes while retaining atomic information by dismissing the Schrödinger 

equation in favour of empirical interatomic potentials.   

2.3.3. Molecular Dynamics 

MD is a modelling approach in which atomic trajectories of a given system 

are generated by integrating Newton’s equations of motion using a finite difference 

scheme over a series of short time steps. It provides the possibility to investigate 

dynamic phenomena, time-dependent processes or transport coefficients such as 

viscosity of lubricants or friction between sliding interfaces. As such, MD is 

becoming an increasingly important tool in the field of tribology. 

The interatomic interactions in MD entail two approximations. The first 

one is the Born-Oppenheimer approximation, which separates the electronic and 

nucleic degrees of freedom. The second is to treat the nuclei as point particles 

following classical Newtonian dynamics. Based on these approximations, 

interatomic interactions can be obtained through first principles quantum methods 
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such as DFT, in which case it is referred to as ab initio molecular dynamics 

(AIMD); or through empirical potentials called force fields (FFs), in which case it 

is generally just referred to as MD, which is the subject of this section. An example 

of a FF is Lennard-Jones (LJ) potential used to represent van der Waals 

interactions between two particles at a distance r.  

𝑬𝑳𝑱 = 𝟒𝜺 [(
𝝈

𝒓
)

𝟏𝟐

−  (
𝝈

𝒓
)

𝟔

] ( 2.12 ) 

where 𝜀 is the depth of the potential well and 𝜎 is the distance at which the inter-

particle energy 𝐸𝐿𝐽 is zero. The use of FFs, which can be evaluated much faster 

than explicit electronic interactions, allows MD to simulate scales inaccessible for 

ab initio methods, up to millions of atoms for nanosecond time scales (or 

microsecond scales in extreme cases [139]) employing highly parallelised software 

on multiprocessor high performance computing (HPC) facilities. Through the use 

of simple fundamentals, (FFs and Newton’s laws of motion), MD is a powerful to 

study dynamical processes in tribology, including friction between sliding interfaces 

or mechanochemical reactions. Nonetheless, the scales available remain small for a 

straightforward modelling of real tribological systems; for example, high pressure 

lubricant viscosity can generally be measured up to strain rates of approximately 

104 s-1 [140,141], which translates to almost negligible 10-5 ns-1 at typical MD scales 

(hence, MD simulations typically use strain rates much larger than experiments). 

Therefore, a number of techniques and approximations have been developed and 

applied in order to provide accurate and insightful simulations. In the following, 
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these methodological advances in the context of tribology are outlined. For a more 

in depth review of the history of MD in tribology, the reader is referred to Refs. 

[51,142]. 

The first MD study performed as described here was produced by Rahman 

in 1964 [143] (for comparison with current MD scales, that study included 864 

particles simulated for 7.8 picoseconds), who employed a LJ potential to calculate 

the diffusion coefficient in a system of argon atoms. It was an immediate example 

of the possibilities of molecular modelling as it showed for the first time that the 

diffusion of small molecules takes place through small, highly coordinated motions 

of neighbouring particles instead of rare jumps of particles from ‘lattice sites’ to 

‘holes’, which was the generally accepted explanation at the time in a view that 

understood liquids as crystal-like [144]. In the context of tribology, Verlet and co-

workers were the first, in 1973, to calculate the shear viscosity of a LJ liquid [145]. 

Using the Green-Kubo formalism [146,147], they managed to calculate the 

Newtonian viscosity without the need to impose strain rates across the systems.  

Up to the early 1970s, early simulations of liquids like these examples 

employed equilibrium MD, which follows the microcanonical or NVE ensemble, 

where the number of particles (N), volume (V) and energy (E) of the system are 

preserved. The first nonequilibrium molecular dynamics (NEMD) then appeared, 

which allowed strain rates to be applied to the system. Initial methods employed 

periodic boundary conditions (PBC) [148,149] in the x and y directions with walls 

confining the system in the z direction and translating with opposite velocities 
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along the x direction to shear the fluids. In the 1980s, the DOLLS and SLLOD 

methods provided equations of motion that allowed to impose shear flow in systems 

with PBC in all three Cartesian directions (called LE PBC for Lees and Edwards, 

who invented them years earlier in the context of hard sphere simulations [150]), 

virtually removing the problem of surface effects related to the large surface-to-

volume ratio of small simulation cells. An early study using LE PBCs was carried 

out by Heyes et al. [151] to model the start-up of shear flow in a supercooled LJ 

fluid.  

The development of NEMD also came with the appearance of different 

methods to control temperature in a simulation in the late 1970s and 1980s, 

including scaling atomic velocities [152], coupling atoms to an external bath [153], 

applying forces to represent friction and collisions of the atoms with an implicit 

solvent [154] (also known as Langevin dynamics) or the Nosé-Hoover (NH) 

thermostat [155,156], in which the Hamiltonian of the system includes extra degrees 

of freedom for a heat reservoir that controls the temperature. The NH thermostat 

is perhaps the most widely used in bulk NEMD simulations of fluid lubricants, as 

it can be easily implemented with LE PBC and it can be proven to generate a 

canonical NVT ensemble (fixed particles, volume and temperature).  

However, in typical confined NEMD systems (see example in Figure 2.7) 

which represent mixed or EHL lubrication, where fluids are trapped between two 

slabs representing the surfaces of sliding machine components, different 

thermostatting strategies are required. Direct thermostatting of a confined fluid 
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has been shown to strongly affect its behaviour [157].  Instead, thermostatting only 

atoms in the slab [158] allows a thermal gradient to develop through the thickness 

of the system and spurious thermostat forces are prevented from interfering with 

friction and viscosity. Confined NEMD simulations now commonly apply the 

Langevin thermostat to the wall atoms, as it has been shown by Berro et al. to 

remove heat generated due to shear more effectively than the NH method [159]. 

Note that the outermost layers of the slabs are normally fixed in order to reproduce 

bulk geometries, so they do not participate in the thermostatting.  

Pressure can be controlled in bulk simulations of lubricants through a Nosé-

Hoover (NH) barostat [155,156], which controls the volume of the system in order 

to maintain a target pressure as a way to sample the NPT (constant number of 

particles, pressure and temperature) ensemble. In contrast, in a confined simulation 

where lubricants and/or additives are trapped between slabs, the pressure can be 

controlled by applying a constant normal force to the slabs [160]. This is usually 

preferrable to fixing the distances between the slabs as it can lead to unphysical 

results [160]. In a typical simulation, the system is first energy minimised with the 

slabs at a wider separation than there will be during the rest of the simulation, and 

the pressure is only applied after this step. This can lead to excessive oscillations 

of the inter-slab distance, so a damping term is often applied to the barostats after 

the force is applied [160].  
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Figure 2.7: Sliding NEMD simulation of n-alkanes confined between iron 

oxide surfaces showing thermostats and barostats. Used with permission 

from Ref. [161]. 

Force Fields 

As explained above, MD simulations require the use of empirical FFs which 

govern the inter- and intra-molecular interactions, as well as those involving 

surfaces in confined simulations. FFs consist of mathematical functions with 

adjustable parameters that aim to represent different types of interactions. 

Changing these parameters allows the same functional forms to be applied to 

different atomic species or chemical environments. For example, the LJ potential 

(see eq. ( 2.12 )) used to model vdW interactions depends on the parameters ε and 

σ, which determine the interaction magnitude and distance, respectively, and which 

may be modified for each pairwise interaction.  

Classical FFs represent the energy of a system with separate bonded and 

non-bonded terms. Bonded terms encapsulate interactions by atoms that are linked 
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through covalent bonds and non-bonded terms represent the remaining 

interactions. Typically, the former includes bond stretching between two atoms, 

angle bending between three linearly bonded atoms and torsion terms in the 

dihedral angles formed by groups of four linearly bonded atoms; while the latter 

includes vdW interactions and short-range repulsion (usually in the form of a LJ 

potential), as well as electrostatic interactions through a Coulomb potential. A 

typical expression for such a FF may look like the following [162]: 

𝑼 = ∑
𝟏

𝟐
𝒌𝒃(𝒓 − 𝒓𝟎)𝟐

𝒃𝒐𝒏𝒅𝒔

+ ∑
𝟏

𝟐
𝒌𝒂(𝜽 − 𝜽𝟎)𝟐

𝒂𝒏𝒈𝒍𝒆𝒔

 

+ ∑
𝑽𝒏

𝟐
[𝟏 + 𝒄𝒐𝒔(𝒏𝝓 − 𝜹)]

𝒕𝒐𝒓𝒔𝒊𝒐𝒏𝒔

+ ∑ 𝑽𝒊𝒎𝒑

𝒊𝒎𝒑𝒓𝒐𝒑𝒆𝒓

 

+ ∑ [𝟒𝜺𝒊𝒋 [(
𝝈𝒊𝒋

𝒓𝒊𝒋
)

𝟏𝟐

−  (
𝝈𝒊𝒋

𝒓𝒊𝒋
)

𝟔

] +
𝑪𝒒𝒊𝒒𝒋

𝒓𝒊𝒋
] 

𝒏𝒐𝒏−𝒃𝒐𝒏𝒅𝒆𝒅

 

( 2.13 ) 

where the first four terms denote intramolecular contributions to the total energy 

and the last one encapsulates the non-bonded vdW and electrostatic interactions. 

Note that at the beginning of a simulation bonded atoms are defined, and given 

that there are springs between them, they will remain so. Therefore, in MD 

simulations employing classical FFs (also called classical MD) the predefined 

connectivity will hold for the length of a simulation and no chemical reactions 

which involve bond dissociation or formation will take place.  

Since the 1980’s, comprehensive classical FFs for hydrocarbons have been 

made available and are still widely used today after different refinements. Although 

the specific potentials describing some of the terms in eq. ( 2.13 ) may change, the 
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main difference between the various available FFs are the parameters, which are 

tuned so that the FFs reproduce certain properties of interest. AMBER [163–165], 

CHARMM [166–169] OPLS [12,170,171], and GROMOS [172,173] were (initially) 

derived by empirically fitting experimental data (Class I) and their functional form 

most resembles eq. ( 2.13 ). Further computational advancements saw the 

development of FFs such as COMPASS [174,175] with ab initio data (Class II). 

Although these FFs were not explicitly developed for tribological purposes (for 

example, AMBER was derived for biomolecules), they have been extensively 

applied since to model lubricant base oils (such as n-alkenes) and additives (such 

as OFMs). Subsequent studies have shown that Class I FFs are more accurate for 

reproducing physical properties of alkanes in condensed phase simulations [176], 

while a comparison of FFs for tribological simulations highlighted the ability of 

L-OPLS-AA [177] (an all-atom version of OPLS optimised for long hydrocarbons) 

to reproduce the bulk viscosity of model lubricant n-hexadecane and boundary 

friction coefficients between two iron slabs in the presence of stearic acid OFMs 

[178].   

 ‘Reactive’ FFs provide a way to approximate chemical reactions at MD 

scales by using bond-order-based potentials. Although the bond order concept was 

originally developed in the 1980’s by Abell [179], Tersoff [180] and Brenner [181], 

the 2000’s saw the introduction of reactive potentials which, in different updated 

versions, remain widely used today in different fields of chemistry. Prominent 

examples include the adaptive intermolecular reactive empirical bond order 
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(AIREBO) [182], the charge-optimized many-body (COMB) [183] potential and 

reactive force field (ReaxFF) [184,185]. AIREBO is optimised for carbon-based 

materials and thus is primarily used in tribological simulations involving relevant 

materials such as hydrocarbons, graphene, graphite or diamond-based coatings [52]. 

Similarly, COMB was originally designed to model Si and silicon dioxide (SiO2) 

and has been primarily used to study the tribochemistry of those materials [186]. 

ReaxFF provides one of the most versatile force fields and has seen increased 

implementation in tribochemical simulation in the recent years [52]. Developed by 

van Duin and co-workers, it uses a bond order formalism with electronegativity 

equalization method (EEM) to calculate atomic charges and includes not only 

chemical bonds, but also vdW and Coulomb interactions; its long-range bond order 

terms enable ReaxFF to model transition states where the atoms are farther apart. 

The general form of ReaxFF, excluding some system-specific terms, is [187]: 

𝑬𝒔𝒚𝒔𝒕𝒆𝒎 = 𝑬𝒃𝒐𝒏𝒅 + 𝑬𝒐𝒗𝒆𝒓+ 𝑬𝒂𝒏𝒈𝒍𝒆 +  𝑬𝒕𝒐𝒓𝒔 +  𝑬𝒗𝒅𝑾 + 𝑬𝑪𝒐𝒖𝒍𝒐𝒎𝒃 + 𝑬𝒔𝒑𝒆𝒄𝒊𝒇𝒊𝒄 ( 2.14 ) 

where Ebond is a continuous function of interatomic distance, describing the energy 

associated with bond formation (including σ, π, and π-π contributions). Eangle and 

Etors are the energies associated with three-body angle and four-body torsional angle 

strain, respectively. Eover is an energy penalty to prevent over-coordination of atoms 

and is based on atomic valence rules. ECoulomb and EvdW represent the electrostatic 

and dispersive interactions between all atoms in the system, irrespective of their 

connectivity and bond order. Especific represents system-specific terms required to 
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capture properties particular to the system of interest, such as lone-pairs, 

conjugation, and hydrogen bonding [184]. The point charges on the atoms vary 

dynamically during the MD simulation and are calculated using the charge 

equilibration (Qeq) method [188–190]. The bond order-based terms and the non-

bonded terms are calculated independently so that no a priori distinction between 

covalent and ionic interactions has to be made.  

ReaxFF requires larger sets of parameters than classical MD which are 

specific to the different atoms in a system and, oftentimes, to the phases of interest. 

Consequentially, it poses a more challenging parameterisation problem that 

requires extensive DFT training sets representative of the different chemical 

environments to be studied and different algorithms have been developed to 

optimise the parameters against them. Most ReaxFF parameter development are 

done with a single-parameter parabolic search method, but new developments [184] 

include more sophisticated algorithms such as genetic algorithms (GA) [191], 

particle swarm optimisation (PSO) [192] or the covariance matrix adaptation 

evolutionary strategy (CMA-ES) [193].  Nonetheless, there have been efforts to 

develop ReaxFF parameter sets that can be used to study relevant lubricant and 

lubricant additive molecules, such as alkanes, alcohols or carboxylic acid OFMs 

[194,195]; phosphoric acids [196]; organo-sulphur compounds [197]; and MoS2 [198]. 

A number of ReaxFF parameter sets have been developed to study the 

liquid-solid interface between lubricants and surfaces [52]. A series of studies have 

focused on investigating tribochemical reactions between water as a lubricant and 
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silicon-based surfaces [199–202], which is relevant to the super-low friction observed 

with water-lubricated ceramics; it was generally observed that water could increase 

wear by providing oxygen to form Si-O-Si across the interfaces. When the sliding 

interfaces were sodium silicate and amorphous silica, it was instead found that 

water supressed the formation of Sisilica-O-Sisilicate bonds and reduced wear [203]. 

The mechanochemical decomposition of perfluoropolyether (PFPE) lubricants for 

heat-assisted magnetic recording was mainly attributed to the dissociation of C–

OH and ether C–O bonds in the polar end groups, with non-constant activation 

volumes at low normal pressures. The presence of water molecules was also seen to 

increase PFPE degradation [204]. 

Additive molecules are generally chemically complex and contain 

combinations of elements for which ReaxFF parameters are not available, especially 

in combination with surface elements [52]; in consequence, the literature on additive 

molecules at the liquid-solid interface, despite the extensive interest in 

understanding their chemical mechanisms, is limited and most previous simulations 

have focused on model systems [52]. An investigation of organo-sulphur compounds 

on copper surfaces showed the decomposition of adsorbed methyl thiolate was 

initiated by C-S scission [197]. Tribochemical reactions at high temperatures 

produced water molecules at the phosphoric acid-quartz interface which act as a 

lubricant and resulted in friction reduction [196]. While these examples contain 

organo-sulphur and organo-phosphorus parameters present in most antiwear 

additives, no complete set of parameters for the Zn/C/O/H/P/S/Fe interactions 



 43 

necessary to model a ZDDP on steel system, relevant to most automotive 

applications, have been developed. Recently, Khajeh et al. made a significant step 

in this direction by developing parameters for phosphate ester antiwear additives 

on ferrous surfaces [205,206]. Similar to ZDDP, phosphate esters are known to form 

protective tribofilms with varying reactivity depending on molecular substituents. 

2.3.4. Summary 

Molecular modelling techniques, such as MD and DFT, have seen an 

increasing use in tribology as a way to elucidate the mechanisms taking place at 

relevant interfaces. The insights into adsorbate-surface systems such as additives 

(e.g. antiwear and OFMs) and surfaces (ferrous or carbon-based) provide a more 

complete picture of the tribological contacts, which can guide future lubricant or 

coating designs. This section has provided a description of the techniques and 

developments in the context of tribology. The following section presents the 

systems considered in this thesis.  

2.4. Review of tribological systems 

This section includes a short review of the systems considered in this project, 

state of the art and relevant open problems that have been identified where 

modelling research could further our current understanding.  
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2.4.1. Diamond-Like Carbon 

As outlined in section 2.2. DLC coatings present ultra-hardness, low-friction, 

and high wear resistance properties which make them very relevant to tribological 

applications [34,36]; notably, their high biocompatibility also draws interest for 

biomedical uses [207,208]. They are now utilised in numerous industrial 

applications such as artificial joints [207,208] and engine components as a way to 

improve engine efficiency and protect the longevity of different components 

[34,36,209,210]. DLC coatings differ microscopically according to properties such 

as sp3/sp2 and hydrogenation, which in turn can dictate their tribological behaviour 

[209]. Important DLC subclasses comprise hydrogen-free DLC, which is referred to 

as tetrahedral amorphous carbon (ta-C) and amorphous (a-C), as well as 

hydrogenated amorphous network of carbon and hydrogen (a-C:H).  

Although DLC is commonly used in dry lubrication (in the absence of 

formulated lubricants), a significant amount of research focuses on understanding 

its interaction with adsorbates, both for applications in lubricated contacts and as 

a way to understand the role of environmental species such as water molecules 

during dry sliding. A number of investigations have been devoted to studying the 

tribological properties of DLC in the presence lubricant species [211], including 

friction modifiers such as OFMs [212] and MoDTC [213] as well as antiwear 

additives such as ZDDP [213–216], which have further highlighted the importance 

of surface chemistries on surface-adsorbate interactions and additive performance 

in tribology. In general, it has been shown that ZDDP struggles to form tribofilms 
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on DLC of the same quality as those on steel and can obstruct the graphitization 

phenomenon responsible for the low friction of many DLC coatings. When used in 

combination with MoDTC, however, the friction can be substantially reduced 

through the formation of MoS2 [211]. It is generally understood that the often found 

poor tribofilm performance on DLC is due to the necessity of cations (such as Fe 

in steel) that participates in the depolymerization step which shortens the 

polyphosphate chains found in the initially formed thermal tribofilms into the 

primarily nanocrystalline orthophosphate films responsible for wear reduction [29]. 

However, some depolymerization has also been observed in the absence of Fe [29], 

in which case water and Zn cations are the most likely participants. Crobu et al. 

[217] found depolymerization of zinc metaphosphate and polyphosphate occurred 

when this was rubbed against a glass sphere, and ascribed these changes to the 

action of adventitious water; and recently, Parsaeian et al. [218] have shown that 

the deliberate addition of water reduces the chain length of ZDDP tribofilms. 

The presence of water adsorbates on DLC is, in fact, one of the most 

researched areas as it is also critical to dry lubrication of DLC. In aqueous or humid 

air environments, the interaction of DLC surfaces with water molecules may modify 

or even determine its tribological properties [38]. At low relative humidity, 

hydrophobic DLC films protected by a self-assembled monolayer showed lower 

adhesion and friction compared to hydrophilic DLC films [39]. On the other hand, 

hydrophilic DLC films generally show lower friction at high relative humidity [40]. 

Ab initio calculations have shown that this is because such surfaces favour the 
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formation of a wetting layer that prevents the formation of covalent bonds across 

the opposing sliding surfaces and makes them slippery [96,97,100], thus reducing 

friction in humid conditions.  

The wettability of DLC surfaces is a complex phenomenon, affected by 

macroscopic properties such as surface energy [41], as well as atomic-scale factors 

including polarity, dangling bonds, sp3/sp2 ratio [42] and surface hydrogenation 

[43]. Experimental studies on the wettability of DLC coatings show a wide range 

of values depending on the surface roughness [219], texture [220], and deposition 

methodology [221]. These competing factors have complicated the fundamental 

understanding of DLC wettability and has prevented the systematic development 

of coatings with improved performance. 

A popular approach to modifying DLC-water interactions, as well as those 

with other surfactants such as those found in lubricated oils, is through the use of 

dopants [221–224]. Understanding the molecular-scale mechanisms involved in the 

presence of dopants, however, has proven complicated as highlighted above. In this 

context, molecular modelling has recently provided valuable insights towards the 

rational application of doping in DLC coatings. Several ab initio studies by Righi 

and co-workers [94,96,97,225] have revealed many molecular-scale details of the 

interactions between water and diamond surfaces, which are locally representative 

of DLC. A recent DFT study by Kajita and Righi [99] found that Si doping of DLC 

lowered the energy barrier for water dissociative adsorption in NEB calculations, 

which was proposed as a mechanism for increased wettability through the resulting 
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surface hydroxyls interacting with water molecules at the interface. Subsequent ab 

initio molecular dynamics (AIMD) simulations [100] studied this process in water 

molecules confined between sliding diamond surfaces. These AIMD simulations 

supported experimental observations that water molecules can form a thin layer 

between the hydroxylated surfaces and act as a boundary lubricant [226] 

The molecular understanding of water and (doped) DLC interfaces is, in 

summary, not only an industrially relevant topic, but also one where molecular 

modelling can be applied to discern the mechanisms that experimental set-ups 

struggle to discern or separate. These interfaces will be studied in Chapter 3. . 

2.4.2. Organic Friction Modifiers 

Friction modifiers are added to lubricants to reduce friction and wear in 

machine components [22], increase the energy efficiency of engineering systems, and 

ultimately reduce fuel consumption and CO2 emissions [227]. Within this class of 

additives, OFMs are notable friction modifier additives because they are based 

solely on C, H, O, and N atoms and are not environmentally harmful. OFMs are 

amphiphilic surfactant molecules that contain nonpolar aliphatic tailgroups 

attached to polar headgroups [22]. They adsorb to metal, metal oxide, ceramic, or 

carbon-based surfaces through their polar headgroups, and can eventually form 

high coverage monolayers [228,229]. These monolayers prevent the direct contact 

of opposing sliding surfaces due to vdW forces between proximal nonpolar 

tailgroups. 
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A wide range of experiments have been used to investigate the nanoscale 

structure of surfactant films on iron oxide surfaces [22]: from polarized neutron  

reflectometry (PNR) [229] to the quartz crystal microbalance (QCM) [230]. The 

nature and strength  of surfactant adsorption on iron oxide has also been 

investigated through FTIR [231,232], X-ray photoelectron spectroscopy (XPS) 

[231,233,234] and polarization modulation-infrared reflection absorption 

spectroscopy [234] experiments. Moreover, the friction of surfactant films on iron 

oxide surfaces has been studied experimentally at both the nanoscale [235] and the 

macroscale [22,236]. 

In addition to these experimental studies, modelling has also been 

extensively applied to these systems. Classical MD simulations have given unique 

insights into the nanoscale behaviour of OFM additive films [51]. They are well suited 

for large-scale MD studies of these systems since modelling the adsorption of OFM 

molecules does not require the explicit representation of chemical reactions. The 

extensive work of Doig et al. [237,238] and Ewen et al. [178,239,240] has used 

NEMD simulations to investigate the nanoscale structure and friction behavior of 

a range of OFM molecules on α-Fe2O3 surfaces, investigating the effects of factors 

such as molecular structure, surface coverage of the OFM films or surface nanoscale 

roughness. A particular omission of these investigations is the lack of explicit 

modelling of the adsorption process, as the surfactants films are modelled as 

preformed at the beginning of the simulations. Moreover, the FFs employed for 

representing the OFM-surface interactions are based on simple combination rules 
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and have not been tested or developed for these systems, posing a clear gap in the 

understanding of the interfacial interactions of these adsorbates.  

Ab initio approaches that can more accurately model the adsorption of 

OFMs have been scarcely applied. Adsorption on iron oxide surfaces using the 

tight-binding (TB) approximation have been performed [241]. They suggested that 

carboxylic acids mostly chemisorb on iron oxide surfaces, regardless of the tailgroup 

molecular structure. Coupled techniques, such as quantum chemical tight-binding 

coupled with classical molecular dynamics (TB/MD), have also been used to study 

adsorption of OFMs on iron oxide surfaces dynamically [234,242]. Recently, a DFT 

study by Gattinoni et al. [30] provided the most accurate molecular-scale 

understanding of the adsorption of a number of OFMs. It showed that the OFMs 

strongly chemisorbed on iron oxide surfaces.  

Notably, these results brought out the shortcomings of the interfacial FFs 

widely employed in MD simulations of OFMs, which are based on weaker LJ 

interactions through combination rules. More accurate FFs that could bring the 

strong interactions observed in DFT to MD scales would allow for more 

representative simulations, as well as help validate or disprove previous work in 

the literature. Moreover, they could be employed in state-of-the-art steered MD 

simulations which focus on explicitly understanding the adsorption process as the 

link between concentration and surface coverage [21]. The development and 

application of an interfacial FF will be studied in Chapter 4.  
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2.4.3. Antiwear additives 

Tribofilm formation in antiwear additives is currently the most economically 

valuable application of mechanochemistry. These tribofilms are critical to 

maintaining the efficient and reliable operation of most lubricated machine 

components. ZDDP is the most popular antiwear additive; it is included in almost 

all engine oils, as well as many other types of lubricant [23]. It forms relatively 

thick (∼100 nm), patchy tribofilms on rubbing steel surfaces, which are mostly 

composed of zinc and iron polyphosphates. Due to environmental concerns with 

ZDDP, there has been a sustained global research effort over several decades to 

develop alternatives that are metal-free, form lower amounts of sulphated ash when 

combusted, and contain less phosphorus and sulphur [243]. In macroscale 

tribometer experiments, metal-free dialkyldithiophosphates (DDPs) [244], sulphur-

free zinc dialkylphosphates (ZDPs) [245] and metal- and sulphur-free 

trialkylphosphates [246] have all been shown to form protective tribofilms on steel 

surfaces; however, these are generally thinner and grow more slowly compared to 

those formed by ZDDP. Other promising alternatives include phosphate esters and 

thiophosphate esters [24]. Alkyl phosphates, such as tri(n-butyl)phosphate 

(TNBP), are already used as additives in gear lubricants and industrial lubricants 

[247]. Moreover, aryl phosphates, such as tri(m-cresyl) phosphate (TCP), are 

included in most aviation lubricant formulations [248]. Both TNBP and TCP have 

also been used as vapour phase lubricants (VPLs) for tribological systems that 

operate at very high temperature (> 700 K) [249]. 
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An improved understanding of the atomic-scale behaviour of antiwear 

additives inside tribological contacts is required to rationally design new molecules 

with improved performance and reduced presence of detrimental subproducts [12]. 

This information is challenging to obtain from macroscale tribometer experiments 

in the mixed/boundary lubrication regime [250], where numerous solid-solid 

asperity contacts result in local conditions that are difficult to measure and control. 

In recent years, in situ experiments of single nanoscale asperities have enabled the 

study of additive behaviour under more controlled conditions [251]. Gosvami et al. 

[127] where the first to show using AFM that the tribofilm formation ZDDP obeyed 

the Bell model in eq. ( 2.11 ). Similar mechanochemical responses have also been 

observed for metal-free DDPs in AFM experiments by Dorgham et al. [295], 

although these additives produced thinner tribofilms that formed more slowly than 

for ZDDP. Zhang and Spikes [100] showed that under full-film elastohydrodynamic 

lubrication (EHL) conditions, ZDDP tribofilms formed on tungsten carbide surfaces 

from high shear stress traction fluids, but not from low shear stress lubricant base 

oils, conclusively demonstrating the effect of shear on tribofilm formation. Further 

work by Spikes and co-workers [252,253] on other surfaces, including steel and 

DLC, highlighted the central role of tribochemistry at the adsorbate-surface 

interface; it was suggested that strong surface adsorption is required to form a 

tribofilm and that the rate of tribofilm formation was faster on harder surfaces, 

which led to higher contact stresses. 
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Antiwear additives with different alkyl and aryl substituents can show very 

different thermal, mechanochemical, and tribochemical reactivity. Dickert and 

Rowe [254] suggested that secondary dialkyl ZDDPs have lower thermal stability 

compared to primary dialkyl ZDDPs because the former are more susceptible to 

β−H elimination reactions. Jones and Coy [255] showed that the thermal stability 

of ZDDPs increased in the order secondary alkyl < primary linear alkyl < primary 

branched alkyl < aryl. They suggested that primary and secondary ZDDPs undergo 

different decomposition mechanisms; alkyl transfer and β−H elimination, 

respectively. Fujita et al. [250] noted that secondary ZDDPs formed thicker 

tribofilms more quickly than primary ZDDPs on steel substrates under 

mixed/boundary lubrication conditions. Recently, Zhang et al. [252] showed that 

ZDDPs with secondary dialkyl groups also form tribofilms much faster than those 

with primary dialkyl groups on steel surfaces under full-film EHL conditions. 

Similar substituent effects have also been observed for other antiwear additives, 

such as ZDPs and phosphate esters. For example, triarylphosphates are known to 

be more thermally-stable than trialkylphosphates [256]. Similar to ZDDP [254], this 

could be due to the susceptibility of trialkylphosphates to β−H elimination 

reactions, which cannot occur for triarylphosphates [257,258]. Moreover, Hoshino 

et al. [245] showed that secondary ZDPs form tribofilms more quickly than primary 

ZDPs on rubbing steel surfaces. These observations imply that the rate-determining 

step for tribofilm growth by ZDDP, ZDP, and phosphate ester antiwear additives 

on rubbing steel surfaces is the initial removal of the alkyl groups. This is 
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unsurprising given that dissociative chemisorption is often the rate-determining 

step for heterogeneously-catalysed processes [259]. To design new antiwear 

additives with controlled tribofilm formation rates, it is therefore critical to 

understand the effects of different alkyl and aryl substituents. 

Recently, Khajeh et al. [205] developed ReaxFF parameters to study the 

decomposition of TCP on ferrous surfaces. These parameters can be applied to 

other phosphate esters as a valuable method to understand the effect of different 

substituents. This approach also permits the study of different surface chemistries 

representative of steel at the nanoscale, which are expected to affect the adsorption 

and subsequent dissociation. Chapter 5. explores these factors on the thermal 

decomposition of phosphate esters on different ferrous surfaces in conditions 

representative of VPL. In Chapter 6. introduces confined NEMD simulations are 

used to apply shear and study the mechanochemical decomposition. The outcomes 

of this research are can be also transferable to other phosphorus-based antiwear 

additives such as ZDDP. 

2.4.4. Summary 

The state-of-the-art regarding the systems considered in this thesis has been 

presented and open problems in their research identified. DLC coatings, of high 

interest in tribology due to their friction and wear performance, have proven a 

challenge in their interaction with water molecules and other adsorbants present 

in lubricants. Techniques like doping can modify these properties. DFT 
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investigations into the different mechanisms at these interfaces have recently 

proven to be a valuable tool to elucidate different experimental results. OFM 

modelling at the MD level has evolved remarkably in recent years, but the FFs 

used to model their adsorption are inaccurate. Assessing previous results on their 

friction properties, as well as enabling accurate adsorption modelling requires 

accurate interfacial interactions derived from DFT. Finally, recent DFT 

calculations were used to model a reactive FF for phosphate esters. This has made 

possible the first MD simulations of these antiwear additives which could help 

explain the mechanisms behind tribofilm formation, a long-sought goal in tribology, 

and effects of conditions and molecular structure. A molecular-level understanding 

of these interfaces will help complete our current picture of tribological contacts 

and result in more efficient future designs.  

 
 
 
 
 
 
 
 
 
 
 
 



 55 

Chapter 3. Water Adsorption on Doped Diamond 

Surfaces: A DFT Study 

The work described in this chapter has been partly published in Carbon 

(Ref. [1]). 

