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Abstract 
 

The extreme conditions in between sliding surfaces promote chemical reactions known as 

tribochemical reactions. There are two types of tribochemical reaction in systems with lubricant 

inserted in between the surface layers. The first type is the reaction among the lubricant bulk 

molecules and the second are reactions between the lubricant molecule and the surfaces.  A class 

of tribochemical reactions which promote lubrication is known as functional lubrication. 

In this dissertation, a systematic study of tribochemical reactions of Me(C=S)X molecules 

(X is -H, -CH3, -Cl, -F, -CF3 and -NH2) in between the layers of MgO are explored using the 

FPMD.  The objective is to understand how various functional groups affect both types of 

tribochemical reactions. Each type of tribochemical reaction required separate simulation models 

to decrease computational expenses.  

The results of simulations in which systems of bulk Me(C=S)X molecules were 

compressed revealed that the first pressure-induced reaction was the dimerization through the 

formation of C-S bond between two monomer molecules. The pressures at which this reaction 

occurred was dependent on the functional group –X. The effect of the substituent on the 

dimerization pressure was established using the Energy Decomposition Analysis. Compression 

also resulted in oligomerization reaction through the formation of S-S bond.  

The tribochemical reactions between Me(C=S)X molecules and surfaces were studied by 

compressing Me(C=S)X molecules inserted in between two layers of MgO. The results of 

simulations indicated that Me(C=S)X molecules form C-O or S-O bonds with the surface. The 

formed C-O and S-O bonds destabilized the cubic structure of MgO through the dissociation of 

Mg-O bonds. 
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Simulations of sliding surfaces were performed with Me(C=S)X inserted in between the 

MgO layers. The results of the simulations indicated that most tribochemical reactions of 

Me(C=S)X molecules inhibited sliding. Me(C=S)H and Me(C=S)Me molecules required 

additional larger scale simulation to determine their functional lubrication ability.   

 
  



 iv 

Acknowledgements  
 

I would like to thank my supervisor Nicholas Mosey for his guidance and support through 

my graduate studies. It was a pleasure to work under a person with such a deep knowledge base. I 

would like to thank Dr. Carrington and Dr. Wu for providing helpful feedbacks regarding my 

dissertation. It was a pleasure to TA under Dr. Kozin for the CHEM 39X course. I had the 

opportunity to improve various physical and computational labs of that course.  I am very thankful 

for the School of Graduate Studies for their financial support and opportunities for the professional 

development. The Mitacs courses definitely were the best courses I have taken at Queen’s. I feel 

that the PhD Community initiative program offered by the School of Graduate Studies was one of 

the best experiences  

My family were very supportive of me and now they are all exited for me to finally finish 

the school and join the real-world. I am very thankful for the present and past members of the 

Mosey group, especially Gurpaul, Stephanie and Laura. My fellow graduate students, Swing 

dancers and KTC tennis players were integral parts of my time in Kingston.  

 

 
 
  



 v 

Table of Contents 

ABSTRACT ................................................................................................................................................ II 
ACKNOWLEDGEMENTS ..................................................................................................................... IV 
LIST OF FIGURES ............................................................................................................................... VIII 
LIST OF TABLES .................................................................................................................................... XI 
LIST OF SYMBOLS .............................................................................................................................. XII 
LIST OF ABBREVIATIONS ............................................................................................................... XIV 
CHAPTER 1: GENERAL INTRODUCTION ..........................................................................................1 

1.1.1. Friction ........................................................................................................................................1 
1.1.2. Tribochemistry ............................................................................................................................2 
1.1.3. Functional Lubrication ...............................................................................................................3 
1.1.4. Applications of Functional Lubrication ......................................................................................4 
1.1.6. Experimental Methods ................................................................................................................5 
1.1.7. Classical Simulation Methods .....................................................................................................7 
1.1.8. Quantum Simulation Methods .....................................................................................................8 
1.1.9. Previous Work ...........................................................................................................................10 

1.2. GOALS AND SCOPE ............................................................................................................................12 
REFERENCES ............................................................................................................................................14 

CHAPTER 2. CHEMICAL SIMULATION METHODS ......................................................................20 
2.1. QUANTUM MECHANICS ....................................................................................................................20 

2.1.1. The Fundamentals of Quantum Mechanics ...............................................................................20 
2.1.2. Hartree-Fock .............................................................................................................................22 
2.1.3. Post-Hartree-Fock methods ......................................................................................................25 
2.1.4. Complete Active Space Self Consistent Field ............................................................................26 
2.1.5. Density Functional Theory ........................................................................................................27 
2.1.6. Localized Basis Sets ..................................................................................................................31 
2.1.7. Planewave Basis Sets ................................................................................................................34 

2.2. FIRST-PRINCIPLES MOLECULAR DYNAMICS ....................................................................................39 
2.2.1. Molecular dynamics ..................................................................................................................39 
2.2.2. First-Principles Molecular Dynamics .......................................................................................41 

2.2.2.1. Born-Oppenheimer Molecular Dynamics ............................................................................................................ 42 
2.2.2.2. Car-Parrinello Molecular Dynamics .................................................................................................................... 43 

2.2.3. Controlling Temperature in the FPMD Simulations ................................................................46 
2.2.4. Controlling Pressure in the FPMD Simulations .......................................................................47 
2.2.5. Compression ..............................................................................................................................49 
2.2.6. Shearing ....................................................................................................................................50 

REFERENCES ............................................................................................................................................53 
CHAPTER 3: HIGH PRESSURE CHEMISTRY OF THIOALDEHYDES: A FIRST-PRINCIPLES 
MOLECULAR DYNAMICS STUDY .....................................................................................................55 

3.1. INTRODUCTION .................................................................................................................................55 
3.2. COMPUTATIONAL DETAILS ...............................................................................................................58 
3.3. RESULTS AND DISCUSSIONS .............................................................................................................60 

3.3.1. Description of the P-induced Reactions ....................................................................................60 
3.3.2. Closed-shell reactions ...............................................................................................................62 

3.3.2.1. Closed-shell Reaction Mechanisms ..................................................................................................................... 62 
3.3.2.2. Energetics of C-S Bond Formation ...................................................................................................................... 67 

3.3.3. Open-shell Reactions. ...............................................................................................................69 



 vi 

3.3.3.1. Accumulation of Net Spin Density ...................................................................................................................... 70 
3.3.3.2. Mechanism for the Diradical Formation .............................................................................................................. 74 

3.3.4. Comparison with MeC(H)O ......................................................................................................76 
3.4. CONCLUSIONS ...................................................................................................................................80 
REFERENCES ............................................................................................................................................82 

CHAPTER 4 PRESSURE-INDUCED REACTIONS OF ME(C=S)X .................................................86 
4.1. INTRODUCTION .................................................................................................................................86 
4.2. COMPUTATIONAL DETAILS ...............................................................................................................88 
4.3. RESULTS AND DISCUSSIONS .............................................................................................................89 

4.3.1. Compression Results .................................................................................................................89 
4.3.2. Energetics ..................................................................................................................................92 
4.3.3. Open-shell reactions .................................................................................................................96 
4.3.4. Localized Molecular Orbital – Energy Decomposition Analysis (LMO-EDA) ....................102 

4.3.4.1. Energy Decomposition Analysis (EDA) ............................................................................................................ 104 
4.4. CONCLUSIONS .................................................................................................................................108 
REFERENCES ..........................................................................................................................................109 

CHAPTER 5: CHEMICAL RESPONSE OF THIOALDEHYDES TO COMPRESSION 
BETWEEN MAGNESIUM OXIDE SURFACES: A FIRST-PRINCIPLES MOLECULAR 
DYNAMICS STUDY ...............................................................................................................................112 

5.1. INTRODUCTION ...............................................................................................................................112 
5.2. COMPUTATIONAL DETAILS .............................................................................................................116 
5.3. RESULTS AND DISCUSSIONS ...........................................................................................................118 

5.3.1. Pressure-Induced Structural Changes ....................................................................................119 
5.3.1.1. Reactions among Me(C=S)H Molecules ........................................................................................................... 121 
5.3.1.2. Reactions between Me(C=S)H Molecules and the Surface ............................................................................... 122 

5.3.2. Loads required to induce reactions .........................................................................................126 
5.3.2.1. GPa Load Equilibration ..................................................................................................................................... 127 
5.3.2.2 5 GPa Load Equilibration ................................................................................................................................... 127 
5.3.2.3. 7 GPa Load Equilibration .................................................................................................................................. 129 
5.3.2.4 10 GPa Load Equilibration ................................................................................................................................. 131 

5.4.CONCLUSIONS ..................................................................................................................................133 
REFERENCES ..........................................................................................................................................134 

CHAPTER 6 COMPRESSION OF ME(C=S)X MOLECULES IN BETWEEN MGO LAYERS ..139 
6.1. INTRODUCTION ...............................................................................................................................139 
6.2. COMPUTATIONAL DETAILS .............................................................................................................140 
6.3. RESULTS AND DISCUSSIONS ...........................................................................................................141 

6.3.1. The Compression Results of Me(C=S)X .................................................................................141 
6.3.2. Constant Load Simulations .....................................................................................................145 

6.3.2.1. 0-5 GPa Load Equilibrations ............................................................................................................................. 146 
6.3.2.2. 7 GPa Load Equilibrations ................................................................................................................................. 147 

6.3.3. Charge Density Differences ....................................................................................................150 
6.3.3.1.Surface Effect on the Stress-Induced Reactions ....................................................................155 

6.4. CONCLUSIONS .................................................................................................................................157 
REFERENCES ..........................................................................................................................................157 

CHAPTER 7: SHEARING OF ME(C=S)X MOLECULES IN BETWEEN MGO LAYERS .........159 
7.1. INTRODUCTION ...............................................................................................................................159 
7.2. COMPUTATIONAL DETAILS .............................................................................................................160 
7.3. RESULTS AND DISCUSSIONS ...........................................................................................................162 

7.3.1. Low Load Shearing .................................................................................................................163 
7.3.2. Medium Load Shearing ...........................................................................................................166 
7.3.4. High Load Shearing ................................................................................................................168 



 vii 

7.3.4.1.Shearing of the C-O Type Me(C=S)H System ................................................................................................... 169 
7.3.4.2. Shearing of S-O Type Me(C=S)H System ........................................................................................................ 170 
7.3.4.3. Shearing of Me(C=S)F and Me(C=S)CF3 ......................................................................................................... 172 
7.3.4.4. Shearing of Me(C=S)NH2 .................................................................................................................................. 174 

7.4. CONCLUSIONS .................................................................................................................................176 
REFERENCES ..........................................................................................................................................177 

CHAPTER 8: CONCLUSIONS AND FUTURE WORK ....................................................................179 
REFERENCES ..........................................................................................................................................181 

 
  



 viii 

List of Figures 
 
Figure 1.1. Types of tribochemical reactions observed in sliding lubricated surfaces. 3 
Figure 2.1. Visual representation of Slater (red) and Gaussian (blue) type orbitals. 32 
Figure 2.2. The comparison of contracted Gaussian (black) which is the summation 
of three Gaussian function (purple, blue and green) with a Slater orbital (red).  

33 

Figure 2.3. An example of the periodic boundary condition of bulk thioaldehydes 
molecules. 

37 

Figure 2.4. A schematic representation of Born-Oppenheimer molecular dynamics 
(BOMD). The wavefunction optimization occurs at every timestep. 

43 

Figure 2.5. A schematic representation of Car-Parrinello molecular dynamics 
(CPMD). The wavefunction optimization occurs only at the beginning of simulation 

45 

Figure 2.6. The compression simulation of Me(C=S)NH2  molecules compressed in 
between of layers of MgO. 

50 

Figure 2.7. The shearing simulation of Me(C=S)NH2  molecules sheared in between 
of layers of MgO. 

51 

Figure 2.8. A representative example of shear stress plot as a function shearing 
distance. 

52 

Figure 3.1. Representative products of the reactions observed during the FPMD 
simulations 

61 

Figure 3.2. Mechanism for the formation of Me(C=S)H oligomers via C-S bond 
formation. 

63 

Figure 3.3. Mechanism for the formation of a cyclic Me(C=S)H trimer via the 
simultaneous formation of two C-S bonds between an Me(C=S)H dimer and an 
Me(C=S)H monomer. 

65 

Figure 3.4. Mechanism for the termination of oligomerization via proton transfer. 66 
Figure 3.5. Changes in Helmholtz free energy, DA, as a function of constrained C-S 
distance, dC-S, for the formation of a C-S bond between two Me(C=S)H molecules. 

69 

Figure 3.6. Number of unpaired electrons, nu, as a function of pressure during the 
compression of Me(C=S)H . 

71 

Figure 3.7. Isosurface plots of the net spin density in a collection of two Me(C=S)H 
dimers and one Me(C=S)H molecule that react to yield a pentamer with a singlet 
diradical electronic structure. 

71 

Figure 3.8. Shapes of the HOMOs and LUMOs on two Me(C=S)H dimers forming 
a tetramer with a singlet diradical electronic structure consistent with the isosurface 
plots in Figure 3.7. 

74 

Figure 4.1. The stable Me(C=S)Y  species formed during the compression to Pmax 
of 30 GPa. 

91 

Figure 4.2. The Proposed reaction mechanism for formation of the Me(C=S)Cl 
trimer with S-S-S bond. 

92 

Figure 4.3. The Helmholtz free energy profiles of Me(C=S)F and Me(C=S)Cl. 95 
Figure 4.4. The Helmholtz free energy of Me(C=S)Me and Me(C=S)CF3. 96 
Figure 4.5. Diradical evolution of within the Me(C=S)Me trimer. 98 
Figure 4.6. The geometrical difference between open-shell and closed-shell dimer 
of Me(C=S)CF3.  

100 



 ix 

Figure 4.7. The HOMO and LUMO of both closed-shell and open-shell 
Me(C=S)CF3 dimer molecule. 

101 

Figure 4.8. The relationship between initiation pressure of Me(C=S)Y species and 
their corresponding H-L gap. 

103 

Figure 4.9. The calculated electrostatic interaction energy relationship with the 
initiation pressure. 

106 

Figure 4.10.  The calculated Pauli interaction energy relationship with the initiation 
pressure. 

107 

Figure 4.11. The calculated orbital relaxation interaction energy relationship with 
the initiation pressure. 

108 

Figure 5.1. A schematic representation of types of tribochemical reactions that can 
occur in compressed lubricated systems. 

115 

Figure 5.2. Structure of a system consisting of ten Me(C=S)H molecules between 
two MgO slabs at pressures of (a) 0, (b) 3 GPa, and (c) 20 GPa. 

120 

Figure 5.3. Thickness of a system consisting of two layers of MgO separated by ten 
Me(C=S)H molecules as L is increased from 3 to 20 GPa. 

121 

Figure 5.4. A Me(C=S)H pentamer present after compressing a system containing 
ten Me(C=S)H molecules between two MgO surfaces to a load of ~18 GPa. 

122 

Figure 5.5. (a) Structure of an Me(C=S)H trimer and an Me(C=S)H monomer 
bonded to the MgO surface at a load of ~18 GPa. 

123 

Figure 5.6. (a) Structure after the transfer of a proton from an Me(C=S)H molecule 
to the MgO surface. 

125 

Figure 5.7. (a) Me(C=S)H tetramer bonded to the MgO surface through an S-O 
bond at L ~ 20 GPa. 

126 

Figure 5.8. (a) A Me(C=S)H dimer formed during the equilibration of Me(C=S)H 
molecules between MgO layers with a 5 GPa external load. (b) The Me(C=S)H 
trimer formed at a 7 GPa load. (c) A Me(C=S)H molecule binds to MgO surface. (d) 
A hexamer of Me(C=S)H bound to the MgO surface observed at a 10 GPa load. 

128 

Figure 5.9. The CDD isosurface plots of (a) an Me(C=S)H molecule bound to the 
MgO surface through a carbon-oxygen bond observed at L ~ 7 GPa. 

130 

Figure 5.10. The CDD isosurface plots of several Me(C=S)H-derived species 
bonded to the MgO surface at L = 10 GPa. 

132 

Figure 6.1. The structure of the Me(C=S)Me system compressed in between the 
MgO layer at L of ~19 GPa. 

142 

Figure 6.2. Structure of the Me(C=S)F system bonded to the MgO surface at L ~18 
GPa. 

143 

Figure 6.3. Structure of Me(C=S)NH2  monomer bonded to the MgO surface at a L 
~20 GPa. 

144 

Figure 6.4. Structure of Me(C=S)CF3 monomer bonded to the MgO surface at L 
~20 GPa. 

144 

Figure 6.5. Examples of hydrogen transfer of Me(C=S)X species to the surface at 
low loads 

147 

Figure 6.6. An Me(C=S)NH2  molecule binds to the MgO surface through the 
formation C-O and N-Mg bonds at L ~ 7 GPa. 

148 

Figure 6.7. a) The bidentate dimer of Me(C=S)NH2  formed during the equilibration 
of Me(C=S)NH2 in between MgO layers at L ~ 10 GPa. There is N-Mg bonding to 

149 



 x 

the MgO surface. b) Me(C=S)Me molecule binds to MgO surface at L ~ 10 GPa c) 
Me(C=S)F molecule binds to the MgO surface with a subsequent transfer of fluoride 
to the surface to stabilize the formal charges. 
Figure 6.8. a Me(C=S)CF3 molecule binds to the surface through an S-O bond at 10 
GPa shown on the left 

150 

Figure 6.9. The CDD isosurface plot of an Me(C=S)NH2  in process of donating 
hydrogen to the MgO surface observed at L ~ 4 GPa. 

152 

Figure 6.10. The CDD isosurface plots Me(C=S)X species observed at L ~ 8-10 
GPa 

153 

Figure 6.11. The CDD isosurface plots of a Me(C=S)CF3 forming an S-O bond with 
the surface. 

155 

Figure 7.1. The structure of two MgO layers before the shearing (on the left), 
during the shearing along the yz direction (centre) and after the slip (on the right) 
under the constant load of 10 GPa and a shearing rate of 1 Å/ps.   

162 

Figure 7.2. The tracked shear stress two MgO layers under the constant L of 10 
GPa. 

163 

Figure 7.3. The tracked shear stress of eight Me(C=S)Me molecules inserted 
between two MgO layers with constant L ~ 3 GPa. 

164 

Figure 7.4. The left shearing evolution of Me(C=S)NH2  in between two layers of 
MgO surfaces under the L of 4 GPa. 

165 

Figure 7.5. The Shear stress evolution of the Me(C=S)NH2  sheared in between two 
layers of MgO at L ~ 4 GPa.  A gradual increase in shear stress was observed. 

165 

Figure 7.6. The left and right shearing evolution of Me(C=S)NH2  in between two 
layers of MgO surfaces under the L of 8 GPa. 

167 

Figure 7.7. The shear stress evolution of the Me(C=S)NH2  sheared in between two 
layers of MgO. 

168 

Figure 7.8. The left and right shearing of the C-O Me(C=S)H system the L ~ 10 
GPa. 

169 

Figure 7.9. The shear stress evolution of the Me(C=S)H sheared in between two 
layers of MgO under the L of 10 GPa. 

170 

Figure 7.10. The left and right shearing of the S-O Me(C=S)H systems in between 
two layers of MgO surfaces under the L of 10 GPa.  

171 

Figure 7.11. The shear stress evolution of the Me(C=S)H sheared in between two 
layers of MgO with S-O type of interactions under the L of 10 GPa. 

171 

Figure 7.12. The left shearing evolution of Me(C=S)F in between two layers of 
MgO surfaces under the L of 10 GPa. 

172 

Figure 7.13. The right shearing evolution of Me(C=S)CF3 in between two layers of 
MgO surfaces under the L of 10 GPa. 

173 

Figure 7.14. The left shear stress evolution of the Me(C=S)F and right of 
Me(C=S)CF3 sheared in between two layers of MgO. 

174 

Figure 7.15. The right shearing evolution of Me(C=S)NH2  in between two layers of 
MgO surfaces under the L of 10 GPa. 

174 

Figure 7.16. The left shearing evolution of Me(C=S)NH2  in between two layers of 
MgO surfaces under the L of 10 GPa. 

175 

Figure 7.17. The shear stress evolution of the Me(C=S)NH2  sheared in between 
two layers of MgO under the L ~ 10 GPa. 

176 



 xi 

 

List of Tables  
 
Table 3.1. Bulk band gap (Egap) at P=0 GPa, and molecular HOMO-LUMO gap (DeHL), 
electron affinity (EA), ionization energy (I), and chemical hardness (h) of MeC(H)O and 
Me(C=S)H. Molecular properties were calculated at the PBE/6-311++G(2d,p) level of 
theory. 
 

77 

Table 4.1. The HOMO-LUMO gap of Me(C=S)Y  (where Y=-H, -CH3, -Cl, -F, and -
CF3) monomer calculated using the PBEPBE/6-311++G(2d,p) level of theory.  
 

103 

Table 4.2. MP2/ACCD calculated LMO-EDA energies of Me(C=S)X monomers. 
 

105 

Table 6.1. The gas-phase binding energies of Me(C=S)X monomer molecules to the 
MgO surface. Me(C=S)Me, Me(C=S)F and Me(C=S)NH2  formed a C-O bond whereas 
Me(C=S)CF3 formed an S-O bond with the surface. 
 

156 

  



 xii 

List of Symbols 
 
a, b, c  Lattice parameters 

x,y,z Particle coordinates 

N Number of particles 

Ψ, ψ The wavefunction of the system 

 Ĥ  Hamiltonian operator 

E  Energy eigenvalue of systemϕ 

Å Angstrom 

μ Friction coefficient 

Ω Cell Volume 

Δ Delta change 

𝛿 Displacement distance 

ρ Electron density 

φ Basis function 

𝛻2 Laplacian Operator 

𝜕 Differential sign 

h The Plank constant 

ħ  h/2π are the Plank constant 

V Potential energy  

r Position  

m Mass  

Z Particle charge 

ϕ Atomic basis function 

𝜘 Spin orbital 

F Fock matrix 

S Overlap matrix 



 xiii 

P Density matrix 

𝜀 Energy eigenvalue 

M Number of nuclei  

T Kinetic energy 

J Coulomb component 

K Exchange component 

l Principal quantum number  

G Reciprocal lattice vector 

𝑣 Speed 

U Potential energy of a classical system 

𝜆 Lagrange multiplier 

𝜇 Fictitious mass  

𝝈 Stress tensor 

P  Pressure 

W Fictitious mass Parrinello-Rahman formalism 
 
  



 xiv 

List of Abbreviations 
 
AFM Atomic Force Microscopy 
BOMD Born-Oppenheimer Molecular Dynamics  
CASSCF Complete Active Space Self-Consistent Field 
CDD Charge Density Difference 
CPMD Carr-Parrinello Molecular Dynamics  
DFT Density Functional Theory 
EDA Energy Decomposition Analysis 
FPMD First-Principles Molecular Dynamics  
GGA  Generalized Gradiate Approximation  
GPa Giga Pascal 
GTO Gaussian Type Orbital 
H-L HOMO-LUMO 
HF  Hartree Fock 
HOMO Highest Occupied Molecular Orbital 
L Load 
LMO Localized Molecular Orbital 
LUMO Lowest Unoccupied Molecular Orbital 
MCSCF Multi-Configurational Self-Consistent Field 
MD Molecular Dynamics  
Me Methyl group 
MEMS Micro-Electro-Mechanical Systems 
MOM Metal-on-Metal 
MP Moller-Plesset  
NEMS Nano-Electro-Mechanical Systems 
P Pressure 
PAW Projected-Augumentated Wavefunctions 
PBC Periodic Boundary Condition 
PBE Perdew–Burke-Ernzerhof 
PP Pseudopotential 
PR Parrinello-Rahman 
QM Quantum Mechanics 
SCF Self-Consistent Field 
STO  Slater Type Orbital 
TEM Transmission Electron Microscopy 
TM Troullier Martin 
XC Exchange Correlation 
XPS X-ray photoelectron spectroscopy 
ZDDP Zinc Dialkylodithiophospate 

 
  
 

 



 1 

Chapter 1: General Introduction 
1.1.1. Friction 
 

Friction is a force that resists the motion of sliding surfaces. Friction is a well-known 

physical phenomenon with many important applications in many areas.1 In the context of 

transportation, approximately thirty percent of the energy produced is used to toward overcoming 

friction in mechanical parts in passenger cars.2 Approximately another third of produced energy is 

used to overcome frictional forces keep vehicles moving. Therefore, the majority of energy 

produced in vehicles is used to overcome friction. Lubricants are inserted in between surfaces to 

decrease friction. The composition of generic for vehicle applications lubricants are approximately 

ninety percent mineral oil, with additives comprising the remainder.3 Mineral oil is chosen because 

of its ability to absorb the energy generated by sliding surfaces and to stay relatively chemically 

inert.  

Friction has been studied since ancient times, yet its fundamental origin and mechanism of 

action remain unknown.4–6 The challenge is that friction is a macroscopic phenomenon but its 

origin has a microscopic source. At the macroscopic level, the concept of a friction coefficient was 

developed. This quantity relates the friction force to the normal load acting on the sliding surfaces7. 

At the microscopic level, the contact points between surfaces are known as asperity points.8 These 

are the microscopic hills forming the points of contact between sliding surfaces. Extreme 

temperatures and pressures occur where asperities collide, with temperatures reaching thousands 

of Kelvins and pressure reaching tens to hundreds of GPa.9 These extreme conditions can cause 

major changes at the local surfaces, such as wear and chemical reactions. These types of reactions 

are known as tribochemical reactions.  
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1.1.2. Tribochemistry 

Tribochemistry is the science of studying sliding surfaces from a chemical perspective.10 

Tribochemistry is a sub-discipline of tribology, the science concerned with interacting sliding 

surfaces and related phenomena such as friction, wear and lubrication. In sliding surfaces, the 

direct contact between asperity points results in the asperity flash temperature.11 The asperity flash 

temperature occurs close to or at the area of true contact and has a short lifetime.12 This large input 

of thermal energy coupled with shear-induced stresses is capable of inducing tribochemical 

reactions in between sliding surfaces. Two types of tribochemical reactions can occur in a system 

with lubricants molecules present between the sliding surfaces presented in Figure 1.1. The first 

type of reactions is among bulk lubricant molecules (shown as the yellow circles in Figure 1.1) 

and the second type is between the lubricant molecules and the surfaces (presented as the red 

circles in Figure 1.1).13 Frequently-observed tribochemical reactions are oxidation reactions, 

decomposition of organic compounds, polymerization reactions among lubricant molecules and 

lubricant molecules binding to the surface.10 Hsu et. al. discovered that hydrocarbon based oils 

and iron oxides react under tribochemical conditions through thermochemical and organometallic 

reactions.14 A study conducted by Akbulut et. al. found that surface roughness had influence on 

the tribochemical reactivity as at first rough surfaces were more reactive than initially smooth 

ones.15 
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Figure.1.1. Types of tribochemical reactions observed in sliding lubricated surfaces. The blue 
circles denotes the unreacted lubricant molecules. The red circles are the lubricant molecules 
tribochemically reacted with the surface. The yellow circles are the reacted lubricant bulk.  
 
1.1.3. Functional Lubrication 
 

A lubrication scheme that relies on the changes in properties that arise through 

tribochemical reactions is known as functional lubrication.10,16 An example of functional 

lubrication in a human body is the in-house production of lubricant fluids by chondrocytes in 

articular cartilage in response to mechanical stress.17 In another process, a series of proteins form 

multiple putative boundary lubrication layers which help artificial cartilage mimic the behaviour  

of natural cartilage. The popularity of metal-on-metal (MOM) hip joints led to the new research 

area of studying the tribochemical reactions that MOM alloys might experience.18,19 The 

lubrication of MOM joints is enhanced by having various proteins undergo tribochemical reactions 

to form a protective film on the MOM surface.19 The formed films also reduced the contribution 

of adhesion and abrasion to wear. In the automobile industry, zinc dialkylodithiophospate (ZDDP) 

is a well known functional lubricant which is added to engine lubricants to promote the formation 

of protective films which prevent wear in sliding contacts.20–23 ZDDP reacts with the surface and 
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forms a protective film layer which protects the surfaces from wear. The ZDDP films can also act 

as corrosion inhibitors and antioxidants.23 In the current trend where the automobile industry is 

trying to reduce the sulphur content of oils, it has proven difficult to find a suitable replacement 

for ZDDP due to its widely useful tribochemical reactions.24 

There are tribochemical reactions that are undesirable in the context of lubrication. The 

common undesirable types of reactions are oxidation14,19,25–27 and corrosion in sliding 

surfaces.14,28,29 Oxidation reactions are undesirable because they can increase the viscosity of the 

lubricant and lead to chemical decomposition of lubricant molecules.29 Tribochemical reactions 

can also cause corrosion in MOM alloys, which can greatly affect the longevity of MOM devices.30 

These physical and chemical alterations of lubricant molecules will significantly diminish the 

ability to promote lubrication. A study by Hsu and Gates indicated that the rate of oxidation 

reactions of hydrocarbon-based lubricant molecules was highly dependent on chemical 

composition of sliding surfaces.14 Understanding what kind of tribochemical reactions inhibit 

lubrication will allow one to know what kind of reactions to avoid in designing functional 

lubricants.  

1.1.4. Applications of Functional Lubrication 
 

Tribological phenomena such as adhesion, friction and wear become significantly more 

important as the scale of sliding contacts diminishes from macro to nanoscales.16 Most of 

microscale and nanoscale mechanical devices such as Micro/Nano electrical mechanical systems, 

MEMS and NEMS, are built with silicon-based materials. Silicon oxide has a large friction 

coefficient and is prone to wear under surface sliding conditions.31 The costs of producing MEMS 

and NEMS devices are high and can contribute to up to eighty percent of total production cost.32 

Conventional oil-based lubricants are too heavy for these devices. Asay et al discovered that 
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introduction of alcohol gas in between MEMS sliding surfaces, protected the surfaces from wear.16 

The alcohol molecules under the extreme sliding conditions polymerized and formed a wear 

protective film. However, the excessive formation of polymer films near the electrical contact 

points of MEMS devices is undesirable because they affect the performance by physically 

separating the conductive electrode surfaces.33 These findings suggest that one must be able to 

control tribochemical reactions for MEMS/NEMS lubrication applications.  

There are tribochemical reactions that are able to decrease the friction coefficient to 

ultralow values.34–36 The physical phenomenon where the friction coefficient is below 0.01 is 

known as superlubricity. Superlubricity was observed when glycol molecules were inserted in 

between sliding diamond-carbon coated steel surfaces.37 The reaction of glycerol molecules and 

the surface to form OH-terminated surfaces resulted in an ultralow friction coefficient. 

Superlubricity was also achieved when phosphoric acid was introduced between glass/Si3N4.35 The 

hydrates of phosphoric acid formed hydrogen bonded solid-like films which allowed the friction 

coefficient to be < 0.01. Tribochemical reactions of diketones in between sliding steel surfaces can 

also result in ultralow friction coefficient of 0.005.16 The tribochemical chelation of the diketones 

to the steel surfaces resulted in the ultralow sliding conditions. Li el al tested a series of diketones 

with different alkyl chain lengths, and they noticed if the chain was too short the chelation occurred 

in static conditions, and if the chain was too long the chelation reaction rate was too slow to protect 

the surfaces. Therefore, the chemical composition of lubricant molecule heavily influences its 

tribochemical activity and needs to be investigated in details. 

1.1.6. Experimental Methods  
 

There are a large number of experimental techniques that are used to explore friction, wear 

and lubrication. These techniques range from methods such as Cameron-Plint machines and four-
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ball tests that simulate sliding at the macroscopic level to techniques such as atomic force 

microscopy (AFM) that can be used to examine interactions at the level of contacts between 

individual asperities.16,38–40 The traditional techniques are useful for applications such as 

determining friction coefficients and examining the relationships between wear rates and sliding 

conditions. The asperity scale techniques like AFM provide detailed insights into interaction forces 

and mechanical properties at the resolution of individual asperities. The combination of these two 

types of methods has been used to investigate tribological phenomena in the context of lubrication. 

However, it is difficult to extract information regarding the changes in chemical bonding and 

structure that occur within the sliding contacts and thus they are limited in their abilities to provide 

information that is needed to examine tribochemical reactions. 

The prominent experimental methods used to study tribochemical reactions in sliding 

surfaces are Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), Auger electron 

microscopy and transmission electron microscopy (TEM).41–47 In situ Raman spectroscopy is a 

popular choice to study tribochemical reactions because it can monitor the chemical change during 

the sliding process.41,42 The drawback of using Raman spectroscopy is the challenge of correctly 

to interpret the spectrum. The peak assignment of Raman spectra is a difficult process. One of the 

most efficient analytical methods to determine chemical composition on surfaces is XPS.43–45 XPS 

is widely used to study surface science and provides the empirical formula of compounds on the 

surface of interest.48 However, the XPS sample preparation which require use of solvent to clean 

the surfaces can result in the loss of tribochemical products formed on the surface layer. The 

interpretation of XPS spectra is difficult because it produces binding energies and the peak 

assignments are under debate.49 TEM can provide crucially important visual information on the 

effects of reactions on the surface.18,44,46,47 The sample preparation for TEM is similar to XPS 
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which means the TEM can also produce incorrect results. Raman spectroscopy, XPS, TEM and 

similar methods provide valuable tribochemical information. However, the harsh experimental 

conditions within sliding contacts and the occurrence of all the tribochemical reactions occurs in 

a confined space severely limits the abilities of experimental methods to study tribochemical 

reactions.  

1.1.7. Classical Simulation Methods 
 

Simulations provide an attractive alternative to conducting experiments in challenging 

conditions.50–55 Simulation can provide invaluable information of sliding contacts where the tight 

space conditions52 and extreme conditions51,53,54 are observed, which cannot be obtained by 

experimental methods. Most of the early phenomenological models were useful in elucidating 

general features of friction, but are limited in their abilities to make direct connections to 

microscopic factors such as chemical structures.56 The advent of simulation techniques that employ 

atomically-resolved systems permitted the computational examination of such relationships.  

The early simulation methods employed force-fields to describe the interactions between 

particles in the system, and examined the behaviour  of these systems under sliding conditions 

with molecular dynamics (MD).57–59 MD simulations act as computational experiments in which 

the atoms are treated as classical particles that can be propagated over time according to Newton

’s equations of motions. The force-field provides the forces needed to propagate the positions 

using simple models to describe the interactions between particles. The simplicity of these 

potentials permits one to study systems for relatively long time-scales (up to low microseconds) 

and with sizes of tens of thousands atom systems.59 These models are parameterized to reproduce 

properties of specific chemical systems, thus providing the ability to examine the relationships 

between friction and chemical properties, yet are generally unable to describe changes in chemical 
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bonding. Therefore, MD simulations of sliding contacts that employ force-fields are not 

particularly useful in the context of examining tribochemical processes.  

In recent years, the force field MD methods were coupled with the Reactive Force Field 

(ReaxFF) to study tribochemical systems. 60–67 In ReaxFF, the conditions of bond dissociation and 

formation are parametrized in the code, which significantly reduces the computational cost. The 

ReaxFF MD method typically allows one to simulate systems of several thousands of atoms for 

sub-nanosecond time scale.68 ReaxFF MD has been used to gain insights in  tribochemical systems 

with the ultralow friction such as shearing phosphoric acid in between quartz surfaces60 and shear-

induced changes in structure in the hydrogenated diamond-carbon.61,62 The ReaxFF MD method 

can accurately study tribochemical systems with silica surfaces where the sliding mechanisms 

silica surfaces in the aqueous environment.63–65 Tribochemical reactions such as polymerization 

reactions66 and other surface properties67 were successfully explored using ReaxFF MD. The 

results of this method indicate that it is capable of reproducing tribochemical reactions with fairly 

accurate results at a modest computational expense. The major limitation of this method is that 

one must parametrize all possible reactions that may occur during the simulation. It implies that 

one must know what kind of tribochemical reactions to expect in sliding surface to use the ReaxFF 

MD method.  

1.1.8. Quantum Simulation Methods 
 

In extreme high-pressure conditions, the electronic states of molecules can be altered 

drastically from those under ambient conditions.69 The pressure-induced electronic states change 

means the reactivity and the chemistry of the molecules are different from the ambient condition 

ones. One shall use a quantum mechanical or the first-principles method to calculate the pressure-

induced electronic states to gain insights into its high-pressure chemistry. All the electronic 
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structure properties are computed in the first-principles methods with no empirical data input, 

which allows one discover new processes like reactions. The downside of this method is its high 

computational cost which limits the size of systems to several hundred of atoms and timescale of 

tens of picoseconds.  

Quantum mechanical (QM) methods have been used to explored several aspects of 

tribochemical systems such as understanding mechanisms of tribochemical reactions and their 

lubricating properties.70–72 The Rappe group used QM methods to understand the effect of surface 

composition in the tribochemical polymer formation in MEMS and NEMS devices.70 They noticed 

that the platinum surface acted as a catalyst to promote the polymerization reactions benzene 

molecules inserted in between the surfaces whereas the gold surface was inert and no 

polymerization reactions were observed. In another study, the mechanism of the ultralow friction 

of sliding sulphur-terminated diamond surfaces was found through a series of QM calculations.71 

The results indicate that the low friction was due to the repulsive interaction between the sliding 

surfaces. Zhang et al reported that using the first-principles calculations they explored the atomic-

level mechanism of action of a low friction system with diamonds sliding against the alumina 

surface.72  

The first-principle molecular dynamics (FPMD) method provides insight into the 

tribochemistry in real-time to serve as an attractive alternative to experimental methods.54 The 

FPMD simulations are computationally demanding, and limited to explore systems containing a 

few hundred atoms over sub-nanosecond time scales.73 However, it offers the ability to examine 

chemical reactions using the temporal quantum mechanics. FPMD have been extensively used to 

study systems with sliding contacts, and have been used to explore tribochemical processes.21,74–

78 For example, the FPMD simulations have been used to study the mechanism of the formation 
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of a film from a zinc phosphate lubricant additive under the extreme pressure.21 The results 

indicated that tribochemical reactions resulted in the formation of a tribofilm which protected the 

surfaces from wear. FPMD simulation provided insights on various aspect of tribochemical 

properties of diamond-like carbon71,74. Wang et. al. explored the temperature dependence of 

tribochemical properties of diamond-like carbon. The FPMD results indicated that in the 

temperature range of 600-800 K, the diamond-like carbon forms bond with surface which hinders 

sliding motion of surfaces. Another research by Ootani et. al. found that water molecules were 

responsible promoting wear in silicon-based sliding surface.76 Water molecules actively 

participated in hydrolysis reactions which in turn promoted the dissociation reaction of Si-O bonds 

thus resulting in surface wear. The Righi group used FPMD method to study how presence of 

water molecules in between MoS2 hinders the sliding motions of surfaces.78 This wide range of 

FPMD applications indicate that this method is one the best techniques to study tribochemical 

reactions. 

1.1.9. Previous Work 
 

Previously, our research group used FPMD simulations to study the behaviour  of 

acetaldehyde, CH3CHO (MeCHO) under tribological conditions.79–82 The Mosey group studied 

two types of tribochemical reactions of acetaldehyde and the alumina surface: the lubricant bulk 

and lubricant-surface interactions. The compression of bulk acetaldehyde was performed to 

understand the effect of extreme pressure on the bulk lubricant.79 The compression of acetaldehyde 

molecules by subjecting them to the increasing external pressure resulted in the dimerization 

reaction between two neighboring monomer molecules at pressure ~26 GPa. This dimer was 

formed through the bond created between the sp2 carbon atoms of one molecule and the oxygen 

atom of the other molecule. It was hypothesized that the main driving force of the polymerization 
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reaction was the change in the density of the system. This theory was verified using the constrained 

FPMD simulations which revealed that the dimerization reaction was energetically inaccessible at 

densities below 1.7 g/cm3. The calculated electronic density of states (DOS) study revealed that 

HOMO-LUMO (H-L) gap at pressure of 20 GPa was decreased by ~0.7 eV with respect to its 

value at a pressure of 0 GPa, which facilitated the intermolecular C-O bond formation. This trend 

with decreasing bandgap correlated with increasing pressure was consistent with the reported 

computational DOS study of ethylene performed at various densities.83 

The next phase of the FPMD simulations focused on understanding how extreme pressure 

affected the tribochemical reactions between the bulk lubricant and surfaces. With this intent, the 

acetaldehyde molecules were compressed between surfaces of α-alumina Al3O2.80 The results 

showed that Al-O bonds were formed between the surface and acetaldehydes, and that the first 

dimerization happened at the pressure ~ 17 GPa. The presence of the alumina surface stimulated 

the polymerization process among acetaldehydes to occur at lower pressures. In the next phase, 

the shearing simulations of the same system were performed to emulate realistic sliding contacts.81 

The results of the simulations indicated that at low loads, the aldehyde molecules acted as a passive 

medium which prevented the alumina surfaces from a direct contact. At higher pressure, the 

following tribochemical reactions were observed: the oligomerization reaction among aldehydes 

and adsorption of these oligomers to the alumina surfaces. These reactions significantly increased 

the shear stress of the sliding systems until bond ruptures occurred to relieve the stress. It was 

noted that the stress of bond rupture was lower when longer oligomers were involved. These 

computational work sheds light on the atomic level chemical processes that occurs in sliding 

contacts which cannot be obtained by experimental methods.  

The effect of fluorinating the acetaldehydes was examined by studying CF3CFO.84 The 



 12 

compression CF3CFO of between α-alumina surfaces yielded the Al-O bond formation between 

the alumina surface and the CF3CFO molecule. No polymerization reactions were observed but a 

fluorine transfer was observed from the trifluoromethyl group to the sp2 carbon. These previous 

simulation works on acetaldehyde and CF3CFO evidently demonstrated that functional groups play 

an important role in tribochemical properties of molecules. There were unsuccessful attempts to 

functionalize the acetaldehyde with other functional groups. The bulk compression of these 

molecules showed that there was no difference in high pressure reactivity which was caused by 

high electronegativity of the oxygen atom.  