3.1. Introduction 

As described in section 2.4.1, DLC coatings are of high interest in tribology 

and other areas such as biomedicine. Modifying their interaction with water 

interfaces with techniques such as doping is important to their friction behaviour 

and interaction with other adsorbates.  

As well as modifying the wettability, the doping of DLC with non-metallic 

elements such as boron, nitrogen, oxygen, and silicon is performed to improve other 

properties [260], such as biocompatibility [261,262] and electrical conductivity 

[262,263]. Several studies have been devoted to investigating the effects of dopants 

on friction and wear [34]. Large decreases in the friction coefficient of boron-doped 

DLC (0.04) compared to undoped DLC (0.22) have been reported in humid air 

[34]. More recent studies have shown that low concentrations of boron (2.6 at.%) 

in DLC resulted in better friction performance (at the cost of slightly higher wear 

rates) than undoped DLC in ball-on-disk tribometer experiments at high relative 

humidity (32-56%) [264]. However, it has also been shown that the wear rate of 

micro- and nano-crystalline diamond increases linearly (by a factor of three) with 

boron concentration (between 0.6 and 2.8 at.%) in ball-on-disk experiments in 

humid air [265], whereas friction was similar in all cases. Nanoscale atomic force 
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microscopy (AFM) [266] and ball-on-disk [267] found no correlation between 

nitrogen dopant concentrations in DLC and the friction coefficient, but high 

concentrations deteriorated wear resistance. On the other hand, improved friction 

performance of DLC with a relatively low N/C ratio (0.08) has been reported 

compared to undoped DLC at high relative humidity (40-45%) [268]. While oxygen-

containing DLC films have been linked with increased wettability and wear rates 

[269], as well as increased hardness due to a raised ratio of aromatic to olefinic sp2 

C=C bonds [270] compared to undoped DLC, their tribological performance has 

not been widely studied. However, silicon and oxygen co-doped DLC have shown 

excellent tribological properties [271,272]. 

Several experimental studies have investigated the interactions of doped and 

undoped DLC coatings with water interfaces. DLC has a typical  water contact 

angle (WCA) of 80° [273–275], although hydrogen-free tetrahedral amorphous 

carbon (ta-C) can display a lower angle of ∼60° [273]. Surfaces with WCA greater 

than 90° are generally regarded as hydrophobic, while those with lower WCAs are 

hydrophilic [276]. Wettability of boron-doped DLC has been shown to change 

nonmonotonically with dopant concentration [264]. An increase in the 

hydrophilicity (WCA decreased from 68° to 60°) was observed moving from 

undoped DLC to 2.6 at. %, which was largely attributed to the formation of polar 

B-C bonds. At intermediate dopant concentrations (9.2 at.%,), the WCA increased 

to 72°, attributed to the appearance of less polar B-H and C-H bonds. When the 

boron concentration was further increased (25.8 at.%), a much higher 
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hydrophilicity of the surface, with a WCA of 35° [276], was associated with B-O 

bonds that could enhance hydrogen-bonding. Most experiments have shown that 

higher nitrogen concentrations lead to increased hydrophilicity. A 5.3 at.% nitrogen 

concentration reduced the WCA of DLC from 80° to 74° [224], while higher 

concentrations of nitrogen (12.7 at.%) showed a lower WCA of 63° [275]. However, 

reports are unclear whether this is mostly due to an increase in the polar [273] or 

the dispersive [224] component of surface energy. Oxygen doping has been shown 

to increase DLC hydrophilicity, with low WCA (63°) having been reported at high 

oxygen concentrations (11 at.%) [222]. Infrared spectroscopy indicated the presence 

of carbonyl oxygens, although there were no reports on the chemical state of the 

residual oxygens in the DLC after etching [222]. It is also noteworthy that 

extremely hydrophilic DLC films, with WCA as low as 3°, have been produced 

using piranha treatments [39]. This was attributed mainly to the formation of 

oxygen containing hydroxyl, carbonyl and epoxy groups on the surface [39]. 

Despite this large number of experimental studies, a molecular-scale 

understanding of the physicochemical mechanisms driving the increase in 

hydrophobicity by different dopants is still lacking. This could reconcile the 

differences between experimental results, as well as facilitate the design of improved 

coatings. Previous investigations have shown that the preference of water molecules 

to physisorb or chemisorb on different types of DLC coatings determined their 

friction coefficient as a function of water vapour pressure [277,278]. Thus, 
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understanding the role of dopants on water adsorption mechanisms could further 

explain their effect on tribological properties. 

The work of Righi and co-workers [94,96,97,225] has revealed molecular-

scale details of the interactions between water and diamond surfaces, which are 

employed as a locally representative model of DLC. Particularly relevant to the 

present investigation was the work by Kajita and Righi [99] which studied the 

effect of Si dopants on water adsorption. It was found such dopants lowered the 

energy barrier for water dissociative adsorption, and the resulting surface hydroxyls 

increased wettability by interacting with water molecules at the interface. This 

process was then observed dynamically in ab initio molecular dynamics (AIMD) 

simulations [100] of water molecules confined between sliding diamond surfaces. 

These AIMD simulations supported experimental observations that water 

molecules can form a thin layer between the hydroxylated surfaces and act as a 

boundary lubricant [226]. The fundamental mechanism of silicon atoms acting as 

catalytic sites for hydroxylation was also consistent with experimental observations 

of superlow friction coefficient of silicon-doped DLC in humid environments [223]. 

The role of other non-metal dopants on the interactions between DLC and 

water has been less widely studied with ab initio methods. Previous AIMD 

simulations [279] suggested that the hydrophilic character of boron-doped diamond 

depends on the surface termination. Surfaces covered in carbonyl oxygens presented 

strong interaction with water molecules, while hydrogenated ones were markedly 

hydrophobic. Mixtures of hydroxyls and hydrogen on the surface, which could be 
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formed from the dissociative adsorption of water molecules, recovered some of the 

hydrophilicity. However, these simulations for boron-containing systems were not 

compared to undoped DLC. Moreover, the dopants were embedded in inner layers 

and, as such, their direct effect on water adsorption was not studied. Other ab 

initio studies have highlighted the local extent of the effects of dopants on chemical 

environment and adsorption energies for other molecules on diamond surfaces [280–

282], which further suggests that the role of dopants embedded in inner layers is 

diminished compared to those in outer layers. One of these studies  [280] suggested 

that boron doping increases hydrophobicity, but the influence of boron on surface 

reactivity decreased as a function of its distance from the surface, yielding virtually 

the same behaviour to undoped diamond when it is located in the fourth layer or 

below.  

In this study, we use ab initio methods to investigate the nature and 

strength of the interaction between B-, N-, and O-doped diamond (BDD, NDD and 

ODD, respectively) surfaces and water molecules. The B, N, and O dopants are 

located at the most energetically stable, exposed substitutional sites, which were 

identified by screening several possibilities in the outer layers. A similar protocol 

to that recently employed by Kajita and Righi for Si dopants [99] will be followed. 

We use DFT calculations to investigate the effects of the different dopants, located 

in the outer layers, on the molecular and dissociative adsorption of water molecules, 

and the role of dissociated hydrogens and hydroxyls on hydrogen bonding with 

further water molecules. A recent study of fluorine-terminated diamond surfaces 
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has shown that the contact angle of a water droplet (from classical MD simulations) 

is inversely correlated with the adsorption energy of a single water molecule (from 

DFT calculations) [283]. Thus, we expect the calculated adsorption energies, and 

the potential role of the dopants to influence them through mechanisms such as 

surface hydroxylation, to give a direct indication as to the wettability at larger 

scales. As we focus on substitutional sites, the O will be located in an epoxy 

configuration, as opposed to the more frequently studied carboxylic locations; 

similar epoxy configurations have been previously studied, for example in Ref. [98]. 

Through these calculations, we uncover the distinct roles of the different dopants 

in altering the wettability of carbon-based films.  

3.2. Methodology 

We employ a supercell consisting of a 10-layer thick (001) slab with a 4 × 3 

in-plane size (120 atoms) and a vacuum region of ∼14 Å between each periodic 

replica in the [001] direction. The surfaces of the slab present a 2 × 1 dimer 

reconstruction [284] that results in alternating rows and trenches of sp2- and sp3-

bonded carbon atoms. This surface has frequently been used in ab initio studies as 

a simple model for hydrogen-free DLC [99,279]. It is representative of the sp2 layers 

that are often observed at the surface of DLC coatings [285]. 

In each supercell, one dopant atom was located at a substitutional lattice 

site in the outer layers. While B [286] and N [287,288] atoms are known from 

previous studies to favour substitutional sites, it is not clear whether this is also 

the case for O atoms. IR absorption spectra of O-containing DLC films often 
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indicate the presence of carbonyl oxygens [222] (C=O), but other studies found O 

incorporation in bridge positions (two C-O bonds) to be more stable [279], or have 

suggested the presence of epoxy groups [39,98]. We tested the stability of O in 

substitutional sites, to maintain consistency with the other dopants. The preferred 

position for all dopants, as detailed below, is in the surface heterodimer. One 

dopant atom is added to each system, which corresponds to a dopant concentration 

in the outer layer of 8.3 at.%. This concentration falls within the ranges employed 

in the experimental studies discussed in the Introduction 3.1.  

DFT calculations are carried out using the plane-wave software Quantum 

ESPRESSO [289]. Quantum ESPRESSO has been used extensively to study a wide 

range of material properties and processes [290]. We employ the generalized 

gradient approximation developed by Perdew, Burke and Ernzerhof (PBE) [58] for 

the exchange-correlation functional in structural relaxations. After testing, we 

found that it more closely represented the experimental bulk properties of diamond 

compared to the local-density approximation (LDA) [55] and Perdew-Wang [291] 

(PW91) functional. Nonetheless, van der Waals (vdW) contributions are expected 

to play a significant role in molecule-surface interactions. To account for them, the 

most stable PBE-relaxed geometries were subsequently further relaxed with DFT-

D2 [65,292] and DFT-D3 [66] dispersion corrections, as detailed throughout the 

text. Although both corrections are expected to yield similar values, the inclusion 

of both DFT-D2 and DFT-D3 results could serve as an extra benchmark given the 

semiempirical, non-electronic nature of the corrections and sparse implementation 
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in similar systems. All of the calculations include spin polarization. The electronic 

wave functions are expanded on a plane-wave basis set with a cutoff energy of 30 

Ry, and the ionic species are described by ultra-soft pseudopotentials [77]. The k 

points in the Brillouin zone are sampled by means of a 2 × 3 × 1 Monkhorst-Pack 

grid [293]. A Gaussian smearing with a 0.01 Ry spreading value was applied for 

Brillouin-zone integration. The convergence threshold for geometry optimization 

was 10-4 Ry for the total energy and 10-3 Ry/Bohr per atom for ionic forces. 

Visualisations were made using the OVITO software [294]. 

The adsorption energy of a water molecule on the surface was calculated as 

𝐸𝑎𝑑𝑠 = 𝐸𝑡𝑜𝑡 − 𝐸𝑠𝑢𝑟𝑓 − 𝐸𝐻2𝑂, where 𝐸𝑡𝑜𝑡, 𝐸𝑠𝑢𝑟𝑓 and 𝐸𝐻2𝑂 are the energies of the 

adsorbate system, surface slab and water molecule, respectively. 𝐸𝑡𝑜𝑡 and 𝐸𝑠𝑢𝑟𝑓 are 

calculated using the above described supercell, while the water molecule energy 

was calculated using a cubic cell with a length of 12 Å.  

All computational parameters were optimised in convergence tests. The 

converged diamond lattice parameter with our setup (obtained by fitting the Birch-

Murnaghan [295] equation of state) is 3.577 Å. This is in close agreement with the 

experimental value of 3.567 Å [296] and with a similar accuracy to that provided 

by more expensive methods such as hybrid functionals [297]. The diamond lattice 

was used to build the slab as described above, which was then relaxed; the positions 

of the atoms in the bottom layer were then fixed to resemble the bulk for all 

subsequent calculations. The final setup yields converged values for 𝐸𝑎𝑑𝑠 that are 

within ∼0.01 eV of our most accurate benchmarks, and a surface energy of 4.67 
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J/m2, which agrees closely with values previously reported in the literature 

[298,299].  

Reaction paths for the transition between water adsorption and dissociative 

chemisorption were obtained with the nudged elastic band (NEB) method within 

the climbing image scheme to determine the transition state [137,138] with PBE 

calculations. The NEB method determines the intermediate steps for the transition 

between two stable states corresponding to the minimum energy path (MEP), and 

correspondingly determines the energy barrier of such transition. 8 images were 

employed for each reaction path, optimized with a Broyden scheme and a string 

constant of 0.7 in Hartree atomic units. The reaction path was first converged 

without the climbing image scheme, and then the climbing image method was 

implemented to obtain accurate energy barriers. 

3.3. Results and Discussion 

3.3.1. Preferred Incorporation Sites for Dopants in Outer Layers 

First, we identify the most favourable locations for the different dopants by 

comparing the stability of different substitutional sites in the exposed first (a), 

second (b) and third (c) outer layers, as shown in Figure 3.1. 
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Figure 3.1: Energy differences (PBE) are relative to the most stable 

configuration, which happens to be in the top layer dimers (a) for all dopants 

considered. 

All dopants preferred to incorporate in place of a C in a surface heterodimer. 

This can be rationalised in terms of valence electrons and Löwdin partial charges 

[300]. Although we do not expect the absolute Löwdin charges to be accurate, the 

differences should be useful for interpreting physical trends. When the B dopant is 

added, the dimer C=C double bond turns into a C-B single bond, such that it 

maintains an even number of electrons (six) in its valence. This was observed in a 

relaxation of the dimer bond length (from 1.38 Å to 1.57 Å) and in the fact that, 

in this (a) location, the B atom was positively charged compared to the tetrahedral, 

sp3-bonded (b) and (c) sites in the second and third layers; approximately +0.3 e 

in (a) compared to 0.0 e in (b) and (c)). A similar reasoning applies to the N atom, 

which can complete its outer shell by forming three bonds in the (a) location, 

instead of having to donate electrons to form four bonds in the second and third 

layer positions. A look at its corresponding Löwdin charges shows indeed a more 

negative partial charge if -0.2 e in (a) compared to 0.0 e in the (b) and (c) positions. 

The preference for sp2 bonding of N dopants has also been reported experimentally 



 65 

[301]. The O dopant has a different effect, as it only forms two bonds when relaxed 

in each of the three positions. The resulting disruption in the slab due to the bond 

breaking is minimized in the (a) site, in which it breaks the dimer and adopts a 

bridge position between C atoms in the second layer, similar to that observed in 

Ref. [279], and forms epoxy groups as suggested in Ref. [39]. The relaxed 

coordinates for all dopants are reported in Figure 3.2. It was found that B and N 

barely disrupt the surface geometry, which can be understood, at least to a first 

approximation, by considering that they have similar covalent radii as carbon [302] 

(within ∼20%). By contrast, Si atoms, which were found  to yield sizeable 

deformations to the same surface [99], have a covalent radius that is ∼60% larger 

than for carbon.  

In their relaxed configurations, the above stated Löwdin charges suggest the 

O and N dopants are negatively charged, while the B dopant is positively charged. 

This agrees with their Pauling electronegativities [296]: O (3.44) > N(3.04) > C 

(2.55) > H (2.20) > B (2.04), as the oxygen and nitrogen are more electronegative 

than surrounding carbon atoms, while the opposite is true for boron.  

 
Figure 3.2: Relaxed positions of B, N and O dopants (in blue, green and 

red, respectively) incorporated in the surface dimers. The oxygen can be 

seen to break the surface dimer. 
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3.3.2. Effects of Dopants on Water Adsorption 

Water molecules were then directly adsorbed on the doped and undoped 

diamond slabs by placing them on various probe positions and orientations to find 

the most favourable configurations. The most stable conformations and 

corresponding adsorption energies are shown in Figure 3.3. 

 

Figure 3.3: Relaxed water adsorption geometries with corresponding 

adsorption energies (for PBE and vdW corrections DFT-D2 and DFT-D3), 

𝐸𝑎𝑑𝑠, and distances to surface, d, as indicated in the images. Note that a 

previous DFT study has shown that 𝐸𝑎𝑑𝑠=-0.12 eV for Si-doped DLC [99]. 

B is shown in blue, N in green, O in red, H in white and C in grey. 

The inclusion of vdW corrections does significantly increase the molecule-

surface interactions. It should be noted, however, that the relative order of the 

energies remains largely the same.  Similarly, the overall geometries and distances 

to the surface remain mostly unchanged, with the exception of the adsorption of a 

water molecule on the bare DLC surface; in this case, the vdW term pulls the 

molecule slightly closer to the surface above the trench between dimer rows. 

In agreement with previous DFT results [99], water shows only a weak 

interaction with the undoped surface (DFT-D3: -0.19 eV). The water molecules 
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interact more strongly with a (negatively partial charged) N dopant 

(DFT-D3: -0.32 eV) by pointing one of its positively partial charged H atoms 

towards it. This observation agrees with experimental results that link increased 

hydrophilicity to the presence of polar C-N bonds [224] (and N-H bonds, as 

discussed below). It is perhaps surprising that this conformation is not reproduced 

with an O dopant. The interaction strength is of similar magnitude 

(DFT-D3: -0.35 eV) compared to N, despite O having slightly higher 

electronegativity. This is because one of the water H atoms is pulled towards the 

surface O atom, while the other is pulled towards the C in the bridge position that 

results from the broken dimer. The preferential interaction of the water molecule 

with the less negatively charged C atom suggests that the interactions are of a 

more dispersive rather than polar nature [224]. Previous ab initio [279] studies have 

remarked on the role of surface carbonyl O atoms on enhancing hydrophilicity via 

hydrogen bonding. Figure 3.3 suggests that this could also be the case for epoxy O 

atoms, although the conformation is somewhat different.  

An altogether different behaviour is observed for the B dopant case. As 

opposed to the physisorption that occurs in the other systems, the water interacts 

with the B dopant through strong chemisorption (DFT-D3: -1.33 eV). The energy 

gain from filling the B outer shell drives the water O to form a dative O-B bond. 

Löwdin analysis shows that the bond formation results in a less negatively charged 

O (-0.4 e) compared to in an isolated water molecule (-0.7 e). Previous DFT studies 

[280] had similarly shown that exposed B dopants in a trigonal coordination (in 
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that case, in the outer layer of a hydrogenated (111) surface) can adopt a 

tetrahedral one by bonding with approaching water molecules. In fact, this 

configuration showed the strongest adsorption energy of those considered in that 

study (compared to others with the B dopants in deeper layers or in a tetrahedral 

coordination fully surrounded by C atoms), which was explained on the basis of 

prominent unoccupied states above the Fermi level that interact with the 

approaching nucleophiles. However, the interaction was of a smaller magnitude 

(-0.58 eV) than the one observed in this investigation. This highlights the 

importance of surface hydrogenation on the wettability of doped DLCs. 

The strong chemisorption observed for BDD suggests that a different 

mechanism may govern the wettability enhancement compared to other dopants. 

While other dopants, like N, O, and Si (PBE: -0.12 eV) [99], may modify water-

surface physisorption and reaction barriers towards surface hydroxylation, B 

directly captures a water molecule in a process with no energy barrier and a high 

energy benefit. This water molecule could potentially participate in hydrogen 

bonding with water molecules not directly bonded to the surface and enhance 

hydrophilicity [99]. This possibility will be further discussed in the following 

sections.  

3.3.3. Effects of Dopants on Water Dissociative Adsorption 

To study the effect of dopants on water dissociative adsorption mechanisms 

and stability, we adsorbed hydrogen and hydroxyl fragments on neighbouring 



 69 

surface atoms. Surface hydroxylation is known to attract further water molecules 

and increase hydrophilicity [39,303]. 

A previous DFT (PBE) study for Si-doped DLC identified six stable 

configurations of the dissociated water molecule (Figure 3.4 a1-a6). For the N and 

O dopants, many of these configurations were found to be unstable, whereas 

alternative configurations (a7-a10) where more stable. All of the analysed 

configurations, with a similar PBE setup to the mentioned study, are shown in 

Figure 3.4 and the corresponding energies are shown in  Table 3.1. The most stable 

configurations for each surface were further studied with vdW corrections. The 

corresponding results are reported in Table 3.2. 

  

 

Figure 3.4: Water dissociative adsorption configurations considered in this 

study. In the image, relaxed geometries for the BDD slab. Equivalent 

geometries were relaxed for undoped, NDD and ODD surfaces, although not 

all were stable for the latter two. All corresponding energies are reported in 

Table 3.2. Geometries a7-10, with fragments placed diagonally across 

adjacent dimers, were not calculated for the silicon dopants by Kajita and 

Righi [99]. 
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 BDD NDD ODD DLC SiDD [99] 

a1  -2.57 - - -2.17 -3.74 

a2 -2.94 - - -2.81 -4.51 

a3 -2.52 - - -2.17 -3.63 

a4 -1.20 -0.82 - -2.17 -2.10 

a5 -1.61 -0.76 -0.02 -2.81 -2.63 

a6 -1.36 -0.66 - -2.17 -2.14 

a7 -2.49 - - -2.13  

a8 -1.24 -0.87 - -2.13  

a9 -2.57 -2.93 -3.00 -2.13  

a10 -2.84 -2.79 -2.71 -2.13  

Table 3.1: PBE dissociation energies (in eV) corresponding to configurations 

in Figure 3.4. All energies are with respect to the energy of isolated slab and 

water molecule systems. Most stable configurations for each system are in 

bold. Configurations with a hyphen are not stable. Calculated energies for 

Si-doped diamond from Ref. [99] included for comparison. 

 Adsorption energy (eV) 

 PBE DFT-D2 DFT-D3 

Undoped (a2) -2.81 -3.09 -2.99 

BDD (a2) -2.94 -3.19 -3.08 

NDD (a9) -2.93 -3.20 -3.11 

ODD (a9) -3.00 -3.21 -3.12 

Table 3.2: Comparison of adsorption energies for the most stable dissociated 

configurations obtained without (PBE) and with (DFT-D2, DFT-D3) the 

two vdW corrections considered. 

All of the studied configurations are stable in the boron case, with a2 being 

the most favourable. N and particularly O dopants prevent some of the dissociated 

configurations from being stable. No configurations that included N-OH bonds were 

stable and the formation of additional bonds for oxygen was unfavourable due to 

its saturated outer shell. Generally, the doped surfaces from the present study yield 
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only slightly more favourable energy gains compared to the clean diamond surface, 

by ∼0.1 eV for both vdW-corrected calculations. This is in stark contrast to Si 

dopants, which resulted in a significantly more stable configuration when bonded 

with a hydroxyl (PBE: -4.51 eV) [99]. Some general tendencies can be observed 

and analysed. 

Boron favours configurations where it is directly bonding with the hydroxyl 

group due to the available donor states [280]. Its most stable associated geometry 

(a2) results from saturating the resulting dangling bond in the heterodimer C with 

the H fragment, with a similar energy (DFT-D3: -3.08 eV) as in the equivalent 

undoped case (DFT-D3: -2.99 eV). Hydrogenation of B dopant (a4-6) is 

energetically favourable, but is more than 1 eV less favourable compared to 

hydroxylation. 

As for nitrogen, its complete valence shell causes the hydroxyls to detach 

when relaxed on top of it. It can adsorb hydrogens, on the other hand, by breaking 

the heterodimer bond, albeit with significantly less favourable energies than in the 

equivalent undoped geometries. The two most stable N-doped configurations, (a9-

10), do not present any fragment adsorbed on the dopant itself, yet show a more 

favourable energy (PBE: -0.8 eV) compared to their equivalent undoped 

geometries. 

The oxygen in the bridge position remains non-reactive and does not bond 

with either of the fragments. Instead, it promotes water adsorption through the 

dangling bonds it induces in its neighbours, favouring the geometry a9 and, to a 
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lesser extent, a10. A similar effect happens for the B and N cases, which show high 

adsorption energies in the a9 and a10 configurations. This set of configurations is 

approximately 1 eV more stable than their undoped counterparts. 

None of the dopants studied in this study yield an energy gain for 

dissociative adsorption as favourable as previously observed for Si, which shows 

differences of almost 2 eV. The large radius of Si complicates the π overlapping 

required for the double bond in the heterodimer, which is then disrupted, and hence 

favours sp3 bonding to a hydroxyl; this in turn results in a saturated, highly stable 

configuration (a2). That mechanism is missing with the N and O dopants, which 

instead favour adsorption through the dangling bonds on the disrupted surface 

reconstruction. In the case of B, although direct OH bonding (a2) is energetically 

favourable, the covalent radius is similar to C, so there is less disruption and less 

subsequent stabilisation by adsorption.  

3.3.4. Reaction Barriers for Water Dissociation 

We also obtained the corresponding energy barriers for dissociation by 

finding the MEP using the NEB method [137,138], in this case only for PBE 

calculations. We consider as initial states of the reaction the stable water 

adsorption configurations shown in Figure 3.3. The final states are those most 

stable for each system and dopant, namely a2 for the clean and BDD surfaces and 

a9 for the NDD and ODD cases. The results are summarised in Figure 3.5. 
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Figure 3.5: Reaction paths and energy barriers ΔE for water dissociation 

according to NEB calculations (PBE). The values of ΔE are reported 

relative to the corresponding initial adsorbed states. In contrast, the energies 

of the MEPs are plotted as differences to the desorbed configurations, to 

visualize the effect of adsorption energies (see Figure 3.3) on the whole 

process from capturing a water molecule to a dissociated state. Inset images 

show the reaction path for water dissociation on ODD.  

Undoped diamond showed the lowest barrier for dissociation (0.48 eV), 

whereas ODD (0.54 eV) and BDD (0.69 eV) showed a slightly increased barrier 

height. In both of these cases, however, when also considering the energy gain for 

water molecular adsorption, the transition state is at a lower relative energy than 

on clean DLC. NDD, on the other hand, causes a large increase in the dissociation 

barrier (1.37 eV) despite ending in the same configuration (a9) as the O dopant 

case. We explain this behaviour by inspecting the transition state in the oxygen 

dopant case. We find that the hydrogen is pulled apart from the water molecule 

by the dopant, which results in a O-H···O hydrogen-bonded transition state, with 
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the H atom equidistant from both O atoms (about 1.2 Å). At the same time, the 

water oxygen begins bonding with a surface carbon atom (inset of Figure 3.5). This 

process results in a lower barrier than that present in the nitrogen case, which is 

less electronegative and forms weaker hydrogen bonds. Therefore, for nitrogen, 

dissociation of the O-H bond in the water molecule occurs before the hydroxyl is 

available to bond in the surface, resulting in a larger barrier. 

The processes for water dissociation for the dopants in the present study 

again differ from those observed for the Si dopant case [99]. When Si was present, 

it was found that not only were the final energies for dissociative adsorption more 

stable than for the dopants studied here by ∼2 eV (see Table 3.1), but the barrier 

for water dissociation (0.24 eV) was lowered to half of that seen for the undoped 

case (0. 48 eV). This was the crucial step in subsequently observing an increase of 

surface hydroxylation in sliding-wall AIMD simulations [100], and is a mechanism 

that does not appear to be applicable to boron, nitrogen, or oxygen dopants.  

3.3.5. Effect of Chemisorbed Water and Water Fragments on 

Adsorption of Other Water Molecules 

We have studied the role of different dopants on water molecular and 

dissociative adsorption pathways. We have found boron to spontaneously 

chemisorb water molecules, without need of dissociation to increase wettability. 

The adsorbed hydrogen,  hydroxyl, and intact water molecules are expected to 

enhance the interaction with further water molecules through hydrogen bonding 
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[99]. This is expected to be a major atomic-scale driving force for the increased 

hydrophilicity of boron- [264], nitrogen- [224], and oxygen-doped [222] DLC 

surfaces compared to undoped surfaces. Therefore, we studied the interactions of 

the most stable hydrogen-, hydroxyl-, and water-containing BDD, NDD, and ODD 

structures with further water molecules. 

First, either hydrogen or hydroxyl fragments were relaxed on atoms in the 

outer layer. As expected from the previous section, only some of the adsorbed 

configurations were stable; namely, the ones involving hydrogen atoms bonded on 

carbon, boron or nitrogen atoms, and the hydroxyls bonded to carbon or boron. 

Although B-H and N-H bonds are not among the most favourable configurations 

shown in Table 3.1, they are included in this section for further investigation. Once 

these configurations were relaxed, a water molecule was placed on top of them in 

several different geometries to obtain the most favourable interaction with the 

fragments at a PBE level. Similarly to previous steps, the most stable 

configurations were then relaxed with DFT-D2 and DFT-D3. The corresponding 

adsorption geometries, energies and relevant partial charges are presented in Figure 

3.6 a-e. 
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Figure 3.6: Relaxed configurations for water adsorption on adsorbed 

hydrogen (a-c), hydroxyl (d-e) and chemisorbed water (f). Images 

correspond to the PBE geometries. Only the stable systems are shown (e.g., 

a hydroxyl fragment is not stable adsorbed on an O dopant). Distances 

between the water oxygen and the hydrogen in the adsorbed fragment are 

shown, as well as the Löwdin charges at the PBE level. B is shown in blue, 

N in green, O in red, H in white and C in grey. 

As in the case of water adsorption on clean surfaces, it can be observed that, 

while the PBE results underestimate the adsorption energies compared to the 
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vdW-corrected ones, they qualitatively agree in determining the relative strength 

of the interactions for the different dopants.  

In general, the systems in which the surface H atom is more positively 

charged interact more strongly with the water molecules. This observation is 

expected due the primarily electrostatic nature of the hydrogen bonds. The system 

with the weakest hydrogen bonding is the one with the H atom adsorbed on the B 

dopant (Figure 3.6 b). B has a similar electronegativity to H [296], meaning that 

the B-H bond is nonpolar, and its interactions with water are very weak (DFT-

D3: -0.10 eV). It is the only system in which the water molecule is relaxed with the 

O atom in the water molecule facing away from the surface H atom. For the 

hydrogen-terminated DLC surface (Figure 3.6 a), since C and H have more 

dissimilar electronegativities, the interaction is slightly stronger 

(DFT-D3: -0.16 eV) than for BDD. These observations suggest that B-dopants are 

more likely to increase hydrophilicity (as has been observed experimentally [264]) 

in hydrogen-free carbon surfaces. 

Only the hydrogen atom adsorbed on nitrogen (Figure 3.6 c) interacts more 

strongly with water molecules (DFT-D3: -0.47 eV) than its undoped counterpart. 

In this system, the surface dimer is broken as the N outer shell is saturated with 

three bonds when adding the hydrogen. It presents the highest interaction energy 

of all hydroxylated or hydrogenated systems, interestingly even higher than water-

hydroxyl interaction (Figure 3.6 d, DFT-D3: -0.37 eV) on a clean surface. While 

hydroxylation is often linked with enhanced hydrophilicity [99,100,279], we see the 
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large difference in electronegativities between nitrogen and hydrogen induces a 

polarity that makes the latter participate in hydrogen bonding. Indeed, the 

experimental decrease in contact angle of  N-DLC has been linked to the presence 

of N-H bonds [224] (and the C-N bonds mentioned in previous sections). 

We also studied the interaction of the boron-chemisorbed water molecule on 

further water molecules (Figure 3.6 f). It is found to pull the molecule closer and 

draw a stronger interaction (DFT-D3: -0.84 eV) than the dissociated fragments 

(Figure 3.6 e, -0.19 eV), to an extent that the interaction can be considered a strong 

hydrogen bond [304]. This further supports the prospect of boron providing a 

mechanism for increasing hydrophilicity without an energy barrier through a two-

step process: first, there is a large energy gain for spontaneous water chemisorption; 

then there is a strong hydrogen bond interaction between said molecule and a water 

interface. Together, both mechanisms result in an energy decrease of approximately 

2 eV. 

Discussion of the interaction mechanisms 

Direct interaction between dopants and intact water molecules (see Figure 

3.3) results in increased adsorption for all of the dopants compared to undoped 

DLC in the following order; NDD ∼ ODD < BDD according to vdW-corrected 

calculations, although PBE calculations suggested that NDD < ODD. The higher 

electronegativity of N compared to C results in a polar bond with a negative partial 

charge on the N atom that attracts the water H atom (DFT-D3: -0.32 eV). This 

also occurs for O, but the dominant interaction occurs between the water molecule 
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and the dangling bonds of the carbon in the broken heterodimer. The adsorption 

energy for ODD (DFT-D3: -0.35 eV) is comparable to the undoped hydroxylated 

surface (Figure 3.6 d, DFT-D3: -0.37 eV). For BDD, the water O atom donates 

electrons to a dative covalent bond (DFT-D3: -1.33 eV), which directly traps the 

molecule onto the surface with no energy barrier. In all cases, the energy difference 

is more favourable than with clean and hydrogenated undoped surfaces (DFT-D3: 

-0.19 eV, Figure 3.3 a and -0.16 eV Figure 3.6a, respect.). As a result, all of the 

doped surfaces produced an increased water interaction strength compared to their 

undoped counterparts, prior to any potential hydroxylation. This observation is in 

agreement with previous experiments showing increased hydrophilicity of boron- 

[264], nitrogen- [224], and oxygen-doped [222] surfaces compared to undoped DLC. 

Compared with Si, however, doping with B, N and O does not result in a 

significantly more stable energy difference for dissociative adsorption. The presence 

of Si in a surface heterodimer shows a unique mechanism by forcing sp3 bonding 

that yields favourable energy differences when saturated with hydroxyls in the 

silicon and hydrogens carbon of the same heterodimer. It was shown, however, that 

the presence of dopants modifies the dissociation energies even when not directly 

participating in any new bond (Figure 3.4 and Table 3.1, a9-10). 

The possibility of B to adopt a tetrahedral conformation by bonding to a 

water molecule provides two mechanisms for increasing hydrophilicity. Firstly, the 

net energy gain from the spontaneous chemisorption (DFT-D3: -1.33 eV) offsets 

the increased energy barrier (0.69 eV) for water dissociation when compared to 
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undoped DLC (0.48 eV). The resulting hydroxyl-water interaction is stronger than 

on a clean surface. However, it may be unlikely that a stabilized chemisorbed water 

molecule will dissociate given the ∼40% higher dissociation barrier than in undoped 

DLC. Moreover, boron reduces the interaction of the directly bonded hydroxyl 

group with water when compared to one bonded to carbon (DFT-D3: -0.24 vs. -

0.37 eV). As such, the observed second mechanism is perhaps more interesting; the 

chemisorbed water molecule interacts very strongly with new water molecules 

(DFT-D3: -0.84 eV) through strong hydrogen bonds [304]. This two-step process 

results in a total energy gain of almost 2 eV with no energy barrier and could be a 

mechanism at play in the increased wettability boron-doping of DLC provides in 

experiments [264]. On the other hand, B-H bonds are nonpolar and, if present, are 

likely to decrease wettability. In the sliding-wall AIMD simulations of Si-DLC 

lubricated by water by Kajita and Righi [100], Si dopants reduced the energy 

barrier for water dissociative adsorption, and the resulting increase of surface 

hydroxyls participated in the hydrogen bond network, dragging along a water layer. 

In similar circumstances, it is expected that boron dopants drag along a water layer 

through intact chemisorbed water molecules. To the best of our knowledge, this 

water bonding mechanism has not been reported before and has important 

implications in the design of doped coatings for tribological and biomedical 

applications. 

Nitrogen doping does not induce hydroxylation due to a high energy barrier 

(1.37 eV, Figure 3.5). Nonetheless, water physisorption on a nitrogen dopant is 
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more favourable than in the undoped case (DFT-D3: -0.32 eV vs -0.19 eV; Figure 

3.3). Similarly, nitrogen-bonded hydrogens provide a higher energy gain at a water 

interface than any other fragment observed in this study (DFT-D3: -0.47 eV, Figure 

3.6c).  These two interactions could tentatively explain the higher experimental 

hydrophilicity of N-DLC compared to undoped DLC [224]. Indeed, the decrease in 

WCA in with increasing content was linked to the formation of polar C-N and N-

H bonds [224]. 

Oxygen dopants in bridge positions yield the highest adsorption energies of 

clean surfaces (non-hydrogenated/non-hydroxylated) in this study due to surface 

disruption and induced dangling bonds. Despite favouring the same dissociative 

adsorption configuration on the surface as nitrogen dopants, they present a 

mechanism that results in a similar energy barrier to undoped DLC (0.54 eV) by 

participating in a O-H···O system with the water molecule, which facilitates the O-

H cleavage. The net energy barrier of the process (that is, taking as a starting point 

the energy of a non-interacting water molecule) is lower than for undoped DLC.  

3.4. Summary 

In this study, the effect of B, N and O dopants on the hydrophilicity 

mechanisms of a (100) 2 × 1 reconstructed diamond surface were investigated with 

DFT, both for a simple PBE functional and DFT-D2 and DFT-D3 vdW 

corrections. For all of the dopants, the preferred substitutional positions were found 

to be in the surface heterodimers. The effects of the dopants on the adsorption of 

intact water molecules, the energy barrier for dissociative adsorption, and the 



 82 

interaction of the dissociated fragments with additional water molecules were 

investigated. O and N dopants can increase the adsorption energy of water; in the 

latter case, especially when an N-H bond is present. Most notably, B can adopt a 

tetrahedral conformation and spontaneously capture a water molecule that strongly 

participates in an extended H-bond network. Our findings have important 

implications for the development and optimisation of new coating systems and 

demonstrate how in silico experimentation at atomistic level can be used for tuning 

surface properties.  
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Chapter 4. Simulating OFMs-iron oxide interfaces: 

from DFT to MD 

The work presented in this chapter has been published in The Journal of 

Physical Chemistry B (Ref. [2]). 

4.1. Introduction 

Organic friction modifiers (OFMs) are notable friction modifiers since they 

lack environmentally harmful species in their composition. As outlined in section 

2.4.2, classical molecular dynamics (MD) simulations in the literature [178,237–240] 

have given unique insights into the nanoscale behaviour of OFM additive films [51] 

on α-Fe2O3 surfaces, used to model steel. The accuracy of all MD simulations is 

heavily dependent on the force field (FF) used to describe the interatomic 

interactions [178,305,306]. As described in section 2.3.3 (page 37), significant effort 

has been devoted to parameterizing FFs to accurately reproduce the bulk 

thermodynamic properties of a wide range of organic liquids [171,175,177,307–309]. 

However, relatively fewer FFs have been parameterized to accurately  represent the 

interactions between organic molecules and solid surfaces [310]. In MD simulations, 

the interfacial vdW and electrostatic interactions are usually represented through 

Lennard-Jones (LJ) [311] and Coulomb potentials. For example, INTERFACE-FF 

[312] provides LJ and partial charge parameters as a transferable extension for the 

non-bonded interactions between organic liquids (using OPLS [171], CHARMM 

[309], AMBER [308], etc.) and several silicate, aluminate, metal, oxide, sulfate, and 

apatite surfaces; however, no parameters for  iron oxide were included. Similarly, 
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CLAY-FF [313] includes LJ and partial charge parameters for many metal 

hydroxide, oxyhydroxide, and clay surfaces, including iron oxides. However,  these 

parameters were developed primarily to model water adsorption and the suitability 

of      ClayFF for interactions at the surfactant-iron oxide interface has not been tested. 

Previous MD simulations of surfactant-iron oxide systems [230,237–239] have thus 

relied upon the use of mixing rules from LJ and partial charge parameters that 

were developed for the adsorption of  n-alkanes [314,315]. 

First principles calculations, such as density functional theory (DFT), can 

be used to accurately determine the nature and strength of the interactions between 

molecules and surfaces [20,30,316–318]. Optimal parameters can be developed to 

match interaction energies, Eint, obtained from accurate DFT calculations in so-

called interface FFs [310]. Interface FFs have been developed to facilitate accurate 

classical MD simulations of several molecules on iron oxide surfaces; for example, 

water [319] n-alkanes [320], and refrigerants [321]. However, no interface  FF has 

been developed for surfactant molecules on iron oxide surfaces. 

Recent DFT calculations [30] have provided crucial insights into the 

interactions between surfactants (carboxylic acid, amide, mono-glyceride) and α-

Fe2O3(0001) surfaces. Specifically, all of these surfactants were found to strongly 

chemisorb on the iron oxide surface. The carboxylic acid and glyceride molecules 

readily dissociated through the formation of a surface hydroxyl group, which would 

complicate the development of a classical FF for MD  simulations. Conversely, the 
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amide remained intact, making it a simpler target molecule for interface FF 

parameterization.  

In this study, an amide-iron oxide interface FF will be parameterized to 

match Eint values obtained from previous [30] and new DFT calculations of a wide 

range of amide surface coverages and molecular conformations near to and adsorbed 

on α-Fe2O3(0001). Starting from an Original FF using parameters from the literature 

[314], important parameters will be modified, and some interactions overhauled, to 

maximize agreement with the accurate DFT calculations. 

The interface FF is expected to be useful for classical MD simulations of a 

wide range of applications where amide-iron oxide interactions are important, such 

as: stabilizing nanoparticles [322], extracting iron ore [323], corrosion 

inhibition[324], and lubrication [22]. As a final validation and comparison with 

other work in the literature, the Optimized FF will be compared to the Original 

FF in large-scale NEMD simulations to investigate the structure, flow, and friction 

of amide films on iron oxide surfaces [239]. Studying the nanoscale structure of 

the absorbed films shows that the orientation of the headgroup changes and the 

molecules are drawn closer to the surface when the Optimized FF is employed. 

However, for the preformed films studied here, which cannot be squeezed out of 

the contact, the flow and friction behaviour is only slightly affected, which validates 

previous work in which the original FF was used [178,237–240]. The Optimized FF 

presented in this study has been employed elsewhere in the literature [325] in 

NEMD simulations of AFM on OFM monolayers, where the surfactants can be 
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squeezed out and accurate OFM-surface interaction is needed to obtain meaningful 

results. 

4.2. Methodology 

The methodology for the DFT calculations will be discussed first, followed 

by details of the parameterization of the Optimized FF, and finally utilization of 

the Optimized FF in large scale MD simulations.  

Note that the DFT calculations described in section 4.2.1 used for the 

training set were not performed by the author, but rather by Chiara Gattinoni 

(ETH Zurich at the time of this work and currently London South Bank 

University). The author developed the Optimised FF and applied it in the NEMD 

simulations as described in the rest of the text.   

4.2.1. DFT Calculations 

Procedure 

The VASP software [326–328] was used with the projector augmented wave 

(PAW) method [74] and spin polarization. For Fe, 8 electrons were treated as 

valence electrons, 6 for O, 4 for C, 7 for N, and 1 for H. A non-local correlation 

functional was employed which includes vdW interactions; optB86b-vdW [329,330]. 

This vdW functional has been shown to perform extremely well in a wide range of 

molecular adsorption studies [20,316–318]. The plane-wave expansion was cut off 

at 550 eV and a Monkhorst-Pack k-points mesh of 4 x 4 x 1 was used for the slab 
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systems. A Hubbard U − J = 4 eV (in the Dudarev approach) [331] was added to 

account for electronic correlations in the Fe 3d orbitals. This U correction results 

in a band gap of 1.98 eV for α-Fe2O3, which is within the experimentally observed 

range (1.9-2.2 eV) [332]. Periodic boundary conditions are employed in the x- 

and y-directions [333] while 15 Å of vacuum was added in the z-direction to prevent 

interactions between neighbouring cells. A dipole correction was also used in the z-

direction [333]. 

 

 

Figure 4.1: a) The surfactant molecule considered for the parameterization, 

hexanamide (HAm). b) Top (left) and side (right) view of the single Fe-

terminated slab to represent the substrate for the adsorption calculations. 

O is shown in red and Fe in gray. In the left panel the blue box indicates 

the unit cell. The black box in the right panel shows the layers which are 

kept fixed. Visualized with VMD [334]. 

A single Fe-terminated α-Fe2O3(0001) slab (shown in Figure 4.1) was 

selected as a representative model for the surface of steel. This has been shown by 
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numerous theoretical and experimental studies to be the most stable termination 

of α-Fe2O3 at room temperature [335]. The α-Fe2O3(0001) surface [320] as well as 

the α-Fe2O3(001̄2) surface [321] have been used in recent FF parameterization 

studies. In tribology experiments, it is possible that the outer layer of α-Fe2O3(0001) 

will become hydroxylated [336] due to water contamination of the lubricant [27]. 

However, XPS experiments have shown that surface hydroxyls can be displaced by 

long-chain  carboxylic acids and amines on iron oxide surfaces [337]. Indeed, FTIR 

and XPS experiments  of carboxylic acid OFMs indicated that a mixture of direct 

carboxylate-Fesurf bonding and carboxylate-OHsurf H-bonding occurs at the 

α-Fe2O3-water interface [232]. Moreover, XPS experiments of carboxylic acid 

[231,234] and amine [233] OFMs at the α-Fe2O3-oil interface showed that 

carboxylate-Fesurf and dative Namine-Fesurf bonding are the dominant interactions 

in these cases. These observations suggest that direct OFM-Fe bonding (via inner 

sphere complexes [338]) predominate for OFM adsorption at the α-Fe2O3-oil 

interface. Previous DFT calculations on α-Fe2O3(0001) surfaces have shown a 

similar adsorption energy for amide  OFMs and carboxylic acid OFMs[30], so direct 

OFM-Fesurf bonding can also be reasonably expected. Thus, although the steel used 

experimentally will present a range of surfaces terminations [339], the selected 

system should be sufficient to capture the key interactions governing amide 

adsorption at oil-steel interfaces. 

Amide headgroups were chosen since they are commercially relevant and do 

not readily dissociate on α-Fe2O3(0001) surfaces [30]. The tailgroups in most 
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commercial OFMs are aliphatic chains containing 12-20 carbon atoms, mainly 

because they are readily available from natural fats, are soluble in most base oils, 

and significantly reduce friction [22]. Using molecules of this size would be 

prohibitively expensive from a computational perspective given the large number 

of DFT calculations required during this study. Since the focus here is the 

interaction of the headgroups with the surface, the saturated tailgroups are the 

minimum length to ensure that the geometry and partial charges within the 

headgroups are representative of molecules with longer tails. Tests in our previous 

DFT study [30] indicated that C6 groups are sufficient to achieve this, so the 

parameterization was performed for hexanamide (HAm), as shown in Figure 4.1. 

Two surface coverages of HAm molecules were considered, which can be 

quantified by the number of molecules per area of surface, Γ. Specifically, a low 

coverage (LC) of Γ ∼ 1 nm−2 and a high coverage (HC) of Γ ∼ 4 nm−2. The original 

DFT study by Gattinoni et al. showed that at HC, when the molecules in the 

monolayer are closely packed, they tend to adsorb almost vertically due to vdW 

stabilization between neighbouring tailgroups [30]. Conversely, molecules prefer to 

adsorb flat with the tailgroups almost parallel to the surface at LC [30]. An accurate 

representation of vdW forces is crucial to reproduce such behavior and tests in 

showed that the vdW interactions between two pentane molecules (models for the 

tailgroups) with the optB86b-vdW functional [329,330] were within 3% of the MP2-

calculated values [340].  
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In total, 29 different DFT configurations were employed in the training 

dataset for the  parameterization. The most stable relaxed structures for HAm at 

LC (flat), LC (vertical), and HC were taken from Ref [30]. These configurations 

and the corresponding values of the  adsorption energy, Eads, from DFT are shown 

in Figure 4.2. 

 

Figure 4.2: a) Figure 2: Side and top view of the most stable adsorption 

structures from Ref [40]. Adsorption  energy, Eads = -60.4 kcal mol−1 for 

LC (flat), -48.9 kcal mol−1 for LC (vertical), and -51.7 kcal mol−1 for HC. 

Marked distances between atom pairs are in Å. Visualized with VMD [53]. 

Relaxed adsorption configurations, which showed slightly weaker adsorption 

compared to those included in Ref. [30], as shown in the SI (Figure A.1), were also 

included in the training dataset to prevent overfitting [341,342]. These relaxed 

adsorption structures were further supplemented by systems in which the molecules 

were translated and/or rotated to ensure extensive sampling of the conformational 

phase space [310]. Specifically, single-point DFT calculations were performed with 
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the HAm molecules translated in the direction perpendicular to the surface (z-scan) 

by 1.0 Å to 3.6 Å [319,343–345]. These calculations were performed on both the 

LC (flat) and LC (vertical) systems, to ensure that the Eint-distance profiles are 

accurately described by the Optimized FF for both cases. Single-point DFT 

calculations were also performed on tilted conformations as intermediates between 

the flat and vertical cases [343]. Since n-alkanes are also frequently included in 

large-scale NEMD simulations of amide-iron oxide systems[239], Eads was also 

calculated for n-hexane on α-Fe2O3(0001). In the most stable n-hexane adsorption 

structure obtained by structural relaxation, Eads = -28.4 kcal mol−1, as shown in the 

SI (Figure A.2). This represents relatively stronger adsorption than observed in 

previous DFT calculations of n-butane on α-Fe2O3(0001) which used vdW 

correction methods [320] rather than the vdW functional employed here [329,330]. 

The n-hexane molecule in the relaxed configuration was also translated in the z-

direction to obtain a z-scan of Eint for this system. Since the focus of this interface 

FF is the behaviour of surfactants on iron  oxide, the n-hexane results were used to 

ensure comparable performance to other FFs [313–315], rather than forming part 

of the parameterization; as shown in the SI (Figure A.6). 

Interaction Energy 

The molecule-surface Eint was calculated by: 

𝑬𝒊𝒏𝒕 = (𝑬𝒔𝒚𝒔 + 𝑬𝒔𝒖𝒓𝒇  −  𝑵𝒎𝒐𝒍 ×  𝑬𝒎𝒐𝒍)/𝑵𝒎𝒐𝒍 ( 4.1 ) 
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where Esys is the total energy of the adsorbed system, Esurf is the total energy of 

the α-Fe2O3(0001) slab, Emol is the total energy of the gas-phase molecule and Nmol 

is the number of HAm molecules in each cell. A negative value of Eint, therefore, 

indicates an energetically favourable interaction with respect to the isolated 

molecules and surface. 

4.2.2. Interface Force Field Parameterization 

Original Force Field 

The use of accurate all-atom FFs is critical to accurately reproduce the 

viscosity of bulk organic liquids [178,240,305] as well as the structure and friction 

of adsorbed monolayers [178,346]. Here, we use the optimized potentials for liquid 

simulations all-atom (OPLS-AA) FF [171,307], which includes parameters for the 

N, O, C, and H atoms in the amide headgroups [239]. For C and H atoms in the 

tailgroups and n-hexadecane molecules, updated parameters from L-OPLS-AA FF 

[177] are employed. L-OPLS-AA is a refinement of OPLS-AA specifically for long-

chain alkanes, which significantly improves the agreement with experimental 

density and viscosity values for such molecules [178]. The bonded and non-bonded 

parameters for the interactions between the amide and n-hexadecane molecules are 

not changed during the parameterization. Thus, only non-bonded interfacial 

interactions between atoms in the amide molecules with the iron oxide surface 

atoms are directly parameterized [319–321]. In most FFs, such interactions are 

described using the 12-6 LJ [311] and Coulombic pair potentials [310,312]:  
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𝑬𝒏𝒐𝒏−𝒃𝒐𝒏𝒅𝒆𝒅 = 𝑬𝑳𝑱 + 𝑬𝑪𝒐𝒖𝒍 = ∑ [𝟒𝜺𝒊𝒋 [(
𝝈𝒊𝒋

𝒓𝒊𝒋
)

𝟏𝟐

−  (
𝝈𝒊𝒋

𝒓𝒊𝒋
)

𝟔

] +
𝑪𝒒𝒊𝒒𝒋

𝒓𝒊𝒋
] 

𝒊,𝒋>𝒊

 ( 4.2 ) 

Where C is an energy-conversion constant, qi and qj are the partial charges 

of atoms i and j, rij is the distance between atoms i and j, εij is the depth of the LJ 

potential well between atoms i and j, σij is the distance at which the inter-particle 

LJ potential is zero. Each atom  type is assigned unique q, ε , and σ parameters. 

As a starting point (Original FF), LJ and partial charge parameters for the 

Fesurf and Osurf atoms (εFe = 2.5 × ε O) were taken from the FF due to Berro et al 

[34]. LJ interactions between dissimilar atoms are obtained using geometric mean-

mixing rules; 𝜎𝑖𝑗 = √𝜎𝑖𝜎𝑗, ε𝑖𝑗 = √ε𝑖ε𝑗, as specified for the OPLS-AA FF [171]. The 

choice of this FF over ClayFF [313] and the FF due to Savio et al. [315] is 

rationalized in the SI (Figure A.3). The LJ and partial charge parameters in the 

Original FF were developed to model the interactions between n-hexadecane 

molecules and Fe2O3 surfaces [314]. They have also been applied in several large-

scale MD simulations of surfactant-iron oxide systems [178,230,237–240]. 

Interface Force Field Optimisation Procedure 

The atomic coordinates from the DFT calculations were transferred into 

LAMMPS [347] where the energy calculations for the Original FF and Optimized 

FF were performed. This was facilitated using the Materials and Processes 

Simulations (MAPS) platform from Scienomics SARL. As for the DFT calculations, 

periodic boundary conditions were applied in x and y directions, with 15 Å of 

vacuum added in the z direction.  The DFT systems were replicated three times in 
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the x and y directions to prevent the molecules from interacting with their own 

periodic images [321]. A cutoff of 12 Å was used for the LJ interactions. A slab 

implementation of the particle-particle particle-mesh algorithm with a relative force 

accuracy of 10−5 was used for the electrostatic interactions [348]. Bonded and non-

bonded interactions between the HAm molecules were described by the L-OPLS-

AA FF [171,177,307]. 

The Optimized FF parameters were obtained using a particle swarm 

optimisation (PSO) algorithm [349]. The use of a minimization algorithm provides 

a more systematic and efficient method compared to the trial-and-error approaches 

commonly used for interface FF parameterization [319,320]. Quasi-Newtonian 

algorithms, which have been used in other interface FF parameterization studies 

[321] and have been implemented in some parameterization software packages 

[342,350] were also tested. However, such methods require accurate initial guesses 

since they are more suited to finding local minima. Conversely, PSO can locate 

global minima [349]. The optimization was performed using relative deviations in 

Eint to the DFT values, as opposed to absolute deviations to ensure that geometries 

with lower Eint (and lower associated absolute errors) were given equal weight [310]. 

Force-matching [351,352] was also included in the optimization for the relaxed DFT 

configurations, as described below. 

The classical FF  parameters, k, for the surface and molecules atom pairs  

(e.g., εij, σij , qij for a LJ+C potential) were tuned to match the DFT-obtained 



 95 

values. The aim of the FF parameterization was thus to minimize the objective 

function: 

𝝌𝟐(𝒌; 𝒘)  = ∑ ∑ 𝒘𝒈,𝒗|𝒎𝒈,𝒗(𝒌) − 𝒎𝒈,𝒗
𝟎 |

𝟐
+

𝑵𝑽

𝒗=𝟏

𝑵𝑮

𝒈=𝟏

∑ 𝒘𝒊|𝒌𝒊 − 𝒌𝒊
𝟎|

𝟐

𝑵𝑷

𝒊=𝟏

 ( 4.3 ) 

where NG is the number of available geometries and NV the number of values 

to match per geometry; m0 are quantities obtained from DFT; mg(k) are the 

corresponding FF values for a given parametrization, wg,v are the weights 

associated with each geometry and value. In this study, we employed interaction 

energies Eint and net forces Fint between the molecules and the surface as the 

quantities to match. The Fint values were only matched for the relaxed DFT 

configurations, where the expected values are zero. The second summation is a 

regularization term that provides a set of constrains to penalize large deviations 

from original parameter guesses k0, with associated weights wi. The regularization, 

if appropriately chosen, can help ensure that the optimized parameters remain 

physically sound while also preventing overfitting. The chosen weights wg,v for the 

energies were inversely proportional to their expected values E0, and scaled so that 

a geometry with an associated E0 = 50 kcal mol−1 would have wg = 1 kcal mol−1 

(i.e., a penalty value of 25 if there was a 10% associated error). This ensured that 

relative errors, rather than absolute ones, were considered, such that configurations 

with higher associated energies and errors would not dominate the overall fitting 

[310]. The associated weights wg,m for Fint were all set to the unit value, since this 
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gave them roughly the same weight in the fitting to Eint, given the magnitude of 

the final deviations (using LAMMPS ’real’ units). 

Different sets of constraints, wi, for the LJ parameters and partial charges 

were tested; 10% variations on said parameters were assigned penalties of 100, 101,  

102,  103 or 104, so that different Optimized FFs ranged from energy-dominated to 

parameter-dominated. Although starting guesses for the LJ parameters and partial 

charges were available from the Original FF [314], these had little physical 

motivation. Thus, the selected Optimized FF assigned no penalties to these 

parameters, to obtain the best global fit - although the same optimizations were 

carried out with different degrees of penalties, only non-penalized results are 

reported here. 

No information was available regarding the analytic shape of χ2 and 

parameter evaluations were relatively expensive to compute (initialising LAMMPS 

and retrieving the Eint for the 30 configurations could take O(s) for each trial set 

of parameters). Therefore, quasi-Newtonian algorithms and PSO, which require no 

knowledge of the Jacobian or Hessian, were employed. 

Quasi-Newtonian algorithms are designed to find local minima close to an 

initial starting point. Several bound-constrained versions which are implemented 

in the SciPy Python package were tested: bound constrained limited-memory 

BFGS (L-BFGS-B), truncated Newton (TNC), trust-region reflective (TRF), and 

sequential least squares programming (SLSQP). We found L-BFGS-B and TNC to 

perform the best for our system when appropriately tuned and to behave more 
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robustly using different initial guesses. However, the necessity for initial estimates 

remained a drawback given the lack of physically motivated parameters for our 

system available in the literature. 

On the other hand, PSO algorithms are more suited to finding global minima 

by having a population of candidate solutions (particles) starting at different points 

in k-space where χ is evaluated. The position, xi, and velocity, vi, of each particle 

is determined at step i according to the formula: 

𝐯𝒊+𝟏 = 𝒘 ∙ 𝐯𝒊 + 𝒄𝟏 ∙ 𝐫𝟏 ∙ (𝐩𝒑 − 𝐱𝒊) + 𝒄𝟐 ∙ 𝐫𝟐 ∙ (𝐩𝒈 − 𝐱𝒊) 

𝐱𝒊+𝟏 = 𝐱𝒊 + 𝐯𝒊+𝟏 
( 4.4 ) 

where pp is the best previous fit evaluated by the particle, pg is the best 

global fit registered by any particle in the swarm, r1,2 are vectors of random 

numbers in the range [0,1], and ω, c1, c2 are weights for the different terms. 

Therefore, the particles feel a statistical attraction to their own and global 

recorded best positions, while the inertia weight determined by w prevents the 

search space of the swarm from shrinking too fast. We chose w = c1 = 0.5 and a 

lower weight c2 = 0.2 to prevent such behaviour. We employed a comfortably dense 

swarm of 1100 particles for each optimization, which consistently converged after 

approximately 20 iterations. 

Despite the stochastic nature of PSO, we found it consistently performed as 

well if not better than quasi-Newtonian algorithms. Furthermore, the algorithm 

was easily parallelized such that each particle (or subset of them) was run on a 
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different core. Thus, time efficiency, global fits (as opposed to local), and the non-

requirement of initial guesses made PSO the preferred method for the optimization. 

Of the 33 DFT configurations available, 29 were included in the training 

dataset, with the closest and most distant systems excluded to prevent them from 

skewing the overall fit. Regardless of the parameters chosen, the Optimized FF 

overestimated repulsion at very close distances to the surface, due to the 

unphysically steep repulsive term in the 12-6 LJ potential [343,351,353]. 2 

configurations with HAm molecules < 1.0 Å from the surface were excluded from 

the optimization to prevent them from skewing the fitting. The configuration with 

the HAm molecule furthest from the surface (3.6 Å) had a DFT-calculated 

interaction energy of only 0.01 kcal mol−1 (within the margin of error of the DFT 

calculations), whereas our Optimized FFs predicted ∼ 0.1 kcal mol−1. Given that 

the fitting was minimized using relative errors [310], these geometries would 

dominate the overall fitting if they were included (with Optimized FFs predicting 

10 times the energy of DFT calculations even if both are very small numbers). 

Another relaxed geometry where the HAm relaxed with the Namide close to the 

surface and the Oamide pointing away from the surface was also excluded from the 

force-matching. When this was included, the Optimized FF resulted in an 

unphysical Namide-Fesurf distance (0.2 Å) in the large-scale NEMD simulations.  

Nevertheless, these 4 configurations are still included in Figure 4.5 and the 

Optimized FF reproduces their Eint values with remarkable accuracy. 
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Initially, standard 12-6 LJ and partial charge parameters were optimized, 

but this approach proved insufficient to represent the strong interactions observed 

in the DFT calculations. An extensive analysis of different potential combinations 

is discussed in the SI (7.2. Appendix A: Ultimately, a combination of 12-6 LJ, 

Coulombic, and the Morse potential for the chemisorption interactions provided an 

excellent match to the DFT-calculated Eint values for the wide range of 

configurations.  

Morse Interactions 

The DFT calculations showed that for HAm molecules on α-Fe2O3(0001) 

surfaces, Eads ≈ −50 kcal mol−1. Strong interactions between the oxygen and nitrogen 

atoms in the amide headgroups with the surface iron atoms (Oamide-Fesurf and 

Namide-Fesurf, respectively) as well as between the headgroup hydrogen atoms and 

the surface oxygen atoms (Hamide-Osurf) were observed. Figure 4.3 shows that the 

Oamide-Fesurf , Namide-Fesurf, and Hamide-Osurf interactions all involve charge transfer 

between the headgroup and the surface atoms, which is indicative of chemisorption. 
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Figure 4.3: : Side and top view of the electron density difference plots for 

the most stable low coverage (LC) and high coverage (HC) structures of 

HAm. Green represents regions of charge density depletion, while yellow 

represents regions of accumulation. The isosurface level is 0.003e a0-3 (where 

a0 is the Bohr radius). 

The 12-6 LJ potential used in the majority of classical FFs is better suited 

to reproducing weaker physisorption (vdW) interactions [343,344]. Indeed, tests in 

which the surface LJ parameters and partial charges were modified from the 

Original FF showed only marginal improvement, as shown in the SI (Figure A.4 

and Figure A.5). Therefore, to significantly improve the agreement between the 

Optimized FF and the DFT calculations, it was necessary to change the functional 

form of the Oamide-Fesurf, Namide-Fesurf, and Hamide-Osurf interactions. Much better 

agreement between the Eads values from DFT calculations and the Optimized FF 

was obtained when a Morse potential was fitted to these interactions: 

𝑬𝑴𝒐𝒓𝒔𝒆𝒊𝒋
= 𝑫𝒊𝒋 [𝒆−𝟐𝜶𝒊𝒋(𝒓𝒊𝒋−𝒓𝒊𝒋

𝟎 ) − 𝟐𝒆−𝜶𝒊𝒋(𝒓𝒊𝒋−𝒓𝒊𝒋
𝟎 )] 

( 4.5 ) 
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Where Dij is the well depth, 𝑟𝑖𝑗
0 is the equilibrium distance and  

𝛼𝑖𝑗 determines the width of the potential [354]. The three tuneable parameters 

allows the Morse potential to have both  a deep potential well to reproduce strong 

short-range binding, but also decay in a manner consistent with the DFT 

calculations. This is not possible with LJ potentials which have a fixed ∼ r−6 decay 

and only two tuneable parameters [341]. Moreover, the 1/r12 repulsion used in  LJ 

is used primarily for numerical convenience, while the exponential repulsion in the 

Morse potential has more physical motivation [351]. Indeed, the Morse potential 

has been shown to more accurately reproduce Eads from DFT compared to LJ 

potentials for a wide range of molecules on solid surfaces, for example; α-olefins 

(ethene to 1-decene) on Al(001) surfaces [351], 1,4-bis(cyanophenyl)22,5-

bis(decyloxy)-benzene on KCl(100) [341], gases (H2, O2, N2, CO, H2O, H2S) on 

alkali metal-doped carbon nanotubes [344], and water on Au(111) [345]. Of 

particular relevance to this study, Morse interactions have also been used to 

accurately represent the  S-Au chemisorption interactions of thiol molecules on Au 

surfaces [355,356]. 