1.2. Goals and Scope 
 

The overarching goal of this project is to explore tribochemical reactions involving bulk 

Me(C=S)X where X is -H, -F, -Cl, -CH3, -CF3 and -NH2 functional groups and the magnesium 

oxide (MgO) surface using FPMD simulations. The aim is to determine what kind tribochemical 

reactions produced by the Me(C=S)X species can facilitate and which species will inhibit 

lubrication. A secondary goal of this project is to explore how various functional groups affects 

alters tribochemical reactions. We chose to study the functional groups -F, -Cl, -CF3 because they 

represent the electron-withdrawing groups. The -CH3 and -NH2 functional groups represent the 

electron-donating effects. The steric effects are explored in the -CH3, -CF3 and -NH2 species. 

Wherever possible, the dependency of the molecular structure of the lubricant molecule on its 

tribochemical activity will be investigated to establish a structure-activity relationship.  

Both types of tribochemical reactions: the lubricant bulk and the lubricant-surface reactions 

will be studied using FPMD. We decided to study both types of tribochemical reactions separately 

to keep the computational cost at a manageable level. The simulated systems containing 18-27 

Me(C=S)X molecules will be compressed to gain insights on the effect of pressure on the lubricant 



 13 

bulk reactions. The lubricant-surface interactions are explored using two 3x3x1 (32 atoms each) 

slabs of MgO surfaces and 8-10 Me(C=S)X molecules. This system will be compressed to gain 

insights into the types of stress-induced reactions. The compression simulations will be followed 

by the shearing simulations. In the shearing simulations, we want to understand the effect of 

external mechanical force to promote the tribochemical reactions. The shearing simulations will 

allow us to gather information on the lubricating abilities of Me(C=S)X molecules.  

The lubricant molecule Me(C=S)H , thioaldehyde, is a direct analog of the previously 

studied acetaldehyde where the oxygen atom is replaced with a sulphur atom. Our previous work 

indicated that functionalized acetaldehyde derivatives did not respond to chemical substitutions 

due to the presence of the oxygen atom. The sulphur atom is less electronegative than oxygen, and 

possibly more susceptible to the functional group change. We replaced alumina with magnesium 

oxide as it is easier to work with a cubic structure than a trigonal one.  

The structure of the remainder of this dissertation is as follows. In Chapter 2, the 

fundamentals of computational methods used in this research are explained. We explore the 

pressure-induced reactions observed during the compression of the bulk Me(C=S)H molecules in 

Chapter 3. In Chapter 4, the bulk compression of the -F, -Cl, -CH3, -CF3 and -NH2 species are 

performed. The effect of the chemical structure and its initiation reaction pressure is established 

as well in Chapter 4. In Chapters 5-6 provide a basis for the lubricant-surface tribochemical 

interactions. In Chapter 5, the compression of ten Me(C=S)H molecules in between two 3x3x1 

layers of MgO layers will be explored. In this chapter, we will inspect the effect of external load 

on the lubricant-surface reactions. In Chapter 6, we will explore the effect of the external load of 

on the stress-induced reactions of -F, -CH3, -CF3 and -NH2 species compressed in between MgO 

surfaces. Chapter 7 will have the shearing simulation results of systems studied in Chapter 5 and 
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6. Chapter 7 provides valuable insights if Me(C=S)X molecules are suitable to provide functional 

lubrication to the MgO surfaces. 
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Chapter 2. Chemical Simulation Methods 
 

Various computational chemistry techniques were used in this project to study tribochemical 

reactions. This chapter serves as a brief guide to the theory of these computational techniques. The 

chapter is divided into two sections. In Section 2.1 the basic principles of quantum chemistry, ab 

initio methods such as Hartree Fock, Moller-Plesset second-order perturbation theory (MP2), and 

CASSCF are explained in 2.1.1. Density functional theory methods are presented in Section 2.1.2. 

Localized basis sets are described in 2.1.3. The use of plane-wave basis sets and the periodic 

boundary conditions, which permit simulations of condensed-phase systems, are discussed as well 

in section I.4. 

 Section 2.2 focuses on the fundamental details of molecular dynamics (MD) simulations 

methods.  In Section 2.2.1 the fundamental properties of molecular dynamics are presented. 2.2.2. 

dives into first-principles molecular dynamics (FPMD) methods, and it consists of overviews of 

two FPMD methods. Born-Oppenheimer MD and Car-Parrinello MD presented in Section 2.2.2.1 

and Section 2.2.2.2, respectively. Section 2.2.3 shows how FPMD simulations can be used to 

calculate various measurables obtained in this project.  

2.1. Quantum Mechanics  
 
2.1.1. The Fundamentals of Quantum Mechanics  
 

Quantum mechanics was invented because classical mechanics could not explain 

phenomena of the microscopic systems in the late-nineteenth-early twentieth centuries.1 Classical 

mechanics fails to explain observations such as black body radiation, heat capacity, the 

photoelectric effect, and the atomic states of the hydrogen atom. The failure of classic mechanics 

can be traced to the assumption that all physical systems can only have particle or wave properties 



 21 

and the energy of a system is continuous. Quantum mechanics corrects these false statements as 

particles possess both particle and wave properties, and the energy of systems is discrete.  

The heart of quantum mechanics is the Schrödinger equation for which Schrödinger received 

the Nobel prize in 1933.2 The Schrödinger equation allows one to describe changes in the physical 

systems where the quantum effects are important. The time-independent Schrödinger equation is 

written as: 

 𝐻𝜓 𝒓 = 𝐸𝜓(𝒓) (2.1.1) 

where 𝐻 is the Hamiltonian operator, 𝜓(𝒓) is the wavefunction, which describes the system of the 

interest, and E is the total energy of the system and is the eigenvalue of this equation. The 

Hamiltonian operator is a Hermitian operator (an operator which only has real eigenvalues) and 

its full equation for N particles is: 

 𝐻 = −
ℏ2

2𝑚
∇62

7

689

+ 𝑉 𝒓𝟏 … . 𝒓𝑵  (2.1.1) 

, where ℏ is h/2πand h is Planck’s constant, m is the mass of the particle, and ∇62=
@A

@BC
A +

@A

@DC
A + 

@A

@EC
A is the Laplacian operator and 𝑉(𝒓𝒊) is potential or Coulombic energy of the particle	ith particle. 

The wavefunction 𝜓(𝒓) is the key quantity of interest in quantum mechanics because it contains 

all the information about the system it describes.  

Solving the electronic Schrödinger equation would allow one to completely understand the 

system in question. Unfortunately, finding the exact solution to this equation is a complex task.1 

The exact solution of the Schrödinger equation is known only for systems with one electron (H 

and H2I). The bottleneck in solving the Schrödinger equation is known as the many-body problem. 

For systems with than two particles, the Coulombic energy term for electrons cannot be solved 
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analytically because of the coupling of electron coordinates. Therefore, the electron-electron part 

of the potential energy cannot be solved without any approximations except for systems with one 

electron (H and H2I). 

Solving the Schrödinger equation can be simplified by the implementation of atomic units 

and approximation to nuclei motion. The use of atomic units allows one to assign all the physical 

constants (Planck’s constant, masses of all particles, etc.) in the Schrödinger equation values of 

one. The description of the nuclear portion of the wavefunction is simplified through the Born-

Oppenheimer approximation, which treats the nuclei as point-like particles that are fixed on the 

time-scales of the electronic motion.3 The basis of this approximation is the neglect of the coupling 

of the nuclei and electronic motions. Electrons are about two thousand times lighter than protons 

which allows them to move instantaneously with respect to nuclei. This difference in speed allows 

the Born-Oppenheimer to treat nuclei as a fixed particle with no kinetic energy. Therefore, nuclei 

only contribute to the potential energy part of the Hamiltonian. These two approximations 

significantly simplify the procedure to solve the Schrödinger equation.  

2.1.2. Hartree-Fock 
 

Elaborate computational methods are required to overcome the many-body problems of the 

Schrödinger equation. Major conceptual and computational simplifications have been developed 

to estimate properties of many-body systems. One of the simplest of such methods is called the 

independent-particle model, where the motion of one electron is considered independent of the 

dynamics of all the other electrons. In this model, the interactions among electrons are 

approximated and taken into account in an average fashion.  

The most popular method of this model is the Hartree-Fock (HF) theory.1,4 In HF theory, 

each electron is described by an orbital, and the wavefunction is the antisymmetric product of all 
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electron orbitals. Each orbital describes the distribution of the electron in that orbital space. The 

method follows the Pauli exclusion principle to satisfy the constraints that the exact wavefunction 

is continuous and antisymmetric. Mathematically these properties of the wavefunction are satisfied 

by employing a Slater determinant (Eq. 1.3) to construct the wavefunction, where 𝜒7 is the spin 

orbital, xi is the spin coordinate and N corresponds the number of electrons in the system. In the 

Slater determinant, the row represents electronic coordinates and columns embody the single 

electron wavefunctions.  

 ΨKL =
1
𝑁!

𝜒9(𝒙𝟏) 𝜒2(𝒙𝟏) … 𝜒7(𝒙𝟏)
𝜒9(𝒙𝟐) 𝜒2(𝒙𝟐) … 𝜒7(𝒙𝟐)
⋮ ⋮ ⋱ ⋮

𝜒7(𝒙𝑵) 𝜒7(𝒙𝑵) … 𝜒7(𝒙𝑵)

 (2.1.2) 

The Fock equation calculates the energy of the spin orbital and for a system with the spin 

orbital 𝜒6 with the xi spin coordinate it is: 

  (2.1.3) 

where 𝑓 is the Fock operator and 𝜀6 is the energy eigenvalue. The Fock operator consists of the 

one-electron, Coulomb and exchange operators. The one-electron operator ℎ9 is presented in 

(2.1.5) 

 

 
 

(2.1.4) 

where, ∇9is the Laplacian for electron 1, M is the number of nuclei, ZI is the charge of the nuclei I 

and 𝑟9V is the distance between the electron 1 and nuclei I. The Coulomb operator		𝐽	 accounts for 

repulsion between electron 1 and 2 and is defined as: 
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(2.1.5) 

where 𝜒2(𝐱𝟐) 2 is the electron density of electron 2 and 𝑟92 is the distance between two electrons. 

The part of the Fock operator is the exchange operator and is expressed in (2.1.7). The exchange 

operator accounts for the Pauli exclusion principle and allows electrons to be indistinguishable.  

 
 

(2.1.6) 

The spin orbitals from Slater determinates can be represented as a linear combination of K basis 

functions shown in (2.1.8) 

 
 

(2.1.7) 

where 𝜙Z is the atomic basis function will be discussed in detailed later, r, cvi are the coefficients 

which determine to the contribution of basis functions to the spin orbital and g(𝛚) is an artificial 

spin function that accounts for the dependence of the spatial orbital on spin coordinates.  

Using the linear combination of basis functions to represent the spin orbitals allows to have 

the Fock equation to have this form: 

 
 

(2.1.8) 

The linear combination approach allows one to use the matrix notion to solve this eigenvalue 

equation. The accepted short form of equation (2.1.9) is shown below: 

 FC = SCε (2.1.9) 

where F is the Fock matrix, C is the matrix of the coefficient, S is the overlap matrix, and 𝛆	is a 

diagonal matrix with the spin orbital energies. The Fock matrix elements, 𝑭^_, can be calculated 

using the basis functions 𝜙^ and 𝜙_ as shown below: 
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 𝑭^_ = 𝑑𝑟9𝜙^∗ (𝒓𝟏)𝑓𝜙_(𝒓𝟏) (2.1.10) 

The overlap integral 𝑺^_ which contains the spatial overlap between the basis functions 𝜙^ 

and 𝜙_ is expressed below: 

 𝑺^_ = 𝑑𝑟9𝜙^∗ (𝒓𝟏)𝜙_(𝒓𝟏) (2.1.11) 

The Fock equation (2.1.10) cannot be solved using conventional methods because the 

variational coefficients C are needed to form the equations and they are a part of the solution. An 

iterative process known as the self-consistent-field (SCF) procedure is used to overcome this issue.  

The goal of the SCF procedure is to find the set of coefficients C that provides the lowest possible 

total energy. At the start, SCF uses a semi-empirical approach to calculate the first set of C 

coefficients. These coefficients are used to compute the first density matrix P: 

 𝑷^_ = 2 𝑐^6∗ 𝑐_6

7

689

 (2.1.12) 

where N is the number of occupied spin orbitals. The multiplication by 2 accounts for the case in 

which the MOs are doubly occupied. This C is used to construct F, which is diagonalized to yield 

C and 𝛆 using the (2.1.9).  New sets of coefficients C are used to construct a new diagonal matrix 

P. This cycle is repeated until the lowest 𝛆 is found and the P matrix remain constant.  

2.1.3. Post-Hartree-Fock methods 
 

One major disadvantage of the HF method is that it completely fails to capture electron 

correlation. Electron correlation is only about one percent of the total energy but these electron-

electron interactions are crucial in most important chemical processes of interest, i.e. chemical 

reactions. Knowing the electron correlation can significantly increase the accuracy of reaction 
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energy calculations. This issue is partially solved by post-Hartree-Fock methods such as Møller-

Plesset (MP) method.5 

The Møller-Plesset method is a perturbation method which uses Rayleigh- Schrödinger 

perturbation theory. In this method, the Hartree-Fock wavefunction is used as an unperturbed 

wavefunction and then the perturbation correction is applied to capture the electron-electron 

interactions. MP2 method used in this project uses the second order correction to the Hartree-Fock 

wavefunction. The perturbation in the form of MP2 corrects the Hamiltonian as: 

 𝐻 =𝐻(e) + 𝐻(9) + 𝐻(2) (2.1.13) 

where 𝐻 is the unperturbed Hamiltonian, and 𝐻(e), 𝐻(9)	and	𝐻(2) are perturbed and first and 

second order correction to the Hamiltonian, respectively.  

MP2 is the one of most widely used post Hartree-Fock methods. MP2 is able to capture about 

90% of the electron correlation.1 The downside of the MP2 is that it is not truly a variational 

method as it can provide the energy below the exact true energy. Higher order corrections to MP2 

exist and they come with higher computational expenses which makes them less appealing to use.  

2.1.4. Complete Active Space Self Consistent Field 
 

The Slater determinant, ΨKL used in the HF method is known as the reference 

determinant.6 More determinants are needed to accurately describe excited state species in order 

to capture electron static correlation. A method which uses multiple determinant is 

multiconfigurational self-consistent field (MCSCF). This wavefunction ΨjkKkl	is a linear 

combination of determinants and presented below: 

 ΨjkKkl = a	Ψ6(∁)
^

6

 (2.1.14) 
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where Ψ is determinant which is dependent on the coefficients of molecular orbitals ∁ and 𝑎	is the 

coefficient of the determinants. To solve this wavefunction both a and ∁	are optimized to produce 

the lowest possible eigenvalue. This allows this method to be very useful in studying species with 

degenerate orbitals.  

The full MCSCF method, i.e. that using all Slater determinants that can be generated with 

a basis set, does not have the ability to choose which determinants are relevant to specific chemical 

problems which increases the computational cost. The complete active space (CAS) approach was 

developed to overcome the issue of computational cost. In this method, one chooses only a number 

of electrons and orbitals relevant to specific chemical problems and is known as the active space. 

The chosen orbitals will undergo calculations using (2.1.15) with a large number of determinants. 

This large number of Slater determinants is obtained by generating determinants for all 

permutations of all active electrons in all active orbitals. The CASSCF method provides the most 

complete description of the system within the active space, but will face the computational issues 

when the active space is increased. Therefore, it is recommended to keep the number of electrons 

and active orbitals as small as needed.  

2.1.5. Density Functional Theory 
 

Density functional Theory (DFT) is the most frequently used electronic structure method to 

attempt to solve the electroni structure.6 The DFT methods provide the best balance of accuracy 

and relatively inexpensive computational cost of calculations. Many well-known Canadian 

theoretical chemists heavily contributed to the development of DFT, namely Walter Kohn, Axel 

Becke, and Tom Ziegler. 

The basic premise of DFT is that the ground state properties of a chemical system can be 

described exactly in terms of electron density	𝜌.7 The electron density is a chemical measurable 
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and is a function of only three spatial variables, which uses significantly less variables than 

wavefunction which depends on 3N spatial variables where N is the number of particles. The 

ground state energy of a chemical system of molecules is a functional of the electron density, and 

the electron density is, in turn, a function of the position of electrons. The energy functional is a 

prescription for producing the total estimated energy from the electron density function. This 

relationship is known is the Honenberg-Kohn theorem and it is expressed as: 

 𝐸 = 𝐸[𝜌] (2.1.15) 

where E is the ground state energy of the system and 𝜌	is its electron density. The square bracket 

notation is used to illustrate the functional relationship between the energy and electron density of 

the system. The DFT approach is fairly intuitive to describe the describe an electronic system:  

1) integrating the density over all space determines the number of electrons in the system 

2) the density cusps define the positions of the nuclei  

3) the height of a cusp defines the corresponding nuclear charge. 

The energy functional is divided into the following components that account for electronic 

kinetic energy 𝑇, electron-nuclear potential energy 𝐸7s and the electron-electron potential energy 

being split into Coulomb component 𝐽ss and exchange component 𝐾ss and is presented: 

 𝐸 𝜌 = 𝑇 𝜌 + 𝐸7s 𝜌 + 𝐽ss 𝜌 + 𝐾ss 𝜌  (2.1.16) 

The downside of the DFT is that the 𝑇 𝜌  and 𝐾ss 𝜌  terms of the total energy functional 

cannot be defined in terms of electron density. However, the electron density representation of  

𝐸7s 𝜌  with Born-Oppenheimer approximation is: 

 𝐸7s 𝜌 =
𝑍6𝜌(𝑟)
|𝑅6 − 𝑟|6

𝑑𝑟 (2.1.17) 

where 𝑖 runs over all the nuclei, 𝑍6 is the nuclear charge of atom 𝛼 and 𝑅6 is the nuclear coordinate 

of atom 𝑖. The Coulomb component 𝐽ss	is presented in the form: 
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 𝐽ss 𝜌 =
1
2

𝜌(𝑟)𝜌(𝑟′)
|𝑟 − 𝑟′|

𝑑𝑟𝑑𝑟′ (2.1.18) 

where the Coulomb component is the energy of repulsive energy of electron moving in the average 

electric field of the other electrons in the system. 

The exchange-correlation term describes the correlated motion of the electrons with one 

another, Pauli repulsion, and a correction for electrons interacting with itself. DFT does not have 

an adequate mathematical representation of this term. The kinetic energy 𝑇 𝜌 	is described in terms 

of density if one to treat the kinetic energy of electrons as non-interactive species and add the 

correction factor to compensate for the correlation of electrons. The kinetic energy 𝑇 𝜌  is 

decomposed into non-interactive �z{z|6z}s~^� 𝜌 	and correction 𝑇�{~~ components: 

 𝑇 𝜌 = 𝑇z{z|6z}s~^� 𝜌 + 𝑇�{~~[𝜌] (2.1.19) 

This summation of the kinetic energy terms allows one to represent the  𝑇z{z|6z}s~^� 𝜌  of a system 

of non-interacting particles to be represented by a Ψ6, a fictitious wavefunction in a form: 

 𝑇z{z|6z}s~^� = −
1
2

𝜓6∗∇2𝜓6

z���

689

𝑑𝑟6 (2.1.20) 

where the quantum mechanical kinetic energy operator has been used in conjunction with atomic 

units. The 𝑇�{~~ 𝜌 	is a correction factor between true kinetic energy of the system 𝑇 𝜌  and 

𝑇z{z|6z}s~^�. This term cannot be adequately described in DFT. 

Collecting all the unknown terms into one component the total energy of system becomes: 

 𝐸 𝜌 = 𝑇z{z|6z}s~^� 𝜌 + 𝐸7s 𝜌 + 𝐽ss 𝜌
	�z{�z

+ 𝑇�{~~ 𝜌 + 𝐾ss 𝜌
�z�z{�z

 (2.1.21) 

The frequently used notation of the unknown part is exchange correlation energy 𝐸B�[𝜌] and it is 

the sum of two unknown terms of the equation above: 

 𝐸B� 𝜌 = 𝑇�{~~ 𝜌 + 𝐾ss 𝜌  (2.1.22) 
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The exchange correlation energy for the practical purposes is usually divided into two new 

parts in order to have two functionals to define the exchange correlation: exchange 𝐸B 𝜌 and 

correlation 𝐸� 𝜌 : 

 𝐸B� 𝜌 = 𝐸B 𝜌 + 𝐸� 𝜌  (2.1.23) 

The form of the exact exchange-correlation (XC) functional which defines the exchange 

correlation energy is unknown and if it could be determined it would provide the exact ground 

state energy.6 Therefore, all the DFT calculations use various methods to approximate XC 

functionals in order to achieve better agreement with experiments. In general, approximate XC 

functionals are developed using the fundamental laws of electron-electron interactions or using 

various parameters from experiments. The functionals developed based on the law of electron-

electron interactions are in general too inaccurate for use in most chemical applications. In contrast, 

the functionals that implement experimental data have proven to be very accurate for chemical 

applications. 