Optimised Force Field Parameters 

In the Optimized FF, nine parameters were fitted to Morse potentials to 

represent the strong Oamide-Fesurf , Namide-Fesurf , and Hamide-Osurf interactions. Since 

the interactions between the remaining atom type pairs in the surface and HAm 

were of a physical rather than chemical nature, they were suitably represented by 

a 12-6 LJ potential. It was sufficient to only change the surface LJ parameters 
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and use geometric mean mixing rules for these weaker interactions rather than 

fitting each atom pair individually [321], so this only added four parameters to the 

fitting. Note that the LJ interactions are ignored for the Oamide-Fesurf , Namide-Fesurf, 

and Hamide-Osurf interactions in the Optimized FF, represented by Morse potentials. 

The partial charges of the Fesurf and Osurf atoms were also adjusted to maximize 

agreement with the Eads values from the DFT calculations. A charge neutrality 

constraint was imposed on the surface (Fe:O charge ratio = 3:2), so only one 

additional parameter was required to determine the Fesurf  and Osurf partial charges. 

In total, 14 parameters were included in the fitting procedure. 

The final parameters for the Optimized FF are presented in Table 4.1. The 

parameters are in general agreement with those developed previously for other 

molecular adsorption systems. The Morse parameters for the Oamide-Fesurf and 

Namide-Fesurf are broadly similar to those developed for S-Au interactions of thiol 

molecules on Au surfaces [355,356].  

Experimental values of Eint are not available for amides; however, XPS 

experiments of amines showed that dative Namine-Fesurf bonding dominates the 

interactions [233], while carboxylate-Fesurf bonding did so for carboxylic acids 

[231,234]. MP2 level calculations have shown that Eint ≈ 5 kcal mol−1 for amide-

water H-bonds (when water is the H-bond acceptor) [357], which is similar to the 

Hamide-Osurf Morse parameters used here. The LJ and partial charge parameters are 

only slightly changed from those used in the Original FF [314] (see Table A. 1 in 

the SI). 
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  ε (kcal mol-1) σ (Å) q (e) 

Surface LJ* 

Fesurf 0.28 2.09 0.645 

Osurf 0.25 2.41 −0.430 

 
 D (kcal mol-1) r0 (Å) α (Å-1) 

Morse 

Oamide-Fesurf 17.79 2.16 1.64 

Namide-Fesurf 10.80 2.61 2.78 

Hamide-Osurf 3.00 1.98 2.15 

Table 4.1: Final LJ, Morse and partial charge parameters for Optimized FF. 

*Parameters for HAm remain unmodified from  L-OPLS-AA [171,177,307], 

and  the  remaining LJ parameters are determined by geometric mean 

mixing rules. 

4.2.3. Large-Scale NEMD Simulations 

Simulation Set-Up 

As a final validation, the Optimized FF was tested in large-scale confined 

NEMD simulations of amide films adsorbed on α-Fe2O3 surfaces, separated by a 

thin layer of n-hexadecane. In previous simulations of similar systems [178,237–

240], the molecule-surface interactions were represented by LJ and Coulomb 

potentials, with the α-Fe2O3 surface parameters taken from Berro et al [314]. In 

this section, this Original FF (Table A. 1 in the SI) will be compared to the 

Optimized FF (Table 4.1) in large-scale NEMD simulations. The L-OPLS-AA 

[171,177,307] FF was used to represent interactions between the amide and 

n-hexadecane molecules. 

The systems consist of a thin layer of n-hexadecane lubricant confined 

between amide films adsorbed on two α-Fe2O3(0001) slabs with x, y, z dimensions 

of 55, 55, 12 Å. Periodic boundary conditions were applied in the x and y directions, 
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so the amide or n-hexadecane molecules could not be squeezed out of the contact 

[358]. 

The NEMD simulations were performed using LAMMPS [347], and the 

equations of motion were integrated with the velocity Verlet algorithm with a time 

step of 1 fs. Fast-moving bonds involving hydrogen atoms were constrained with 

the SHAKE algorithm [359]. The α-Fe2O3 slab atoms were restrained by harmonic 

bonds between  atoms within 3 Å, with a force constant of 130 kcal mol−1 Å−1 

[314]. 

Stearamide (SAm), which has a C18 tailgroup rather than C6 tailgroup in 

HAm, was used since it is more representative of commercial OFMs [22]. SAm 

molecules were placed 3 Å from both of the solid surfaces prior to energy 

minimization. This is similar to the use of preformed Langmuir-Blodgett films in 

friction experiments [360]. Three different surface coverages of SAm were 

considered. A HC, where Γ = 4.32 nm−2 (close to the maximum theoretical value) 

[361]; a MC, where Γ = 2.88 nm−2 (∼ 2/3 maximum); and a LC, where Γ = 1.44 nm−2 

(∼ 1/3 maximum). 70 n-hexadecane molecules, equivalent to two molecular layers, 

were randomly inserted between the SAm films. This has been shown in previous 

squeeze-out simulations to be representative of the amount expected between OFM 

films under boundary lubrication conditions at 0.5 GPa [239]. 

Simulation Procedure 

The large-scale NEMD simulations consisted of three phases; minimization, 

compression and sliding. Starting with a density similar to that of liquid n-
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hexadecane (0.75 g cm−3), the system was energy minimized. The system was then 

pressurized (0.5 GPa) and it was thermostatted (300 K) in the directions 

perpendicular to the compression and shear directions. Temperature was 

maintained with a Langevin thermostat with a relaxation constant of 0.1 ps [362]. 

Pressure was applied by adding a constant force to atoms in the outermost layer 

of the top slab, while keeping the outermost layer of atoms in the bottom slab fixed 

in the z direction. The systems were compressed for 500 ps, which was sufficient 

for the slab separation to reach a constant average value. 

A velocity of v = ±10 m s−1 was added to the outermost layer of atoms in 

each slab such that vs = 20 m s−1. Four independent NEMD simulations were run 

for each coverage/FF combination, with the top slab sliding in the x, −x, y and −y 

directions to account for potential friction anisotropy [363]. The sliding simulations 

were conducted for approximately 1 ns which was sufficient to reach a 

nonequilibrium steady state. Any heat generated during the sliding was dissipated 

using a thermostat acting only on the middle 10 Å of the α-Fe2O3 slabs, applied 

only in the y-direction (perpendicular to both the sliding and compression). This 

approach ensures that the dynamics of the confined liquids molecules is not 

unphysically influenced under sliding conditions [157]. Using this thermostatting 

method, the temperature rise within the liquid region was negligible under the 

studied conditions [239]. 
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4.3. Results and Discussion 

4.3.1. Interface Force-Field Parameterization 

To assess the performance the Optimized FF, Eint was compared to the 

Original FF and accurate DFT calculations using the optB86b-vdW functional 

[329,330] for a wide range of configurations. Figure 4.4 shows z-scans of Eint for LC 

(flat) (a) and LC (vertical) (b) HAm configurations obtained using DFT 

calculations, the Original FF, and the Optimized FF. Comparisons of z-scans of 

Eint to the DFT calculations for ClayFF [313] and the FF due Savio et al. [315] are 

shown in the SI (Figure A.3). In the DFT calculations, adsorption is stronger for 

the LC (flat) case (Eads = -60.0 kcal mol−1) compared to LC (vertical) (Eads = -48.4 

kcal mol−1) conformation owing to vdW interactions between the tailgroups and 

the surface atoms [30]. 

 

Figure 4.4: z-Scans of Eint for the a) LC (flat) and b) LC (vertical) HAm 

configurations. Solid gray line is spline interpolation to DFT data,  dashed 

orange line is Original FF [34],  dashed blue line is Optimized FF. 
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Comparing the Original FF [314] to the DFT calculations, when the HAm 

molecules are ≥ 2.5 Å from the surface and Eint  is relatively weak, reasonable 

agreement is achieved for both the LC (flat) and LC (vertical) conformations. 

However, as the HAm molecules are moved closer to the surface, the agreement 

with DFT becomes much poorer. Firstly, the equilibrium adsorption distance, zeq  

≈  1.9 Å for the Original FF, which is ∼ 0.4 Å larger than the 1.5 Å obtained using 

DFT. Moreover, Eads ≈ -20 kcal mol−1, which is much lower than the value obtained 

from DFT, Eads ≈ -50 kcal mol−1. As is commonly observed for LJ potentials 

[343,351,353], the repulsive energy at small molecule-surface separations is also 

considerably overestimated. 

Conversely, the Optimized FF shows excellent agreement with the z-scan of 

Eint from the DFT calculations for both the LC (flat) and LC (vertical) HAm 

conformations. Note that Figure 4.1 also includes configurations ≤ 1.0 Å from the 

surface which were not included in the training dataset.  The repulsive energy for 

these configurations is overestimated as a result of the unphysically steep repulsive 

term in the 12-6 LJ potential [343,351,353]. However, the overestimation for the 

Optimized FF is much less severe than for the Original FF. It is noteworthy that 

the very high energy configurations are unlikely to be accessed in MD  simulations 

and therefore the accuracy of these energies is less important [343]. Nevertheless, 

the Optimized FF will correctly predict repulsive energies in order to avoid 

sampling unrealistic configurations in the MD simulations. To match the DFT 

energies for the closest-ranged con figurations, Morse parameters would need to be 
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fit for all of the non-bonded interactions [353];  however, this would complicate the 

optimization procedure and would risk overfitting [341,342].  Further improvements 

could perhaps be obtained by using a more computationally expensive polarizable 

FF [350] rather than the partial charge model employed here for the electrostatic 

interactions. 

Although it was not used in the parameterization, it was also ensured that 

z-scan for a relaxed n-hexane molecule on α-Fe2O3(0001) was accurately reproduced 

with the Optimized FF. For both the Original FF and Optimized FF, Eads for 

n-hexane was underestimated compared to that obtained from the DFT 

calculations, as shown in the SI (Figure A.6). To improve agreement with the DFT 

calculations for n-hexane, εFe could be increased, similar to the approach used by 

Savio et al. [315]. However, this would negatively influence the agreement of the 

Optimized FF with the DFT results for the HAm molecules, which was the main 

aim  of this study. Alternatively, improved agreement could be obtained by 

developing Morse parameters for the interaction of C and H atoms in n-hexane 

with the surface atoms [353], but that is beyond the scope of this study.  

A comparison between the Eint values obtained from the Optimized FF and 

the DFT calculations for all of the configurations included in the parameterization 

is shown in Figure 4.5. The linear fit of these data has an R2 value of 0.98, 

representing a dramatic improvement over the Original FF [314] and other 

alternatives shown in the SI (Fig. S3-4). Overall, the deviations between the FF 

and DFT energies amount to a root mean square (RMS) error of only 2.5 kcal 
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mol−1, which is an order of magnitude smaller than the strength of the interactions. 

Thus, the performance of the Optimized FF compares favourably with interface 

FFs developed for other molecule-surface combinations where direct comparisons 

between Eint from the FF and DFT were conducted.  

 
Figure 4.5: Comparison of the interaction energy, Eint, from the Optimized 

FF and DFT calculations for all of the configurations investigated. Solid 

line represents perfect fitting, dashed lines represent the RMS error of 2.45 

kcal mol−1. 

4.3.2. Large-Scale NEMD Simulations 

In the final stage, the Optimized FF was compared to the Original FF [314] 

in large-scale NEMD simulations of amide films adsorbed on α-Fe2O3(0001) surfaces 

at 300 K. Figure 4.6 shows number density profiles for the SAm headgroup (amide 

C, O, H, N) atoms which give indications regarding the orientation of the 

headgroups. Number density profiles shown for the top wall moving in the +x 

direction; results for −x, +y, and −y are shown in the SI (Figure A.7-Figure A.9). 

Temperature profiles (shown in the SI for the x direction, Figure A.13) show the 

temperature was uniform across the confined fluid and lower than at the walls,, 
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which is consistent with what is expected in similar quasi-equilibrated confined 

systems where the thermostats are limited to the outer layers [364,365]. 

Generally, the atomic number density peaks in Figure 4.6 become more 

intense as the coverage is increased from LC to HC for both the Original FF and 

the Optimized FF, which is indicative of more ordered molecules. For the Original 

FF, there are two Hamide peaks in Figure 4.6 which have similar intensity to each 

other at LC, MC, and HC. The Original FF  also shows single Oamide and Namide 

peaks which are approximately equidistant from the surface at all coverages 

considered. This is unsurprising since these atoms have similar LJ parameters 

(σO=2.96 Å, εO=0.21 kcal mol-1, σN=3.25 Å, εN=0.17 kcal mol-1) [171] which govern 

the interaction strength and distance with the surface atoms. Previous NEMD  

studies with the Original FF [239] have shown that the SAm tailgroups become 

more upright as the coverage is increased. However, these current results suggest 

that the headgroups remain in a similar conformation as the coverage is increased.  

 

Figure 4.6: Number density profiles for SAm and n-hexadecane atoms for 

the Original FF (top) and optimized FF (bottom) under sliding conditions. 

Top wall moved in the +x direction. 
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The DFT calculations suggest that the headgroup conformation is actually 

rather sensitive to surface coverage, as shown Figure 4.2. In the most stable 

(Eads = -60.4 kcal mol−1) LC (flat) conformation, the two Hamide atoms are at a 

similar z-distance from the surface (within 0.2 Å). In this conformation, both of 

the Hamide atoms H-bond with Osurf  atoms, as shown in Figure 4.3. In the LC 

(vertical) conformation, which has lower stability (Eads = -48.9 kcal mol−1), two 

distinct Hamide-Osurf distances are observed (separated by > 1.0 Å). In this case, 

only one Hamide atom H-bonds with a Osurf atom and the vdW interactions between 

the tailgroup atoms and the surface are much weaker [30]. Two Hamide-Osurf 

distances (separated by > 1.0 Å) are also observed at HC (Eads = -51.7 kcal mol−1); 

one Hamide atom H-bonds with a Osurf atom, and the other which H-bonds with the 

Oamide atom in a neighbouring molecule, as shown in Figure 4.3. It is noteworthy 

that several almost isoenergetic conformations with slightly different Hamide-Osurf 

distances were also observed in the DFT calculations; those included in the 

parameterization are shown in the SI (Figure A.1). In Figure 4.6, the separation 

between the two Hamide peaks is ∼1.0 Å at all coverages for the Original FF. 

Collectively, this suggests that, when using the Original FF, the SAm headgroups 

adopt an intermediate conformation between LC (vertical) and LC (flat) (Figure 

4.2) from DFT, regardless of the surface coverage. 

 Figure 4.6 shows that the headgroup conformations are rather different 

when using the Optimized FF, particularly at MC and HC. The headgroup C atom 

peak is ∼0.4 Å closer to the surface at all coverages studied for the Optimized FF 
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compared to the Original FF, which corresponds to the shift in zeq shown in Figure 

4.4. At LC, there are two Hamide peaks (separated by ∼1.0 Å) and single Oamide 

and Namide peaks, with the latter slightly (∼0.5 Å) closer to the surface. This 

suggests an intermediate between the LC (flat) and LC (vertical) conformations 

shown in Figure 4.2 for the Optimized FF at LC, similar to the Original FF. Three 

separate Hamide peaks are observed Figure 4.6 at MC and HC, the middle of which 

is the most intense and the latter two are separated by >1.0 Å. There are also two 

Oamide and two Namide peaks, with the first Oamide peak closest to the surface, 

followed by the first Namide peak. This suggests that two different headgroup 

conformations are present when using the Optimized FF at MC and HC. One of 

these conformations is probably the most stable HC  system shown in Figure 4.2 

(Eads = -51.7 kcal mol−1) and the other the HC system shown in the SI (Figure 

A.1), which is slightly less stable (Eads = -50.5 kcal mol−1). As the coverage 

increases, there are larger steric interactions between neighbouring SAm molecules, 

which  retards molecular rearrangement. Consequently, the SAm molecules are 

unable to rearrange themselves to reach the lowest Eads conformations at MC and 

HC, and can become trapped in geometries with slightly lower stability. In 

summary, the Optimized FF more faithfully  reproduces the relaxed DFT 

conformations shown in Figure 4.2 and Figure A.1 in large-scale NEMD  

simulations. 

Figure 4.7 shows atomic x-velocity profiles separated into 1.0 Å spatial bins 

in the z direction, vx(z). These are overlaid with SAm and n-hexadecane mass 
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density profiles from 0.05 Å bins in z, ρ(z). Profiles for the top wall moving in the 

+x direction are shown in Figure 4.7, profiles for the top wall moving the −x, +y 

and −y directions are shown in the SI (Figure A.10Figure A.12).  

 

Figure 4.7: Velocity profiles for atomic velocities along the x direction from 

1.0 Å spatial bins in z, ρ(z). SAm and n-hexadecane mass density profiles 

from 0.05 Å spatial bins in z, ρ(z), are overlaid. Top wall moved in the +x 

direction. 

Figure 4.7 suggests that, for all of the coverages studied, the structure and 

flow behaviour remains broadly similar for the Original FF and the Optimized FF. 

The mass density profiles show that the SAm films become thicker and show more 

layering with increasing coverage.  Generally, fewer peaks are apparent when using 

the Optimized FF compared to the Original FF, suggesting less structured, more 

liquid-like films [239]. The overlap between the SAm and n-hexadecane peaks 

decreases with increasing coverage, indicating less interdigitation. There is also 

slightly more interdigitation for the Optimized FF compared to the Original FF. 
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Increased interdigitation has been shown to lead to higher friction in previous 

NEMD  simulations of adsorbed surfactant films [239,366]. Thus, purely from the 

mass density profiles, friction is expected to decrease with increasing coverage and 

to be slightly higher for the  Optimized FF compared to the Original FF. 

The velocity profiles indicate that the SAm headgroups move at the same 

velocity as the wall to which they are adsorbed. The tailgroups move at the same 

velocity as the headgroups  until the outer region where they interdigitate with the 

n-hexadecane molecules, at which point they start to be sheared [239]. At LC, 

n-hexadecane penetrates the entire film, so all but the first strongly adsorbed layer, 

i.e. the central ∼ 15 Å is sheared. Interdigitation occurs ∼ 10 Å into the MC film 

and the 10 Å thick central region is sheared. At HC, negligible shear occurs because 

slip planes form between the solid-like SAm films and the n-hexadecane lubricant 

[239,240]. At all coverages, the velocity profiles are essentially indistinguishable 

between the Original FF and the Optimized FF, suggesting similar flow behaviour. 

The friction behaviour was also compared between the Original FF and the 

Optimized FF, as shown in Figure 4.8. The friction coefficient was calculated using 

the Amontons-Coulomb  friction law under the high load approximation: FL/FN  = 

µ + F0/FN ≈ µ, where FL and FN are respectively the mean lateral (friction) force 

and normal force acting on the outer layer of atoms in each slab, and F0 is the 

load-independent Derjaguin offset representing adhesive surface forces. Previous 

NEMD simulations have confirmed the applicability of this approximation for OFM 

films between atomically-smooth surfaces with a separating lubricant layer [237–
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239]. Points and error bars in Figure 4.8 represent the mean and one standard 

deviation between the steady state friction coefficient from simulations with the 

top wall moving in the +x, −x, +y, −y directions. This was to improve statistics 

as well as to account for potential friction anisotropy [363].  

 

Figure 4.8: Change in the friction coefficient, µ, with surface coverage for 

the Original FF compared to the Optimized FF. Circles and error bars 

represent the mean and one standard deviation between the steady state 

friction coefficient with the top wall moved the +x, -x, +y and -y directions. 

The friction was averaged after 0.2ns (last 0.8ns of the simulation). 

For both the Original FF and the Optimized FF, the friction coefficient in 

Figure 4.8 decreases approximately linearly with increasing surface coverage. This 

is in general agreement with previous NEMD simulations of surfactant-lubricated 

systems [239,366] as well as atomic force microscopy experiments [367,368]. In 

macroscopic friction tests, surfactant concentration rather than surface coverage is 

usually varied since this is much easier to measure and control. However, in 

boundary friction experiments [236] surfactant molecules with saturated tailgroups, 

which have been shown to form higher coverage films than those containing 

Z-unsaturation [229],  gave lower friction. Thus, the friction results in Figure 4.8 
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are in qualitative agreement with trends from nanoscopic [367,368] and macroscopic 

[236] friction experiments. 

The friction coefficients in Figure 4.8 are all somewhat higher compared to 

those reported in Ref. [239], but these are not directly comparable since the system 

and conditions are slightly different. In Figure 4.8, for all of the coverages studied, 

the mean friction coefficient is slightly higher for  the Optimized FF compared to 

the Original FF; however, the difference is only statistically  significant for the LC 

and MC cases. This is probably a consequence of the stronger amide-surface binding 

which leads to more disordered films and increased interdigitation. The similarity 

between the FFs is perhaps unsurprising given that the OFM films are preformed 

on the surfaces (similar to Langmuir-Blodgett experiments [360]) and periodic in 

the lateral directions, which prevents molecules being squeezed out [358]. Since the 

molecules cannot leave the contact, the stronger molecule-surface interactions only 

weakly affect the friction behaviour, which is dominated by the tailgroup 

interdigitation [239,366]. Therefore, these simulations with the accurate Optimized 

FF validate the results of previous NEMD studies [178,237–240] which used the 

Original FF [314] derived from mixing rules and parameters developed for n-alkane 

adsorption.  

However, much larger differences between Original FF and Optimized FF 

are expected for other types of classical MD simulation. For example, the results 

of nanotribological simulations in which the surfactant molecules can be squeezed 

out of the contact will be more dependent upon the molecule-surface interaction 
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strength [358,369]. In fact, the Optimized FF has already been applied to an NEMD 

study aiming to model AFM experiments on amide OFMs in order to understand 

experimental discrepancies in the OFM coverage-dependent friction response, 

where the amide-surface interaction should be accurately reproduced [325]. The 

molecule-surface interaction strength will also affect simulations of surfactant 

adsorption from nonpolar solvents [230,370]. The Optimized FF developed here will 

facilitate further MD simulations of amides on iron oxide surfaces in which the 

molecule-surface interactions faithfully reproduce interactions  from accurate DFT 

calculations. 

Unlike NEMD simulations of thiol monolayers adsorbed on gold surfaces 

[363], no systematic difference in the friction coefficient between the different 

sliding directions (friction asymmetry) was observed in these simulations. This is 

probably due to the thin lubricant layer which separates the OFM films [239]. 

However, the smaller error bars in Figure 4.8 indicate that there was less variation 

in the friction coefficient between the different sliding directions when the 

Optimized FF was used compared to the Original FF, particularly at MC. 

4.4. Summary 

In this study, an Optimized FF was developed for MD simulations of the 

anhydrous interface between the amide surfactants and iron oxide surfaces. DFT 

+ U calculations using an accurate vdW functional were performed on a wide 

range of HAm geometries on α-Fe2O3(0001) to ensure extensive sampling of the 

conformational phase space. The polar amide head-groups strongly chemisorb on 
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the surface and it was found that these interactions could not be accurately 

represented with a standard LJ potential. Instead, a Morse potential was used 

for the most strongly interacting molecule-surface atom pairs; Oamide-Fesurf , 

Namide-Fesurf , and Hamide-Osurf. Different optimization algorithms and constraints 

were tested, which ultimately yielded excellent agreement between the Optimized 

FF and the DFT calculations. The Optimized FF was tested in large-scale 

NEMD simulations of a thin layer of n-hexadecane lubricant confined between 

amide films with different coverages adsorbed on iron oxide surfaces. The amide 

molecules were drawn closer to the surface and the orientation of the headgroup 

was more similar to that observed in the DFT calculations when the Optimized 

FF was employed. However, for the systems and conditions studied, the velocity 

profiles and friction coefficient are very similar for the Original FF and the 

Optimized FF. Since the molecules cannot be squeezed out of the contact, the 

stronger molecule-surface interactions do not significantly affect the friction 

behaviour, which is dominated by the tailgroup interdigitation. Therefore, these 

results validate the findings of previous NEM studies which used the Original 

FF derived from mixing rules and parameters developed for n-alkane adsorption. 

The Optimized FF, which has already been applied elsewhere in the literature 

[325],  will facilitate future MD simulations at the amide-iron oxide interface in 

which the interactions are representative of those observed in accurate DFT 

calculations. Moreover, it is expected to be crucial in accurately modelling the 

adsorption process of OFMs in future simulations with techniques such as steered 
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MD [21], which is important in obtaining a fundamental understanding of these 

adsorbates. 
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Chapter 5. Thermal Decomposition of Phosphate Ester 

Antiwear Additives on Ferrous Surfaces: A ReaxFF 

Investigation 

The work presented in this chapter has been partly published in the Journal 

of Physical Chemistry C (Ref. [3]). 

5.1. Introduction 

As described in section 2.4.3 of this thesis, phosphate esters are antiwear 

additives known to form tribofilms under shear. They are low sulfur and zinc 

alternatives to the ubiquitous additive ZDDP. Alkyl phosphates, such as tri(n-

butyl)phosphate (TNBP), are already used as additives in gear lubricants and 

industrial lubricants [247], while aryl phosphates, such as tri(m-cresyl) phosphate 

(TCP), are included in most aviation lubricant formulations [248]. Both TNBP and 

TCP have also been used as vapour phase lubricants (VPLs) for tribological 

systems that operate at very high temperature [249]. Understanding the 

mechanisms behind the operation of phosphate esters could also shed light into 

those of ZDDP and other antiwear additives, which has been a primary goal in 

tribology for decades. 

TCP is the most widely studied phosphate ester antiwear additive [243]. In 

1940, Beeck et al. [371] suggested that the ability of TCP to reduce wear of steel 

surfaces originated from chemical polishing via the formation of iron phosphide. 

However, later work indicated that the major component of the tribofilms formed 

from TCP was iron phosphate, which acted as a protective layer rather than 
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polishing the steel surfaces [372–374]. It has also been shown that organic 

polyphosphates [375] or iron polyphosphates [376,377] are eventually formed from 

TCP inside tribological contacts and are ultimately responsible for its antiwear 

performance on steel surfaces [248]. At high temperature, TCP can form relatively 

thick (60-100 nm) thermal films on steel surfaces [378], but thinner tribofilms are 

usually formed inside rubbing contacts [243]. 

The formation of iron phosphate/polyphosphate films requires 

decomposition of the phosphate ester molecules, more specifically removal of the 

alkyl or aryl substituents [24]. Under the ultra-high vacuum (UHV) conditions 

relevant to VPL, this proceeds via molecular adsorption, followed by C-O and/or 

P-O cleavage to facilitate the formation of a network of P-O bonds [376,377]. There 

are several hypotheses concerning the alkyl/aryl substituent removal mechanism 

from phosphate ester antiwear additives on steel surfaces. These include that: (a) 

intact phosphate esters adsorb and then thermally decompose, (b) intact molecules 

adsorb and decompose by nucleophilic attack by other surface-adsorbed species 

(e.g., O2- or OH-), or (c) phosphate esters act as a reservoir for phosphoric acid 

which is formed by prior hydrolysis in base oil solution.[248] There have been 

contradictory reports regarding the role of water on TCP antiwear performance; it 

was initially suggested that hydrolysed TCP shows lower wear than intact TCP 

[379], but subsequent studies have shown that the presence of water in TCP-

containing lubricants increased wear [380]. 
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The effects of different substituents on the tribological performance of 

phosphate esters on steel surfaces have also been investigated. Aryl phosphates are 

known to have higher thermal stability than alkyl phosphates [256]; however, there 

have been conflicting reports of their relative antiwear performance on steel 

surfaces. While the use of additives with lower thermal stability could ensure that 

protective tribofilms are formed on sliding surfaces more quickly, this could also 

result in rapid depletion of the additive, particularly under severe conditions [381]. 

In their pure form, aryl phosphates have shown improved wear resistance compared 

to alkyl phosphates under extreme pressure (EP) conditions [382]; however, the 

opposite trend has been reported when they are dissolved in a base oil [383,384]. 

There is some disagreement in the literature regarding the dominant bond breaking 

processes during the thermal decomposition of phosphate esters at high 

temperature (>700 K) on ferrous surfaces. Some studies have suggested that alkyl 

phosphates (e.g., TNBP) decompose mainly via C-O bond cleavage [257,258], while 

others have suggested that P-O cleavage dominates [385]. For aryl phosphates (e.g., 

TCP), it is widely agreed that P-O cleavage dominates [257,258]. 

Molecular dynamics (MD) simulations and density functional theory (DFT) 

calculations have also given unique insights into the decomposition mechanisms of 

phosphate esters [51]. For example, static DFT calculations have been used to 

study the adsorption and dissociation of TCP on iron surfaces [85]. The calculations 

showed that the mechanisms (a), (b), and (c) described above all have at least one 

exothermic reaction pathway [85]. In addition to static calculations, ab initio 
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molecular dynamics (AIMD) simulations have also been used to investigate the 

dissociation of tri(methyl)phosphate [386], tri(methyl)phosphite [387], and tri(n-

butyl)phosphite [106] confined between iron surfaces where load and sliding are 

applied. The AIMD simulations have given insight into the dissociation pathways 

of organophosphorus molecules inside tribological contacts. However, the high 

computational expense of AIMD simulations means that studies are limited in 

terms of the accessible length and time scales. Alternatively, empirical approaches 

such as reactive MD simulations using many-body, bond order potentials such as 

ReaxFF [185], are several orders of magnitude more computationally efficient than 

ab initio approaches [388]. ReaxFF requires careful parameterisation of a 

complicated functional form to reproduce quantities calculated using ab initio 

methods for a representative training set to ensure accuracy. This parameterisation 

process has now been conducted for an extensive range of systems and conditions, 

and in many cases provides accuracy close to that obtained using ab initio methods 

[184]. For the study of phosphate esters, a ReaxFF parameterisation has recently 

been developed for C/H/O/Fe/P-containing systems by Khajeh et al. [205]. It has 

been applied to study the thermal decomposition of TCP molecules on 

hydroxylated, amorphous iron oxide surfaces [205,389]. This parameterisation can 

be used for other phosphate esters and ferrous surfaces.  

In this study, the thermal decomposition of phosphate esters on ferrous 

surfaces is investigated using ReaxFF MD simulations. Phosphate esters with a 

range of alkyl and aryl substituents are compared on nascent and passivated ferrous 
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surfaces. The observed differences between the various surfaces and substituents 

have important implications for the design of new phosphate ester molecules for 

use as VPLs and antiwear additives. 

5.2. Methodology 

5.2.1. System Setup 

Phosphate triesters with five different substituents were compared: (i) 

primary linear alkyl, tri(n-butyl)phosphate, TNBP; (ii) primary branched alkyl, 

tri(i-butyl)phosphate (TIBP); (iii) secondary alkyl, tri(s-butyl)phosphate (TSBP); 

(iv) tertiary alkyl, tri(t-butyl)phosphate (TTBP); and (v) aryl, tri(m-

cresyl)phosphate (TCP). The molecular structures of the five phosphate esters 

considered are shown in Figure 5.1. 

 

Figure 5.1: Molecular structures of phosphate esters considered: TNBP 

(primary linear alkyl), TIBP (primary branched alkyl), TSBP (secondary 

alkyl), TTBP (tertiary alkyl), and TCP (aryl). Oxygen atoms in P-O bonds 

are labelled O1, while those in P=O bonds are labelled O2. 
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The most appropriate surface for MD simulations involving steel specimens 

for tribological systems is still debated. For example, FeO [390], Fe2O3 [390,391], 

Fe3O4[390], and hydroxylated, amorphous Fe3O4 [205,389] have all been used to 

represent steel substrates in recent MD studies. This is primarily due to the 

plethora of passivating iron oxides and surface terminations which could be formed 

[392]. In aqueous environments, X-ray photoelectron spectroscopy (XPS) 

experiments have shown that the outermost layer of carbon steels consists mostly 

of hydroxylated Fe2O3 [31]. Less is known about the surface oxides or hydroxides 

formed on the steels used in machine components lubricated by hydrocarbon-based 

fluids. Evans et al. performed XPS and transmission electron microscope (TEM) 

analysis of the wear tracks formed during tribology experiments using bearing steel 

lubricated with a hydrocarbon base oil [25] and P-containing additives dissolved in 

base oil [26]. The XPS showed that FeO, Fe2O3, and Fe3O4 were all present at the 

surface, while TEM indicated that the surface was heterogeneous, consisting of 

local crystalline and amorphous regions [25,26]. Tests under boundary lubrication 

conditions (where more substantial temperature rises are expected) contained more 

amorphous material compared to tests under mixed lubrication conditions [25,26]. 