The most widely used XC functionals are based on electron density and its gradient. This 

class of XC functional is termed the generalized gradient approximation (GGA).8 The accuracy of 

GGA can be further improved by including a portion of the exact exchange energy from HF 

calculations. These functionals are termed as hybrid functionals and B3LYP is the best example 

of such a functional.9,10 

New functionals are being developed on a regular basis and their performances are very often 

untested.6 Also, there is no hierarchy in development of the DFT functionals which means the next 

iteration/update of a functional developed by the same authors might not improve the performance 

of the functional. One really needs to thoroughly perform a series of benchmark tests to ensure 

that a functional of the choice is suitable for specific applications. Benchmarking of some well-
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known GGA methods (BP86, BPW91, BLYP and PBE) show that these methods generally have 

the absolute error ~30-40 kJ/mol whereas the hybrid functionals (B3LYP and B3PW91) 

benchmarking indicate generally more accurate and have the error ~10-15 kJ/mol range. For this 

research project, the functional PBEPBE was used. The notation PBEPBE means that PBE 

functional was used for both exchange and correlation. 

2.1.6. Localized Basis Sets  
 

In quantum chemical calculations, the wavefunction Ψ is represented by a set of molecular 

orbitals 𝜑, which in turn are expressed as linear combination of basis set functions. A basis set is 

a set of functions used to describe the shape of the orbitals in an atom. 

 𝜓6 𝑟 = 𝑐Z6

�

Z89

𝜑Z(�) (2.1.25) 

where 𝑣 is the index of the basis function, K is the total number of basis functions and 𝐶Z6 is the 

mixing coefficient of basis function 𝜑Z to molecular orbital 𝜓6. A proper choice of basis set is 

required to obtain the desired accurate results to ensure the best fit for the true wavefunction. 

Ideally, one would like to use a complete basis set, which would contain an infinite number of 

functions. However, in practice, there must be a finite number of basis functions in order to 

complete a calculation. A general rule is that the accuracy of the basis set is lower if fewer basis 

functions are used to describe molecular orbitals. 

Localized, atomic-centred basis sets use the assumption that molecular orbital of a molecule 

can be represented as a combination of the atomic orbitals of the atom which the molecule consists 

of. Therefore, the correct mathematical representation of the atomic orbital is essential in ensuring 

the accurate representation of molecular orbital. The most accurate mathematical representations 

of the atomic basis sets are called Slater type orbitals (STO).11 An STO has the correct cusp at the 
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nucleus and the decay expected of atomic orbitals. The mathematical representation of an STO is 

shown below: 

 𝜙 𝑟 = 𝑁𝑥^𝑦_𝑧�𝑒|�|~|�| (2.1.26) 

where N is the normalization constant, a, b and c are three non-negative integers and 𝛼 is a 

parameter.  The 𝑥^𝑦_𝑧� is the angular part of the basis function where the principal quantum 

number for angular momentum is l=a+b+c. Thus, for s-type orbitals, all three a, b, and c would 

have the value of zero and for p-type orbitals a, b, or c would have a value of 1, which can produce 

three distinct p orbitals. The exponential part of the STO is the radial part of the basis function and 

the value of parameter 𝛼 would dictate the decay rate of this function from the nucleus distance R. 

STOs accurately represent atomic orbitals which leads to accurate molecular orbital representation. 

However, it is harder to calculate two electron integrals for basis functions at different centres. 

Numerical solutions are used to overcome this barrier which leads to significant increase in 

computational time.  

 
Figure 2.1. Visual representation of Slater (red) and Gaussian (blue) type orbitals. STO has a 
cusp at the centre and the correct decay pattern. GTO does not have the cusp at the centre and 
have a rapid decay.  
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Gaussian type orbitals, GTO, were developed to overcome the computational inefficiencies 

of STOs.12 The two-electron integrals of GTOs can be solved analytically which made GTO the 

most widely used basis set used in quantum chemistry. The mathematical representation of GTO 

is: 

 𝜙 𝑟 = 𝑁𝑥^𝑦_𝑧�𝑒|�|~|�|A (2.1.27) 

where all the variables of GTO have the same meanings from STO. The only difference is the 

radial component, which is dependent on the square of the distance from the nucleus. However, 

the existence of a cusp is essential to correctly emulate atomic orbitals. To overcome this 

deficiency of GTO, a linear combination of a number of GTO functions with different decay rate 

is used to imitate the existence of cusp. This allows the GTO to closely resemble the STO and 

shown in Figure 2.2. In Figure 2.2, three contracted GTO functions closely resemble the decay of 

an STO function. The imitation of cusp can be improved if more GTOs are added.  

 
Figure 2.2. The comparison of contracted Gaussian (black) which is the summation of three 
Gaussian function (purple, blue and green) with a Slater orbital (red).  
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As mentioned above the GTO functions are widely used in quantum chemistry calculations and a 

number of highly popular predefined basis sets were developed.6 The Pople basis sets are the most 

popular basis sets which have the general representation in the form of X-YG, where “X” 

describes the type of basis function used to describe the core electrons, the label “Y” is used 

describe the basis function used to represent the valence electrons and “G” indicates that this is 

a Gaussian basis function. The label “Y” is usually composed of two or three digits which means 

they are split valence basis sets. The presence of two digits indicates that two different types of 

basis functions are used to describe the Behaviour of the valence electrons, and likewise if three 

digits are present. The additional basis functions allow for a more accurate representation of 

valence electrons, which play a significant role in chemical reactions.  For example, the basis set 

label 6-31G means six GTO orbitals are used to describe each core electron and two different basis 

functions composed of three and one GTO are used to describe valence electrons. 

Extensions of basis sets exist to provide additional flexibility in describing the shapes of 

orbitals. Polarization functions add new orbitals with angular momentum beyond the required 

ground state to describe atoms. The polarization function notation is “*” or brackets with 

designated angular momentum to be added e.g. 6-31G(2d) means two d basis function are added 

to valence electrons of all atoms except hydrogen. A diffuse function can be added to allow the 

orbitals to occupy a larger space. This basis set extension is very useful for systems with lone pairs 

of electrons, anions and other systems with significant charge. The notation for the diffuse function 

is usually a "+" sign before the "G" as shown in the example 6-31+G. 

2.1.7. Planewave Basis Sets 
 

The major focus of this project is to use periodic systems to emulate infinitely large systems. 

The delocalized functions are used to study the periodic systems which is possible because 
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electrons only slightly perturbed by the presence of nuclei which means electron wavefunction 

should resemble those of free electrons. With such a system in mind, a periodic simulation cell is 

designed and the electronic wavefunction for this cell will have a periodic nature.6 The natural 

choice of basis set for this type of system is a set of Planewaves: 

 𝜙�� 𝑟 =
1
Ω
𝑒6𝑮∙~ (2.1.28) 

where Ω is the volume of the simulation cell, G is given by the reciprocal lattice vectors of the 

cell.  

Planewave basis sets have several advantages over atom-centred basis functions. The ability 

to perform calculations in real or reciprocal space with Planewaves can simplify some parts of the 

calculations. For instance, derivatives in real space become multiplications in reciprocal space. 

The fact that electrons are not bound to nuclei simplifies calculations. Planewaves basis sets are 

well suited for periodic systems. However, in order to for Planewaves to accurately describe the 

region with high curvature e.g. near the nucleus. A large number of Planewaves are needed to 

capture this high curvature, which can significantly increase the computational cost. Usually, tens 

or even hundreds of thousands of Planewaves are needed to obtain the same accuracy that can be 

obtained with a few hundred atom-centred basis functions.  

The accuracy and size of Planewave basis set is limited by the highest value of |G|. This is 

determined by using the relationship between G and the kinetic energy of the Planewave: 

 𝐸�6z 𝑮 =
1
2
𝑮 2 (2.1.29) 

which allows defining Ecut that corresponds to the kinetic energy of the Planewave with highest 

|G| in the basis set. The term Ecut is known as the kinetic cutoff. Assigning a value of Ecut indicates 
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that all Planewaves where 9
2
𝑮 2 < 𝐸��} are included in the Planewave basis set. Knowing the Ecut 

one can find the number of Planewaves suitable for certain kinetic energy cutoff: 

 𝑁�� =
1
2𝜋2
Ω𝐸��}

�
2 (2.1.30) 

The equation shows that the number of Planewaves are proportional to the volume of the cell, Ω

,	and Ecut. 

The major drawback of using Planewave basis sets is the requirement a large number of 

Planewaves are needed to accurately describe the core electrons with high curvature. However, 

one should be reminded that valence electrons are the ones that partake in chemical reactions 

whereas the core electrons usually stay inert. This notion allows one to replace the core electrons 

with pseudopotentials (PPs) that account for interactions between the core and valence electrons 

without employing an explicit representation of the core electrons. This replacement of the core 

electrons by PPs does not significantly affect the accuracy of most calculated chemical properties 

because the core electrons do not partake in bonding. The use of PPs allows one to significantly 

reduce the number of Planewave basis set employed in the calculation.  

In this study, the core electrons were replaced with norm-conserving Troullier Martin PPs 

and projector augmented wavefunctions (PAW).13,14 The Norm-conserving Troullier-Martin PPs 

are widely used traditional type of PPs as described above. In the PAW, the PPs have lower cutoffs 

with the ability to recover the core electron density if necessary. This fixture allows the PAW to 

perform calculations faster than other PPs. It should be noted that the use of Planewave basis sets 

coupled with PPs need to be thoroughly examined. One should thoroughly perform a series of 

calculations to ensure that Ecut is at an appropriate value to produce reliable results. The PP for 

each chemical element is usually designed independently hence it requires one to investigate how 

it would perform in conjunction with PPs for other elements.  
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The focus of this thesis is to study bulk systems. This implies that the size of the study subject 

has to be beyond the capacity of quantum chemical methods. To overcome this obstacle, we used 

a notion of periodic boundary conditions (PBC) where one studies a system size of which can be 

studied by quantum chemical methods, and this system is repeated indefinitely in all three spatial 

coordinates. A PCB bulk system consisting of the thioketone molecules is presented in  Figure 2.3, 

the simulation cell is composed of a series of smaller repeating cells to create a larger supercell. 

 
Figure 2.3. An example of the periodic boundary condition of bulk thioketones molecules.  

The implementation of PBC requires one to define a simulation cell and repeat this cell 

periodically to imitate an infinite system. In this scheme, the wavefunction must be periodic and 

must be continuous across the walls of neighbouring simulation cell. In such a system, the 

calculations must allow the interaction among simulation cells although the calculation is only 

performed in a central simulation cell. This calculation condition resembles the real-life bulk 

system which allows the PBC to be highly effective in studying bulk materials.  
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PBCs are highly useful for studying all types of bulk systems. The crystalline systems are 

the natural fit as their crystal cell parameter are essentially the simulation cell dimensions. The 

type of systems can be studied but one must ensure the simulation cell contain the appropriate 

number of molecules to capture the system of interest. For example, it would not be appropriate to 

investigate the hydrogen bond network of water with only one or two water molecules in the 

simulation cell. The gas phase systems are difficult to simulate accurately as by definition they are 

weakly-interacting and occupy large volumes per particle. To overcome this obstacle, the 

simulation cell is defined to be large to ensure that the distances between periodic images are 

sufficiently large to minimize the interactions between the periodic images. An alternative strategy 

involves the screening the electrostatic interactions between the molecules in neighbouring cells.   
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2.2. First-Principles Molecular Dynamics 
 

First-Principles molecular dynamics (FPMD), also known as ab initio molecular dynamics 

(AIMD), is the main technique used in this thesis. FPMD was used to obtain insights into temporal 

behaviour  of systems of interest. In this section, the theory behind FPMD simulations used in for 

study is explained. The remainder of this section is as follows: II.1 the fundamentals of molecular 

dynamics will be discussed followed by the discussion types of FPMD simulation in section II.2. 

To conclude, the means of controlling temperature and pressure in the FPMD simulations will be 

discussed in section 2.2.3-2.2.6. 

2.2.1. Molecular dynamics  
 

Molecular dynamics (MD) is a technique used to study the dynamic behaviour  of molecular 

systems.6 MD simulations allow one to gain insights into how chemical systems evolve over time. 

This kind of study can provide insights into thermodynamics, dynamics, and chemical reactions. 

In MD simulations, the atoms of a chemical system are treated as classical particles which obey 

Newton's laws of motion. In order to perform an MD simulation, one must be able to evaluate the 

forces acting on the atoms and to propagate the positions and velocities of these atoms in a manner 

consistent with Newton’s laws of motions. The methods used to propagate the chemical system in 

this thesis, specifically the Verlet and Beeman algorithms, are explained later.  

The basic notion of an MD simulation is that atoms in a system must evolve over time 

according to Newton’s equations of motion. In practice, the trajectories are integrated numerically 

in time over a series of short timesteps, ∆t. This notation means at a given time t, the forcing acting 

on the current positions of a chemical system will be to determine the positions of atoms at the 

next timestep t+∆t. This process is repeated to obtain the position over 2∆t, 3∆t … n∆t, where n is 

the number of timesteps that have occurred since the initial step. It should be noted that the 
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timestep, ∆t, should be small enough in order to accurately describe the motion of the smallest 

particles in the chemical system. In FPMD simulation, the timestep usually in femto (10-15) 

seconds to accurately capture the vibration of chemical bonds. 

The propagation methods used to propagate the motion of molecules in this thesis are the 

Verlet15 and Beeman16 algorithms based timestep integrator. The theory behind the Verlet 

algorithm is: 

 𝑅 𝑡 +Δ𝑡 = 2𝑅 𝑡 − 𝑅 𝑡 −Δ𝑡 +
1
2
𝑎(𝑡)Δ𝑡2 (2.2.1) 

where R is the position of an atom and a is the acceleration. In the Verlet algorithm, the future 

position 𝑅 𝑡 +Δ𝑡  is only dependent on the current position at the present time 𝑅 𝑡  and the 

immediate past timestep 𝑅 𝑡 −Δ𝑡  and the acceleration at the present time 𝑎(𝑡).  

The disadvantage of the Verlet algorithm is the complete absence of any information of 

velocity. In the Verlet algorithm, this information can be obtained retroactively by using: 

 𝑣 𝑡 =
𝑅 𝑡 +Δ𝑡 − 𝑅 𝑡 −Δ𝑡

2Δ𝑡
 (2.2.2) 

in this formula, the current velocity obtained by dividing the mean distance traveled by the particle 

from the immediate past to the next timestep. This method of finding the velocity is not the most 

elegant method because it can be difficult to conserve the total energy of the system as the velocity 

at step t is not calculated until the next step t 𝑡 +Δ𝑡. More sophisticated integrators to determine 

the velocities exist but they are not implemented in the Car-Parrinello module of the Quantum 

Espresso code.  

The Beeman integrator is more sophisticated than the Verlet integrator because it allows 

ones to know the current position and velocity simultaneously.   

 𝑅 𝑡 +Δ𝑡 = 𝑅 𝑡 + 𝑣 𝑡 Δ𝑡 +
2
3
𝑎 𝑡 Δ𝑡2 −

1
6
𝑎 𝑡 −Δ𝑡 Δ𝑡2 

(2.2.3) 
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𝑣 𝑡 +Δ𝑡 = 𝑣 𝑡 + 𝑣 𝑡 Δ𝑡 +
1
3
𝑎 𝑡 +Δ𝑡 Δ𝑡 +

5
6
𝑎 𝑡 −Δ𝑡 Δ𝑡 −

1
6
𝑎(𝑡

−Δ𝑡)Δ𝑡 
 
This allows to the kinetic energy Ekin and potential energy (U) to be evaluated at every timestep. 

The kinetic energy for a particle 𝑖 is defined by: 

 𝐸�6z =
𝑚6𝑣6
2

 (2.2.4) 

where m is the mass 𝑖 and 𝑣 is the speed of the particle 𝑖. The potential energy U is determined by 

the potential energy function used to describe the interactions within the system. Classical MD 

simulations use semi-empirical based potential such as the Lennard-Jones potential. The 

Hamiltonian H is the sum of kinetic and potential energies as shown below: 

 𝐻 = 𝐸�6z + 𝑈 (2.2.5) 

The total energy of the Hamiltonian should be conserved during the whole MD simulation. 

The ability to conserve the 𝐻	is dependent on the timestep, Δ𝑡. The conservation of total energy 

indicates that the system is accurately calculating forces acting on atoms and the motion of 

molecules is correct. If energy of the system is not conserved, the additional energy is added to or 

removed from the system, which artificially promotes the false acceleration of atoms. Choosing 

an appropriate timestep is necessary to preserve the total energy. A smaller timestep provides better 

energy conservation, but it takes longer to simulate systems. Therefore, one must test various 

timesteps to choose one most suitable for their applications.  

2.2.2. First-Principles Molecular Dynamics 
 

First-Principles MD (FPMD) is a type of MD which allows systems to evolve over time 

using energies and forces obtained through quantum chemical techniques.17 In FPMD, nuclei are 

still treated as classical particles and the potential energy is described using quantum chemical 

calculations.  



 42 

Using quantum chemical methods has the advantage of providing the ability to study 

chemical processes, such as reactions, where bonds are formed or broken. Such processes cannot 

be modelled by FF-based MD simulation methods as they do not consider electrons, the integral 

player in chemical reactions. FPMD simulations provide insights on the chemical reactivity 

because the chemical systems evolve according to the well-defined equations of motion without 

relying on any experimental data. The obtained chemical insights shine the light on in the 

understanding of chemical reaction mechanisms or even discover previously unknown chemical 

reaction. This ability of FPMD makes it a powerful tool for studying chemical reactions.  

The main shortfall of FPMD is its computational expense as it uses the quantum chemical 

methods to obtain the potential energy. In practice, the majority of FPMD simulations use DFT 

methods that balance computational expense and accuracy. With the rise of high-performance 

computers, the size and time limitations of FPMD simulations have increased up to a few hundred 

atoms and sub-nanosecond period of time. This makes FPMD a very powerful tool in exploring 

the molecular level behaviour  of chemical systems.  

In this thesis, two types of FPMD were used to simulate the different aspects of high-pressure 

applications: Born-Oppenheimer MD (BOMD) and Car-Parrinello MD (CPMD). The theory 

behind both methods is described in section 2.2.2.1 and 2.2.2.2, respectively. 

2.2.2.1. Born-Oppenheimer Molecular Dynamics 

Born-Oppenheimer MD (BOMD) is a type of MD where the potential energy of the system 

is computed using quantum mechanics techniques.18 The implementation of BOMD is very similar 

to classical MD. The difference is in BOMD the potential energy is derived from ab initio 

calculations, usually DFT methods, whereas in the classical MD the potential energy is estimated 

through semi-empirical data. The potential energy 𝑈 is defined by: 
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𝑈 = Ψ∗𝐻Ψ𝑑𝑟
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(2.2.6) 

where the 𝑚6 and 𝑣6	are the mass and velocity of atom, 𝑖 of the chemical system and Ψ is the 

wavefunction of the system and 𝐻 is the electronic Hamiltonian operator.  

In BOMD simulations, the electronic structure optimized at each timestep of the MD 

simulation. Optimizing the electronic structure allows the structure have the electronic 

configuration with corresponding to a minimum on the Born-Oppenheimer surface. 

A schematic diagram of BOMD simulation is presented Figure 2.4. The simulation starts 

with a system with a set of atoms with specific coordinates. The electronic structure for this system 

is optimized and is used to determine the forces acting on the nuclei. This information is used to 

update the atomic positions for the next timestep 𝑡 +Δ𝑡 which will be determined using the 

Beeman algorithm. This process is repeated for the desired number of cycles until the target 

simulation time is reached. 

 
Figure 2.4. A schematic representation of Born-Oppenheimer molecular dynamics (BOMD). The 
wavefunction optimization occurs at every timestep.19  
 
2.2.2.2. Car-Parrinello Molecular Dynamics 

Car-Parrinello MD (CPMD) is an alternative approach to conducting FPMD simulations. 18 

In CPMD simulations, the atomic and electron coordinates are treated as dynamic variables which 



 44 

are propagated according to Newton's laws of motion. This is achieved through the use of an 

extended Lagrangian 𝜁k�: 

 

𝜁k� =
1
2
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(2.2.7) 

where the wavefunction Ψ, is constructed from set of molecular orbital 𝜓6, which have velocities 

𝜓¤, the variable 𝜇6 is a fictitious mass assigned to the orbital 𝑖. 𝜆6¨ are set of Lagrange multipliers 

and 𝛿6¨ is the Kronecker delta function. allows The Lagrange multipliers and the Kronecker delta 

functions are added to ensure that the molecular orbitals remain orthonormal. 

Assigning a fictitious mass, 𝜇, to the orbitals allows them to be treated as classical particles 

that obey Newton's laws of motion. The value of 𝜇 is chosen in such a way that it should 

sufficiently small to ensure that orbitals will move at higher frequencies than the fastest moving 

vibration mode in the nuclear system. This prevents the transfer of the thermal energy between the 

orbitals and the smallest vibration mode of nuclei. Typically, the fictitious mass 𝜇 is set in the 

range 100 to 800 a.u, where 1 a.u is the mass of an electron. 