Furthermore, lubricants can often become contaminated with water [27], which is 

likely to adsorb and dissociate on iron oxide surfaces, ultimately leading to hydroxyl 

formation [28]. 

MD simulations are generally limited to the nanometre length scales [51], so 

it is not feasible to investigate the heterogeneous surfaces observed experimentally 
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[25,26]. In this chapter, we compare behaviour on three particularly relevant 

substrates: (i) nascent α-Fe, which could be maintained under UHV conditions 

[257,258] or exposed during rubbing in conventional tribology experiments [393]; 

(ii) crystalline magnetite (Fe3O4), which has been observed on steel samples from 

tribology experiments [25,26]; and (iii) amorphous magnetite with surface 

hydroxylation (a-Fe3O4-OH), which could be formed due to large temperature rises 

[25,26] and water contamination.[28] We considered the α-Fe(110) [394] and 

Fe3O4(001) [392] planes since they show high thermodynamic stability. For 

Fe3O4(001), the so-called B-layer termination is chosen, which is stable under 

oxygen-rich conditions [395]. The thermal decomposition of all of the phosphate 

esters (shown in Figure 5.1) was investigated on Fe3O4(001). The primary linear 

alkyl (TNBP) and secondary alkyl (TSBP) molecules were also compared on 

α-Fe(110) and a-Fe3O4-OH. 

All of the systems were constructed using the Materials and Processes 

Simulations (MAPS) platform from Scienomics SARL. The substrates had 

approximate dimensions of x = 5.0 nm, y = 5.0 nm, and z = 1.5 nm. 3.5 nm of 

vacuum was added above the substrate in the z-direction. Sixteen phosphate ester 

molecules were added approximately 0.3 nm from the surface in the z-direction, 

corresponding to a surface coverage of 0.6 molecules nm-2. We are not aware of 

adsorption experiments for phosphate esters from non-aqueous solvents. However, 

adsorption experiments for n-butyl, i-butyl, and s-butyl ZDDPs on iron oxide from 

n-hexadecane suggested a plateau coverage of approximately 0.5 molecules nm-2 for 
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all of the butyl isomers.[396] The alkyl phosphate systems (TNBP, TIBP, TSBP, 

TTBP) contain a total of 192 C atoms, 432 H atoms, 64 O atoms, and 16 P atoms 

while the aryl phosphate system (TCP) contains 336 C atoms, 336 H atoms, 64 O 

atoms, and 16 P atoms (not including the surface atoms). To sample a wider 

configurational space, half of the phosphate ester molecules were initially orientated 

with O atoms in the P=O bonds pointed towards the surface, and half with them 

pointing away [205]. Some representative systems for the thermal decomposition 

simulations are shown in Figure 5.2. 

 

Figure 5.2: Snapshots of representative systems TNBP on Fe3O4(001), α-

Fe(110), and a-Fe3O4-OH after energy minimisation and before 

equilibration. Visualised with OVITO [294]: Fe atoms shown in orange, O 

in blue, P in red, C in black, and H in white. Atoms below the green line 

are frozen. The purple shaded area is a reflective boundary in the xy plane 

at the top of the simulation cell. Note that all of the molecules are intact at 

this stage, even though some appear to be broken due to the periodic 

boundary conditions. 

5.2.2. Simulation Details 

The large atomic/molecular massively parallel simulator (LAMMPS) 

software was used for the MD simulations. [397]. Velocity Verlet integration was 
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used with a time step of 0.25 fs [205]. The bottom atomic layer of the substrate 

was frozen, and periodic boundary conditions were applied in the x and y directions. 

The temperature was controlled using a Nosé-Hoover thermostat [155,156] with a 

damping parameter of 25 fs, which was applied to all non-frozen atoms. A reflective 

boundary was added in the xy plane at the top of the simulation cell (z = 5.0 nm) 

to prevent desorbed species from leaving the simulation cell [389]. 

Force Field 

All of the MD simulations used the ReaxFF parameters for C/H/O/Fe/P 

interactions developed by Khajeh et al. [205] The ReaxFF parameter file is 

provided in the SI (7.2. Appendix B:  The ReaxFF force field is described in section 

2.3.3 and its general form is presented in eq. ( 2.14 ).  

The Fe/P/O ReaxFF parameters used here were developed by Khajeh et al 

[205]. The parameters for Fe/O/H were originally developed by Aryanpour et al. 

[398], Fe/C by Zou et al. [399], P/O/C/H by Verlackt et al. [400], and C/H/O by 

Chenoweth et al. [187]. The ReaxFF parameters for Fe/O/H [398] have been shown 

to accurately reproduce the experimental lattice parameters for α-Fe (within 1 %) 

[399], α-Fe2O3 (within 4 %) [391], and Fe3O4 (within 3 %) [398]. They have also 

been shown to perform favourably compared to other many-body force fields in 

describing the mechanical properties of α-Fe [401]. It is also noteworthy that 

ReaxFF has been successfully applied to investigate the thermal decomposition of 

a wide range of molecules, from hydrazines [402], to methylnaphthalene derivatives 

[403], and hydrocarbons adsorbed on nickel surfaces [404]. The C/H/O/Fe 
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parameters have been verified in previous studies for the heterogeneous catalysis 

of the methanation of the carbon monoxide by Fe(100) [405], the dissociative 

adsorption of formaldehyde on Fe(100) [406], and the oxidation of butane on Cr2O3 

in the presence of FeS2 [407]. The ReaxFF parameter set has previously been 

applied to study the thermal decomposition of TCP on a-Fe3O4-OH surfaces [205] 

as well as TCP interactions with nanodiamonds on the same surface [389]. 

The set of parameters employed here belongs to the “aqueous” branch of 

ReaxFF parameters [184] aimed at reproducing liquid water, and thus might not 

be entirely accurate in describing the properties of the vapour phase used in the 

preparation of the a-Fe3O4 surfaces (see below). However, we expect that any 

potential inaccuracies do not play a significant role in the chemistry of the final 

surface. 

DFT Validation 

Note that the DFT calculations described in this section and used for the 

validation were not performed by the author, but rather provided by Chiara 

Gattinoni (ETH Zurich at the time of this work and currently London South Bank 

University).  

The ReaxFF parameterisation was validated using ab initio methods for the 

adsorption of an intact TNBP molecule on α-Fe(110). The energy changes for C-O 

and P-O dissociation for this molecule-surface combination were also investigated. 

DFT calculations were performed using the Vienna ab initio simulation program 

(VASP) [408–410] with the projector augmented wave (PAW) pseudopotentials 
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[74] and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional and 

spin polarisation [411]. The plane-wave cutoff energy was set to 550 eV. During 

geometry optimisation, the convergence criteria for the total energy was 10-4 eV. 

The Monkhorst-Pack scheme was used for k-point sampling with a 4 × 4 × 1 k-mesh 

[293].  

A single TNBP molecule was placed 0.3 nm above an α-Fe(110) slab with 

dimensions of x = 1.2 nm, y = 1.7 nm, z = 2.4 nm. This configuration resulted in 

similar surface coverage (0.5 nm-2) to the ReaxFF MD simulations. Periodic 

boundary conditions were added in the x and y directions and a dipole correction 

was added in the z-direction.[333] 1.5 nm of vacuum space was maintained above 

the Fe surface. The bottom layer of Fe atoms was fixed at the bulk crystal structure 

during the geometry optimisation. 

The adsorption energy, 𝐸𝑎𝑑𝑠, was calculated using the expression: 

𝑬𝒔𝒍𝒂𝒃 = 𝑬𝒔𝒚𝒔𝒕𝒆𝒎 − (𝑬𝒔𝒍𝒂𝒃 + 𝑬𝒎𝒐𝒍) ( 5.1 ) 

where 𝐸𝑠𝑦𝑠 is the total energy of the adsorbed complex, 𝐸𝑠𝑙𝑎𝑏 is the total energy of 

the isolated substrate, and 𝐸𝑚𝑜𝑙 is the total energy of the isolated molecule. The 

𝐸𝑎𝑑𝑠 values of intact TNBP molecules adsorbed on α-Fe(110) were compared 

following geometry optimisation using either ReaxFF or DFT. Geometry 

optimisation was also performed for TNBP molecules following C-O or P-O bond 

dissociation with both ReaxFF and DFT. 
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Nudged elastic band (NEB) calculations with the climbing image scheme 

[138] were used to calculate the minimum energy path along the potential energy 

surface for C-O bond dissociation. The NEB calculations were performed in 

LAMMPS [397] with the same ReaxFF parameters used in the MD 

simulations.[205] The initial and final structures were identified through energy 

minimisation of several starting structures with different TNBP orientations. The 

energies obtained from the NEB calculations using ReaxFF were compared to 

single-point DFT calculations of the same structures using VASP.  

a-Fe3O4-OH Surface Preparation 

The a-Fe3O4 surface was produced by annealing a slab of crystalline Fe3O4. 

The temperature was increased from 300 to 4000 K over 25 ps, held at 4000 K for 

125 ps, and then quenched back to 300 K over 500 ps. Before amorphisation, the 

Fe coordination number was 4 (37%) or 6 (63%), as expected for Fe3O4. Following 

amorphisation, the majority of the Fe atoms had a coordination number of 4 (78% 

in the bulk and 80% on the surface), with the remaining Fe atoms having 

coordination numbers of 1 (0.2% bulk, 3% surface), 2 (3% bulk, 8% surface), 3 

(17% bulk and 8% surface), and 5 (1% bulk, 0% surface) [205]. 

Finally, to hydroxylate the surface, 300 water molecules were placed over 

the a-Fe3O4 substrate, and the temperature was increased to 700 K to accelerate 

hydroxylation. The simulation was run for 500 ps, until the potential energy was 

stable. After this stage, any atoms from intact or dissociated water molecules that 

were not covalently bonded to the surface were removed [205]. At the end of this 
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process, the hydroxyl group density on the surface was 8.3 nm−2, which is within 

the experimentally observed range (7-20 nm−2) for Fe3O4 [412]. 

MD Simulations of Thermal Decomposition 

Initially, the energy of each system was minimised using the conjugate 

gradient method, followed by equilibration for 0.2 ns at 300 K. Then, the 

temperature was linearly increased from 300 to 1000 K over 1.4 ns (heating rate of 

0.5 K ps-1) [389]. The selected temperature range is representative of that 

experienced by phosphate esters when they are used as VPLs under UHV 

conditions [249] and antiwear additives under EP conditions [413]. Previous 

ReaxFF studies of hydrazine molecules showed that, as the heating rate was 

increased from 50 to 200 K ps-1, the onset temperature for decomposition increased 

from 1350 to 1690 K [402]. Although the heating rate used here is relatively low 

by ReaxFF simulation standards, it is still several orders of magnitude higher than 

that applied experimentally (ca. 1 K s-1).[257,385] Thus, the onset temperature for 

decomposition is expected to be somewhat higher in the current simulations 

compared to experiments. However, like previous studies of substituent effects with 

ReaxFF [403], the trends between the different molecules and substrates are 

expected to be accurately represented. 

Chemical bonding information was output every 1.0 ps using a bond order 

cut-off of 0.3 to identify covalent bonds [205]. It is important to note that the 

choice of bond order cut-off only affects the post-processing analysis and does not 

influence the ReaxFF energy or force calculations [402]. The results shown below 



 133 

represent mean values between three independent simulations with the initial 

configurations of the phosphate ester molecules shifted by 0.5 nm in either the x or 

y direction [389].  

An issue with ReaxFF simulations involving surfaces is the post-processing 

of the data output from the simulation. The outputs state the bond orders at 

different simulation steps between different atomic indices, as defined at the 

beginning of a simulation. Identifying which atomic species corresponds to each 

index is straightforward, but not to which chemical environment the atom 

corresponds to (e.g., whether an oxygen is part of the surface or the phosphate 

esters, and if so, whether it is part of the alkoxy or is double bonded to the 

phosphorus). When using system builders such as MAPS, the indices become 

effectively random, precluding any pattern-based identification in the atomic 

indices. Efforts have been made in the literature to provide packages that automate 

the post-processing of the chemical information [414,415], which are based on 

building graphs (networks) of connectivity between atoms to identify molecules 

and determine each atom position within them. However, these packages cannot 

handle the presence of surfaces and are limited to gas-phase simulations. Previous 

efforts involving surfaces have often relied on bespoke approaches focused on the 

specifics (e.g. indices or species) of one particular system, whose conditions (e.g. 

temperature) would be changed, limiting the efficient and reliable modelling of 

different interfaces. 
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Therefore, the results have been post-processed with a graph-based in-house 

code developed for this study that can automate such functionalities in the presence 

of any surfaces and surfactants. This code has enabled us to study the numerous 

different systems here discussed, making a significant step towards virtual screening 

of surfactants and interfaces. The same code has been applied in our group in 

another study [416] (not reported in this thesis) that showed that the higher friction 

observed in drilling operations involving water lubricated diamond-calcite 

compared to diamond-quartz contacts is due to increased interfacial bonding 

through chemisorbed water molecules. The code is also used in the next chapter. 

5.3. Results and Discussion 

5.3.1. DFT Validation 

The geometry-optimised structures, adsorption energies, and interatomic 

distances using ReaxFF and DFT are shown in Figure 5.3. Following geometry 

optimisation of an intact TNBP molecule adsorbed on α-Fe(100), 𝐸𝑎𝑑𝑠 = -3.0 eV 

with ReaxFF and 𝐸𝑎𝑑𝑠 = -1.6 eV with DFT. Previous DFT calculations of an intact 

aryl phosphate TCP molecule on α-Fe(110) yielded a similar adsorption energy 

(-1.9 eV) [85]. Thus, the intact TNBP molecule is more strongly adsorbed using 

ReaxFF compared to DFT, as has been noted in previous comparisons of polar 

molecules on metal surfaces [417]. The 𝐸𝑎𝑑𝑠 values for the TNBP molecules after 

C-O (-4.4 vs. -3.4 eV) and P-O (-0.8 vs. -1.4 eV) dissociation show closer agreement 

between ReaxFF and DFT. These observations indicate that, although the 
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adsorption energy is generally overestimated compared to DFT, the ReaxFF 

parameterisation [205] accurately describes the chemisorption interactions between 

phosphate esters (both intact and dissociated) and ferrous surfaces. Moreover, the 

relative energies between the intact and dissociated molecules are in good 

agreement, as shown in Figure 5.4. 

 

Figure 5.3: Geometry optimised structures, adsorption energies, and 

interatomic distances (in Å) of an intact and dissociated TNBP molecules 

on α-Fe(100) using ReaxFF and DFT. Visualised with OVITO [50], atom 

colours are the same as in Figure 5.2. 

Figure 5.4 shows the structures and relative energies from the NEB 

calculations using ReaxFF for C-O cleavage (a) and P-O cleavage (b) within a 

TNBP molecule on α-Fe(100). Relative energies for the intact, transition state, and 
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dissociated molecules from single-point DFT calculations (DFT-SP) are shown for 

comparison. Relative energies for the intact and dissociated structures following 

geometry optimisation with DFT (DFT-GO) are also shown. DFT-SP provides a 

direct comparison of the relative energies obtained using the same atom coordinates 

as ReaxFF, whereas DFT-GO shows relative energies when the atom coordinates 

are relaxed using DFT. The energies Figure 5.4 are relative to 𝐸𝑎𝑑𝑠 for an intact 

TNBP molecule on the α-Fe(100) surface using the respective methods. For 

endothermic P-O dissociation, the transition state is product-like, so it is omitted 

for clarity. 

 

Figure 5.4: Structures and relative energies from NEB calculations using 

ReaxFF for C-O cleavage (a) and P-O cleavage (b) in TNBP on α-Fe(100). 

DFT relative energies are from single-point calculations on the ReaxFF 

NEB structures (DFT-SP) and following geometry optimisation with DFT 

(DFT-GO). Energies are relative to 𝐸𝑎𝑑𝑠 for the intact molecule using the 

respective methods. 

Figure 5.4 shows that, with ReaxFF, C-O dissociation is exothermic with 

an energy benefit of -1.4 eV and an activation energy barrier of 2.3 eV. Single-point 

DFT calculations of the initial intact, transition state, and final dissociated 

structures yield an energy benefit of -0.3 eV and an activation barrier of 2.4 eV. 
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The reaction is even more exothermic (1.8 eV) when the structures are geometry 

optimised using DFT. On the other hand, P-O cleavage is endothermic with both 

ReaxFF and single-point DFT calculations, with an energy penalty of 2.2 eV and 

2.3 eV respectively. P-O dissociation is also endothermic in the geometry optimised 

DFT calculations, but with a much smaller energy penalty (0.2 eV). The ReaxFF 

and DFT calculations both suggest that C-O cleavage is the primary thermal 

decomposition mechanism for alkyl phosphates on ferrous surfaces. The energy 

changes for further dissociation reactions in the alkyl phosphate molecules are 

expected to be similar to the first, as observed in previous DFT calculations of 

alkyl phosphites on α-Fe(110) [387]. 

The close agreement between the single-point DFT calculations and the 

ReaxFF parameterisation [205] for the relative energies and energy barriers for the 

major decomposition processes provides evidence that these reactions will be 

accurately represented in ReaxFF MD simulations. It is also noteworthy that the 

initial intact and final dissociated structures following geometry optimisation with 

DFT (Figure 5.3) are quite similar. For the adsorbed intact TNBP molecule, two 

O atoms form O-Fe bonds with atoms in the α-Fe(100) surface. 

The O-Fe bond distance is 2.5 Å with ReaxFF and 2.1 Å for the O atom in 

the P=O bond, while it is 3.7 Å with both ReaxFF and DFT for the O atom in 

the closest P-O bond. For the C-O dissociated molecule, the two O-Fe bond 

distances are both 2.5 Å with ReaxFF while they are 2.0 Å and 2.1 Å with DFT. 

C-O dissociation forms n-butyl radicals which adsorb in a bridge position on the 
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surface, with C-Fe bond distances of 2.0 Å with ReaxFF and 2.2 Å with DFT. The 

conformation of the n-butyl radical and the molecule-surface bond distances are 

consistent with previous DFT calculations using iron carbide surfaces [418]. For 

the P-O dissociated molecule, the O-Fe distance for the O atom in the closest P-O 

bond is 2.7 Å for ReaxFF and 2.0 Å for DFT. The O-Fe distance for the O atom 

in the alkoxy group formed by P-O dissociation is 2.2 Å with ReaxFF and 1.8 Å 

with DFT. 

5.3.2. Thermal Decomposition 

Following validation of the ReaxFF parametrisation with DFT, heating MD 

simulations were performed to study the thermal decomposition of the phosphate 

esters on ferrous surfaces. The number of bonds between the phosphate ester 

molecules and the surfaces, as well as within the phosphate ester molecules, were 

monitored as the temperature was linearly increased from 300 to 1000 K over 1.4 

ns (heating rate of 0.5 K ps-1). Figure 5.5 compares the change in the number of 

bonds formed between the different phosphate ester molecules and the Fe3O4(001) 

surface during heating. The solid lines are rolling-averaged results (taken every 10 

ps) between three independent simulations with different initial positions and the 

shaded areas represent one standard deviation.  

Figure 5.5 shows that, at room temperature, < 20 surface-molecule bonds 

are formed, suggesting that the phosphate esters are mostly physisorbed on 

Fe3O4(001). As the temperature is increased, many more bonds form between the 
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molecules and the surface, indicating that the phosphate esters begin to chemisorb 

on Fe3O4(001). In general, the number of chemisorption interactions increases with 

increasing temperature and begins to asymptote at high temperature (> 900 K). 

These observations are consistent with quartz crystal microbalance (QCM) 

experiments of TCP under UHV conditions which indicated that the adsorbed 

amount of TCP on Fe a surface saturated at a value that increased with increasing 

temperature (between 200-500 K) [419]. The simulation results are also in 

agreement with temperature-programmed desorption (TPD) and Auger electron 

spectroscopy (AES) experiments under UHV conditions which showed that TNBP 

molecules adsorb strongly on Fe3O4 [385]. 

Most of the surface-molecule bonds formed in Figure 5.5 originate from the 

alkyl and aryl groups, more specifically H-Osurf, C-Fe, and C-Osurf bonds. This 

observation suggests that hydroxyl, alkyl/aryl, and alkoxy/aryloxy groups were 

formed on the surface as the temperature was increased. The formation of these 

groups has been observed in TPD experiments for both TCP and TNBP on ferrous 

surfaces under UHV conditions [257,258]. Chemisorption interactions between 

atoms in the phosphate group and the surface, for example O-Fe and P-Osurf, also 

occur at high temperature (> 600 K). The presence of these bonds confirms iron 

phosphate formation, as noted from experimental results [257,258]. The number of 

molecule-surface chemisorption interactions is quite similar between the different 

phosphate esters studied. The adsorption of phosphate esters with these 

substituents has not been studied on ferrous surfaces. However, adsorption 
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experiments of n-butyl, i-butyl, and s-butyl ZDDPs from n-hexadecane showed 

similar adsorbed amounts on iron oxide for the different substituents [396], which 

is consistent with the results in Figure 5.5. All of the phosphate esters form a 

similar number of H-Osurf bonds, while aryl phosphates form more C-Fe bonds than 

alkyl phosphates. This observation can be rationalised through the higher total 

number of C atoms for the aryl phosphate systems (336) compared to the alkyl 

phosphates (192). Negligible P-Fe bond formation occurs during any of the 

simulations, confirming that iron phosphate [372–374], rather than iron phosphide 

[371] is formed on ferrous surfaces from phosphate ester molecules. 

In addition to the molecule-surface bond formation, it is also interesting to 

study bond breaking within the phosphate ester molecules, since this initiates 

polyphosphate tribofilm formation [377]. Figure 5.6 compares the percentage of 

intact C-H, C-O, and P-O bonds remaining within the phosphate ester molecules 

as the temperature is linearly increased from 300-1000 K on Fe3O4(001). The 

percentages are relative to the intact molecules after energy minimisation and 

equilibration. The total number of C-H, C-O, P-O, P=O, and C-C bonds remaining 

within the molecules during heating on Fe3O4(001) is shown in the SI (Figure B. 

1). Negligible C-C or P=O bond scission occurs for any of the phosphate esters on 

Fe3O4(001).  

Figure 5.6 shows that C-H cleavage occurs for all of the phosphate esters, 

even at low temperatures. Dehydrogenation of the alkyl and aryl groups leads to 

the H-Osurf bond formation (hydroxylation) observed in Figure 5.5. Iron oxides are 
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known to be effective alkane dehydrogenation catalysts [420], and dehydrogenation 

has been observed experimentally for TNBP on Fe3O4 at low temperature (300 K) 

using TPD [385]. Figure 5.6 shows that both the onset temperatures for C-H 

cleavage and the rates of dehydrogenation are similar for all of the phosphate esters 

studied on Fe3O4(001). Dehydrogenation begins at relatively low temperature 

(≈ 400 K), and 10-15 % of the C-H bonds are broken by the end of the heating 

simulations (1000 K) for all of the phosphate esters studied. 
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Figure 5.5: Number of covalent bonds formed between TNBP, TIBP, TSBP, 

TTBP, TCP and the Fe3O4(001) surface. Each line represents the mean of 

three independent simulations and shaded areas represent one standard 

deviation. Insets show magnifications of the mean results in the second half 

of the simulation for the less commonly observed bonds. 
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Figure 5.6: Percentage of intact C-O, C-H, and P-O bonds for TNBP, TIBP, 

TSBP, TTBP, and TCP on the Fe3O4(001) surface. The percentages are 

relative to the intact molecules after energy minimisation. Solid lines are 

means of three independent simulations, shaded areas represent one 

standard deviation. 

Clear differences between the various phosphate esters are observed in terms 

of the onset temperature and rate of C-O cleavage in Figure 5.6. The tertiary 

phosphate (TTBP) has the lowest onset temperature (< 350 K) for C-O cleavage 

on Fe3O4(001), and approximately 40 % of the C-O bonds are broken by the end 

of the simulation (1000 K). For the secondary phosphate (TSBP), C-O cleavage 

begins at higher temperature (500 K) compared to TTBP; however, at high 

temperature (> 600 K), TSBP has a higher rate of C-O cleavage, and more of the 

C-O bonds (50 %) are broken by the end of the simulation. For both primary alkyl 
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phosphates (TNBP and TIBP), C-O cleavage begins at approximately 600 K, and 

only 10 % of the C-O bonds are broken by the end of the simulation. Negligible C-

O cleavage occurs during the TCP simulations on Fe3O4(001), even at very high 

temperature (1000 K). The differences between the different substituents can be 

rationalised based on the relative stability of the radicals formed by C-O 

dissociation. 

In the thermal decomposition simulations, P-O cleavage is much less 

prevalent than C-H and C-O cleavage for all of the alkyl phosphate esters studied, 

with < 5 % of the bonds broken at the end of the simulation. The P-O cleavage 

reactions which do occur proceed via nucleophilic substitution by surface O atoms. 

In general, primary alkyl phosphates (TNBP and TIBP) show more P-O cleavage 

compared to secondary alkyl (TSBP), tertiary alkyl (TTBP), and aryl (TCP) 

phosphates. This decrease in P-O cleavage is probably due to increased steric 

hindrance, which reduces the probability of nucleophilic attack [255]. Although 

nucleophiles are present in the simulations in the form of O atoms in the phosphate 

ester molecules and the surface, these are relatively immobile on MD simulation 

timescales. 

Overall, Figure 5.6 suggests that alkyl phosphate thermal decomposition 

proceeds mainly via C-O and C-H cleavage on Fe3O4(001), with some P-O cleavage 

occurring at high temperatures. For aryl phosphates, P-O and C-H cleavage are 

the only decomposition mechanisms that occur on Fe3O4(001). 
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Figure 5.7 shows snapshots of representative phosphate ester molecules 

(TNBP) which undergo C-O and P-O bond cleavage on Fe3O4(001) during the 

heating simulations. During C-O dissociation, the primary α-C radical is stabilised 

by bond formation with a surface Fe atom and, in this case, the phosphate radical 

forms a new O-H bond from a surface hydroxyl group formed from a separate 

dehydrogenation reaction. During P-O cleavage, an Osurf atom forms a bond with 

a P atom in the TNBP molecule, as expected for nucleophilic substitution. The 

resultant alkoxy group bonds to a surface Fe atom. 

 

Figure 5.7: Snapshots showing a representative phosphate ester molecule 

(TNBP) on the Fe3O4(001) surface before (left) and after (right) C-O bond 

cleavage (top) and P-O bond cleavage (bottom). All of the atoms are 

translucent except those in a representative TNBP molecule in which 

dissociation occurs during the heating simulations. Visualised with OVITO 

[294], atom colours are the same as in Figure 5.2. 
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In the absence of metal or metal oxide surfaces, alkyl phosphates typically 

thermally decompose above around 530 K, while aryl phosphates remain stable up 

to approximately 640 K [256]. TPD and AES experiments have shown that TNBP 

molecules begin to dissociate at room temperature on iron oxide surfaces [385] and 

XPS experiments have indicated that TCP decomposes at higher temperature (400-

500 K) on steel surfaces [421]. The onset temperatures for thermal decomposition 

on Fe3O4(001) in Figure 5.6 are thus approximately 100 K higher in the ReaxFF 

MD simulations than observed experimentally. This is probably a consequence of 

the much higher heating rate in the simulations (0.5 K ps-1) compared to the 

experiments (1 K s-1) [257,385], which has been shown previously to lead to 

overestimated decomposition temperatures [402]. While the onset temperature for 

decomposition is overestimated in the simulations, the relative trends between the 

different phosphate esters are in remarkable agreement with experimental 

observations for both phosphate esters and ZDDPs. In particular, aryl phosphates 

show a much higher onset temperature for decomposition compared to alkyl 

phosphates [256]. Moreover, the onset temperature for C-O cleavage on Fe3O4(001) 

increases in the order: TTBP (tertiary alkyl) < TSBP (secondary alkyl) < TNBP 

(primary linear alkyl) ≈ TIBP (primary branched alkyl) < TCP (aryl). This order 

is mostly consistent with the thermal stability of ZDDPs with similar substituents 

in base oil solution [255]. In the glassware experiments, without ferrous surfaces, 

primary branched ZDDPs were found to be less thermally stable compared to 

primary linear ones. This was attributed to slower P-O cleavage in the former due 
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to increased steric hindrance [255]. However, in the current ReaxFF MD study, the 

phosphate esters with these substituents showed similar decomposition rates on 

Fe3O4(001). This is because thermal decomposition proceeds mainly through C-O 

cleavage, which will not be retarded by steric effects. 

We also investigated the thermal decomposition of phosphate esters on non-

passivated α-Fe(110) and hydroxylated a-Fe3O4-OH surfaces. Figure 5.8 compares 

the change in the number of bonds formed between primary linear (TNBP) and 

secondary (TSBP) alkyl phosphate ester molecules on α-Fe(110) and a-Fe3O4-OH. 

Many more surface-molecule bonds are formed on α-Fe(110) compared to 

Fe3O4(001) (Figure 5.5). In particular, C-Fe, O1-Fe and O2-Fe bonding begins at 

lower temperature and around twice as many bonds are formed by the end of the 

heating simulation. Previous AIMD simulations of tri(methyl)phosphate also 

suggested that O1-Fe and O2-Fe bond formation readily occurs on α-Fe(110) [386]. 

This observation suggests that, if nascent α-Fe is exposed during rubbing [393], it 

is quickly passivated by phosphate ester molecules [422]. Since so many strong 

binding chemisorption interactions occur on α-Fe(110), fewer species are released 

into the gas phase compared to the other surfaces. 

Conversely, Figure 5.8 indicates that very few chemisorption interactions 

occur between the a-Fe3O4-OH surface and the alkyl phosphate esters, which is 

consistent with previous ReaxFF MD simulations for TCP [205,389]. Similarly, 

experiments have shown that TCP physisorbs on inert gold surfaces and desorbs 

above 500 K, rather than decomposing and forming a film as it does on more 
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reactive ferrous surfaces [421]. Indeed, desorption of intact molecules is observed 

on a-Fe3O4-OH, but not the other ferrous surfaces studied here. This suggests that 

phosphate esters will only physisorb on regions of the surface that are hydroxylated 

and desorb at high temperature, rather than decomposing to initiate film formation. 

 

Figure 5.8: Number of covalent bonds formed between TNBP/TSBP 

molecules and the α-Fe(110)/a-Fe3O4-OH surfaces. Solid lines are means of 

three independent simulations, shaded areas represent one standard 

deviation. 

Figure 5.9 compares the change in the percentage of intact C-O, C-H, and 

P-O bonds remaining for the different ferrous surfaces during the heating 

simulations. The total number of C-H, C-O, P-O, P=O, and C-C bonds remaining 

within the molecules during heating on the different surfaces is shown in the SI 
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(Figure B. 1). For both primary linear (TNBP) and secondary (TSBP) alkyl 

phosphates, C-H cleavage occurs at room temperature on Fe3O4(001), at higher 

temperature (> 500 K) on α-Fe(110), and only at very high temperature (> 700 K) 

on a-Fe3O4-OH. This observation can be attributed to the fact that H-Osurf bond 

formation facilitates the formation of stable hydroxyl groups while C-Fe bonding 

stabilises the resultant alkene, as shown in Figure 5.5. Although H-Fe bonding does 

occur on α-Fe(110) surfaces in Figure 5.8, this requires higher temperatures, 

suggesting a larger activation energy. Since a-Fe3O4-OH already contains surface 

hydroxyls, it is unsurprising that C-H dissociation requires very high temperatures. 

C-O cleavage begins at lower temperatures and more C-O bonds dissociate on α-

Fe(110) compared to Fe3O4(001) and particularly a-Fe3O4-OH. Surface Fe atoms 

are more accessible on α-Fe(110) to promote β-H elimination than on Fe3O4(001) 

and a-Fe3O4-OH. Figure 5.8 also shows that, on α-Fe(110), C-O cleavage occurs at 

lower temperature (350 K) for TSBP compared to TNBP (400 K); however, the 

difference in onset temperature between the molecules is smaller than on 

Fe3O4(001). 

In Figure 5.9, some P-O cleavage occurs on Fe3O4(001) and to a lesser extent 

a-Fe3O4-OH; however, no P-O bonds are broken on α-Fe(110). This observation 

confirms that P-O cleavage requires proximal nucleophiles (Osurf atoms) for the 

phosphate esters studied here. Since C-O dissociation does not occur for aryl 

phosphates such as TCP (Figure 5.6), accelerated P-O scission via nucleophilic 

substitution can explain their higher reactivity experimentally on iron oxide 
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compared to iron surfaces [376]. From these simulations, the opposite trend (higher 

reactivity on iron compared to iron oxide) is expected for alkyl phosphates that 

undergo C-O dissociation, although this has not yet been experimentally confirmed. 

 

Figure 5.9: Percentage of intact C-O, C-H, and P-O bonds for TNBP and 

TSBP on the α-Fe(110), Fe3O4(001), and a-Fe3O4-OH surfaces. The 

percentages are relative to the intact molecules after energy minimisation. 

Solid lines are means of three independent simulations, shaded areas 

represent one standard deviation. 

Compared to the other surfaces, only a very small number of bonds are 

broken within TNBP and TSBP on a-Fe3O4-OH. This observation suggests that 

phosphate esters form polyphosphate films much more slowly on regions of the 

surface that are hydroxylated. Indeed, tribology experiments have suggested that 

TCP tribofilm formation is hindered by the presence of water [380], which likely 
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results in surface hydroxylation [412]. Moreover, TCP is known to be an ineffective 

antiwear additive on inert oxide films such as aluminium, nickel, and chromium 

oxide [376].  

For all of the alkyl phosphates and surfaces studied, the primary thermal 

decomposition mechanism is C-O bond cleavage on Fe3O4(001) (Figure 5.6). This 

observation is in agreement with experiments for TNBP on α-Fe surfaces by Sung 

and Gellman [257,258]. The current results do not support the conclusions of Gao 

et al. [385], who suggested that P-O cleavage was the primary decomposition 

mechanism for TNBP on Fe3O4. This postulation was based upon the fact that 

mostly 1-butanol, rather than 1-butene, was detected during heating in their TPD 

experiments [385]. In the simulations on Fe3O4(001), both C-Fe and C-Osurf bonds 

are formed as the temperature is increased (see Figure 5.5), suggesting that both 

alkyl and alkoxy groups are deposited on the surface following C-O cleavage. 

Furthermore, both gas phase alkene and alcohol molecules are released for all of 

the alkyl phosphates on Fe3O4(001). These observations suggest that some of the 

alkene molecules formed during C-O cleavage are oxidised [423] and hydrogenated 

before being released into the gas phase as alcohols. The Hsurf atoms required for 

this process are formed by separate dehydrogenation reactions of the phosphate 

ester alkyl chains [420]. Therefore, the lack of gas phase alkenes detected by Gao 

et al. [385] in their TPD experiments on Fe3O4 does not preclude C-O cleavage as 

the primary thermal decomposition mechanism of TNBP (and other alkyl 

phosphates) on Fe3O4. Conversely, Sung and Gellman [257,258] did observe gas 
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phase alkenes for TNBP on α-Fe, since fewer Osurf atoms were available for 

oxidation to form alcohols. For the more thermally stable aryl phosphates (TCP), 

P-O and C-H cleavage are the only decomposition mechanism observed in the 

simulations, since C-O scission is disfavoured due to the low stability of benzyl 

radicals. The surface-adsorbed aryloxy groups formed through P-O cleavage cannot 

undergo β-H elimination and are thus non-volatile. These observations are in 

agreement with the conclusions of Sung and Gellman [257,258]. 

Decomposition of antiwear additives is crucial to initiate film formation and 

ultimately wear mitigation. It has recently been shown that the initial removal of 

alkyl groups is the rate determining step for ZDDP tribofilm formation [252]. 

Several researchers have attempted to link the thermal stability of antiwear 

additives with their tribological performance. For example, it has been suggested 

that pure aryl phosphates (with higher thermal stability[256]) yield improved 

antiwear performance compared to alkyl phosphates [382]; however, the opposite 

trend has been reported when they were dissolved in a base oil [383,384]. Rowe and 

Dickert [424] suggested that more thermally stable primary ZDDPs exhibited 

better antiwear performance compared to secondary ZDDPs at high temperature 

(420 K). However, Fujita et al. [250] showed that ZDDPs with secondary alkyl 

groups form tribofilms more quickly compared to those with primary alkyl groups 

at moderate temperature (370 K). Furthermore, Topolovec-Miklozic et al. [425] 

showed that this faster tribofilm formation for secondary ZDDPs could lead to 
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improved antiwear performance compared to primary ZDDPs at moderate 

temperature (370 K). 

Most commercial lubricants contain a  mixture of primary and secondary 

ZDDPs [426] to provide a ‘graded response’ over a wide range of conditions [427]. 

Moreover, lubricants for spark ignition (gasoline) engines generally contain a higher 

proportion of secondary ZDDPs compared to those for compression ignition (diesel) 

engines, to provide tribofilms of sufficient thickness at their lower operating 

temperature [23]. Molecular simulations could soon provide a molecular-level 

understanding of additive decomposition and tribofilm formation to facilitate the 

rational design of new antiwear additives with optimised performance under the 

relevant operating conditions. 

It should also be noted that, for ZDDP, the films formed by thermal 

decomposition are significantly different from the tribofilms formed inside rubbing 

contacts [428]. It is not yet clear whether this is due to a different formation 

mechanism or a subsequent stress-induced transformation [429]. More generally, 

applied stresses can lead to rather different reaction pathways and products 

compared to those obtained thermally [430]. Thus, an important progression in the 

one studied in the next chapter, where the effect of applied stresses on the 

decomposition of phosphate esters on ferrous surfaces is investigated. 

Now that this ReaxFF parameterisation [205] has been validated for thermal 

decomposition of a wide range of phosphate esters on different ferrous surfaces, it 

can be used to study the effect of applied stress on molecular decomposition and 
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tribofilm formation in nonequilibrium molecular dynamics (NEMD) simulations 

[51]. Indeed, NEMD simulations have recently been performed for a wide range of 

other systems using ReaxFF [195,196,431]. For example, Loehlé and Righi showed 

that the internal energy of phosphite esters with butyl chains increased more with 

pressure than those with methyl chains when confined between α-Fe(110) surfaces, 

leading to a higher decomposition rate [106]. AIMD simulations of 

tri(methyl)phosphate molecules confined between sliding α-Fe surfaces suggested 

that the applied s tress resulted in dissociation of the P=O bond, which was 

suggested to be the initial step of tribofilm formation on α-Fe surfaces [386]. 

Negligible P=O bond cleavage was observed in the thermal decomposition ReaxFF 

MD simulations performed here (Figure B. 1 and Figure B. 2 in the SI), so it will 

be interesting to investigate whether this occurs in NEMD simulations using 

ReaxFF. 

5.4. Summary 

The thermal decomposition of phosphate esters on ferrous surfaces has been 

studied using MD simulations with ReaxFF. The ReaxFF parameterisation was 

validated against DFT calculations for adsorption and dissociation of 

representative surface-molecule combinations. Following geometry optimisation, 

there was reasonable agreement between ReaxFF and DFT for the adsorption 

energy of intact and dissociated TNBP molecules on α-Fe(110). The relative energy 

of the intact, transition state, and dissociated structures obtained from NEB 

calculations using ReaxFF showed close agreement with single-point DFT 
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calculations. With both ReaxFF and DFT, C-O cleavage was exothermic with a 

relatively small activation energy, while P-O cleavage was endothermic. 

The thermal decomposition of five phosphate esters with different 

substituents was then compared on three ferrous surfaces using ReaxFF MD 

simulations. In the MD simulations, the temperature was linearly increased from 

300-1000 K over 1.4 ns. For alkyl phosphates on Fe3O4(001), thermal decomposition 

proceeds mostly through C-O cleavage (to form surface-adsorbed alkyl groups) and 

C-H cleavage (to form surface hydroxyls). Some P-O cleavage also occurs through 

nucleophilic substitution at high temperature on Fe3O4(001), but this is a much 

rarer process. As expected based on previously reported experiments, alkyl 

phosphates decompose at lower temperatures compared to aryl phosphates, which 

only decompose through P-O and C-H dissociation. The onset temperature for C-

O cleavage on Fe3O4(001) increases in the order; tertiary alkyl (TTBP) < 

secondary alkyl (TSBP) < primary linear alkyl (TNBP) ≈ primary branched alkyl 

(TSBP) < aryl (TCP). This order can be rationalised through the relative stability 

of the radicals formed through C-O dissociation. The order is also mostly consistent 

with experiments for the thermal stability of ZDDPs with similar substituents in 

base oil solution. 

On Fe3O4(001) and α-Fe(110) surfaces, chemisorption interactions between 

the molecules and the surface occur even at room temperature and the number of 

bonds increases at higher temperature. On these substrates, the early stages of iron 

phosphate formation are observed at high temperature, as expected from 
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experiments. Conversely, on a-Fe3O4-OH, most of the molecules are only 

physisorbed, even at high temperature. Very few chemisorption interactions or 

dissociation events occur on a-Fe3O4-OH compared to the other surfaces, and 

desorption of intact molecules is observed at high temperature. These observations 

could account for the poor antiwear performance of phosphate esters on inert 

surfaces noted in tribology experiments. The rate of thermal decomposition is 

higher on Fe3O4(001), and particularly α-Fe(110) compared to a-Fe3O4-OH. This 

decrease in rate suggests that water passivates ferrous surfaces and inhibits thermal 

decomposition and thus film formation of phosphate esters. The observed 

differences between the various surfaces and substituents have important 

implications for the design of new phosphate ester molecules for use as VPLs and 

antiwear additives, and can be used to help explain experimental results on ZDDP 

additives. 
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Chapter 6. Mechanochemistry of Phosphate Ester 

Antiwear Additives Confined between Sliding Iron 

Surfaces 

The work presented in this chapter has been partly published in 

Communications Chemistry (Ref. [4]). 

6.1. Introduction 

Antiwear additives such as phosphate esters function by forming protective 

tribofilms on sliding surfaces under shear. An atomic-scale understanding of this 

behaviour inside tribological contacts is required to rationally design new molecules 

with improved performance [12]. Gosvami et al. [127] showed in AFM experiments 

that the tribofilm formation rate of the antiwear additive ZDDP is exponentially 

dependent on both temperature, T, and normal stress, σzz. These observations, 

consistent with a mechanochemical driving force for tribofilm formation, can be 

modelled as a stress-augmented thermally activated (SATA) process [120]. The 

rate constant for SATA processes can be calculated though a modified Arrhenius 

equation (the equation below is the same as eq. ( 2.11 ) but it is also included here 

for completeness), 

𝒌 = 𝑨 𝒆𝒙𝒑 (−
𝑬𝒂 − 𝝈∆𝑽∗

𝒌𝑩𝑻
) ( 6.1 ) 

where A is the pre-exponential factor, Ea is the activation energy, σ is the applied 

stress, ΔV* is the activation volume, and kB is Boltzmann’s constant. This equation 

was first proposed in the context of molecular systems by Evans and Polanyi [432], 
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but it is now usually known as the Bell model [121]. Experiments at different scales 

have suggested that ZDDP tribofilm formation follows zero-order (rate = k) [252] 

or fractional-order (rate = k[ZDDP]n) [127] kinetics. These observations suggest 

that the ZDDP molecules adsorb onto the steel surface before they dissociate and 

form tribofilms [252]. Similar mechanochemical responses have also been observed 

for metal-free DDPs in AFM experiments by Dorgham et al. [433], although these 

additives produced thinner tribofilms that formed more slowly than for ZDDP.  

Zhang and Spikes [126] showed that under full-film elastohydrodynamic 

lubrication (EHL) conditions, ZDDP tribofilms formed on tungsten carbide surfaces 

from high shear stress traction fluids, but not from low shear stress lubricant base 

oils. Using eq ( 6.1 ), the rate of tribofilm formation had an exponential dependence 

on the shear stress (σxy), rather than the normal stress (σzz). Zhang et al. have 

recently confirmed this finding using steel surfaces [252]. Ueda et al. [253] have 

recently compared ZDDP tribofilm formation under full-film EHL conditions and 

showed that tribofilm thickness is the largest for steel, followed by silicon nitride 

and then tungsten carbide, with no tribofilm formation observed on silicon carbide 

or diamond-like-carbon (DLC). Along with accompanying quartz crystal 

microbalance (QCM) experiments, these observations suggested that strong surface 

adsorption is required to form a tribofilm and that the rate of tribofilm formation 

was faster on harder surfaces, which led to higher contact stresses [253]. 

Antiwear additives with different alkyl and aryl substituents can show very 

different reactivities, as examined Chapter 5. Jones and Coy [255] showed that the 
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thermal stability of ZDDPs increased in the order secondary alkyl < primary linear 

alkyl < primary branched alkyl < aryl, and Fujita et al. [250] noted that secondary 

ZDDPs formed thicker tribofilms more readily than primary ZDDPs. Recently, 

Zhang et al. [252] showed that ZDDPs with secondary dialkyl groups also form 

tribofilms much faster than those with primary dialkyl groups on steel surfaces 

under full-film EHL conditions. Similar substituent effects have also been observed 

for other antiwear additives. Hoshino et al. [245] showed that secondary ZDPs form 

tribofilms more quickly than primary ZDPs on rubbing steel surfaces. Similarly, 

the substituent effects on the thermal reactivity of phosphate esters was discussed 

extensively in Chapter 5. The rate-determining step for tribofilm growth by ZDDP, 

ZDP, and phosphate ester antiwear additives on rubbing steel surfaces, according 

to this evidence, it the initial removal of the alkyl groups. As dissociative 

chemisorption is often the rate-determining step for heterogeneously-catalysed 

processes [259], this highlights the central role of adsorbate-surface interactions. To 

design new antiwear additives with controlled tribofilm formation rates, it is 

therefore critical to understand the effects of different alkyl and aryl substituents 

on the mechanochemical decomposition. 

NEMD simulations have recently been used to study a number of 

mechanochemical processes in the literature. These include the tribopolymerization 

of aldehydes between alumina surfaces [434], phosphoric acid [196,199], allyl 

alcohols [195], and terpenes [435] between sliding silica surfaces, and cyclopropane 

carboxylic acid between iron oxide surfaces [436]. They have also been used to 
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study the mechanochemical decomposition of alkyl sulfides between sliding iron 

surfaces [431] and perfluoropolyethers (PFPEs) between DLC surfaces [437], the 

vapour phase lubrication of trialkylphosphates [106,386] and trialkylphosphites 

[387] between iron surfaces, and the ultralow friction of organic friction modifier 

additives between DLC surfaces [438]. Most of these NEMD simulations employed 

many-body empirical force fields [195,196,199,431,435–437], while others use first 

principles methods [106,386,387,434], or sometimes a combination of both of these 

techniques [438]. 

In this study, we use NEMD simulations with ReaxFF to study the 

reactivity of trialkylphosphate esters heated and compressed between sliding iron 

surfaces. We compare the decomposition of tri(n-butyl)phosphate (TNBP), which 

contains primary alkyl substituents, compared to secondary tri(s-butyl)phosphate 

(TSBP), which contains secondary alkyl groups (Figure 6.1 (a)). The kinetic 

parameters obtained from our NEMD simulations (Figure 6.1 (b)) are in 

remarkable agreement with those obtained from recent macroscale tribometer 

experiments using primary and secondary ZDDPs [252]. This study gives new 

insights into the rate-determining step for tribofilm formation (dissociative 

chemisorption) and its dependence on temperature and stress. It also represents an 

important step towards the virtual screening and autonomous molecular design 

[439] of antiwear additives with optimised molecular structures for tailored 

mechanochemical and tribological responses. 
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6.2. Methodology 

6.2.1. System Setup 

We compare the reactivity of two trialkylphosphates: TNBP, which contains 

primary linear alkyl groups and TSBP, which contains secondary alkyl groups. In 

addition to their primary application as antiwear additives for liquid lubricants 

[24], trialkylphosphates are also used as vapour phase lubricants [249]. The 

molecular structures of the two phosphate esters considered are shown Figure 6.1 

(a). In all of the NEMD simulations, 48 trialkylphosphate molecules were randomly 

inserted between the sliding surfaces. No base oil molecules are considered in the 

simulations. Similar to full-film EHL tribometer experiments [126,252], no direct 

solid-solid contact occurs and the shear stress is applied through the confined 

molecules. 

Surface analysis of steel surfaces following tribometer experiments using a 

lubricant with phosphorus-containing antiwear additive suggests that iron oxide is 

present at the surface [26]. However, during rubbing, nascent iron will be exposed, 

which will quickly react with phosphorus-containing antiwear additives [26]. To 

obtain sufficient reaction events in a feasible simulation time under experimentally-

relevant conditions, we employed iron, rather than iron oxide surfaces. The ReaxFF 

MD simulations carried out in Chapter 5. showed that, for TNBP and TSBP, the 

same major thermal decomposition process (C−O cleavage) occurs on iron and iron 
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oxide surfaces [3]. We selected the α-Fe(110) surface due to its higher 

thermodynamic stability than the other cleavage planes [394]. 

All of the systems were constructed using the Materials and Processes 

Simulations (MAPS) platform from Scienomics SARL. The two α-Fe(110) surfaces 

had dimensions of x = 5.1 nm, y = 4.8, and z = 1.1 nm. Periodic boundary 

conditions are applied in the x and y directions. Before compression, the surfaces 

were initially separated by 4.0 nm of vacuum in the z-direction. A representative 

system is shown in Figure 6.1 (b). 

6.2.2. Simulation Procedure 

We used the large atomic/molecular massively parallel simulator 

(LAMMPS) software for all of the NEMD simulations [397]. We employed velocity 

Verlet integration [440] with a time step of 0.25 fs [205]. First, the systems were 

energy minimised using the conjugate gradient method. Equilibration simulations 

were then performed at ambient temperature of 300 K and a low pressure of 10 

MPa for 0.1 ns. The temperature (T = 300−500 K), pressure (P = 1−4 GPa), and 

sliding velocity (vs = 10 m s-1) were then simultaneously increased to their target 

values. The selected temperature and pressure ranges align with those used in 

previous macroscale tribometer [252] and AFM experiments [127] of antiwear 

additive mechanochemistry. The temperature in the NEMD simulations was 

controlled with a Langevin thermostat [362] using a damping parameter of 25 fs. 

The thermostat was only applied to the middle layer of atoms in the slabs [158]. 
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The pressure was increased by adding a constant normal force to the outer layer 

of atoms in the top slab, while the outer layer of atoms in the bottom slab was 

fixed in the z-direction [160]. The sliding velocity was imposed by adding equal and 

opposite velocities (±5 m s-1) to the outer layer of atoms in the slabs in the x-

direction (see Figure 6.1 (b)). These heating, compression, and shear simulations 

were performed for 1.0 ns, which was sufficient for the number of intact TNBP or 

TSBP molecules to decay to zero for most of the conditions studied. The 

temperature, pressure, and shear are commonly increased simultaneously in NEMD 

simulations of mechanochemistry [195,435], although some studies have separated 

these phases [431,437]. In most experimental studies of mechanochemistry of 

tribological systems [126,127,252,253,433], antiwear additives are dissolved in a 

lubricant, which is continuously entrained between the sliding surfaces. This means 

that new additive molecules become available to replenish those that have reacted 

with the sliding surfaces. In NEMD simulations, however, the number of antiwear 

additive molecules is finite. Therefore, instead of increasing them individually, we 

chose to increase the temperature, pressure, and sliding velocity concurrently to 

obtain an initial dissociation rate that captures all of these effects.  

The ReaxFF parameters are the same ones employed in the previous chapter 

(see section 5.2.2). Chemical bonding information was output every 1.0 ps, using a 

bond order cutoff of 0.3 to identify covalent bonds [194]. The choice of bond order 

cutoff only affects the post-processing analysis and does not influence the ReaxFF 

energy or force calculations during then NEMD simulations. The same in-house 
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post-processing code initially developed for the simulations in the previous chapter 

was employed here. 

6.3. Results and Discussion 

First, we studied the variation in the shear stress, σxy, with normal stress, 

σzz, for the different systems and conditions studied. This is important since, in 

previous experiments, the shear stress, rather than the normal stress, was shown 

to control the mechanochemical reactivity of antiwear additives [126,252]. Figure 

6.1 (c) and (d) show how the mean shear stress varies with the mean normal stress 

during steady-state sliding for TNBP and TSBP respectively. The shear stress 

increases linearly with the normal stress with a finite intercept. Therefore, the 

friction coefficient, , values shown in Figure 6.1 (c) and (d) were calculated using 

the version of the Amontons-Coulomb friction equation extended by Derjaguin 

[441]. Here, σxy =  σzz + σ0, where σ0 is the Derjaguin offset, which is related to 

adhesion at the sliding interface. The mean shear stress is identical for TNBP and 

TSBP within statistical uncertainty. In general, the mean shear stress is slightly 

higher at lower temperature, although the friction coefficient remains essentially 

unchanged for the different systems and temperatures considered. The steady-state 

shear stress values shown in Figure 6.1 were used in the Bell model [121] (eq. ( 6.1 

)) to calculate the activation energy, activation volume, and pre-exponential factor 

of TNBP and TSBP dissociation [120]. 
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Figure 6.1: Molecular structures of phosphate esters considered: TNBP and 

TSBP (a). Oxygen atoms in P−O bonds are labelled O1, while those in P=O 

bonds are labelled O2. Snapshot showing a representative system of TNBP 

molecules confined between α-Fe(110) substrates after equilibration (b). 

Rendered with OVITO [294], Fe atoms are shown in orange, O in red, P in 

blue, C in black, and H in white. Variation in mean shear stress with normal 

stress for TNBP (c) and TSBP (d) between 300−600 K during steady-state 

sliding. Dashed lines are fits to Amontons-Coulomb friction equation 

extended by Derjaguin [441], friction coefficient, μ, shown in parenthesis 

(±0.05). Vertical bars represent one standard deviation between block-

averaged (100 ps) shear stress values, horizontal bars for the normal stress 

are smaller than the symbol size. The friction was computed after 0.1ns of 

sliding. 

Decomposition Mechanism 

Figure 6.2 shows the change in the number of intramolecular and 

intermolecular covalent bonds in the trialkylphosphate molecules with sliding time. 

The first 0.1 ns is the equilibration phase at 300 K and 10 MPa with no sliding, 

while the remaining 1.0 ns is the heating (400 K), compression (2 GPa), and sliding 
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(10 m s-1) phase. Figure 6.2 shows that the initial dissociation reaction is C−O 

cleavage for TNBP and TSBP. This observation is consistent the thermal 

decomposition of TNBP and TSBP on α-Fe(110) and Fe3O4(001) presented in 

Chapter 5.  [3].  The rate of C−O cleavage is faster for TSBP than TNBP, which 

is probably due to the greater stability of secondary alkyl cations or radicals 

compared to primary ones. Note that heterolysis and homolysis cannot be 

differentiated using the standard ReaxFF approach because the electrons are not 

explicitly modelled. Previous experimental studies have suggested that heterolytic 

C−O fission is probably the dominant process during thermal decomposition [442]. 

For TSBP, some C−O cleavage even occurs during equilibration at low 

temperature and pressure. This difference in reactivity can be rationalised through 

the inductive effect, since alkyl groups have more electron-donating character 

compared to hydrogen atoms [443]. There is also evidence in the literature 

suggesting that steric effects and hyperconjugation can also affect the susceptibility 

of phosphate esters to C−O bond cleavage [444]; however, the substituent effects 

outlined below suggest that these are less important for the systems studied here. 

C−O cleavage via dissociative chemisorption is favoured in the current NEMD 

simulations with ReaxFF over β−H elimination, which has previously been 

suggested to be the major route of C−O cleavage for both trialkylphosphates 

[257,258] and ZDDPs [254,255]. Dissociative chemisorption is promoted by the 

stabilisation of the resultant ions or radicals formed by the iron surface [106,387]. 
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Figure 6.2: Change in the number of intramolecular and intermolecular 

covalent bonds with sliding time for TNBP (a) and TSBP (b). 

Representative examples shown at 10 m s-1, 400 K, and 2 GPa. Dashed lines 

show the individual contributions from bond formation (positive) and bond 

cleavage (negative), while dark lines show the change in the total number 

of bonds. Snapshots showing C−O cleavage (dissociative chemisorption) and 

P−O cleavage (nucleophilic substitution) for a single TNBP molecule during 

one of the NEMD simulations (c). Chemical species are labelled assuming 

that the C−O bonds are cleaved through heterolysis [442]. Surface and 

molecules where bonds are not broken are translucent. Fe atoms are shown 

in orange, O in red, P in blue, C in black, and H in white, rendered with 

OVITO [294]. 

The pyrolysis of TNBP is known to proceed mostly through C−O cleavage 

[442]. However, there is some disagreement in the experimental literature regarding 

the thermal decomposition mechanism of trialkylphosphates on iron oxide surfaces. 

Some studies using TNBP have suggested that this proceeds through C−O cleavage 

[257,258], while others have postulated that P−O cleavage dominates [385]. The 
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latter suggestion was based upon the detection of gas-phase alcohols, rather than 

alkenes, when TNBP was gradually heated to 800 K on an iron oxide surface. 

However, the MD simulations of TNBP presented in Chapter 5.  showed that gas-

phase alcohols could also be formed by oxidation of the surface-adsorbed alkyl 

groups (formed by C−O cleavage) by the iron oxide surface, followed by desorption. 

The large substituent effects observed in those MD simulations can only be 

accounted for if C−O cleavage, rather than P−O cleavage, is the major 

decomposition mechanism. More specifically, phosphate esters containing 

secondary alkyl groups (e.g. TSBP), that form more stable carbocations or radicals 

by C−O cleavage [444], decomposed much faster than those with primary groups 

(e.g. TNBP). For TNBP, some reformation of the C−O bonds occurs (blue dotted 

lines), whereas this does not occur for TSBP.  

After C−O cleavage has occurred, the resultant dialkylphosphate or 

monoalkylphosphate anion or radical is more nucleophilic than the corresponding 

trialkylphosphate. Moreover, the central P(V) atom is susceptible to nucleophilic 

attack by neighbouring molecules due to reduced steric hindrance [255]. Figure 6.2 

(a) and (b) show that P−O bonds also begin to break soon after some of the C−O 

bonds have been broken. Concomitantly with this process, new P−O bonds 

between the phosphate ester molecules are formed, confirming the nucleophilic 

substitution mechanism. The rate of P−O bond formation is faster than the rate 

of P−O bond cleavage, meaning there is an overall increase in P−O bonding. This 

indicates that polyphosphate networks are beginning to form as P−O−R bonds are 
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replaced by P−O−P bonds [255]. Inside lubricated contacts, these nucleophilic 

substitution reactions would eventually result in the formation of thick (∼100 nm) 

polyphosphate tribofilms on rubbing steel surfaces. This process has recently been 

observed experimentally for systems lubricated by a secondary tri(i-

propyl)phosphate dissolved in a hydrocarbon base oil [246]. Comparing the green 

dotted lines in Figure 6.2 (a) and (b), the rate of P−O cleavage and formation is 

faster for TSBP than TNBP. As for the initial C−O cleavage, the subsequent 

nucleophilic substitution reaction is also mechanochemically-promoted [445]. 

However, since this is not the rate-determining step, we restrict our detailed rate 

analysis to the C−O cleavage process. 

We also performed a subset of MD simulations under identical conditions to 

those shown in Figure 6.2 (2GPa and 400 K) without sliding, in order to confirm 

the role of shear in the (mechano)chemical reactions. As shown in Figure C. 1 in 

the SI, the decomposition mechanism is the same as under sliding and TSBP is still 

more reactive than TNBP; however, reactivity for both molecules is much lower 

than under sliding (Figure 6.2 (a) and (b)). After the initial compression phase (0.1 

ps), there is virtually no further C−O cleavage or nucleophilic substitution. This 

finding supports the experimental observation for ZDDP that the shear stress, 

rather than the normal stress, drives the mechanochemical decomposition process 

[126,252].  
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Mechanochemical Analysis 

The dissociation rate of TNBP and TSBP molecules between the sliding α-

Fe(110) surfaces was investigated over a wide range of temperature and stress 

conditions. Figure 6.3 (a) (TNBP) and Figure 6.3 (b) (TSBP) show how the 

number of intact phosphate ester molecules decays with sliding time at fixed 

temperature (400 K) and variable pressure (1−4 GPa). Figure 6.3 (c) (TNBP) and 

Figure 6.3 (d) (TSBP) show the same relationship at fixed pressure (2 GPa) and 

variable temperature (300−500 K). The results for some of the other conditions 

considered are shown in Figure C. 2. A small fraction (0−20 %) of the TNBP and 

TSBP molecules dissociate during the equilibration phase, which are not included 

in the fitting process used to obtain the rates. During the heating, compression, 

and sliding phase, there is an exponential decay in the number of intact TNBP and 

TSBP molecules with simulation time, which is indicative of a first-order reaction 

[431]. The NEMD simulation data (dashed lines) during the production phase are 

therefore fitted with an exponential function (solid lines) to determine the reaction 

rate. In previous experiments for ZDDP [127,252,433] and DDP [433], the rate of 

tribofilm formation has followed either zero-order or fractional-order kinetics. The 

main reason for this difference is the finite number of additive molecules in the 

NEMD simulations, which means that the dissociation rate inevitably decreases as 

fewer molecules become available to react. In the experiments, the additive 

molecules are continually replenished from base oil solution and the bulk 

concentration does not significantly decrease [252]. The rate of tribofilm formation 
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does not change appreciably over the course of the experiments, meaning that the 

rate-determining step is zero-order and involves surface-adsorbed molecules [446]. 

 

Figure 6.3: Variation in the number of intact phosphate ester molecules with 

sliding time. Dashed lines are results from the NEMD simulations; solid 

lines are exponential decay fits to the data. The effect of pressure on the 

dissociation of TNBP (a) and TBSP (b) at constant temperature (400 K). 

The influence of temperature on the dissociation of TNBP (c) and TBSP 

(d) at constant pressure (2 GPa). 

Figure 6.4 (a) and (b) show the shear stress dependence of the dissociation 

rates at different temperatures for TNBP and TSBP, respectively. The shear stress 

values were taken from Figure 6.1, while the dissociation rates were calculated from 

the exponential decay curves exemplified on Figure 6.3 (more examples in Figure 

C. 2 of the SI). For both TNBP and TSBP, the reaction rate increases exponentially 
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with shear stress, which is indicative of a SATA process [120]. The activation 

volume, ΔV*, was calculated from two-dimensional (2D) fits to the data using Eq. 

( 6.1 ) from 300−500 K. Using this approach, ΔV* increases approximately linearly 

with increasing temperature from 15 ± 8 Å3 at 300 K to 29 ± 5 Å3 at 500 K for 

TNBP and from 8 ± 3 Å3 at 300 K to 28 ± 9 Å3 at 500 K for TSBP (SI Figure C. 

4 and Table C. 1). In previous experimental studies of the mechanochemistry of 

antiwear additives [127,252,433], ΔV* has been treated as a reaction constant, 

which is not temperature-dependent. However, these experiments have typically 

been performed over a much narrower temperature range than was used in the 

current NEMD simulations. Previous experiments have shown that ΔV* can be 

temperature-dependent for other processes, such as self-diffusion in zinc metal [447] 

and dislocation motion in steel [448]. Previous NEMD simulations with ReaxFF 

have shown that ΔV* can also be pressure-dependent for the decomposition of 

PFPEs between DLC surfaces [437]. The increase in ΔV* with increasing 

temperature observed in the current simulations could be partially due to a 

reduction in the contact stiffness. A recent DFT study of hydroxylated silica−silica 

interfaces has shown that ΔV* is inversely proportional to the contact stiffness 

[130]. It has been shown experimentally that the elastic modulus of bulk α-Fe 

decreases by around 10 % as the temperature is increased between 300−500 K 

[449]. We observe a similar reduction in elastic modulus over this temperature 

range for our thin α-Fe slabs. Therefore, the large increase (> 100 %) in ΔV* we 

observe cannot be completely accounted for by the change in contact stiffness of 
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the solid surfaces. As expected for SATA processes [120], the dissociation rate also 

increases exponentially with temperature, as shown in the Arrhenius plots Figure 

C. 3 of the SI. 

 
Figure 6.4: Shear stress dependence of the dissociation rate for TNBP (a) 

and TSBP (b) at different temperatures. Insets show the same data on a 

logarithmic y-axis. 3D plots showing the variation in dissociation rate with 

temperature and shear stress for TNBP (c) and TSBP (d). The surfaces 

were fitted with the nonlinear least squares method. 