A general schematic of a CPMD simulation is illustrated in Figure 2.5. In CPMD simulation, 

the electronic structure optimization occurs only once at the start to establish the correct electronic 

structure configuration. The next step is to propagate the simulation system which includes both 

nuclei and orbitals according to the Verlet algorithm with selected timestep Δ𝑡 to obtain the 

positions of the system at 𝑡 + Δ𝑡. It should be noted in CPMD simulations the wavefunction 
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optimization occurs only at the start of the simulation. This can represent significant savings in 

cost over BOMD where the wavefunction is optimized at each MD timestep.  

 
Figure 2.5. A schematic representation of Car-Parrinello molecular dynamics (CPMD). The 
wavefunction optimization occurs only at the beginning of simulation 19.  
 

The correct orbital behaviour  needs to be carefully propagated in a CPMD simulation as the 

wavefunction is only optimized once upon the initiation. One must ensure that the orbital 

temperature and timestep are at appropriate values to accurately describe the smallest orbital of 

the chemical systems to ensure that orbitals stay in the Born-Oppenheimer surface. The orbital 

temperature should remain close to zero which means the orbitals are located on the Born-

Oppenheimer surface. High orbital temperatures suggest that the orbitals have the left the Born-

Oppenheimer surface and do not represent the ground state electronic structure. The timestep of 

CPMD simulation should be small enough to capture the movement of orbitals which are the 

fastest moving particles in the simulations. 

Usually, the timesteps in CPMD simulations are approximately one-tenth of those in BOMD. 

This allows CPMD to correctly capture the orbital movement. CPMD is generally regarded as a 

faster BOMD simulation method even though, the CPMD employs only a fraction of BOMD 

timestep. The advantage of CPMD is that it bypasses the wavefunction re-optimization at every 

timestep. This allows CPMD to generally be faster than BOMD even though its timestep is 
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significantly smaller. One should recall that in BOMD, the timestep size is determined by the 

smallest chemical element.  In chemical systems with only heavy atoms, BOMD would be a 

superior method as if such a system would be simulated in CPMD, the timestep size is still limited 

to the orbital masses. One should carefully perform CPMD simulations as it requires a series of 

thorough tests such as timestep and fictitious mass, to ensure strongly mimics BOMD 

wavefunction.  

2.2.3. Controlling Temperature in the FPMD Simulations 
 

Temperature is an important parameter to control in FPMD simulations. It is a measure of 

the kinetic energy of the system and can translate into the velocities of nuclei in the system. 

Therefore, in order to control the temperature in FPMD simulations one must be able to control 

the velocities of atoms in the system. There are a large number of techniques used to control the 

velocity of atoms during the simulations. In this thesis, two types of thermostats were used: 

Andersen and Nose-Hoover.  

The Andersen thermostat is a stochastic thermostat which mimics the transfer of energy 

among atoms and molecules which go through random collisions.20 The velocity of a chosen atom 

or molecule is reassigned to a value randomly provided by Maxwell-Boltzmann statistics for a 

given temperature. In practice, one defines the collision frequency, 𝑣, which determines how 

frequently the velocity reassignment should occur. At each MD timestep Δ𝑡, a random number, 

𝑅, is selected for each atom in the cell and if R is less than	𝑣Δ𝑡 for a given atom, the velocity of 

that atom is reassigned. This stochastic approach attempts to simulate the canonical ensemble, but 

its random selection of velocities disrupts the true kinetic representation of the system. 

Unfortunately, this is the most sophisticated thermostat implemented in the BOMD module of the 

in-house version of Quantum Espresso software.  
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The CPMD module of the in-house version of Quantum Espresso software has a more 

sophisticated Nose-Hoover thermostat which uses a deterministic approach.21,22 In this thermostat, 

an imaginary particle is placed in contact with the system which will slow down or accelerate other 

particles in the system until the desired temperature is met. The principle of the Nose-Hoover 

thermostat is often compared to a heat bath where external variable gradually alters the temperature 

of the system.  In our CPMD simulations, the chain of four Nose-Hoover thermostats was used to 

obtain the accurate constant temperature system. 

In this thesis, thermostats were used primarily for equilibration purposes which means the 

choice of thermostat does not contribute to the simulations. In the simulations, no thermostats were 

used during the compression or shearing to allow the temperature to behave naturally. In 

compression and shear-induced environment, the temperature should increase as the work is 

performed on the system and presence of a thermostat would have hindered this natural behaviour 

.  

2.2.4. Controlling Pressure in the FPMD Simulations 
 

Controlling pressure in FPMD simulations was very important in this thesis. In this project, 

the Parrinello-Rahman barostat technique was employed to control pressure.23 This technique 

samples the (N, 𝜎, H) ensemble where N is the number of particles, 𝜎 is the stress tensor of the 

system and H is the enthalpy of the system.  

In MD simulations, the simulation cell is defined by three vectors 𝒂, 𝒃, and 𝒄 and the volume 

of the simulation cell Ω�s�� is defined by: 

 Ω�s�� = 𝒂 ∙ 𝒃×𝒄 (2.2.8) 

The shape of the cell is determined by the directions of the cell vectors. 
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Stresses on the cell are determined by collisions between particles and the cell walls. The frequency 

and strength of these collisions are determined by the volume of the cell and the positions and 

velocities of the particles in the cell as the off-diagonal elements define the shear. The stress is 

typically represented by the stress tensor 𝜎: 

 𝜎 =
𝜎BB 𝜎BD 𝜎BE
𝜎DB 𝜎DD 𝜎DE
𝜎EB 𝜎ED 𝜎EE

 (2.2.9) 

The pressure of the system is tabulated as the average of diagonal stress tensors as shown below: 

 𝑃 =
(𝜎BB + 𝜎DD + 𝜎EE)

3
 (2.2.10) 

To maintain a constant pressure in a simulation, one defines the external reference 𝑃sB}, which acts 

on the outside cell and counteracts the internal pressure, 𝑃. It allows controlling the pressure of 

system which is determined when: 

 𝑃sB} = 𝑃 (2.2.11) 

This is controlled by altering volume and the shape of the cell along the nuclear dynamics and it 

is accomplished using the Parrinello-Rahman (PR) formalism. 

The PR formalism is based on using a Lagrangian where the cell vectors are treated as 

dynamic entities which can be propagated according to Newtonian equations of motion. This 

allows the volume and shape of the simulation cell to evolve freely according to the changes in the 

nuclear configuration throughout the simulation while maintaining the constant pressure.  

In the PR formalism, the cell vectors are assigned the fictitious mass, 𝑊, which yields a 

kinetic energy of the cell as: 

 𝐸�6z�s�� =
1
2
𝑊(𝑣^2+𝑣_2+𝑣�2) (2.2.12) 

where 𝑣 is the velocity of corresponding cell vector 𝒂, 𝒃, and 𝒄. 



 49 

The potential energy of the cell is defined by: 

 𝑈�s�� = (𝑃 − 𝑃sB})(𝒂 ∙ 𝒃×𝒄) (2.2.13) 

where 𝑃 is internal pressure calculated with 2.11, 𝑃sB} is the goal pressure at which simulation is 

performed and 𝒂 ∙ 𝒃×𝒄 defines the volume of the cell according to (2.2.8) 

The Lagrangian for the system can be defined as: 

 
𝜁�� =

1
2

𝑚6

7 ¡�¢£

689

𝑣62

z���s^~	�6zs}6�
szs~�D

+
1
2
𝑊(𝑣^2+𝑣_2+𝑣�2)

{~_6}^�	�6zs}6�	szs~�D

− 𝑈	
�{}sz}6^�	
szs~�D

+ (𝑃 − 𝑃sB})(𝒂 ∙ 𝒃×𝒄)
�s��	�{}sz}6^�	

szs~�D

 
(2.2.14) 

This equation allows the nuclei and cell vectors to be propagated simultaneously in an MD 

simulation while maintaining the balance between the internal pressure 𝑃 and external pressure 

𝑃sB}. In the compression simulations performed in this thesis, the 𝑃sB} is incrementally increased 

at a constant rate corresponding to the compression pressure. This allows pressure to be controlled 

in MD simulations through the use of Lagrangian formalism.  

2.2.5. Compression  
 

The compression simulations were performed in this thesis to obtain insights on pressure-

induced reactions of bulk molecules in between surfaces. This process was obtained by 

compressing the simulation along the 𝒄 lattice vector. This concept is illustrated in Figure 2.6 

where the initial stress-free cell is deformed along the z-axis by applying an external pressure P to 

compress the system at the constant rate Prate of 10 GPa/ps using the previously described PR 

barostat formalism. 
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Figure 2.6. The compression simulation of Me(C=S)NH2 molecules compressed in between of 
layers of MgO. The compression is achieved by applying the external pressure P along the x-axis 
with constant Prate=10GPa/ps. 
 

Additional simulations in which models of bulk systems were compressed were performed 

to more accurately capture pressure-induced reactions of these molecules. This step was necessary 

as because of the high computational expenses in only nine to ten molecules were inserted in the 

between the surface which is not an accurate representation of a bulk system. Twenty to twenty-

seven molecules were compressed to obtain pressure-induced reactions among bulk molecules. 

The compression was performed in the following fashion, the simulation cell was subject to the 

external pressure Pext from all six sides of the simulation cell until the internal pressure P is equal 

to Pext using the PR barostat.  

2.2.6. Shearing  
 

Shearing simulations were performed in this thesis to study the functional lubrication 

conditions where surface layers of the system slide past one another in the presence of lubricant 

precursors. This process is achieved by shearing the simulation cell along the slip direction by 

altering x and y components of the 𝒄 lattice vector. This concept is illustrated in Figure 2.7, where 

the initial stress-free cell is deformed by moving the 𝒄 vector along the slip direction at a constant 

P = Pratet

Stress-Free Compressed
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velocity 𝛿~^}s. This enables the top portion of the simulation to slide relative the lower portion, 

which mimics the sliding surfaces. The shearing simulation can be performed while maintaining a 

constant normal pressure or load using the previously described PR barostat formalism. 

 
Figure 2.7. The shearing simulation of Me(C=S)NH2 molecules sheared in between of layers of 
MgO. The shearing is achieved by applying the external force at the constant rate 𝛿~^}s of along 
the c vector. 
 

In this project, the shearing simulations were performed at a constant rate of 1 Å/s which 

corresponds to 100 m/s. This is approximately 100 times larger of the velocities encountered in 

real-life sliding. Unfortunately, the slower rates are not accessible due to the computational 

expenses of FPMD simulations. Previously, our group performed a series of test simulations where 

slower sliding rates of 0.5 and 0.2 Å/s were applied. The results were insensitive to the sliding rate. 

However, due to the large discrepancy in simulation and experimental sliding rate, the former 

results should only be used to provide a qualitative picture of sliding surfaces.  

Stress-Free Sheared

Δ" = "$%&'t

Load
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Figure 2.8. A representative example of shear stress plot as a function shearing distance. The slip 
indicated at ~2.7 Å is identified as a shark peak circled in blue followed by the sudden decrease of 
stress.  
 

During the shearing simulation, the simulation cell is exposed to external shear stress. This 

stress is balanced by the internal stresses of the system which is monitored during the simulation.  

Typically, representation of the change in the shear stress, 𝜎, as a function over time has the 

following characteristics: the stress increases at proximately linear fashion before dropping rapidly 

as presented in Figure 2.8. This rapid drop is due to a slip event and its value of shear stress at this 

point corresponds to the shear strength of the material. Shear strength is a physical measurable 

quantity which can be obtained through experiments. The shearing simulations will provide some 

insights into the mechanisms of shearing and how various molecules in between surfaces will alter 

the shear strength.  

 

 

 
 
 

MgO slip surface slip
with	rearrangement
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Chapter 3: High Pressure Chemistry of Thioaldehydes: a First-Principles Molecular 
Dynamics Study 

 
This Chapter is a reproduction of the published article in Journal of Chemical Physics. Authors: 
Y. Zhang and N. Mosey, 2016, volume 146, page 194506. https://doi.org/10.1063/1.4967519 
 
3.1. Introduction 
 

The application of high pressure, P, plays an important role in many areas of science, 

engineering, and technology.1–4 The application of high P can alter the bonding in molecular 

systems and materials and affect the rates of chemical reactions.1,5,6 Furthermore, high P has played 

a role in the discovery and development of many chemical processes used in areas ranging from 

fundamental research to practical endeavours.5,6 For example, P-induced changes in the optical, 

mechanical, electronic and magnetic properties of the materials are used extensively in research 

effects, while high P is used in the development of high-energy density materials and hydrogen 

storages systems used in industrial applications.3,7–13 These varied uses of P in chemistry and 

materials science motivate further investigations into the molecular-level effects of P on chemical 

reactions.  

In the context of chemical applications, P is often used to shift reaction equilibria to promote 

bonding between molecular species.2,3 Experimental work in this area has revealed that P-induced 

reactions between molecules can result in the formation of new species with properties that are 

distinct from those of the molecules from which they were derived. For example, high P can be 

used to transform graphene to diamond.14 Additionally, diatomic compounds, such as oxygen15 

becomes metallic at sufficiently high P, whereas certain values of P cause metals such as lithium 

and sodium16 to become insulators. Compounds such as N2,17 CO2,18 SiO2,19 and simple 

hydrocarbons and alcohols2,20 have also been observed to polymerize under high P conditions. In 
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some cases, these transformations can have important industrial applications, with the P-induced 

polymerization of alcohols helping control friction and wear in microelectromechanical devices21 

and the P-induced combination of halogens and hydrogen forming superconducting halogen-

hydrites22. 

While techniques for applying P such as diamond anvil cells permit spectroscopic 

measurements of chemical systems to be taken at high P, it remains difficult to elucidate the 

atomic-level processes that occur during P-induced reactions.23 Simulation has played an 

important role in shedding light on the details of these reactions.24 In particular, first-principles 

molecular dynamics (FPMD) simulations have helped determine how constant or increasing P 

affects chemical structures and relate these changes in structure to the underlying electronic 

properties of these systems. The effect of P on CO2,25,26 SiO2,27, methane,28 ethylene,29 acetylene,30 

water molecules,31 liquid phosphorus,32 lead,33 and noble gases34,35 have been studied by the 

FPMD. In these studies, high P conditions were achieved by compressing the system of interest at 

rates of up to 25 GPa/ps followed by a constant P simulation to equilibrate the system at the desired 

P, which included values up to 160 GPa in some studies.  

We have previously used FPMD simulations to examine the chemical response of 

acetaldehyde (MeC(H)O) molecules to changes in P.36 The simulations of MeC(H)O showed that 

the molecules oligomerize at the relatively high P ~ 26 GPa to form ethers, which may be useful 

in areas such as lubrication.36 However, the high P required to induce these reactions may hinder 

their direct application in the context of controlling friction and wear. As such, it would be of 

interest to examine ways to lower the initiation P by altering the chemistry of such systems. Our 

earlier work showed that the P required to initiate oligomerization of the aldehydes was related to 

the band gap, with a lower band gap reducing the initiation P. The band gap is related to the 
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difference in the energies of the p and p* orbitals in the aldehydes. Thus, changing the atoms 

involved in the double bond is a reasonable means of altering the band gap. The present study 

explores the effect of replacing oxygen in MeC(H)O by sulfur and compressing the resulting 

thioaldehydes, Me(C=S)H . The differences in the chemical properties of oxygen and sulfur 

suggest that Me(C=S)H should oligomerize at a lower P than MeC(H)O, but the it is not clear if 

the reduction in the initiation P will be sufficiently low to permit reactions at P that are accessible 

in practical applications. In addition, it is of interest to determine whether replacing oxygen by 

sulfur leads to other changes in reactivity. 

Herein, FPMD simulations are used to examine the chemical response of Me(C=S)H 

molecules to applied P. Me(C=S)H is direct analogue of MeC(H)O, possessing a C=S bond that 

can participate in oligomerization reactions, while replacing O by S predictably reduces the band 

gap from 2.6 to 1.4 eV.36 This lower band gap will contribute to the lower the initiation P Similarly 

to our earlier work, the FPMD simulations will be performed using systems representing bulk 

Me(C=S)H . The results of the simulations show that applying P leads to the wide range of 

oligomerization of Me(C=S)H molecules through the formation of C-S, S-S, and C-C bonds. In all 

cases, oligomerization was initiated through the formation of a C-S bond, which occurred for P as 

low as ~5 GPa. The oligomerization processes were found to occur through both closed-shell and 

the distinctive open-shell mechanisms. These results can be contrasted with those reported 

previously from simulations of MeC(H)O and show that Me(C=S)H undergoes a wider variety of 

reactions than MeC(H)O with significantly lower initiation P (5GPa vs 26 GPa).36 The underlying 

differences in the high P behaviors of these systems can be attributed to differences in the band 

gaps of these systems as well as the abilities of the oxygen and sulfur atoms to bear formal charges 

that manifest during these reactions. These abilities can be described in terms of the relative 
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chemical hardnesses of oxygen and sulfur, and shed light on the manner in which the details of 

chemical processes in these systems can be controlled by altering aspects of the electronic structure 

that may be useful in a broader sense in the context of high pressure computational or controlling 

the outcomes of P-induced reactions. 

The remainder of the paper is organized as follows. The methods used in the simulations are 

described in section II. The results are presented and discussed in part III. That section contains a 

description of the observed reactions, analyses of their mechanisms and energetics, an and a 

comparison between the high pressure chemical properties of Me(C=S)H and MeC(H)O. 

Conclusions are made in section IV. 

3.2. Computational Details 
 

FPMD simulations were performed using a version of the Quantum Espresso software 

package that was modified to permit the deformation of simulation cells via the application of 

time-dependent stresses and strains.37 The FPMD simulations were performed within the 

formalism of Car and Parrinello.38 Unrestricted Kohn-Sham density functional theory (DFT) was 

used in conjunction with the gradient-corrected exchange-correlation functional of Perdew, Burke 

and Ernzerhof (PBE) to evaluate the electronic structure during the FPMD simulations.39,40 The 

valence electrons were represented with a planewave basis set expanded at the G-point to a kinetic 

energy cutoff of 90 Ry and the core electrons were represented with norm-conserving 

pseudopotentials.41 The simulations were initiated with each molecule possessing a closed-shell 

electronic structure. However, some reactions occurred through open-shell processes that led to 

local differences in the net spin density. Despite these local differences in net spin density, the 

entire system retained a singlet multiplicity for duration of all simulations. Tests demonstrated that 

this methodology reproduced reaction energies obtained at the PBE/6-311+G(2d,p) level of theory 
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with the Gaussian 09 software package to within 2 kJ/mol or better.42 A time step of 5.0 au 

(approximately 0.12 femtosecond or 8268 steps per picosecond of simulation) was used for all the 

simulations in conjunction with a fictitious electron mass of 400 au. Tests demonstrated that using 

these parameters conserved the total energy of the system to ~1.0 ´ 10-4 au/ps or better. The 

constant kinetic energy cutoff approach of Bernasconi and coworkers was used in all simulations 

in which the simulation cell was allowed to vary in shape and size.43 Additional single point 

calculations were performed at the PBE/6-311++G(2d,p), CASSCF(2,2)/6-311++G(2d,p), and 

CASMP2(2,2)/6-311++G(2d,p) levels of theory with the Gaussian 09 software package.44,45 

Maximally localized Wannier functions (MLWFs) were calculated using the CPMD software 

package, version 3.13.2.46,47 

The simulations of models representing bulk thioacetaldehyde (Me(C=S)H) were performed 

as follows. A system containing 20 Me(C=S)H molecules per periodically-repeated simulation cell 

was equilibrated at T = 300 K with a chain of four Nose-Hoover thermostats and a pressure, P, of 

0.0 GPa by allowing the size and shape of the cell to change using the Parrinello-Rahman 

barostat.48–50 After equilibration, the system was compressed by increasing P at a rate, Prate, until 

a maximum P of Pmax = 30.0 GPa was reached. This value of Pmax was chosen to slightly exceed 

the maximum local pressures that can be supported by materials, such as iron oxides, that are 

commonly used in industrial applications. Most calculations employed a value of Prate = 2.0 

GPa/ps, which was selected to ensure the calculations could be completed in a reasonable amount 

time. With these values of Prate a simulation time of 15 ps is required to reach 30 GPa, which 

requires approximately 2 weeks of actual computing time on the resources available to us. 

Additional simulations performed with Prate =10.0 GPa/ps indicated that the reactions observed in 

the simulations are insensitive to the compression rate. These compression rates are consistent with 
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those used in other FPMD simulations of P-induced reactions, which reach values as high as 25 

GPa/ps.24-34 Test calculations at values of Prate as low as 2.0 GPa/ps indicated that the reactions 

observed in these simulations are insensitive to this parameter. Thermostats were not used during 

the compression phase of the simulations in order to avoid suppressing changes in temperature that 

are anticipated to occur as it will be a realistic representation. The absence of thermostats leads to 

large changes in T during compression and decompression, which are expected to occur during 

asperity collisions. Examples of the changes in T are given in the Supporting Information. The 

energetics of selected reactions were evaluated by performing constrained dynamics calculations 

in conjunction with thermodynamic integration.51 The details of the constrained dynamics 

simulations are described as appropriate in section III. The Visual Molecular Dynamics (VMD) 

package was used to produce all figures containing molecular structures.52  

3.3. Results and Discussions 
 

The FPMD simulations of systems containing 20 Me(C=S)H molecules compressed to Pmax 

= 30.0 GPa led to the observation of several distinct P-induced reactions. The general details of 

these reactions are described in 3.3.1. Collectively, the reactions could be characterized as 

occurring through mechanisms that involved either closed-shell or open-shell electronic structures. 

The details of the closed-shell reactions are discussed in 3.3.2 and those of the open-shell processes 

are discussed in part 3.3.3. The results indicate that the P-induced reactivity of the Me(C=S)H -

based system differs significantly from that of analogous MeC(H)O-based systems, which have 

been reported previously.36 These differences and their origins are discussed in part 3.3.4. 

3.3.1. Description of the P-induced Reactions 
 

The FPMD simulations led to the observation of P-induced reactions involving the formation 

of (I) C-S, (II) S-S, and (III) C-C bonds between species in the system, as well as (IV) the transfer 



 61 

of protons from methyl groups to sulfur atoms. In all cases where a reaction was observed, the 

formation of a C-S bond between two Me(C=S)H molecules occurred first to yield an Me(C=S)H 

dimer, which then reacted further through any of the bond forming reactions (I) through (III) to 

yield oligomers until oligomerization was terminated through proton transfer or the generation of 

a ring through the formation of a bond between the groups at the two ends of a single oligomer. 

 
Figure 3.1. Representative products of the reactions observed during the FPMD simulations. (a) 
An Me(C=S)H trimer formed via C-S bond formation followed by the transfer of a proton from 
the methyl group at one end of the molecule to the sulfur atom at the other energy of the molecule. 
The C and S atoms involved in this reaction are circled. The resulting structure contains a thiol at 
one end and an alkene at the other. (b) An Me(C=S)H trimer formed through C-S bonding that 
yielded a ring. (c) A larger ring formed after the formation of a bond between the ends of a 
polythioether formed through C-S, S-S, and C-C. (d) A polythioether formed through C-S and S-
S bonding between Me(C=S)H units. In this case, bonds were formed across the walls of the 
periodic cells, effectively leading to an infinitely long polymer. These oligomers are stable at 0 
GPa. Green, yellow and white spheres indicated carbon, sulfur and hydrogen atoms, respectively.  

 

Representative examples of the species formed through the P-induced reactions observed in 

the simulations are shown in Figure 3.1. The structure in Figure 1a resulted from the formation of 

C-S bonds between three Me(C=S)H molecules to yield an Me(C=S)H trimer followed by the 

transfer of a proton from the circled carbon atom to the circled sulfur atom, which terminated 

(a) 

(d) 

(b) (c) 
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oligomerization. The product corresponds to a thioether with a thiol functionality at one end and 

an alkene at the other end. Analogous species have been observed as a result of P-induced reactions 

between MeC(H)O molecules.36 The structure in Figure 1b was also a result of the formation of 

C-S bonds between three Me(C=S)H molecules, but in this case oligomerization was terminated 

through the formation of a C-S bond between groups at the end of the trimer, which yielded a ring. 

The structure in Figure 3.1d is a polymer generated through the successive formation of C-S, S-S, 

or C-C bonds between Me(C=S)H molecules. Due to the finite simulation cells used in the 

calculations, this structure includes bonds formed across the walls of the simulation cell, and is 

thus effectively infinite in length. Of course, oligomerization is expected to terminate under 

experimental conditions. One possible means of termination involves the formation of C-S, S-S, 

or C-C bonds between atoms at the two ends of the oligomer to yield rings like that shown in 

Figure 3.1c. In other simulations, oligomerization via C-S, S-S, or C-C bond formation was 

terminated via proton transfer reactions like those leading to the structure in Figure 3.1a. 

3.3.2. Closed-shell reactions 
 

Analysis of the electronic structures during the simulations showed that reactions (I) and (IV) 

were closed-shell processes. The mechanistic and energetic details of these reactions are examined 

in what follows. Section i focuses on describing the mechanisms of these reactions and section ii 

examines the P-dependent energetics of reaction I, which is the initial step for the formation of all 

the species formed during the simulations. 

3.3.2.1. Closed-shell Reaction Mechanisms 

Reaction (I) involves the formation of C-S bonds between Me(C=S)H molecules and/or 

oligomers present in the system. This reaction was observed for P as low as 5 GPa, which 

corresponded to the lowest P at which any reactions were observed in this study. As noted above, 
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this reaction was the initial step in the formation of all species observed in all simulations 

performed during this work. In addition, C-S bond formation occurred as an intermediate step in 

the formation of many of the oligomers observed in this study. The mechanistic details of the 

initiation and propagation steps for the formation of an Me(C=S)H oligomer via C-S bond 

formation are outlined in Figure 3.2, with the centres of MLWFs illustrating the locations of 

electron pairs that are relevant to the progress of the reaction. 

 

 
Figure 3.2. Mechanism for the formation of Me(C=S)H oligomers via C-S bond formation. (a) A 
lone pair on an S atom in one Me(C=S)H monomer attacks the sp2 carbon in another monomer. 
(b) The carbon atom bearing a formal charge of +1 in the product of step (a) is attacked by a lone 
pair of electrons on an S atom in another Me(C=S)H monomer. Green, yellow and white spheres 
indicated carbon, sulfur and hydrogen atoms, respectively. Blue spheres indicate MLWF centres. 
The pressures at which each species were observed are indicated next to each structure. 

 

The first step in the formation of oligomers via C-S bond formation (Figure 3.2a) involves the 

attack of the sp2 carbon in one Me(C=S)H molecule by a lone pair of electrons on the sulfur atom 

P = 6.30 GPa P = 6.45 GPa 

P = 7.90 GPa P = 7.76 GPa 

(a) 

(b) 
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in another Me(C=S)H molecule. The resulting C-S bond leads to the formation of an Me(C=S)H 

dimer which has a formal charge of +1 on one carbon (the sp2 carbon in the attacking Me(C=S)H 

molecule) and a formal charge of -1 on the sulfur atom of the Me(C=S)H moiety that was attacked. 

However, the MLWFs shown in the product of the reaction in Figure 3.2a indicate that the C-S 

bond involving the carbocation has high double-bond character, which suggests that at least some 

of the positive charge is located on the central sulfur atom in the product. The zwitterionic nature 

of the dimer renders it reactive, with oligomerization occurring through processes in which lone 

pairs on the sulfur atoms in additional Me(C=S)H molecules attack the carbocation or the sulfur 

atom in the dimer bearing the negative charge attacks the sp2 carbon in an additional Me(C=S)H 

molecule. The former process is illustrated in Figure 3.2b to yield a trimer. The addition of an 

Me(C=S)H molecule displaces the positive charge by a single monomer such that this charge 

always formally resides on the sp2 carbon atom at one end of the chain and the negative charge 

always resides on the sulfur atom at the other end of the molecule. The presence of charged atoms 

at either end of the oligomer facilitates an oligomerization process in which C-S bond formation 

involving additional Me(C=S)H molecules from the bulk occurs in a successive manner. 

The oligomerization process based on C-S bond formation is terminated through the 

neutralization of the atoms bearing the formal charges. Termination occurred through either of two 

different closed-shell processes. The first of these processes yielded rings like that in Figure 3.1b 

through the formation of C-S bonds. This process is outlined in Figure 3.3 for the formation of a 

ring composed of three Me(C=S)H molecules. In this process, a lone pair of electrons on the 

charged sulfur atom of an Me(C=S)H dimer attacks an Me(C=S)H molecule in the bulk while the 

sulfur atom in the Me(C=S)H molecule that was attacked simultaneously attacks the carbocation 

in the Me(C=S)H dimer. In order for this process to occur, the ends of the oligomer must be in 
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sufficiently close proximity to simultaneously form two C-S bonds to the same Me(C=S)H 

molecule. As such, this process was only found to occur between Me(C=S)H molecules in the bulk 

and Me(C=S)H dimers or trimers. 

 
Figure 3.3. Mechanism for the formation of a cyclic Me(C=S)H trimer via the simultaneous 
formation of two C-S bonds between an Me(C=S)H dimer and an Me(C=S)H monomer. Green, 
yellow and white spheres indicated carbon, sulfur and hydrogen atoms, respectively. Blue spheres 
indicate MLWF centres. The pressures at which each species were observed are indicated next to 
each structure. 

 

The other reaction that led to the neutralization of the atoms in the oligomers bearing formal 

charges involved the transfer of protons from a methyl group bonded to a carbocation to a 

negatively charged sulfur atom. This process is outlined in Figure 3.4 for the transfer of a proton 

from the methyl group at one end of an oligomer to the sulfur atom at the other end of a periodic 

image of the same oligomer. Of course, in real systems that do not correspond to small periodically 

repeated cells, such proton transfer reactions can occur between different oligomers. As indicated 

by the movement of the MLWFs in Figure 3.4, the reaction involves a lone pair of electrons on the 

sulfur atom attacking the proton to yield a thiol. Simultaneously, the electron pair associated with 

the C-H bond that is broken is then transferred to the adjacent C-C bond to yield an alkene.  

P = 7.73 GPa P = 7.82 GPa 
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Figure 3.4. Mechanism for the termination of oligomerization via proton transfer. This reaction 
involves a lone pair of electrons on the negatively charged sulfur of an oligomer attacking a proton 
from the methyl group on a neighboring molecule. This yields an oligomer with a thiol at one end 
and an alkene at the other end. In this particular case, the proton was transferred across the walls 
of the periodic simulation cell, with one end of an oligomer indicating with the other end of one 
of its periodic images. The repeated portions are circled. Green, yellow and white spheres indicated 
carbon, sulfur and hydrogen atoms, respectively. Blue spheres indicate MLWF centres. The 
pressures at which each species were observed are indicated next to each structure. 

 

It was found that proton transfer occurred for a broad range of P above 7 GPa. The observation 

of proton transfer over a wide range of P is likely a result of the fact that this reaction requires a 

terminal methyl group to be in close proximity to a negatively charged sulfur atom, which is only 

possible for certain structural conformations, and the fact that additional reactions involving the 

terminal groups in the oligomer compete with proton transfer. Overall, the proton transfer process 

results in structures like that shown in Figure 3.1a containing a thiol group at one end of the 

oligomer and an alkene at the other end. While this reaction terminates oligomerization through 

C-S bond formation, it is worth noting that the C=C bond formed through this reaction is an 

unsaturated site that may be able to participate in additional reactions.3 However, this process was 

P = 11.58 GPa 

P = 11.65 GPa 
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not observed in the simulations, which is likely due to the reduced mobilities of the molecules at 

high P, which prevents the C=C bonds from coming into sufficiently close proximity to other 

reactive groups in the system. 

3.3.2.2. Energetics of C-S Bond Formation 

As noted above, the formation of a C-S bond between Me(C=S)H molecules acted as the 

initial step in the formation of all products observed in the simulations. This reaction was observed 

for P as low as 5 GPa and always occurred before any other reactions observed in the simulations. 

Since this reaction plays a central role in the formation of all products observed in this study, its 

energetics were evaluated using constrained MD simulations. In these simulations, the distance, 

dC-S, between the sulfur atom in one Me(C=S)H molecule and the sp2 carbon in a neighboring 

Me(C=S)H molecule was fixed at values ranging from the typical separation of these atoms in the 

bulk, dC-S
i  (approximately 3.5 Å, but dependent on the density of the system) to distances below 

the C-S bond length (approximately 1.8 Å). The remainder of the system was allowed to evolve 

according to Newtonian dynamics at each constrained value of dC-S and the average force, <FC-S>, 

on the constrained C-S distance was obtained over a period of 2.0 ps. The change in energy 

associated with moving from dC-S
i  to a different C-S distance, dC-S

f , was then obtained by 

numerical integration of the forces: 

 ΔA = FC-S dC-S
dC-S
i

dC-S
f

∫   (3.1) 

In order to investigate the P-dependence of the energetics, it would be ideal to perform the 

constrained dynamics at different values of P. Unfortunately, the ability to constrain distances in 

conjunction with variable cell MD is not straightforward and would require major modifications 

to the software package used to perform these simulations.53 As such, the constrained dynamics 
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were performed using fixed simulation cells with densities, ρ, that are representative of those the 

systems possessed at different P. These cells were obtained by selecting a target P and equilibrating 

the system at that P by allowing the cell and all atoms to move. Once the cell was equilibrated, the 

resulting lattice vectors were fixed to define the simulation cell that would be used in the 

constrained MD simulations. The MD simulation was continued in the fixed simulation cell using 

Nose-Hoover thermostats to sample the canonical ensemble, i.e. constant (N,V,T) conditions, with 

a goal temperature of 300 K, to obtain the values of <FC-S> at several values of dC-S for each ρ 

considered. Since the values of <FC-S> were obtained in the canonical ensemble, the energies 

obtained through Eq. (3.1) correspond to changes in Helmholtz free energy, ∆A. 

The constrained simulations were performed at densities of ρ = 0.7250 g/cm3 (P ≈ 0 GPa), 

ρ = 0.8144 g/cm3 (P ≈ 1 GPa) and ρ = 0.9276 g/cm3 (P ≈ 2 GPa). Higher densities were not 

considered because C-S bond formation occurred during the equilibration phase. The calculated 

values of ∆A are plotted versus dC-S in Figure 3.5. The data show that the product resides in a local 

energy minimum at dC-S ≈ 1.9 Å for all ρ. The fact that the product is a metastable species, even 

at low ρ, allows it to exist for sufficiently long periods to react with additional Me(C=S)H 

molecules through the processes described above. The relative energies of the reactants and 

products of dimerization show that the product is less stable than the reactants at all ρ considered, 

but the reactants and products become increasingly similar in energy as ρ is increased, with the 

reaction energy decreasing from 25 to 2.4 kJ/mol from the lowest to highest values of ρ. The 

trend in the relative energies of the reactants and products indicates that the dimer should become 

more stable than the separated Me(C=S)H molecules for P higher than 2 GPa. The energies also 

show that a well-defined reaction barrier exists at all ρ considered, with the height of this barrier 



 69 

decreasing from 35 to 10 kJ/mol as ρ is increased from the lowest to highest values. The change 

in dC-S upon moving from the reactant to the TS also decreases with the barrier, which is consistent 

with the Hammond postulate. Overall, these results indicate that the reaction should become 

increasingly favorable as P is increased, which is consistent with the results of the MD simulations 

in which C-S bond formation occurred for P ≈ 5 GPa. The fact that the P required to induce C-S 

bond formation in the simulations (P ≈ 5 GPa) is greater than that suggested by the energetics (P 

≈ 2.5 GPa) is likely due to a combination of the high compression rates used in the simulations 

and the need for the molecules to adopt relative orientations that permit C-S bond formation. 

 
Figure 3.5. Changes in Helmholtz free energy, DA, as a function of constrained C-S distance, dC-

S, for the formation of a C-S bond between two Me(C=S)H molecules at densities of 0.7270, 
0.8144, and 0.9276 g/cm3, which correspond to pressures of approximately 0, 1, and 2 GPa, 
respectively. The data show that the free energy of reaction and the reaction barrier decrease 
steadily with increasing density. 
 
3.3.3. Open-shell Reactions. 

 
Several processes involving the formation of radicals occurred during the FPMD simulations. 

The formation of radical species was found to lead to the formation of S-S and C-C bonds between 

Me(C=S)H oligomers for P > 8 GPa. The accumulation of net spin density on some atoms in the 
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system is illustrated in 3.3.3.1. for a reaction that led to an Me(C=S)H pentamer via the formation 

of C-S and S-S bonds. The underlying mechanism for this process is then explained in terms of 

orbital interactions in 3.3.3.2. 

3.3.3.1. Accumulation of Net Spin Density 

The formation of species with open-shell electronic structures was identified by monitoring 

the net spin density, rn(r), during the MD simulations, where: 

 ρn r( ) = ρα r( )− ρβ r( )   (3.2) 

is the local difference in the a and b electron densities, ra and rb, respectively. Integrating the 

absolute value of this quantity over the entire simulation cell provides a measure of the number of 

unpaired electrons in the system, nu = ρn r( ) dr∫ . Note that due to a combination of spin 

polarization and the evaluation of rn(r) as a difference in local densities, in this case at the points 

on the Fourier transform grid used in the calculation, nu does not generally correspond to an integer. 

Furthermore, it is important to note that while nu can deviate from zero as a result of summing over 

the absolute differences in local spin densities, there is always an equal number of a and b electrons 

in the system and the system retains a singlet multiplicity throughout the duration of the simulation. 

The calculated values of nu are plotted versus P in Figure 3.6 for a system containing 20 Me(C=S)H 

molecules that was found to react via open-shell processes between P = 5 and 10 GPa. Isosurface 

plots of rn(r) along with selected molecules that are related to this reaction are given in Figure 3.6.  
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Figure 3.6. Number of unpaired electrons, nu, as a function of pressure during the compression of 
Me(C=S)H . The sharp increase in nu at P ≈ 8 GPa was due to the reaction shown in Figure 3.7. 
The second sharp increase at P ≈ 8.7 GPa was due to a second open-shell reaction. Values of nu 
that are not multiples of 2 are due to spin polarization throughout the system.  

 
Figure 3.7. Isosurface plots of the net spin density in a collection of two Me(C=S)H dimers and 
one Me(C=S)H molecule that react to yield a pentamer with a singlet diradical electronic structure. 
Red and blue indicate excesses of a and b electron density, respectively. The isosurfaces are 
plotted at values of 0.07 au. 

 

The structure at P = 7.85 GPa in Figure 3.7a shows that the relevant portion of the system 

involved in the open-shell process consists of two Me(C=S)H dimers that are products of C-S bond 

formation reactions at an earlier stage of the simulation, as well as an additional Me(C=S)H 

molecule that will participate in the reaction. The data in Figure 3.6 show that there are no unpaired 
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electrons at this point in the simulation, which is consistent with the absence of any spin density 

in the isosurface plots. However, the structure of the system shows that the two Me(C=S)H dimers 

are in the correct orientation and sufficiently close proximity to react via the formation of a C-S 

bond. This reaction occurred at P = 7.95 GPa to yield an Me(C=S)H tetramer and is associated 

with a large jump in nu from zero to ~2.5. It is noted once again, that nu is not required to adopt 

integer values due to the manner in which the quantity is calculated. Instead, the large jump in nu 

indicates that some electrons have become unpaired in the system. Other changes in nu at higher P 

correspond to other open-shell processes occurring in the system involving species other than those 

shown in Figure 3.7. The structure in Figure 3.7b shows that the net spin density associated with 

the product of the reaction is located largely on the sulfur atom at one end of the tetramer and the 

sp2 carbon atom at the other end. These are the sites that would normally bear formal charges as a 

result of C-S bond formation, and thus the open-shell process has the effect of neutralizing these 

formal charges. Shortly after the formation of the C-S bond, the sulfur atom bearing a radical reacts 

with a sulfur atom in an additional Me(C=S)H molecule to form an S-S bond. The product of this 

reaction is shown in Figure 3.7c and shows that the formation of the S-S bond has displaced the 

unpaired electron density to the C=S bond at the terminus of the resulting Me(C=S)H pentamer.  

Overall, the results suggest that the accumulation of net spin density is prompted by the 

formation of C-S bonds. This is explored further below, where the electronic structures of the two 

reacting Me(C=S)H dimers are examined in greater detail. First, it is important to consider whether 

the observation of a radical species is a meaningful result or due to possible deficiencies of the 

electronic structure method used in the calculations in the context of describing open-shell 

electronic structures. To do this, single-point electronic structure calculations were performed on 

the tetramer in Figure 3.7b at the PBE/6-311++G(2d,p), CASSCF(2,2)/6-311++G(2d,p), and 
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CASMP2(2,2)/6-311++G(2d,p) levels of theory. The calculations were performed to evaluate the 

energies of this structure with open- and closed-shell electronic structures. The PBE/6-

311++G(2d,p) calculations were employed to approximate the methods used in the MD 

simulations (PBE functional with planewave basis sets and pseudopotentials), while the CASSCF 

and CASMP2 calculation possess the ability to capture at least some of the static and dynamic 

electron correlation required to properly describe the electronic structure of a singlet diradical. The 

results of the PBE calculations showed that the open shell structure is more stable than the closed-

shell structure by 24.28 kJ/mol, which is consistent with the observation of the open-shell system 

in the MD simulations. Meanwhile, the CASSCF and CASMP2 calculations showed that the open-

shell system is 219.6 and 255.3 kJ/mol more stable than the closed-shell form, respectively. The 

significant differences in these values reflect the different degrees to which these methods capture 

static and dynamic correlation, the fact that the geometry of the tetramer was not optimized at any 

of these levels of theory, but rather corresponds to that of the structure in Figure 3.7b, and the 

limited size of the active space used in the CASSCF and CASMP2 calculations. Nonetheless, the 

fact that the multi-reference methods find the open-shell structure to be more stable than closed-

shell form supports the validity of the results of the MD simulations. In addition, it is possible that 

the adoption of an open-shell electronic structure could be due to some deficiency of the FPMD 

simulations themselves. To explore this, additional FPMD simulations in which various 

parameters associated with those simulations, e.g. the fictitious mass assigned to the orbital 

coefficients, were altered to examine whether the occurrence of open-shell processes was sensitive 

to the simulation methodology. These additional simulations also led to the observation of open-

shell reactions. 
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3.3.3.2. Mechanism for the Diradical Formation 

The formation of singlet diradicals via processes like that illustrated in Figure 3.7 can be 

understood by examining the electronic structure of the interacting Me(C=S)H dimers, which is 

explored in what follows. It is noted that the following discussion focuses solely on interactions 

between Me(C=S)H dimers, which is analogous to the process reported in Figure 3.7, but the 

underlying conclusions apply to the initiation of all open-shell processes observed in this study, 

which involved interactions between Me(C=S)H oligomers. To facilitate the following discussion, 

isosurfaces of the highest occupied and lowest unoccupied molecular orbitals, the HOMO and 

LUMO, respectively, of a pair of Me(C=S)H dimers are shown in Figure 3.8. 