The activation energy, Ea, calculated from the 2D fits to eq. ( 6.1 ), increases 

roughly linearly with increasing pressure from 11 ± 4 kJ mol-1 to 18 ± 4 kJ mol-1 

for TBNP and 11 ± 7 kJ mol-1 to 22 ± 10 kJ mol-1 for TSBP from 1−4 GPa (Figure 

C. 5 and Table C. 2 of the SI). The natural logarithm of the pre-exponential factor, 

ln(A), also increases with increasing pressure from 24 ± 1 to 26 ± 4 for TNBP and 
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25 ± 2 to 28 ± 2 for TSBP (Figure C. 6 and Table C. 2 of the SI). A concurrent 

increase in these parameters (Ea ∝ ln[A]) is known as the kinetic compensation 

effect (Figure C. 7 of the SI). This effect, mathematical in origin [450], has 

frequently been observed for heterogeneously-catalysed processes [446]. 

To enable visualisation of the simultaneous influences of temperature and 

stress on reactivity, the decomposition rate data was also fit to eq. ( 6.1 ) as a 3D 

surface [433]; this enables us to fit all the data at once and is the first time, to the 

best of our knowledge, that has been done in the literature. The 3D fits are shown 

in Figure 6.4 (c) for TBNP and Figure 6.4 (d) for TSBP. The 3D surfaces were 

used to calculate ΔV*, Ea, and A values for the entire range of temperatures and 

pressures studied, which are shown in Table 6.1. The uncertainties in Ea and ΔV* 

from the 3D fits are comparable to those obtained from 2D fits of eq. ( 6.1) to 

experimental ZDDP tribofilm growth data obtained using AFM [127]. It should be 

noted that the apparently large uncertainty in A in Table 6.1 is much smaller than  

in the previous experimental AFM study, where possible values spanned several 

orders of magnitude. The 3D fits to eq. ( 6.1) with parameters in Table 6.1 

accurately describe the rates from the NEMD simulations over the entire range of 

conditions, where R2 = 0.85 for TNBP and R2 = 0.89 for TSBP (SI Figure C. 8). 

The parameters for eq. ( 6.1) obtained from the 3D (Table 6.1) and 2D fits (SI 

Table C. 1-2) are mostly consistent. The values of ΔV* from the 3D fits are close 

to those obtained from the 2D fits at the intermediate temperature (400 K). In 

general, Ea and A are both larger from the 3D than the 2D fits. The fact that both 
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of these parameters increase together, due to the compensation effect [446], means 

that the predicted rates using Eq. ( 6.1) are similar from the parameters obtained 

using both fitting methods. The calculation of these parameters from the 2D 

Arrhenius plots (SI Figure C. 3) and the Bell model [121] requires a fixed value for 

ΔV*; in this case, we employ the mean value obtained from the 2D rate versus 

shear stress fits (Figure 6.4 (a) and (b)) from 300−500. The predicted rates and 

the trends between the parameters for TNBP and TSBP are consistent between 

the 2D and 3D fitting methods. 

 Ea (kJ mol-1) ln(A) (s-1) ΔV* (Å3) 

TNBP 17.4 ± 2.6 25.6 ± 0.6 16.4 ± 2.8 

TSBP 17.5 ± 3.6 26.9 ± 0.9 16.7 ± 4.0 

Table 6.1: Calculated values of the activation energy, Ea, pre-exponential 

factor, A, and activation volume, ΔV*, for TNBP (Figure 6.4 (c)) and 

TSBP (Figure 6.4 (d)) from the 3D fits to eq. ( 6.1). The parameter ranges 

represent the 95 % confidence intervals from the 3D fits. 

From the 3D fits, ΔV* is the same for TNBP (16.4 ± 2.8 Å3) and TSBP 

(16.7 ± 4.0 Å3) within the uncertainty of the calculations. From previous 

macroscale tribometer experiments [252], ΔV* was also found to be identical (15 

Å3) for ZDDPs with primary and secondary substituents. The larger ΔV* values 

calculated for trialkylphosphates compared to ZDDPs suggests that the former are 

more mechanochemically susceptible. If the normal stress, σzz, rather than the shear 

stress, σxy, is used as the variable in eq. ( 6.1), then the activation volumes would 

decrease by approximately a factor of five (1/ Figure 6.1). This approach yields 

a ΔV* value for TNBP and TSBP that is the same order of magnitude as that 
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measured for mixed primary/secondary ZDDPs (4 ± 1 Å3) using AFM [127]. The 

fact that the ΔV* values are similar for primary and secondary trialkylphosphates 

and ZDDPs suggests that, although the former dissociates and forms tribofilms 

much more slowly, the differences cannot be attributed to their relative 

mechanochemical susceptibilities. 

The ΔV* values can also be compared to the molecular volumes [451], which 

were calculated for TNBP and TSBP molecules relaxed using the MM2 force field 

[452]. Using a probe size of 3 Å3, TNBP has a molecular volume, V ≈ 440 Å3 and 

for TSBP, V ≈ 390 Å3. Thus, ΔV* represents a ∼4 % deformation of the molecule 

for both TNBP and TSBP. This percentage deformation is comparable to that 

calculated from previous NEMD simulation results for α-pinene (∼3%) [435] and 

allyl alcohol (∼7%) [195] oligomerisation between sliding silica surfaces, as well as 

the decomposition of PFPEs (∼2%) [437] between DLC surfaces. 

The activation energy, Ea, calculated from the 3D fits to Eq. ( 6.1) in Figure 

6.4 (c) and (d), is also similar for TNBP (17.4 ± 2.6 kJ mol-1) and TSBP 

(17.5 ± 3.6 kJ mol-1). The thermal decomposition of TNBP in an inert atmosphere 

(170 kJ mol-1) [442] and with a steel catalyst in air (80 kJ mol-1) [256] yielded 

higher Ea values, suggesting that the application of stress alters the reaction 

pathway to reduce the energy barrier [453]. The calculated values of Ea for TNBP 

and TSBP are within the range observed from AFM experiments using DDP 

(10−25 kJ mol-1) [433]. However, the Ea values are somewhat lower than those 

obtained from AFM experiments for mixed primary/secondary ZDDPs 
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(77 ± 19 kJ mol-1) [127] and full-film EHL experiments for primary (59 kJ mol-1) 

and secondary (84 kJ mol-1) ZDDPs [252]. This implies that there is a lower energy 

barrier for removal of the alkyl groups in trialkylphosphates than ZDDPs under 

the application of stress.  

The ΔV* and Ea for TSBP are 3 Å3 and 1 kJ mol-1 larger than for TNBP, 

respectfully (Table 6.1). The corresponding contributions of the differences in these 

parameters to the reaction rates approximately cancel each other out, as can be 

easily calculated. Thus, the faster mechanochemical dissociation of TSBP than 

TNBP cannot be fully explained through the calculated Ea and ΔV* values. On 

the other hand, the pre-exponential factor, A, is almost an order of magnitude 

higher for TSBP (3 × 1012 s-1) than TNBP (7 × 1011 s-1), as shown in Table 6.1. 

The A values from the 3D fits are in the same range as those calculated for mixed 

primary/secondary ZDDPs (1010−1012 s-1) using AFM [127]. However, much larger 

differences in A were observed between primary (6 × 105 s-1) and secondary (2 × 

1010 s-1) ZDDPs in previous full-film EHL experiments [252]. This could be because 

primary (alkyl transfer) and secondary (β−H elimination) ZDDPs are believed to 

undergo different initial decomposition mechanisms to remove the alkyl groups 

[255], whereas the primary and secondary phosphate esters studied here both follow 

the same mechanism (C−O cleavage); or due to the large uncertainties in the 

prefactors because of the kinetic compensation effect, which is exacerbated by the 

more restricted conditions explored experimentally, where uncertainties span 

several orders of magnitude.  
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Since the differences in the pre-exponential factor seem to be driving the 

large differences in mechanochemical reactivity between trialkylphosphates and 

ZDDPs with primary and secondary alkyl groups, it is important to understand its 

physical meaning. The pre-exponential factor in the Arrhenius equation is 

sometimes decomposed into A = Z 𝜌, where Z is the frequency or collision factor, 

and 𝜌 is the steric factor, which is usually less than unity [432]. Although the rate 

of molecule−surface collisions (Z) is challenging to quantify at solid−liquid 

interfaces, it is expected to be very similar for phosphate esters with primary and 

secondary groups. Therefore, the much higher reaction rates observed 

experimentally [252] and in the current NEMD simulations for the latter arise 

mostly from variations in 𝜌. This implies that the cleavage of the C−O bond in 

TNBP on the α-Fe(110) surface is more strongly dependent on the molecular 

conformation and a smaller fraction of molecule-surface collisions result in a 

reaction. Indeed, the number density profile for the C atoms in TNBP (SI Figure 

C. 9 (a)) have peaks that are split into two, one of which overlaps with the outer 

layer of Fe atoms that are pulled away from the surface during dissociative 

chemisorption [30]. This suggests that C−O cleavage reactions only occur for 

TNBP when some of the C atoms become trapped in a specific orientation relative 

to the surface. Conversely, the number density profile for the C atoms in TSBP 

(SI Figure C. 9 (b)) shows that there is only one sharp peak at the periphery of 

each surface, suggesting that a larger proportion of molecule−surface collisions 

result in a C−O cleavage reaction, irrespective of the molecular conformation. This 
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observation can be rationalised through the fact that the secondary carbocation or 

alkyl radical formed by C−O cleavage in TSBP will be much more stable and thus 

formed more readily than the primary equivalent formed from TNBP [444].  

According to transition state theory, A can also be expressed in terms of the 

activation entropy, ΔS‡, of the reaction using the Eyring equation [118]. Given 

that the rate-determining step (C−O cleavage) is unimolecular, the rate constant 

can be calculated as, 

𝒌 =  𝜿 (
𝒌𝑩𝑻

𝒉
)  𝒆𝒙𝒑 (−

𝜟𝑮‡

𝑹𝑻
) = 𝜿 (

𝒌𝑩𝑻

𝒉
)  𝒆𝒙𝒑 (

𝜟𝑺‡

𝑹
)  𝒆𝒙𝒑 (−

𝜟𝑯‡

𝑹𝑻
) ( 6.2 ) 

where h is Planck’s constant, R is the molar gas constant, κ is the transmission 

factor (assumed to be unity), ΔG‡ is the Gibbs free energy of activation, and ΔH‡ 

is the activation enthalpy [446]. For SATA processes [120], Δ𝐻‡ = Δ𝑈‡ − 𝜎∆𝑉‡, 

where ΔU‡ is the internal activation energy [119]. Using the 3D fits shown in Figure 

6.4 (c), we obtain values of ΔV‡ = 20 ± 6 Å3, ΔH‡ = 22 ± 5 kJ mol-1 and 

TΔS‡= -12 ± 4 kJ mol-1 for TNBP at T = 400 K. From the 3D fits in Figure 6.4 

(d), ΔV‡ = 22 ± 6 Å3, ΔH‡ = 23 ± 5 kJ mol-1 and TΔS‡ = -7 ± 4 kJ mol-1 for 

TSBP at the same temperature. The above values suggest that the smaller 

activation entropy penalty is mostly responsible for the higher reactivity of TSBP 

than TNBP. Previous DFT calculations have also highlighted the importance of 

entropic contributions to the mechanochemistry of phosphate esters [454]. 

Dissociative chemisorption for TNBP has a larger activation entropy penalty than 

TSBP, implying that the former has a more restricted transition state, in which 
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translation and rotation are hindered [455]. This is due to the lower stability of the 

primary carbocation [444], which means that TNBP has a narrower reaction path 

along the potential energy surface because there are fewer low-energy states in the 

vicinity of the transition state. Although the difference in activation entropy 

between TNBP and TSBP is relatively small (5 kJ mol-1), the exponential 

dependence of the rate on this quantity in the Eyring equation leads to much faster 

reactivity for TSBP under all of the conditions studied. 

In summary, the higher mechanochemical reactivity of secondary TSBP 

compared to primary TNBP can be interpreted through different, although not 

contradictory, perspectives through either collision theory or transition state 

theory. Using the Arrhenius equation, the higher rate of TSBP than TNBP 

originates from a combination of a slightly higher activation volume and a much 

higher steric factor (and thus pre-exponential factor) for the former. Using the 

Eyring equation [118], the higher reactivity of TSBP can be attributed to a smaller 

activation entropy penalty, due to a less restricted transition state.  

The general agreement with the mechanochemical parameters from 

experiment for different alkyl substituents suggests that NEMD simulations with 

ReaxFF are suitable for the virtual screening of antiwear additives with different 

molecular structures. This paves the way for the autonomous molecular design of 

new lubricant additives with optimised molecular structures for tailored tribological 

performance, as has recently been achieved for base oils [439]. To screen a large 

number of candidate molecular structures, significant acceleration of the NEMD 
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simulations will be required, which could perhaps be achieved using graphics 

processing units (GPUs) [456]. In addition to tribology, we anticipate that NEMD 

simulations with reactive force fields [52] will be useful to elucidate 

mechanochemical synthesis pathways by mimicking the conditions inside ball mills 

[124]. 

6.4. Summary 

We have used NEMD simulations with ReaxFF to compare the 

mechanochemical responses of primary (TNBP) and secondary (TSBP) 

trialkylphosphates heated and compressed between sliding iron surfaces. For both 

TNBP and TSBP, the decomposition rate increases exponentially with temperature 

and shear stress, which is indicative of a SATA process. 2D fits to the Bell model 

suggest that the activation energy and pre-exponential factor both increase with 

pressure, which is indicative of a compensation effect between the activation 

enthalpy and entropy. The activation volume increases with temperature, which 

can only partially be explained through the reduction in contact stiffness. 3D fits 

of the entire dataset to the Bell model over a wide range of temperature and stress 

conditions give reduced uncertainty in the model parameters compared to 

individual 2D fits. TSBP shows much faster dissociation rates than TNBP; 

however, both molecules have a similar activation energy and activation volume. 

The much higher reactivity of TSBP is driven mostly by the pre-exponential factor, 

which is almost an order of magnitude higher than for TNBP. This is due to the 

higher stability of the fragment resulted from the former following C−O cleavage. 
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The additional stability enables a higher proportion of molecule-surface collisions 

to result in a reaction. This can also be interpreted as a smaller activation entropy 

penalty because of a less hindered transition state. Many of the observations from 

these NEMD simulations, as well as the parameters obtained from fits to the Bell 

model, are similar to those obtained from AFM and macroscale tribometer 

experiments using the ubiquitous antiwear additive ZDDP. The results provide 

further evidence that the initial dissociative chemisorption is the rate-determining 

step for tribofilm formation by antiwear additives. They also highlight the central 

role of the pre-exponential factor (or activation entropy) in distinguishing the 

mechanochemical reactivity of antiwear additives containing different alkyl groups. 

This study represents an important step towards the virtual screening and 

autonomous design of antiwear additives to optimise their molecular structure for 

tailored mechanochemical and tribological responses. 
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Chapter 7. Conclusions and Further Work 
 
 

7.1. Conclusions 

o DFT calculations of B, N and O dopants on (100) 2 × 1 reconstructed diamond 

surfaces have an energetic preference for substitutional positions in the surface 

heterodimers. The energetics of water adsorption, dissociative chemisorption 

and subsequent interaction of the fragments with water molecules were studied. 

Increased adsorption interactions was found for all of the dopants compared to 

undoped DLC in the following order; NDD ∼ ODD < BDD. O and N dopants 

can increase the adsorption energy of water; in the latter case, especially when 

an N-H bond is present. Most notably, B can adopt a tetrahedral conformation 

and spontaneously capture a water molecule that strongly participates in an 

extended H-bond network. These results seem in agreement with experimental 

evidence. The inclusion of vdW corrections had a quantitative effect in the 

energies, although the relative magnitude of the interactions in the different 

systems were mostly captured with standard PBE. 

o An interfacial FF for classical MD was developed for the interaction between 

amide OFMs and iron oxide surfaces from DFT calculations. An in-house code 

implementing a particle swarm optimisation algorithm was employed which 

allowed a more rigorous and efficient approach than comparable efforts in the 

literature. It was found that standard interactions using mixing rules severely 

underestimated the strong chemisorption interactions observed in DFT. LJ 
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potentials with specific parameters were also suboptimal. Instead, Morse 

potentials between surface and OFM headgroup atoms showed remarkable 

agreement with DFT. This FF has also been applied elsewhere in the 

literature and will prove useful in adsorption investigations.  

o These FF was tested in large-scale NEMD simulations of a thin layer of 

n-hexadecane lubricant confined between amide films with different coverages 

adsorbed on iron oxide surfaces. The adsorption configurations of the OFMs 

during the NEMD simulations were found to reproduce those observed in the 

DFT calculations when the new FF was employed. However, the velocity 

profiles and friction coefficient are very similar to those obtained using simple 

mixing rules like comparable confined simulations in the literature. The 

stronger molecule-surface interactions do not significantly affect the friction 

behaviour even at lower coverages, which is dominated by the tailgroup 

interdigitation. Therefore, these results validate the findings of previous 

NEMD studies where the OFM films are preformed at the beginning of the 

simulation and cannot be squeezed out. Different simulations, such as those 

modelling AFMs tips on OFM films or those studying adsorption process will 

benefit from the new FF. 

o An in-house code was developed for post-processing bond information from 

ReaxFF simulations in the presence of surfaces, something currently 

unavailable to codes in the literature. These code has also been applied 

elsewhere in the literature. 
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o The thermal decomposition of five phosphate esters with different substituents 

was compared on three ferrous surfaces using ReaxFF MD simulations. For 

alkyl substituents on iron oxide, thermal decomposition proceeds mostly 

through C-O dissociation (to form surface-adsorbed alkyl groups) and C-H 

cleavage (to form surface hydroxyls). Some P-O cleavage also occurs through 

nucleophilic substitution at high temperature, but this is a much rarer process. 

The onset temperature for C-O cleavage on Fe3O4(001) increases in the order: 

tertiary alkyl (TTBP) < secondary alkyl (TSBP) < primary linear alkyl 

(TNBP) ≈ primary branched alkyl (TSBP) < aryl (TCP). This order can be 

understood through the relative stability of the radicals formed through C-O 

dissociation. The order is also mostly consistent with experiments for the 

thermal stability of ZDDPs with similar substituents in base oil solution, 

confirming C-O cleavage as being the rate-determining step and some 

transferability of the results to ZDDP. 

o For iron and iron oxide surfaces, chemisorption interactions between the 

molecules and the surface occur even at room temperature and the reactivity 

and chemisorption increases at higher temperature. The early stages of iron 

phosphate formation are observed at high temperature on these surfaces, as 

expected from experiments. Conversely, on amorphous, hydroxylated iron 

oxide, most of the molecules are only physisorbed, even at high temperature. 

Very few chemisorption interactions or dissociation events occur on the 

hydroxylated substrate compared to the other surfaces, and desorption of 
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intact molecules is observed at high temperature. These observations could 

account for the poor antiwear performance of phosphate esters on inert surfaces 

noted in tribology experiments. The decrease in decomposition rate in the 

hydroxylated surface suggests that water passivates ferrous surfaces and 

inhibits thermal decomposition and thus film formation of phosphate esters. 

The observed differences between the various surfaces and substituents have 

important implications for the design of new phosphate ester molecules for use 

as VPLs and antiwear additives, and can be used to help explain experimental 

results on ZDDP additives. 

o The mechanochemical responses of primary (TNBP) and secondary (TSBP) 

trialkylphosphates heated and compressed between sliding iron surfaces were 

studied through NEMD. For both substituents, the decomposition rate 

increases exponentially with temperature and shear stress, which is indicative 

of a SATA process. 3D fits of the entire dataset to the Bell model over a wide 

range of temperature and stress conditions give reduced uncertainty in the 

model parameters compared to individual 2D fits. TSBP shows much faster 

dissociation rates than TNBP; however, both molecules have a similar 

activation energy and activation volume. The much higher reactivity of TSBP 

is driven mostly by the pre-exponential factor, which is almost an order of 

magnitude higher than for TNBP. This can be interpreted as a smaller 

activation entropy penalty because of a less hindered transition state. Many of 

the observations from these NEMD simulations, as well as the parameters 
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obtained from fits to the Bell model, are similar to those obtained from AFM 

and macroscale tribometer experiments using the ubiquitous antiwear additive 

ZDDP. The results provide further evidence that the initial dissociative 

chemisorption is the rate-determining step for tribofilm formation by antiwear 

additives, which highlights the need for accurate adsorbant-surface 

interactions. 

7.2. Further Work 

The application of molecular modelling techniques is a growing area in 

tribology and will expectedly continue to be so in the future. As a field with a 

predominantly experimental history, the application and development of dedicated 

computational tools will provide valuable new information in the design of more 

efficient formulated lubricants and surfaces.  

Applications of computational tools will aid in having a complete picture of 

the mechanisms behind established elements of tribological contacts such as the 

antiwear additive ZDDP, as well as provide a molecular foundation to emerging 

systems such as e-fluids and water-based lubricants.  

Reactive FFs such as ReaxFF are a promising tool to approximate chemical 

reactions at MD scales. Their main drawback is the availability of reliable 

parameter sets for the compounds and properties of interest. It was only the 

recently developed parameters by Khajeh et al. [205] that enabled the work on 

phosphate esters present in this thesis. A set of parameters including all the 

chemical species present in ZDDP would prove extremely valuable for the tribology 
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community. The development of such parameters by the author is currently in a 

preliminary stage (see Appendix D: ) with a DFT trainset including a number of 

potential energy scans and reactions. Its application in the near future will be the 

first investigation into confined simulations where the mechanochemical reactions 

of ZDDP can be simulated in situ. New algorithms that can speed up the 

parameterisation process or increase the number of reactive events in ReaxFF 

simulations are also current areas of research [184]. 

Alternatively, reactive events can be explicitly modelled in MD with ab 

initio techniques. Examples of this include Car-Parrinello MD [107–109,457] and 

tight-binding MD [458,459]. These techniques have sometimes been applied to 

confined additive systems. For example, tight-binding MD was used to investigate 

OFM adsorption on sliding iron oxide surfaces [234,241,242]. These techniques, 

while accurate, are orders of magnitude more computationally expensive than 

classical MD simulations. One compromised can be found in QM/MM 

implementations, where a reactive region of interest is defined and simulated from 

first principles, while coupled to the rest of the system simulated by classical MD. 

This approach was used to model tribochemical reactions of water at graphene 

edges [460] and MoDTC on iron [461].  

Another attractive area of research is coupling molecular modelling to larger 

scales. Most tribological processes are governed by chemical phenomena taking 

place in localised interfaces which controls the macroscopic behaviour of the 

system. Therefore, an approach model these regions at a molecular scale in order 
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to accurately capture the laws of friction, heat transfer, and other relevant 

phenomena, and pass this information to continuum models to study larger 

tribological systems. Choosing how to pass information across the scales is not 

always straightforward. If a clear scale-separation exists between the atomic level 

and the continuum, hierarchical or sequential models can be suitable where 

information obtained from MD simulations is transferred to separate continuum 

models. This was the case in the work of and Savio et al. [315,462], which used 

local viscosity and slip information obtained using MD simulations to improve 

continuum predictions of film thickness and friction for strongly confined systems.  

Otherwise, hybrid or concurrent schemes are requires, which could help in problems 

such as modelling surfaces with realistic levels of roughness, currently inaccessible 

to MD. Finally, another approach is coupling molecular simulations to Monte Carlo 

simulations. By using low level theories to obtain reaction rates and implementing 

intermediate MD steps, Monte Carlo simulations have been used to model film 

growth on different systems [463] and could be used to model tribofilm growth in 

the future.  
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[414] M. Döntgen, M.-D. Przybylski-Freund, L.C. Krö, W.A. Kopp, A.E. Ismail, 
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Appendix A: Supporting Information for Chapter 4. 

Simulating OFMs-iron oxide interfaces: from DFT to 

MD 

Additional Relaxed DFT configurations 

Additional relaxed DFT conformations of HAm adsorbed on α-Fe2O3(0001) 

at HC and LC, which were not shown in Gattinoni et al [30]. or the main text 

are provided in Figure A.1. Top views of these conformations are shown the 

associated Eads values are given in the caption. These conformations, with slightly 

lower stability, were included in the parameterization to  increase the training 

dataset and reduce overfitting [341,342]. 

Since n-alkane molecules are also included in the large-scale NEMD 

simulations, Eads was also calculated for n-hexane on α-Fe2O3(0001) using DFT. 

A top view of the most stable conformation and the associated Eads are shown in 

Figure A.2. These results were not included in the parameterization but are used 

to ensure that the Optimized FF gives similar performance to the Original FF for 

n-alkane adsorption. 
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Figure A.1: Top views of additional relaxed DFT configurations of HAm 

adsorbed on α-Fe2O3(0001) included in the fitting; Eads = -50.5 kcal mol−1 

(a), -47.5 kcal mol−1 (b), -59.5 kcal mol−1 (c), and -47.5 kcal mol−1 (d). 

 

Figure A.2: Top views of relaxed DFT configurations of n-hexane adsorbed 

on α-Fe2O3(0001); Eads= -28.4 kcal mol−1  
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Performance of the Original FF 

DFT calculations have been used to parameterize interface FFs for the 

interactions between several molecules and iron oxide surfaces. For example, 

Tromp et al. [321] developed parameters for the 12-6 LJ and Coulombic potentials 

to match Eads from DFT calculations for R-1233zd(E) refrigerant molecules relaxed 

on a α-Fe2O3(011̄2) surface. For the interactions between the refrigerant molecules, 

they used a FF developed by Raabe and Maginn [464]. Instead of using standard 

parameters for the surface atoms and relying upon mixing rules, Tromp et al. 

parameterized all of the individual interactions for optimal agreement with the 

DFT results [321]. Ta et al. [320] developed an interface FF for the interaction 

between n-alkanes and Fe(110), FeO(110), and Fe2O3(0001) surfaces from DFT 

calculations using a trial-and-error approach. They employed the COMPASS-FF 

for the n-alkane molecules [174,175] which includes a 9-6 LJ potential for the non-

bonded interactions. A 9-6 LJ potential was also used for the n-alkane-surface 

interactions. However, the DFT calculations did not include a U correction, so an 

inaccurate bandgap for Fe2O3 and thus Eads is to be expected [332]. In any case, 

neither of these FFs [320,321], nor the INTERFACE-FF [312] are directly 

transferable to the system of interest here. 

To the authors’ knowledge, the only FFs which are readily transferable to 

amide-iron oxide systems are ClayFF[313] and the FFs developed by Berro et al. 

[314] and Savio et al. [315]. Indeed, these FFs have been used in a number of 

previous MD simulations of similar systems [178,230,237–240]. Berro et al. [314] 
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used the OPLS united-atom FF [170] for the n-hexadecane molecules and the 

standard OPLS parameters for the Osurf atoms. Parameters were tested for 12-6 

LJ and Coulombic potentials. The EFe parameter was varied between 0.5-15 × EO 

in order to investigate a range of interaction strengths. An intermediate value of 

EF e (2.5 × EO) used by Berro al. [314] provided the best agreement with the current 

DFT calculations, so this was used in the remainder of this study. Savio et al. [315] 

refined these 12-6 LJ parameters in order to yield realistic desorption energies for 

CH2 and CH3 segments on Fe2O3 surfaces. However, they did not include partial 

charge parameters, since the n-alkane molecules of interest were non-polar. ClayFF 

[313] was developed to model the interactions between various metal 

oxides/hydroxides and water. Compared to the other FFs considered, the E values 

are relatively small, but the partial charges are large meaning that the interactions 

are dominated by the electrostatics. The parameters from ClayFF [313] as well as 

those developed by Berro et al. [314] and Savio et al. [315] as used here are shown 

in Table A. 1. 

Figure A.3 shows that all of the existing FFs overestimated zeq and 

underestimated Eads for the amide-iron oxide system compared to the DFT 

calculations. The FF developed by Berro al. [314] was selected as the ’Original FF’ 

since it included partial charge parameters and facilitated slightly better agreement 

with the DFT results, as shown in Figure A.3. 
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  ε / kcal mol-1 σ / Å q /e 

ClayFF [313] 
Fesurf 0.000009 6.181 1.575 

Osurf 0.155 3.988 -1.050 

Berro et al. [314] 
Fesurf 0.425 2.200 0.771 

Osurf 0.170 2.960 -0.514 

Savio et al. [315] 
Fesurf 9.518 2.321 - 

Osurf 0.210 2.960 - 

Table A. 1: Surface LJ and Coulomb parameters employed by ClayFF [313] 

and those developed by Berro et al. [314] and Savio et al. [315] 

 

 

Figure A.3: Performance of the interfacial FFs developed by Berro et al. 

[12] and Savio et al. [13] compared to DFT calculations. (a) Comparison of 

Eint, (b) z-scans of Eint for the flat LC HAm configuration. Lines are spline 

interpolations of the data. 

Choice of Parameters and Potential Models 

Initially, we attempted to parameterize an interface FF with the Lennard-

Jones + Coulomb (LJ+C) potentials. Such a LJ+C FF would be desirable due to 

relatively high transferability to other similar systems using mixing rules. 

The first parameterization was performed only on the surface LJ+C 

parameters. We found that, even when parameters were completely unconstrained, 
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no acceptable fitting could be achieved (see Figure A.4). While LJ is suitable to 

represent weak van der Waals interactions, it could not fit the strong interactions 

between the headgroup atoms and the surface without resulting in inaccurate 

repulsive and attractive Eint at closer and further distances, respectively. Moreover, 

the van der Waals interactions between the tailgroup and the surface atoms would 

not be well described by an optimization which was dominated by the headgroup-

surface interactions. 

 

Figure A.4: Comparison of the DFT vs. FF performance for different 

parameter optimizations. Parameters which were not optimized in each case 

were left as they were in the Original FF [34]. Solid lines represent the ideal 

fitting, dashed lines represent RMS errors for each set of optimized 

parameters. Text in each plot includes the RMS deviation, the R2 value of 

the fitting, the mean relative deviation and the optimized χ2 value (see eq. 

( 4.3 )). The FF shown at the bottom right, with the most parameters fit, 

was the variant selected as the final Optimized FF. 

Hence, the next step was to explicitly parameterize the dominating 

headgroup-surface interactions. Charge transfer was apparent from the DFT 
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calculations between the Oamide  and the Fesurf  atoms, the Oamide and the Fesurf  

atoms, as well as between the Hamide and Osurf atoms. We optimized different 

combinations of parameters and potential functions. While employing different LJ 

parameters all of the atom pairs yielded a clear improvement  in the fitting, the 

energy-distance behaviour was not well reproduced (see Figure A.5). The use of 

Morse potentials, which include a parameter to describe the well width, ensured 

better fittings across different distances. Given that the strong Morse interactions 

dominated the final Eint compared to the weaker van der Waals and Coulombic 

interactions, different combinations of the latter were tested together with the 

Morse interactions to study their relative influence. 

 

 

Figure A.5: Comparison of z-scans of Eint from DFT and different FF 

parameter sets (same sets as Figure A.4). The FF shown at the bottom 

right, with the most parameters fit, was the variant selected as the final 

Optimized FF. 
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Parameterizing only the Morse interactions, while leaving the surface LJ+C 

from the Original FF [314], already yielded a good fit and much improved energy-

distance behaviour over the LJ+C variants. Parameterizing the surface LJ+C 

parameters further improved the performance. Since the surface parameters in the 

Original FF had little physical motivation, we decided to alter these (values 

reported in the main chapter) to obtain the best possible match to the DFT 

calculations. 

For the sake of completeness, we also include the parameters for a FF where 

the surface LJ+C are optimized collectively (top-left in Figure A.4 and Figure A.5), 

and for where the surface LJ+C interactions are parameterized alongside strong 

LJ interactions for the Oamide-Fesurf , Namide- Fesurf , and Hamide-Osurf atom pairs (top-

middle in Figure A.4 and Figure A.5). Note that, despite the reasonable good 

agreement with the DFT Eads values for the latter, the required parameters are 

physically unjustifiable. Most notably, the strength of the Oamide-Fesurf interaction 

is virtually zero, while the Namide-Fesurf has a well-depth of 5.77 kcal mol−1, which 

is an order of magnitude stronger than the types of interaction which LJ potentials 

usually represent. 