 
Figure 3.8. Shapes of the HOMOs and LUMOs on two Me(C=S)H dimers forming a tetramer with 
a singlet diradical electronic structure consistent with the isosurface plots in Figure 3.7. The figure 
shows two Me(C=S)H dimers along with their respective HOMOs and LUMOs plotted at 
isosurface values of 0.075 au. Solid red and blue indicate the phases of the HOMOs and wireframe 
purple and orange are used to indicate the phases of the LUMOs. Single- and double-headed arrows 
indicate the movement of the single or paired electrons, respectively. The movement of electrons 
from the HOMO of the left dimer into the LUMO of the right dimer leads to a C-S bond, whereas 
the movement of one electron from the HOMO of the right dimer into the LUMO of the left dimer 
results in a singlet diradical electronic structure.  

 

The images in Figure 3.8 show that the HOMO of the dimer is essentially a p orbital on the 

sulfur atom that bears the negative charge. Meanwhile, the LUMO corresponds to a p* orbital 
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along the C-S bond involving the carbocation, with additional contributions from a p orbital on the 

sulfur bearing the negative charge. The latter atomic orbital is perpendicular to the p orbital on the 

same sulfur atom that is associated with the HOMO. As indicated in that figure, this set of orbitals 

can interact to yield the changes in electronic structure that occur upon moving from Figure 3.7a 

to Figure 3.7b through a process in which a pair of electrons is donated from the HOMO of the left 

dimer into the LUMO of the right dimer to yield a C-S bond along with the transfer of an unpaired 

electron from the HOMO of the right dimer into the LUMO of the left dimer. The latter electron 

ultimately moves toward the terminal C-S bond, and hence this process neutralizes the two 

remaining charges in the tetramer. It is noted that the formation of an S-S bond could also occur, 

but this would simply move the charges to different atoms in the system instead of yielding a 

structure in which all atoms are neutral. Despite the neutralization of the charges, the radical 

centres are still reactive and participate in the subsequent formation of S-S bonds like that involved 

upon moving from the structure in Figure 3.7b to that in Figure 3.7c. In other reactions, reactions 

between carbon atoms bearing radicals led to the formation of C-C bonds. 

Diradical formation is facilitated by the small HOMO-LUMO gap (0.12 eV) of the closed-

shell form of the tetramer that results from the formation of a C-S bond between the two dimers in 

the configuration shown in Figure 3.7b, which leads to the nearly degenerate frontier orbitals 

required for a singlet diradical electron structure. The adoption of an open-shell electronic structure 

was also found to be dependent upon the system adopting a structure like that shown in Figure 

3.7b, which allows the orbitals involved in the transfer of the unpaired electrons achieve an 

orientation that allows the HOMO and LUMO to have a net overlap. Indeed, additional 

calculations of the tetramer showed that singlet diradical electronic structures were only adopted 

for configurations in which these two sulfur atoms were oriented in this manner. 
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3.3.4. Comparison with MeC(H)O 
 

The results of the simulations of bulk Me(C=S)H reported above can be contrasted with those 

obtained previously through analogous simulations of bulk MeC(H)O.36 Briefly, the simulations 

of bulk MeC(H)O showed that those molecules undergo P-induced C-O bond formation through 

processes like that outlined in Figure 3.2, which was terminated by proton transfer through a 

mechanism analogous to that shown in Figure 3.4. Unlike Me(C=S)H , systems composed of 

MeC(H)O molecules did not form rings and did not participate in any reactions involving open-

shell electronic structures. The simulations of MeC(H)O showed that C-O bond formation required 

an initiation P of ~26 GPa, which can be contrasted with the initiation P of ~5 GPa for the 

formation of C-S bonds between Me(C=S)H molecules. Constrained MD simulations analogous 

to those summarized in Figure 3.5 showed that MeC(H)O dimers are not minima on the free energy 

surface for P below ~20 GPa, whereas the data in Figure 3.5 show that the Me(C=S)H dimers are 

metastable species at all P.  

The differences in the reactions observed with Me(C=S)H and MeC(H)O along with the 

initiation P (5 GPa vs 26 GPa) for those reactions can be understood in terms of various electronic 

properties of these systems, the role P plays in altering electronic and structural features of these 

systems, and the differences in the stabilities of the dimers obtained through the formation of C-S 

or C-O bonds between these molecules. Several electronic properties of the Me(C=S)H and 

MeC(H)O are summarized in Table 3.1. These values show that the energetic separation of 

occupied and unoccupied states is greater in MeC(H)O than it is in Me(C=S)H whether in bulk, 

i.e. considering the P = 0 GPa band gap, or in the molecular state, i.e. the HOMO-LUMO gap in 

a single molecule of each species. Similarly, the molecular chemical hardness, η = I − EA( ) 2 , is 

higher for MeC(H)O than it is for Me(C=S)H .54 
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Table 3.1. Bulk band gap (Egap) at P=0 GPa, and molecular HOMO-LUMO gap (DeHL), electron 
affinity (EA), ionization energy (I), and chemical hardness (h) of MeC(H)O and MeCH(S). 
Molecular properties were calculated at the PBE/6-311++G(2d,p) level of theory. 

System Egap [eV] DeHL [eV] EA [eV] I [eV] h [eV] 
MeC(H)O 2.636 3.89 -0.49 9.99 5.24 
Me(C=S)H         1.4 2.13 0.36 8.77 4.21 

 

The difference in the initiation P for the formation of C-S and C-O bonds can be understood 

in terms of the role P plays in promoting these reactions. In the case of MeC(H)O, increasing P 

led to two effects that induced C-O bond formation. First, the band gap of the system decreased 

steadily from 2.6 to 1.9 eV as P was increased from 0 to 20 GPa. Since C-O bond formation 

involves the transfer of electrons from the HOMO on one MeC(H)O monomer to the LUMO on 

another, decreasing the difference in the energies of these orbitals facilitates C-O bond formation. 

Second, increasing P decreased the average distances between carbon and oxygen atoms that could 

react with one another. This allowed the entire oligomerization process, i.e. the process initiated 

by the first C-O bond formed and terminated by proton transfer, to occur in a very brief period of 

time, with the simulations showing this occurred on time scales of 0.2 to 0.5 ps. The ability of P 

to bring the MeC(H)O molecules into close proximity is key for oligomerization to occur in bulk 

MeC(H)O because the MeC(H)O dimer is inherently unstable and dissociates rapidly once formed, 

which precludes the formation of oligomers unless additional Me(C=S)H molecules are 

sufficiently close to react with the dimer. Meanwhile, in the case of Me(C=S)H , the band gap is 

only 1.4 eV at P = 0 GPa, which according to the energetics in Figure 3.5 is sufficiently low for 

the for C-S bond formation to occur with a moderate barrier (35 kJ/mol) to yield metastable 

products at much lower P than was required for MeC(H)O. In addition, the fact that the dimer 

corresponds to a local minimum on the free energy surface allows this species to remain intact for 

large periods of time without decomposing. This obviates the need to apply high P to ensure that 
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oligomerization occurs rapidly that was observed for bulk MeC(H)O. Of course, P plays a role in 

bring the Me(C=S)H dimer into close proximity with other Me(C=S)H molecules to form larger 

species, but this role of P does not play a critical role in the formation of the first C-S bond. 

In addition to the differences in initiation P, compressing Me(C=S)H yields a larger variety 

of products than compressing MeC(H)O. In particular, Me(C=S)H molecules form linear 

oligomers and rings through processes involving closed- and open-shell electronic structures, 

whereas MeC(H)O only formed linear oligomers through closed-shell reactions. These differences 

can also be explained in terms of the relative stabilities of the dimers and the band gaps of the 

systems. As noted above, MeC(H)O dimers are unstable and must react quickly once formed 

through P-induced reactions. The short time scale on which this process occurs precludes 

substantial changes in structure that permit the formation of cyclic structures, for example, and 

hence that system only formed linear oligomers. Conversely, the Me(C=S)H dimer is a local 

minimum on the free energy surface and can exist for sufficiently long periods of time to permit 

the changes in structure required to lead to the formation of structures like rings. For example, as 

noted in section IIIbi, the formation of rings from Me(C=S)H molecules requires the ends of a 

dimer or trimer to be sufficiently close to one another to react simultaneously with another 

Me(C=S)H molecule. Achieving such orientations requires the dimer or trimer to exist for 

relatively long periods of time. The occurrence of open-shell reactions, or lack thereof, can be 

attributed to differences in the band gaps of these systems. Me(C=S)H has a low bandgap, which 

leads the presence of nearly degenerate sets of orbitals, which are needed to obtain singlet 

diradicals. Meanwhile, the band gap of MeC(H)O is much larger, which disfavors the separation 

of paired electrons to yield open shell structures. 
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Overall, the differences in the P-induced processes observed for systems composed of 

Me(C=S)H or MeC(H)O can be attributed to differences in the band gap and the stabilities of the 

dimers. As noted above, the formation of C-O or C-S bonds requires the transfer of electrons 

between the HOMO and LUMO of the reacting molecules. As a result, this reaction is more facile 

when Egap is lower. While Egap can be reduced by increasing P, the intrinsically lower value of Egap 

for Me(C=S)H compared to MeC(H)O increases the probability that the former will react at lower 

P than the latter. Of course, in order for oligomerization to occur, the dimers formed through C-O 

or C-S bond formation must persist for sufficiently long periods of time to undergo additional 

reactions. The dimers are zwitterionic species in which a formal negative charge resides on O or 

S and a formal positive charge resides on a carbon atom. The separation of charge has a 

destabilizing effect, which can be mitigated by distributing these charges over neighboring atoms. 

This difference in the distribution of the positive charge formally borne by the carbon atom at one 

end of the dimer is evident from the positions of the MLWF centres along the relevant C-S (Figure 

2) and C-O (cf. Figure 2 of ref. 36) bonds in Me(C=S)H and MeC(H)O dimers. In both cases, a pair 

of MLWF centres is present along the bond, which indicates that these bonds have double-bond 

character. In the case of the C-S bond, the MLWF centres are located closer toward the centre of 

the bond, which indicates some distribution of the positive charge between the C and S atoms. 

Meanwhile, in MeC(H)O, the MLWF centres are located very close to the oxygen atom, which is 

consistent with a localization of the positive charge on the carbon. This difference in electron 

distribution can be related to the differences in the chemical hardnesses of these molecules. 

Specifically, Me(C=S)H has a lower hardness than MeC(H)O, which allows the former to achieve 

more diffuse electron distributions than the latter. The differences in the chemical hardnesses of 
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these two molecules are in turn related to differences in the chemical hardness of S and O, with 

the latter being harder than the former. 

 

3.4. Conclusions 
 

In this study, FPMD simulations were used to examine the chemical Behaviour of systems 

composed of Me(C=S)H molecules that were exposed to P that changed linearly over time in order 

to mimic the conditions such systems may be exposed to in high pressure conditions. 

Understanding the chemical Behaviour  induced by high P, as well as the values of P required to 

initiate the various chemical processes in which the system takes part, may be useful in the context 

of high pressure reactions for various applications. To this end, the systems were exposed to a 

maximum P of 30 GPa, which is similar to the maximum local stresses that can be supported by 

many materials used in typical industrial applications.  

The simulations showed that Me(C=S)H oligomerizes in response to applied P. This is 

achieved through the formation of C-S, S-S and C-C bonds between Me(C=S)H molecules and/or 

oligomers in the system. Oligomerization was initiated through the formation of a C-S bond 

between two Me(C=S)H molecules. This process was observed to occur for P as low as 5 GPa, 

which is supported through the reaction energetics obtained through thermodynamic integration at 

different densities. In particular, the energetics show that the Me(C=S)H dimer is a metastable 

species at all P and that the barrier to its formation decreases steadily with increasing P. In fact, 

the energetics suggest that the dimer should become lower in energy than the separated monomers 

for P > ~2.5 GPa and dimerization may become barrierless for P > ~5 GPa. An analysis of the 

mechanism of C-S bond formation indicated that this reaction occurs through a closed-shell 
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process in which a lone pair of electrons on one of Me(C=S)H molecule attacks the sp2 carbon in 

another Me(C=S)H molecule. 

The (meta)stable nature of the dimer permits it to persist in the system for relatively long 

periods of time without decomposing. It was found that the dimer can form C-S, S-S, C-C bonds 

with other Me(C=S)H molecules or oligomers present in the system to yield extended structures. 

The latter set of reactions involves the separation of electrons in the system to yield singlet 

diradicals or reactions between unpaired electrons. The disproportionation of electrons in the 

system was found to occur through reactions between Me(C=S)H dimers, and was facilitated by 

the very small HOMO-LUMO gap of the closed-shell form of the resulting tetramer, which 

provided nearly degenerate orbitals that allow the system to adopt an open-shell electronic 

structure. Ultimately, oligomerization was terminated through the generation of rings via C-S, S-

S, or C-C bond formation or through proton transfer processes. 

The results of these simulations were contrasted with analogous simulations of MeC(H)O, 

which have been reported previously.36 The comparison shows that while both systems 

oligomerize in response to applied P, Me(C=S)H oligomerizes at lower P and through a wider 

range of reactions than MeC(H)O. These differences in behaviour can be attributed to differences 

in the HOMO-LUMO gaps of the Me(C=S)H and MeC(H)O molecules and the chemical 

hardnesses (or softnesses) of oxygen and sulfur. In particular, replacing oxygen in MeC(H)O by 

sulfur results in a lower HOMO-LUMO gap, which allows the electron transfer processes needed 

for C-S bond formation to occur at lower P than that required for the analogous process in system 

composed of MeC(H)O molecules, and permits open-shell processes to occur. In addition, the 

increased softness of sulfur allows the formal charges that arise as a result of dimerization to be 

distributed over multiple atoms in the system, which allows the Me(C=S)H dimer to exist for 
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extended periods of time and thus increases the potential for this system to take part in a greater 

range of reactions than MeC(H)O, where the dimer is unstable at low P. 

Overall, these results suggest that changing the band gap and ability to redistribute charge in 

the molecule are key to changing the initiation P for oligomerization and opening up a larger range 

of oligomerization reactions. Here, the changes in the band gap were achieved by replacing O with 

S, but this can also be achieved by changing the electron donating or accepting abilities of the 

substituents on the monomers. The ability to precisely control the initiation P and nature of the P-

induced reactions by varying chemical hardness can heavily contribute to various high pressure 

applications. Additional simulations are underway to explore this possibility, with the results 

indicating that the initiation P can be controlled through the selection of these substituents. The 

results of those simulations will be reported in the future. 
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Chapter 4 Pressure-Induced Reactions of Me(C=S)X 
4.1. Introduction 
 

Chemical reactivity is the tendency of molecules to undergo chemical changes.1 Chemical 

reactivity is one of the most desirable parameters for chemists to control. It is usually depicted as 

a means to overcome reaction barriers by introducing a third variable such as catalyst, temperature, 

agitation, and pressure. Each of these factors alters the reaction barrier, which in turn results in a 

change in reactivity. The ability to control the reactivity can lead to the improvement in multiple 

aspects of chemical reactions: faster reaction rates, higher yields, and reduced costs.  

A chemical route to control chemical reactivity is by altering the chemical structure of 

reactants. The Hammett plot is an early example such method to guide the control of chemical 

reactivity, where various chemical functional groups on the benzoic acid derivate affected the 

substitution reactions.2 Each functional group altered the electronic structure of the benzene ring 

which resulted in a different type of products.  

The effect of high pressure on chemical reactivity is a subject of great interest.3–5 It is 

known that the electronic structures of molecules change under high-pressure conditions. 

Typically, the HOMO-LUMO gap of the molecules under high pressure is reduced and the system 

can reach the metallic state. This drastic pressure-induced change of the electronic structure alters 

the chemical reactivity of these molecules. The effect of high pressure on molecules with various 

chemical functional groups is well documented.3,5,6 Schettino and Bini studied the effect of high 

pressure on simple molecules such as nitrogen, carbon dioxide, acetylene and aromatics. They 

discovered that irreversible pressure-induced polymerization reactions occur for most of these 

molecules. Under high pressure conditions benzene molecules degraded into carbonaceous 

compounds. However, there is an absence of systematic studies where the effect of high pressure 

on the reactivity was performed on a series of molecules with a wide range of functional chemical 
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groups. An experiment of such kind will shine the light on how a molecule with various chemical 

functional groups behaves differently under high pressure.  

Experimental methods to study the high-pressure reactions have severe limitations.3,7 Most 

of high-pressure reactions occur in a confined space which limits experimental techniques to study 

them. There are experiments such as in situ Raman which can track the pressure-induced 

reactions.8–10 The disadvantage is that the Raman spectra can be difficult to interpret due to the 

complexity of because the chemical product of pressure-induced products is unknown.  

Simulations offer a viable alternative to the experimental methods to study the pressure-

induced reactions. The simulations have been extensively used to study the behaviour  of various 

molecules under the high pressure.11–23 The simulations methods with quantum mechanics are used 

to study chemical reactions because they can accurately capture the electron behaviour  in chemical 

reactions.  

Previously, we have used the first-principles molecular dynamics (FPMD) to study the 

pressure-induced reactions of bulk MeCHO and Me(C=S)H which is explored in Chapter 3.13,14,24 

The responses of these two molecules to compression were drastically different. Me(C=S)H 

molecules were far more reactive and displayed a wide range of reactions which MeCHO such as 

open-shell reactions. The pressures at which these molecules first reacted to form dimers were also 

different: Me(C=S)H reacted at ~5 GPa whereas MeCHO reacted at ~26 GPa. This discrepancy in 

the initiation pressures was due to their band gaps. The band gap represents the HOMO-LUMO 

gap of the bulk solid systems hence the band gap is an indicator of chemical reactivity. The band 

gap of the bulk MeCHO (~2.6 eV) was larger than Me(C=S)H (~1.4 eV) prior the compressions. 

During the compression, the band gap of both species decreased which resulted to Me(C=S)H 

partaking in chemical reactions at lower pressures.  
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In this Chapter, we employ FPMD to study the pressure-induced reaction of series of 

Me(C=S)H derivative molecules the parent formula of Me(C=S)X, where X is -F, -Cl, -CH3, -CF3, 

and -NH2. Previously, we attempted to study the MeCHO derivatives but due to the large band gap 

of MeCHO, the compression results were insensitive to switching functional groups.25 This wide 

range of functional groups was chosen to attempt to understand how they would affect the 

pressure-induced reactions. The -F, -Cl and -CF3 chemical groups were selected for the electron 

withdrawing abilities. The -CH3 and -NH2 chemical groups generally considered to be electron 

donating groups. The -CH3, -CF3 and -NH2 groups can introduce steric hindrance to the pressure-

induced reactions. In theory, the initiation P of Me(C=S)X species should be larger than of the 

parent Me(C=S)H species (~5 GPa) due to the properties of the selected chemical groups listed 

above.24 Compression of the Me(C=S)X molecules shows that the pressure-induced chemistry of 

these species is similar to their parent ion Me(C=S)H . However, the initiation reaction P of all 

species were substantially larger than 5 GPa. The underlying difference in the pressure-induced 

behaviour  of these Me(C=S)X are attributed to the difference in the interaction energy of the X∙ 

group with the rest of the molecule MeCS∙. The interaction energies between two parts of a 

Me(C=S)X molecule X∙ and MeCS∙ were calculated using the Localized Molecular Orbital 

Analysis Energy Decomposition Analysis (LMO-EDA).26 The EDA results indicate that there is a 

direct relationship between the initiation pressure and the terms of EDA interaction energy: 

electrostatic, Pauli and orbital relaxation terms. The results indicate that the calculated EDA terms 

can predict the order of pressure-induced reactions of Me(C=S)X molecules.  