 250 

  ε / kcal mol-1 σ / Å q /e 

Only surface LJ+C 
Fesurf 0.1 2.0 0.9 

Osurf 0.4 2.2 -0.6 

Surface LJ+C, 

Strong interactions LJ 

Fesurf 0.44 2.29 0.51 

Osurf 0.24 2.47 -0.34 

Oamide-Fesurf 0.0002 3.08 - 

Namide-Fesurf 5.77 2.97 - 

Hamide-Osurf 1.64 1.64 - 

Table A. 2: Parameters for the two LJ-based optimised FF tested. 

Parameters for HAm remain unmodified from L-OPLS-AA [171,177,307] 

and the remaining LJ parameters are determined by geometric mean mixing 

rules. 

Comparing Force-Fields for n-hexane Adsorption 

The Optimized FF was also tested for the interaction between a model 

lubricant (n-hexane) molecule and the α-Fe2O3(0001) surface. Although the 

Optimized FF was not parameterized for this system, it is envisaged that it will 

frequently be used in the presence of n-alkanes [239], so the performance for such 

systems should be at least equivalent to the available alternatives [313–315]. The 

most stable adsorption structure, with n-hexane in a flat conformation on the α-

Fe2O3(0001) surface, is shown in Figure A.2. This geometry was used for single-

point calculations where n-hexane was moved closer to, or further from, the surface 

(z-scan). The DFT Eint values were compared to results obtained from the 

Optimized FF, ClayFF [313], as well as the FFs due to Berro et al. [314] and Savio 

et al. [315], as shown in Figure A.6. 
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Figure A.6: z-Scans of Eint for isolated n-hexane molecule in flat 

conformation on α-Fe2O3(0001) from Berro at al. [34], Savio et al. [35], 

ClayFF [33], Optimized FF, and DFT calculations. Lines are spline 

interpolations of the data. 

Compared to DFT, Eads for n-hexane was significantly underestimated by 

the Optimized FF, the Original FF [314] and particularly ClayFF on 

α-Fe2O3(0001) [313]. Since n-hexane is relatively nonpolar, it is unsurprising that 

this is the case for ClayFF [313], which was designed for the interactions between 

metal oxides and water molecules which are dominated by electrostatics. The FF 

due to Savio et al. [315] was more accurate (Eads ∼ 70% of DFT) in this respect; 

however, this FF overestimates zeq and short-ranged repulsive energies far more 

than the other FFs. The Optimized FF and ClayFF agree better with DFT in 

terms of zeq and short-ranged repulsion. It can be concluded that, while the 

Optimized FF is far from perfect for n-hexane adsorption on α-Fe2O3(0001) (since 

this was not the objective of the parameterization) it does not significantly hinder 
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the performance when compared to other FFs in the literature. Improved 

performance for n-alkane adsorption would require more parameters to be 

developed, which is beyond the scope of this study. 

Additional NEMD Results 

The following figures show the number density profiles, atomic mass density 

profiles, and velocity profiles from the sliding phase of the NEMD simulations. 

These include the results for the top wall moving in the −x, +y and −y, i.e. those 

directions not included in the main text (+x). The z-dimension was partitioned 

into 0.05 Å bins to resolve the atomic z-coordinates for the number density and 

mass density profiles and 1.0 Å for the velocity profiles. Block-averaged values are 

taken every 20 ps after 0.5 ns, i.e. after systems reach a nonequilibrium steady 

state. 

Number density profiles 

 

Figure A.7: Atomic number density profiles, -x direction. 
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Figure A.8: Atomic number density profiles, y direction. 

 

Figure A.9: Atomic number density profiles, -y direction. 

Atomic Mass Density and Velocity Profiles 

Velocity profiles for atomic velocities along the sliding direction in are in 

dashed purple lines, overlaid on the corresponding mass density profiles. 
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Figure A.10: Velocity profiles, -x direction. 

 

Figure A.11: Velocity profiles, y direction. 
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Figure A.12: Velocity profiles, −y direction. 

Temperature profiles 

 
Figure A.13: Temperature profiles, x sliding direction. 
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Appendix B: Supporting Information for Chapter 5. 

Thermal Decomposition of Phosphate Ester Antiwear 

Additives on Ferrous Surfaces 

Bonds Broken Within the Phosphate Ester Molecules 

Figure B. 1 shows the change in the number of bonds remaining within the 

phosphate ester molecules (TNBP, TIBP, TSBP, TTBP, TCP) adsorbed on the 

Fe3O4(001) surface. 

 
Figure B. 1: Change in the number of bonds within the TNBP, TIBP, 

TSBP, TTBP, and TCP molecules on the Fe3O4(001) surface. Solid lines 

are means of three independent simulations, shaded areas represent one 

standard deviation. Used for the percentages in Figure 5.6. 
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Figure B. 2 shows the change in the number of bonds remaining in some of 

the phosphate ester molecules (TNBP, TSBP) on different ferrous surfaces: 

α-Fe(110) and a-Fe3O4-OH. 

 

Figure B. 2: Change in the number of bonds within the TNBP and TSBP 

molecules on the α-Fe(110) and a-Fe3O4-OH surfaces. Solid lines are means 

of three independent simulations, shaded areas represent one standard 

deviation. Used for the percentages in Figure 5.9. 

ReaxFF Parameter File 

Reactive MD-force field: C/H/O/Fe/P force field 2017_water 

 39       ! Number of general parameters                             
   50.0000 !Overcoordination parameter             
    9.5469 !Overcoordination parameter             
   26.5405 !Valency angle conjugation parameter    
    1.7224 !Triple bond stabilisation parameter    
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    6.8702 !Triple bond stabilisation parameter    
   60.4850 !C2-correction                          
    1.0588 !Undercoordination parameter            
    4.6000 !Triple bond stabilisation parameter    
   12.1176 !Undercoordination parameter            
   13.3056 !Undercoordination parameter            
  -70.5044 !Triple bond stabilization energy       
    0.0000 !Lower Taper-radius                     
   10.0000 !Upper Taper-radius                     
    2.8793 !Not used                               
   33.8667 !Valency undercoordination              
    6.0891 !Valency angle/lone pair parameter      
    1.0563 !Valency angle                          
    2.0384 !Valency angle parameter                
    6.1431 !Not used                               
    6.9290 !Double bond/angle parameter            
    0.3989 !Double bond/angle parameter: overcoord 
    3.9954 !Double bond/angle parameter: overcoord 
   -2.4837 !Not used                               
    5.7796 !Torsion/BO parameter                   
   10.0000 !Torsion overcoordination               
    1.9487 !Torsion overcoordination               
   -1.2327 !Conjugation 0 (not used)               
    2.1645 !Conjugation                            
    1.5591 !vdWaals shielding                      
    0.1000 !Cutoff for bond order (*100)           
    2.1365 !Valency angle conjugation parameter    
    0.6991 !Overcoordination parameter             
   50.0000 !Overcoordination parameter             
    1.8512 !Valency/lone pair parameter            
    0.5000 !Not used                               
   20.0000 !Not used                               
    5.0000 !Molecular energy (not used)            
    0.0000 !Molecular energy (not used)            
    2.6962 !Valency angle conjugation parameter    
  5    ! Nr of atoms; cov.r; valency;a.m;Rvdw;Evdw;gammaEEM;cov.r2;# 
     alfa;gammavdW;valency;Eunder;Eover;chiEEM;etaEEM;n.u. 
                      
     cov r3;Elp;Heat inc.;n.u.;n.u.;n.u.;n.u. 
                                   
     ov/un;val1;n.u.;val3,vval4 
                                                 
 C    1.3817   4.0000  12.0000   1.8903   0.1838   0.9000   1.1341   4.0000 
      9.7559   2.1346   4.0000  34.9350  79.5548   5.9666   7.0000   0.0000 
      1.2114   0.0000 202.5551   8.9539  34.9289  13.5366   0.8563   0.0000 
     -2.8983   2.5000   1.0564   4.0000   2.9663   0.0000   0.0000   0.0000 
 H    0.8930   1.0000   1.0080   1.3550   0.0930   0.8203  -0.1000   1.0000 
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      8.2230  33.2894   1.0000   0.0000 121.1250   3.7248   9.6093   1.0000 
     -0.1000   0.0000  61.6606   3.0408   2.4197   0.0003   1.0698   0.0000 
    -19.4571   4.2733   1.0338   1.0000   2.8793   0.0000   0.0000   0.0000 
 O    1.2450   2.0000  15.9990   2.3890   0.1000   1.0898   1.0548   6.0000 
      9.7300  13.8449   4.0000  37.5000 116.0768   8.5000   8.3122   2.0000 
      0.9049   0.4056  59.0626   3.5027   0.7640   0.0021   0.9745   0.0000 
     -3.5500   2.9000   1.0493   4.0000   2.9225   0.0000   0.0000   0.0000 
 Fe   1.9029   3.0000  55.8450   2.0990   0.1181   0.4744  -1.6836   3.0000 
     10.8548   2.6084   3.0000   0.0000  18.3725   1.7785   8.6281   0.0000 
     -1.2000   0.0000 102.1000  25.3430  10.1260   0.7590   0.8563   0.0000 
    -16.0573   2.6997   1.0338   6.0000   2.5791   0.0000   0.0000   0.0000 
 P    1.5994   3.0000  30.9738   1.7000   0.1743   1.0000   1.3000   5.0000 
      9.1909  14.2932   5.0000   0.0000   0.0000   1.8292   7.2520   0.0000 
     -1.0000  10.2596   1.5000   0.2205  16.7429  15.9629   0.0000   0.0000 
     -2.5000   1.6114   1.0338   5.0000   2.8793   0.0000   0.0000   0.0000 
 15      ! Nr of bonds; Edis1;LPpen;n.u.;pbe1;pbo5;13corr;pbo6 
      
    pbe2;pbo3;pbo4;n.u.;pbo1;pbo2;ovcorr 
                                        
  1  1 158.2004  99.1897  78.0000  -0.7738  -0.4550   1.0000  37.6117   0.4147 
         0.4590  -0.1000   9.1628   1.0000  -0.0777   6.7268   1.0000   0.0000 
  1  2 169.4760   0.0000   0.0000  -0.6083   0.0000   1.0000   6.0000   0.7652 
         5.2290   1.0000   0.0000   1.0000  -0.0500   6.9136   0.0000   0.0000 
  2  2 153.3934   0.0000   0.0000  -0.4600   0.0000   1.0000   6.0000   0.7300 
         6.2500   1.0000   0.0000   1.0000  -0.0790   6.0552   0.0000   0.0000 
  1  3 164.4303  82.6772  60.8077  -0.3739  -0.2351   1.0000  10.5036   1.0000 
         0.4475  -0.2288   7.0250   1.0000  -0.1363   4.8734   0.0000   0.0000 
  2  3 160.0000   0.0000   0.0000  -0.5725   0.0000   1.0000   6.0000   0.5626 
         1.1150   1.0000   0.0000   0.0000  -0.0920   4.2790   0.0000   0.0000 
  3  3 142.2858 145.0000  50.8293   0.2506  -0.1000   1.0000  29.7503   0.6051 
         0.3451  -0.1055   9.0000   1.0000  -0.1225   5.5000   1.0000   0.0000 
  1  4 109.5214   0.0000   0.0000   0.6663  -0.3000   1.0000  36.0000   0.0100 
         1.0648  -0.3500  15.0000   1.0000  -0.1512   4.1708   1.0000   0.0000 
  2  4  78.2669   0.0000   0.0000   0.4668   0.0000   1.0000   6.0000   0.1766 
         0.5673   1.0000   0.0000   1.0000  -0.1543   5.4965   0.0000   0.0000 
  3  4  67.5128   0.0000   0.0000   0.1301  -0.3000   0.0000  36.0000   0.0852 
         1.0000  -0.3500  15.0000   1.0000  -0.0629   7.1208   0.0000   0.0000 
  4  4  41.4611   0.0000   0.0000   0.2931  -0.2000   0.0000  16.0000   0.2682 
         0.6294  -0.2000  15.0000   1.0000  -0.0512   6.8013   0.0000   0.0000 
  1  5 110.0000  92.0000   0.0000   0.2171  -0.1418   1.0000  13.1260   0.6000 
         0.3601  -0.1310  10.7257   1.0000  -0.0869   5.3302   1.0000   0.0000 
  2  5   0.1466   0.0000   0.0000   0.2250  -0.1418   1.0000  13.1260   0.6000 
         0.3912  -0.1310   0.0000   1.0000  -0.1029   9.3302   0.0000   0.0000 
  3  5 202.5868 164.1808   0.0000   0.5506  -0.5000   1.0000  25.0000   0.4300 
         0.0912  -0.1285  16.0342   1.0000  -0.2008   6.2678   1.0000   0.0000 
  4  5 267.6410   0.0000   0.0000  -0.9090  -0.3000   0.0000  36.0000   0.1000 
         1.7768  -0.3500  15.0000   1.0000  -0.0992   5.7752   0.0000   0.0000 
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  5  5   0.0000   0.0000   0.0000   0.2171  -0.5000   1.0000  35.0000   0.6000 
         0.5000  -0.5000  20.0000   1.0000  -0.2000  10.0000   1.0000   0.0000 
  8    ! Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2    
  1  2   0.1239   1.4004   9.8467   1.1210  -1.0000  -1.0000 
  1  3   0.1345   1.8422   9.7725   1.2835   1.1576   1.0637 
  2  3   0.0283   1.2885  10.9190   0.9215  -1.0000  -1.0000 
  1  4   0.4204   1.4900  11.0144   1.4071  -1.0000  -1.0000 
  2  4   0.0200   1.9451  10.8595   1.4157  -1.0000  -1.0000 
  3  4   0.1000   1.8000   9.1989   1.7050  -1.0000  -1.0000 
  3  5   0.0611   1.7624  10.2685   1.7989   1.4523  -1.0000 
  4  5   0.2619   2.1638  11.2236   1.8799  -1.0000  -1.0000 
 52    ! Nr of angles;at1;at2;at3;Thetao,o;ka;kb;pv1;pv2             
  1  1  1  59.0573  30.7029   0.7606   0.0000   0.7180   6.2933   1.1244 
  1  1  2  65.7758  14.5234   6.2481   0.0000   0.5665   0.0000   1.6255 
  2  1  2  70.2607  25.2202   3.7312   0.0000   0.0050   0.0000   2.7500 
  1  2  1   0.0000   3.4110   7.7350   0.0000   0.0000   0.0000   1.0400 
  1  2  2   0.0000   0.0000   6.0000   0.0000   0.0000   0.0000   1.0400 
  2  2  2   0.0000  27.9213   5.8635   0.0000   0.0000   0.0000   1.0400 
  1  1  3  53.9517   7.8968   2.6122   0.0000   3.0000  58.6562   1.0338 
  3  1  3  76.9627  44.2852   2.4177 -25.3063   1.6334 -50.0000   2.7392 
  1  3  1  72.6199  42.5510   0.7205   0.0000   2.9294   0.0000   1.3096 
  1  3  3  81.9029  32.2258   1.7397   0.0000   0.9888  68.1072   1.7777 
  3  3  3  80.7324  30.4554   0.9953   0.0000   3.0000  50.0000   1.0783 
  2  1  3  65.0000  16.3141   5.2730   0.0000   0.4448   0.0000   1.4077 
  1  3  2  70.1101  13.1217   4.4734   0.0000   0.8433   0.0000   3.0000 
  2  3  3  75.6935  50.0000   2.0000   0.0000   1.0000   0.0000   1.1680 
  2  3  2  85.8000   9.8453   2.2720   0.0000   2.8635   0.0000   1.5800 
  1  2  3   0.0000  25.0000   3.0000   0.0000   1.0000   0.0000   1.0400 
  2  2  3   0.0000   8.5744   3.0000   0.0000   0.0000   0.0000   1.0421 
  3  2  3   0.0000  15.0000   2.8900   0.0000   0.0000   0.0000   2.8774 
  1  4  1   0.1000  42.2980   0.3169   0.0000   1.1069   0.0000   2.3466 
  1  1  4  74.8790  30.0000   2.0000   0.0000   2.0334   0.0000   1.0928 
  1  4  4  47.9341   1.0246   7.9341   0.0000   2.8853   0.0000   1.0000 
  4  1  4  33.2812  34.6443   3.0111   0.0000   0.1701   0.0000   1.0510 
  2  4  2  20.3683   0.0100   2.2825   0.0000   0.7660   0.0000   1.3788 
  2  2  4   0.0000   0.0100   1.0568   0.0000   1.8595   0.0000   3.6142 
  4  2  4   0.0000  10.4428   7.9607   0.0000   2.3717   0.0000   1.1970 
  2  4  4  48.4128   4.0632   0.6773   0.0000   2.2274   0.0000   1.8605 
  2  1  4   2.6539  32.1638   0.9167   0.0000   0.0240   0.0000   1.1158 
  1  4  2  42.7140   0.1451   0.2500   0.0000   0.0851   0.0000   2.8955 
  1  2  4   0.0000   0.0100   2.2066   0.0000   1.9789   0.0000   1.4466 
  1  3  4  90.0000  42.4716   6.6776   0.0000   2.4560   0.0000   1.6221 
  3  1  4  54.6900  12.6123   2.3543   0.0000   2.0000   0.0000   1.2513 
  1  4  3  38.2755  19.3103   0.1151   0.0000   0.7569   0.0000   2.3113 
  2  3  4  26.0012  49.6772   0.0500   0.0000   1.1589   0.0000   1.0000 
  3  2  4   0.0000   0.0100   3.2567   0.0000   2.0582   0.0000   1.3513 
  2  4  3  38.5594  11.2599   0.1898   0.0000   0.1904   0.0000   1.4041 
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  4  3  4  63.0740  14.8127   2.9929   0.0000   0.7552   0.0000   1.3634 
  3  3  4  73.6721  32.6330   1.7223   0.0000   1.0221   0.0000   1.4351 
  3  4  3  76.5431   0.0583   0.0500   0.0000   0.4968   0.0000   2.2792 
  3  4  4  69.4895   5.7742   8.0001   0.0000   1.7794   0.0000   2.7889 
  3  5  3  88.6293  18.2614   0.8145   0.0000  -0.1780   0.0000   2.3661 
  2  3  5  75.0000   7.8005   0.9394   0.0000   1.3523   0.0000   1.0400 
  3  3  5  60.0000  40.0000   4.0000   0.0000   1.0000   0.0000   1.0400 
  3  2  5   0.0000  10.0000   1.0000   0.0000   1.0000   0.0000   1.0400 
  3  5  4  71.5444  28.1377   3.5000   0.0000   0.2169   0.0000   1.1069 
  5  3  5  50.6740  13.3258   0.1000   0.0000   1.0718   0.0000   1.1254 
  1  3  5  76.8677   5.4250   3.1105   0.0000  -0.0827   0.0000   2.1396 
  2  5  3  75.0000  25.0000   2.0000   0.0000   1.0000   0.0000   1.2500 
  3  5  5  70.0000  25.0000   2.0000   0.0000   1.0000   0.0000   1.2500 
  4  3  5  72.6961  30.0000   0.7795   0.0000   2.0000   0.0000   1.0500 
  3  4  5  76.0866   0.2500   0.1116   0.0000   0.9966   0.0000   2.5091 
  4  5  4  38.1011  18.9494   3.0000   0.0000   1.2274   0.0000   1.0500 
  4  4  5  93.0539   6.1619   1.2781   0.0000   0.5598   0.0000   1.0500 
 38    ! Nr of torsions;at1;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n 
  1  1  1  1  -0.2500  34.7453   0.0288  -6.3507  -1.6000   0.0000   0.0000 
  1  1  1  2  -0.2500  29.2131   0.2945  -4.9581  -2.1802   0.0000   0.0000 
  2  1  1  2  -0.2500  31.2081   0.4539  -4.8923  -2.2677   0.0000   0.0000 
  1  1  1  3   1.2799  20.7787  -0.5249  -2.5000  -1.0000   0.0000   0.0000 
  2  1  1  3   1.9159  19.8113   0.7914  -4.6995  -1.0000   0.0000   0.0000 
  3  1  1  3  -1.4477  16.6853   0.6461  -4.9622  -1.0000   0.0000   0.0000 
  1  1  3  1   0.4816  19.6316  -0.0057  -2.5000  -1.0000   0.0000   0.0000 
  1  1  3  2   1.2044  80.0000  -0.3139  -6.1481  -1.0000   0.0000   0.0000 
  2  1  3  1  -2.5000  31.0191   0.6165  -2.7733  -2.9807   0.0000   0.0000 
  2  1  3  2  -2.4875  70.8145   0.7582  -4.2274  -3.0000   0.0000   0.0000 
  2  1  3  3  -1.4383  80.0000   1.0000  -3.6877  -2.8000   0.0000   0.0000 
  3  1  3  1  -1.1390  78.0747  -0.0964  -4.5172  -3.0000   0.0000   0.0000 
  3  1  3  2  -2.5000  70.3345  -1.0000  -5.5315  -3.0000   0.0000   0.0000 
  3  1  3  3  -0.1583  20.0000   1.5000  -9.0000  -2.0000   0.0000   0.0000 
  1  3  3  1   0.0002  80.0000  -1.5000  -4.4848  -2.0000   0.0000   0.0000 
  1  3  3  2  -2.5000   0.1181   0.0268  -5.4085  -2.9498   0.0000   0.0000 
  2  3  3  2   0.1995   5.0000   0.2000  -2.6000   0.0000   0.0000   0.0000 
  1  3  3  3   0.4118   0.5219   0.9706  -2.5004  -0.9972   0.0000   0.0000 
  2  3  3  3   0.1000  43.1840   0.5000  -6.6539   0.0000   0.0000   0.0000 
  3  3  3  3   0.1000   1.0000   0.1000  -2.5000  -0.9000   0.0000   0.0000 
  0  1  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  2  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  2  3  0   0.0000   0.1000   0.0200  -2.5415   0.0000   0.0000   0.0000 
  0  1  1  0   0.0000  50.0000   0.3000  -4.0000   0.0000   0.0000   0.0000 
  0  3  3  0   0.5511  25.4150   1.1330  -5.1903  -1.0000   0.0000   0.0000 
  1  1  3  3  -0.0002  20.1851   0.1601  -9.0000  -2.0000   0.0000   0.0000 
  2  1  4  4   0.0000   0.0000   0.0000  -5.0000   0.0000   0.0000   0.0000 
  1  1  1  5   0.0000  19.3871   0.0103 -25.5765  -1.7255   0.0000   0.0000 
  5  1  1  5   0.0000  80.5586   0.1104  -8.0928  -1.7255   0.0000   0.0000 
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  0  1  5  0   4.0000  45.8264   0.9000  -4.0000   0.0000   0.0000   0.0000 
  0  5  5  0   4.0000  45.8264   0.9000  -4.0000   0.0000   0.0000   0.0000 
  2  1  3  5  -1.5000  13.7486   0.1710  -3.7686   0.0000   0.0000   0.0000 
  2  3  5  3  -0.3120  -1.7990   0.2371  -3.2710   0.0000   0.0000   0.0000 
  1  3  5  3  -1.5000  -2.5000   0.6794  -2.5000   0.0000   0.0000   0.0000 
  5  3  5  3  -1.5000   7.4600  -0.9075  -9.0000   0.0000   0.0000   0.0000 
  2  1  5  1   0.5984   7.2907   0.1161  -5.1321  -2.1802   0.0000   0.0000 
  2  1  1  5   0.2704  32.0532   0.2173  -5.3228  -2.1802   0.0000   0.0000 
  1  1  5  1   0.5864  32.4198  -0.2514  -8.4627  -1.6000   0.0000   0.0000 
  1    ! Nr of hydrogen bonds;at1;at2;at3;Rhb;Dehb;vhb1              
  3  2  3   2.1200  -3.5800   1.4500  19.5000 
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Appendix C: Supporting Information for Chapter 6. 

Mechanochemistry of Phosphate Ester Antiwear 

Additives Confined between Sliding Iron Surfaces 

Supplementary Figures 

 

Figure C. 1: Change in the number of intramolecular and intermolecular 

covalent bonds with sliding time for TNBP (a) and TSBP (b). 

Representative examples shown at 400 K and 2 GPa without sliding. Dashed 

lines show the individual contributions from bond formation (positive) and 

bond cleavage (negative), while dark lines show the change in the total 

number of bonds. 
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Figure C. 2: Variation in the number of intact phosphate ester molecules 

with sliding time. Dashed lines are results from the NEMD simulations, solid 

lines are exponential decay fits to the data. The effect of pressure on the 

dissociation of TNBP (a) and TBSP (b) at low temperature (300 K). The 

influence of pressure on the dissociation of TNBP (c) and TBSP (d) at high 

temperature (300 K). The effect of temperature on the dissociation of TNBP 

(d) and TBSP (e) at low pressure (1 GPa). 
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Figure C. 3: Arrhenius plots of ln(rate) versus 1000/T for TNBP (a) and 

TSBP (b) obtained at different pressures. From eq. ( 6.1 ), the intercept of 

the dashed lines gives A and gradient gives Ea. 

 

Figure C. 4: Concurrent increase in Ea and ln(A) for TNBP and TSBP from 

the 2D fits. 

 ΔV* [Å3] 

300 K 350 K 400 K 450 K 500 K 

TNBP 15 ± 8 10 ± 9 20 ± 4 17 ± 13 29 ± 5 

TSBP 8 ± 3 17 ± 13 19 ± 9 27 ± 8 28 ± 24 

Table C. 1: Calculated values of the activation volume, ΔV*, for TNBP and 

TSBP from the 2D fits to eq ( 6.1). The parameter ranges represent the 95 

% confidence intervals from the 2D fits 
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ln(A) [s-1] * Ea [kJ mol-1] * 

1 
GPa 

2 
GPa 

2.5 
GPa 

3 GPa 4 GPa 1 GPa 2 GPa 
2.5 

GPa 
3 GPa 4 GPa 

TNBP 24 ± 1 25 ± 1 26 ± 2  25 ± 1 26 ± 4 11 ± 4 16 ± 4 15 ± 8 18 ± 5 21 ± 9 

TSBP 25 ± 2 26 ± 1 25 ± 3 27 ± 2 28 ± 2 11 ± 7 15 ± 7 13 ± 10 20 ± 9 22 ± 9 

* using mean ΔV* from 300−500 K 

Table C. 2: Calculated values of the activation energy, Ea, and pre-

exponential factor, A, for TNBP and TSBP from the 2D fits to eq. ( 6.1 ). 

The parameter ranges represent the 95 % confidence intervals from the 2D 

fits. 

 
Figure C. 5: Temperature dependence of ΔV* for TNBP (a) and TSBP (b). 

Blue points are from the 2D fits, orange are from the 3D fits. Vertical bars 

indicate 95 % confidence intervals. 

 

Figure C. 6: Pressure dependence of Ea for TNBP (a) and TSBP (b). Blue 

points are from the 2D fits, orange are from the 3D fits. Vertical bars 

indicate 95 % confidence intervals. 
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Figure C. 7: Pressure dependence of ln(A) for TNBP (a) and TSBP (b). 

Blue points are from the 2D fits, orange are from the 3D fits. Vertical bars 

indicate 95 % confidence intervals. 

 
Figure C. 8: Comparison of the reaction rates calculated from the NEMD 

simulations and predicted using eq ( 6.1). R2=0.87 for TNBP and R2=0.82 

for TSBP. 
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Figure C. 9: Number density profiles for the C, O, and P atoms in the TNBP 

and TSBP molecules confined between the α-Fe(110) surfaces. 

Representative examples shown at 400 K and 2 GPa. 

Uncertainty 
 

We estimate the confidence bounds, c, for the parameters used in the fits to 

eq. ( 6.1) by: 

𝑐 =  𝑎 ±  𝑡𝑛,𝛼/2 √𝑆 , 

where a are the coefficients obtained in the fits, 𝑡𝑛,𝛼/2 is the Student’s t score 

for n degrees of freedom and 1 − 𝛼 confidence level, and 𝑆 are the diagonal elements 

from the estimated covariance matrix of the coefficients. 
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Appendix D: A ReaxFF Force Field for ZDDP 

This appendix shows preliminary work done in the development of ReaxFF 

parameters for ZDDP carried out by the author. The developed parameters will 

enable the first reactive MD simulations of ZDDP in order to virtually observe in 

situ mechanisms taking place under different conditions (shear, temperature, 

substituents, chemical environment…). This is expected to be a critical step in the 

long-standing scientific pursuit of understanding tribofilm formation.  

The parameterisation uses a DFT training set, developed by the author, 

consisting of several potential energy surface (PES) scans of ethyl-substituted 

ZDDP and isomers (see Figure D. 1), including bonds, angles and dihedrals; the 

different (multi-step) unimolecular reactions considered by Mosey and Woo in Ref. 

[134] as precursors for the polyphosphate tribofilms (including different alkyl group 

transfers and olefin elimination mechanisms); and the geometries of several relaxed 

structures, including reaction intermediates and a number of substituents. This 

training set was combined with other sets in the literature for some of the 

parameters in ZDDP systems.  A large and detailed training set is required since 

ZDDP compounds are complex and difficult to model in ReaxFF; the combination 

of weak and strong interactions, as well as atoms that can adopt different valency 

states (Zn, P) makes this task particularly challenging.  
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Figure D. 1: Ethyl-substituted ZDDP structure used for PES (scans) and 

some isomers). Relevant atomic indices are included for reference in the 

following scans. 

We employed the ReaxFF training sets developed for C/H/O/Fe/P-

containing systems by Khajeh et al. [205] They used the Fe/O/H parameters that 

were originally developed by Aryanpour et al. [465], the Fe/C parameters due to 

Zou et al. [399], the P/O/C/H parameters due to Verlackt et al. [400] and the 

C/H/O parameters due to Chenoweth et al. [194]. We also employed the training 

set for Zn/O/H systems developed by Raymand et al. [466] 

DFT calculations were carried out using the ADF software [467], which 

employs Slater-Type Orbitals (STOs) [468] basis functions. Triple-zeta basis sets 

with two polarization functions (TZ2P) were used. The PBE functional was used 

[411] as it was found to be accurate on similar systems [59,60]. A ZORA 

pseudopotential [469] with frozen levels below 2p was used for Zn. For the PES 
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scans, the relevant coordinate was fixed at given values while the molecule was 

allowed to relax along any other degree of freedom. When indicated, some extra 

restraints were added to prevent, e.g., the molecule rearranging in order to saturate 

a dangling bond that was intentionally created as part of a scan.  

A covariance matrix adaptation evolution strategy (CMA-ES) was used for 

an initial global parameter search, and was later refined with the single-parameter 

iterative algorithm commonly used with ReaxFF.  

All the reactions considered by Mosey and Woo [112] (not included here) 

were reproduced by relaxing intermediate states and using a combination of nudged 

elastic band (NEB) with the climbing image algorithm [138], and the converged 

transition state was further optimised by following the lowest vibration mode until 

finding a state with a single “negative” mode.  

 

Figure D. 2: S-P distance scan.  
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Figure D. 3: P-O distance (alkoxy dissociation). At far distances, the 

dangling bond of the oxygen results in lower energies in a triplet state than 

in the bonded singlet state (crossover considered in the scan). 

 

Figure D. 4: P-S distance (thiolate dissociation) in the LI1 isomer, following 

the naming used in Ref. [134]. 

 

Figure D. 5: Zn-S distance in the “first” Zn-S bond dissociation (Zn-S(4); 

from a Zn coordination of 4 to a coordination of 3).  
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Figure D. 6: Zn-S distance in a “second” Zn-S bond dissociation (Zn-S(9), 

in the opposite DTP of the initial cleavage). Zn-S(4) distance fixed at 5 Å.  

 

Figure D. 7: Zn-S distance in a different “second” Zn-S bond dissociation 

(Zn-S(2); in the same DTP as the initial cleavage). Atomic coordinates of 

the upper DTP fixed in the plane perpendicular to the bond to force a 

straight dissociation. 

 

Figure D. 8: Initial finite temperature ReaxFF tests resulted in unphysical 

structures. To prevent this, these structures were added to the training set, 

as well as the reaction path between them and a DFT-relaxed ZDDP 

structure. This figure shows one such example for a ring structure replacing 

the Zn core structure.  
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Figure D. 9: S(4)-Zn-S(2) angle. 

 
Figure D. 10: in this PES scan, two geometrically equivalent angles were 

scanned simultaneously: S(4)-Zn-S(9) and S(2)-Zn-S(11), in order to twists 

both DTPs from perpendicular to parallel orientations.  