4.2. Computational Details 
 
The compression simulations were performed using our in-house modified Quantum Espresso 

code.27 The compression simulation conditions were similar to the compression details of 
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Me(C=S)H discussed in the previous Chapter 3. The LMO-EDA analysis were performed using 

the General Atomic and Molecular Electronic Structure System GAMESS (US) version.26,28,29 The 

LMO-EDA energy values were corrected for the basis set superposition error using the counterpoise 

method of Boys and Bernardi.30 

4.3. Results and Discussions 
 

The FPMD simulations of systems containing 18-27 molecules of Me(C=S)X, where X is 

NH2, CH3, Cl, F, and CF3, compressed to the Pmax=30 GPa led to the observation of several distinct 

P induced reactions. The compression of Me(C=S)NH2 did not produce any P-induced reactions 

due to its extensive hydrogen network hence the majority of this chapter is focused on the species 

the Me(C=S)Y  species, where Y is X, CH3, Cl, F, and CF3. The general details of the P-induced 

reactions of the Me(C=S)Y species are described in 4.3.1. The observed reactions occurred through 

closed-shell or open-shell reaction pathways. The energetic details of the initiation reactions are 

described in 4.3.2. and those of the open-shell processes are discussed in Section 4.3.3. The 

relationship between the reactivity of the bulk Me(C=S)X molecules with various substituents is 

discussed in Section 4.3.4. 

4.3.1. Compression Results 
 

The results of the FPMD simulations indicate that various types of P-induced reactions 

were observed for Me(C=S)Y  species. The common P-induced reactions observed for all reacted 

species were the formation of C-S (I), S-S (II) and C-C (III) bonds between monomer molecules 

in the system, as well as hydrogen transfer from methyl groups to sulphur or sp2 carbon atoms 

(IV). The first observed reaction was the formation of C-S bond between two monomers to form 

a dimer which then further reacted through a various combination of (I) through (III) to yield larger 
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oligomers. There were substituent specific reactions involving Me(C=S)Cl where the chlorine 

atom acted as a leaving group and bonded with an sp2 carbon.  

Representative examples of stable species formed through P-induced reaction observed 

during the compression simulations to 30 GPa are presented in Figure 4.1. Structure (a) is a 

Me(C=S)Me oligomer was formed through the formation of C-S and S-S bonds among ten 

Me(C=S)Me molecules. This chain reaction stopped when the terminal methyl groups lost 

hydrogen atoms to form C=CH2. Analogous results were observed in during the compressions of 

Me(C=S)F and Me(C=S)CF3. The P induced reactions of these species were mostly through (I) to 

(III) type of reactions to form various types of oligomers presented in Figure 4.1 b) and c).  

The P-induced reactions of Me(C=S)Cl molecules were more diverse because chloride is 

leaving group. The ability of the chlorine to act as leaving the group is enhanced by compression, 

which forces the compressed molecules into less energetically favourable geometrical orientations. 

As the result of the compression of Me(C=S)Cl, a wide range of oligomers were formed such as 

chlorine atom binding to terminal sulphur to form S-Cl bonds or oligomers with two consecutive 

S-S bonds as shown in Figure 4.1d. The precursor of the oligomer from the Figure 4.1d with S-S-

S species was formed ~ at 28 GPa. The catalyst of the formation of the molecule is a chlorine atom 

attached to sulphur leaving the oligomer as shown as Figure 4.2.  The molecule goes through the 

rearrangement process to form the S-S-S timer when this terminal chlorine atom leaves. This 

rearrangement process consists of S-S bond formation, breaking a C-S and C-Cl bonds as shown 

in Figure 4.2 on the left. Immediately, the terminal sulphur atom attacks the S-S bond to force the 

rearrangement as shown to form the S-S-S trimer. This trimer would react with other monomers 

during the simulation to form the final gas-phase stable shown in Figure 4.1d.  
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Figure 4.1. The stable Me(C=S)Y  species formed during the compression to Pmax of 30 GPa. In 
Figure, the following species are presented a) It a Me(C=S)F nanomer b) a Me(C=S)Me  decamer, 
c) a Me(C=S)CF3 trimer d) Me(C=S)Cl pentamer. The oligomers where formed through a series 
of C-S, S-S and C-C bonds. The Oligomerization reactions were terminated hydrogen or chlorine 
transfer. Cyan, yellow, lime, purple, and white spheres indicated carbon, sulfur, chlorine, fluorine 
and hydrogen atoms, respectively. 
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Figure 4.2. The Proposed reaction mechanism for formation of the Me(C=S)Cl trimer with S-S-S 
bond. The reaction is initiated by the dissociation of the S-Cl bond which is indicated by the blue 
arrow. The S-Cl bond dissociation triggered a rearrangement which resulted in the S-S-S bonding 
pattern. Cyan, yellow, lime, and white spheres indicated carbon, sulfur, chlorine, and hydrogen 
atoms, respectively.  
 

The analysis of the electronic structures of species observed during the simulations showed 

that reaction (I) and hydrogen and halogen migration reactions were closed-shell processes. The 

mechanisms of these reactions are similar to the previously studied Me(C=S)H .24 The mechanisms 

of C-S bond formation and the hydrogen transfer reaction are presented in Figure 3.2, Figure 3.3. 

The chlorine transfer reactions have the same mechanism as the hydrogen transfer reactions as 

these reactions occur to eliminate the formal charges of dimer or higher order oligomers. These 

oligomers are unstable because of the formal charges which are located the terminal sulphur and 

sp2 carbon atoms. These formal charges make these oligomers highly reactive, which results in 

further oligomerization process. This process is similar to the previously described Me(C=S)H 

species. This oligomerization chain reaction is terminated by charge neutralizing reactions such as 

hydrogen or halogen transfer reactions.  

4.3.2. Energetics 
 

The formation of the Me(C=S)Y  dimers through C-S bonds acted as the initial step for all 

subsequent oligomerization reactions observed simulations. This reaction was the first observed 

reaction, and this dimer formation plays the central role in the formation of all the products hence 

the energetics of this reaction were studied using the constrained MD simulations. In these 

Δt
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simulations, the distance dC-S between the sulphur atom of one Me(C=S)Y  molecule and the sp2 

carbon in the neighbouring Me(C=S)Y  molecule was fixed at values ranging from typical 

separation of these atoms (~3.1-3.5 Å) to distances below the C-S bond length (~1.8 Å). The rest 

of the simulation environment was allowed to evolve according to Newtonian dynamics at each 

constrained value of dC-S. The average force of the constrained dC-S bond was measured over a 

period of 2 ps. The change in energy associated with moving from dC-S to a different dC-S was 

obtained by numerical integration of forces: 

Ideally, these simulations should be performed with constrained dynamics at different values 

of P. Unfortunately, the ability to constrain distances in conjunction with variable cell MD is not 

straightforward and would require major modifications to the software package used to perform 

these simulations. In the current software, the constrained dynamics were performed using fixed 

simulation cells with densities, ρ, that are representative of those the systems possessed at 

different P. These cells were obtained by selecting a target P and equilibrating the system at that 

P by allowing the cell and all atoms to move. Once the cell was equilibrated, the resulting lattice 

vectors were fixed to define the simulation cell that would be used in the constrained MD 

simulations. The MD simulation was continued in the fixed simulation cell using Nose-Hoover 

thermostats to sample the canonical ensemble, i.e. constant (N,V,T) conditions, with a goal 

temperature of 300 K, to obtain the values of <FC-S> at several values of dC-S for each ρ 

considered. Since the values of <FC-S> were obtained in the canonical ensemble, the energies 

obtained through Eq 4.1. correspond to changes in Helmholtz free energy, ∆A. 

 ΔA = FC-S dC-S
dC-S
i

dC-S
f

∫   (4.1) 



 94 

The constrained dynamics simulations of Me(C=S)Y  species led to the observation of two distinct 

types of behaviour . The halogen Me(C=S)Y  species exhibited behaviour  where the energy profile 

of constraint dynamics did not noticeable decrease with increased density of the simulation cell 

until density reached a certain threshold. Whereas Me(C=S)Me  and Me(C=S)CF3 behaved very 

similarly to previously reported Me(C=S)H where its energy profile noticeably decreased with 

every increase in cell density. 

The energy profiles of halogenated Me(C=S)Y  constraint dynamics are shown in Figure 

3. The constrained simulations of Me(C=S)F were performed at densities of ρ = 1.12 g/cm3 (P~0 

GPa), ρ = 1.60 g/cm3 (P~5 GPa), ρ =1.92 g/cm3 (P~10 GPa) and ρ =2.22 g/cm3 (P~15 GPa). 

Higher densities were not considered because C-S bond formation occurred during the 

equilibration phase. In the Figure below the energy profile of P~5 GPa is not shown as it highly 

resembles the energy profiles of P~0 GPa and P~10GPa. The band gap of Me(C=S)F bulk stays 

relatively constant at ~1.6 eV and at P~15 GPa the band dap rapidly decreases to 1.29 eV. Based 

on the lower curve it is clear the barrier of the Me(C=S)F dimerization is ~15 kJ/mol which 

explains why at higher pressures we observed the instantaneous oligomerization of Me(C=S)F 

molecules.  



 95 

Figure 4.3. The Helmholtz free energy profiles of Me(C=S)F and Me(C=S)Cl. The data show that 
the free energy of reaction and the reaction barrier decrease with increasing density. 
 

The results of the constrained simulations of Me(C=S)Cl were similar to those of Me(C=S)F with 

the exception that instantaneous dimerization reactions occurred at pressures higher than 10 GPa. 

Therefore, the simulations were only performed at densities of ρ = 1.05 g/cm3 (P~0 GPa) ρ = 

1.78 g/cm3 (P~5 GPa) and ρ =2.15 g/cm3 (P~10 GPa). It should be noted that during the 

constrained simulations when two Me(C=S)Cl monomers were within bonding distance (below 2 

Å) a chlorine atom would often leave a monomer molecule to facilitate the formation of a different 

product. This new product was not desirable as energies of this product is not formed during the 

compression. Therefore, in energy profiles of Me(C=S)Cl ends at ~2 Å. Similar to the Me(C=S)F, 

the energy profile of P~5 GPa is not shown in Figure as it looks very similar to P~0 GPa. The 

band bap of Me(C=S)Cl significantly decreases from 1.5-1.6 Å range to 0.44 eV as P increases 

from 0 to 10 GPa.  

The energy profiles of Me(C=S)Me  and Me(C=S)CF3 are shown in Figure 4.4. The 

constrained simulations of Me(C=S)CF3 were performed at densities of ρ = 1.35 g/cm3 (P~0 GPa) 

and ρ =1.92 g/cm3 (P~5 GPa). The constrained simulations of Me(C=S)Me  were performed at 
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densities of ρ = 0.61 g/cm3 (P~0 GPa), ρ =1.14g/cm3 (P~7.5 GPa) and ρ = 1.48 g/cm3 (P~10 

GPa). Like the previous simulations, at pressures higher than reported pressures of each species 

the instantaneous dimerization reactions were observed at the equilibration phase. Figure 4.4 

shows that the energy profiles of these two species are more susceptible to the pressure change. 

The pressure change influence can also be seen in the density of states of results. The relationship 

is clearly inversely proportional as with every pressure increase, the band gap becomes smaller.  

 
Figure 4.4. The Helmholtz free energy of a) Me(C=S)Me  and b) Me(C=S)CF3. The data show 
that the free energy of reaction and the reaction barrier decrease steadily with increasing density. 
 
4.3.3. Open-shell reactions 
 
Compressing the Me(C=S)Y species produced the open-shell electronic structure oligomers. The 

formation of species with open-shell electronic structures was identified by monitoring the net 

spin density, rn(r), during the MD simulations, where: 

 ρn r( ) = ρα r( )− ρβ r( )   (4.2) 

rn(r), is the difference in the a and b electron densities, ra and rb, respectively.  Integrating the 

absolute value of this quantity over the entire simulation cell provides a measure of the number of 

unpaired electrons in the system, nu = ρn r( ) dr∫ . Note that due to a combination of spin 
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polarization and the evaluation of rn(r) as a difference in local densities, in this case at the points 

on the Fourier transform grid used in the calculation, nu does not generally yield an integer number 

of unpaired electrons. 

The first open-shell diradical occurred for each species at following pressures: 

Me(C=S)Me at 12 GPa, Me(C=S)CF3 at 13 GPa Me(C=S)Cl at 14 GPa, and Me(C=S)F at ~22 

GPa,. The during the course of the compression, a closed-shell structures were driven into the 

open-shell diradical geometry by the external force. The external force, in conjunction with the 

confined space, prevents these structures from reverting to its preferred closed-shell geometry. 

This open-shell oligomer typically would have its spin densities located on the terminal sp2 carbon 

and the terminal sulphur atom. This terminal sp2 carbon is unreactive possibly due to the presence 

of bulky methyl group which prevents other molecules to get within the reactive distance. On the 

other hand, the terminal sulphur atom of the diradical oligomer was highly reactive as it was not 

hindered by any geometric constraints. The high reactivity of this sulphur atom is capable of 

transferring an unpaired electron to a sulphur atom of a neighbouring molecule. This connection 

over the course of compression facilitated the formation of a covalent S-S bond to yield a larger 

oligomer. Once, this bond is formed, the unpaired electron from the sulphur atom moved to the 

second terminal sp2 carbon. This electron transfer results in an open-shell diradical oligomer with 

spin densities on the terminal sp2 carbons. The open-shell formation of the Me(C=S)Me is 

presented as an exemplary diradical evolution process shown in Figure 4.5 The diradical nature 

occurred in a Me(C=S)Me trimer due to the geometrical orientation change in a closed-shell trimer 

molecule.  

The additional single point electronic structure calculations revealed that the source of the 

diradical nature was the C-S formed dimer part of the trimer molecule presented in Figure 4.5 c). 
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The calculations diradical nature on the dimer revealed that the spin densities were at the terminal 

sulphur atom and sp2 carbon. This diradical dimer immediately transferred a portion of its spin 

density from the terminal sulphur to the sp2 carbon of the adjacent monomer molecule. This 

electron transfer is complete when a covalent S-S bond is formed to yield a trimer with spin density 

on the second terminal sp2 carbons.  The additional single point electronic structure calculations 

using the CASSCF MP2 theory was used to verify the diradical nature was the Me(C=S)Me trimer 

clearly demonstrate that only the diradical electronic configuration with spin densities at the 

terminal sp2 carbons was the only  wavefunction for the geometry presented in Figure 4.5 c).  

 

Figure 4.5. Diradical evolution of within the Me(C=S)Me trimer. Cyan, yellow, and white spheres 
indicated carbon, sulfur, and hydrogen atoms, respectively. Red and blue indicate excesses of a 
and b electron density, respectively. The isosurfaces are plotted at values of 0.01 au. 
 

The other species form the open-shell reactions through similar scenarios. At first a closed-

shell oligomer was driven by external pressure into diradical species. The size of the diradical 

a)	P=11.74	GPa

b)	P=12.46	GPa

c)	P=13.18	GPa
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oligomer varied as Me(C=S)Cl and Me(C=S)CF3 species had open-shell dimer molecules and for 

Me(C=S)Me and Me(C=S)F species were open-shell trimers. These oligomers would start with 

the spin densities located at the terminal sulphur and sp2 carbon. In order to stabilize itself, these 

oligomers reacted with neighbouring molecules through the terminal sulphur atom with the spin 

density to form larger oligomers with S-S bonds.  These type of diradical oligomers were most 

frequently observed and they had spin densities located at terminal sp2 carbons.  

The preferred energy state of the oligomers formed in the simulation should be closed-shell 

as there are even number of electrons. Upon witnessing multiple diradical species formed during 

the compression simulation we decided to investigate how subtle change in geometry in molecules 

is required to convert one molecule from its closed-shell to open-shell structures. For this purpose, 

we optimized the optimized the Me(C=S)CF3 open-shell dimer using the electronic structure 

method at PBEPBE/6-31G(d) level of theory. The dihedral angle of S-C-S-C of the dimer was 

frozen to preserve the general shape of the open-shell structures. This dimer was not stable at the 

gas phase which was required to manually fix the intermolecular C-S distance at the diradical C-S 

distance value. The results of the geometry optimizations are presented below in Newman 

projection format in Figure 4.6. In this projection, the dimer molecule is visualized through the 

dimer forming C-S bond with carbon in front and sulphur atom at the back.  
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Figure 4.6. The geometrical difference between open-shell and closed-shell dimer of 
Me(C=S)CF3. The difference between two species is subtle. Cyan, yellow, purple, and white 
spheres indicated carbon, sulfur, fluorine and hydrogen atoms, respectively.  
 
From the structures in Figure 4.6, it is evident that the geometrical difference between the open-

shell and closed-shell species is not distinctly visible. There are some subtle differences in 

orientations of certain functional groups but these differences do not present themselves as clear 

distinctions between closed and open-shell geometries. The difference in electron structure of these 

two species can provide more insights why subtle geometrical shift can turn a species from open-

shell to closed-shell or vice-versa. The HOMO and LUMO orbitals of both molecules from Figure 

4.6 were calculated using the same level of theory PBEPBE/6-31G(d) and presented in Figure 4.7. 

 

Closed-shell Me(C=S)CF3 dimerOpen-shell Me(C=S)CF3 dimer
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Figure 4.7. The HOMO and LUMO of both closed-shell and open-shell Me(C=S)CF3 dimer 
molecule. (AU of 0.01) Cyan, yellow, purple, and white spheres indicated carbon, sulfur, fluorine 
and hydrogen atoms, respectively. Red and blue indicate the a and b electron density, of the 
HOMO orbitals, respectively. Teal and lime indicate the a and b electron density, of the LUMO 
orbitals, respectively. 
 

The orbital analysis indicates that HOMO orbital of both closed and open-shell are very 

similar as the most electron density is accumulated on the terminal sulphur atom. The structure of 

the LUMO sheds light on the difference between closed and open-shell orbitals. In the closed-shell 

LUMO orbital there is node that separates two π orbitals along a C-S bond as shown in Figure 

4.7. It appears that in the geometry of open-shell structure resulted in the elimination of this node 

in the LUMO open-shell 𝛼. This node destruction allowed two densities of the same spin (green) 

to overlap thus creating a new lower energy state which resulted in open-shell electronic structure. 

Therefore, destruction of the node in 𝛼 LUMO orbital forces the energy state to split into a lower 

energy degenerate state in a form of open-shell structure.  
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4.3.4. Localized Molecular Orbital – Energy Decomposition Analysis (LMO-EDA) 
 

The compression results of the Me(C=S)Y  species demonstrated that different functional 

group changed the pressure of the initiation reaction. The initiation reaction of Me(C=S)Y  species 

was the dimer formation through the formation of a C-S bond between two neigbouring Me(C=S)Y  

monomers. The initiation pressures of a Me(C=S)Y  species are listed in Table 4.1. In this section, 

we attempt to find the influence of functional groups on the chemical reactivity of the whole 

molecule. The relationship between the functional group (structure) and its influence on the overall 

chemical reactivity (property) is known as structure-property relationship.   

The HOMO-LUMO (H-L) gap is a commonly-used measurable in structure-property 

relationship to describe the chemical reactivity. H-L is an indicator of change of electronic 

properties, and useful in describing chemical reactivity. The H-L gap of Me(C=S)Y  monomer 

molecules were calculated using the PBEPBE/6-311++G(2d,p) level of theory, and the results are 

presented in Table 4.1 with their corresponding reaction initiation pressure. Me(C=S)H has the 

lowest H-L gap and it was the first species to partake in the initiation reaction at P ~ 5 GPa. The 

Me(C=S)F and Me(C=S)Cl monomers have higher H-L gap than Me(C=S)H which explains why 

the initiation pressures of these compounds were higher. Me(C=S)Me is a bulkier alternative to 

Me(C=S)H molecule and it is known that larger external P is needed to overcome the steric 

hindrance. The higher pressure is required to properly orient and minimize the distance between 

monomers for the C-S dimerization reaction. The H-L gap of Me(C=S)CF3 was unexpectedly low, 

considering -CF3 is known as a strong electron withdrawing group.  
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Table 4.1. The HOMO-LUMO gap of Me(C=S)Y  (where Y=-H, -CH3, -Cl, -F, and -CF3) 
monomer calculated using the PBEPBE/6-311++G(2d,p) level of theory.  

Species, 
Me(C=S)Y  H-L gap, eV Initiation P, GPa 

-H 2.13 5 
-CH3 2.18 13 
-Cl 2.46 13 
-F 2.89 21 

-CF3 2.13 12 
 
The results tabulated in Table 4.1 are visualized in Figure 4.8. It is clear that there is no 

obvious trend between the H-L gap of the Me(C=S)Y  molecules and their initiation pressures. 

The results correctly calculated the extremes of H-L gaps as species such as Me(C=S)F with H-L 

gap of 2.89 eV would have the largest initiation pressure but it fails to correctly predict the other 

species with lesser value of H-L gap. The issue is the H-L gap is a measure of the whole molecule, 

hence it fails to capture other factors which influences the reactivity such as steric effects of the 

functional group.  The only species Me(C=S)Y species with minimal steric effects are species with 

monatomic functional groups: -H, -Cl and -F. Therefore, if we consider to plot only monatomic 

functional groups (-H, -Cl, and -F) a linear relationship is found. It should be noted that more 

monatomic functional groups need to be studies in order to provide more insightful information 

on the exact nature of the relationship between the initiation P of Me(C=S)Y  species and their 

corresponding H-L gaps.  
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Figure 4.8. The relationship between initiation pressure of Me(C=S)Y species and their 
corresponding H-L gap. There is a correlation between the reaction pressure and H-L of uni-
atomic functional groups H, Cl and F which is presented by the blue-dash line.  
 
4.3.4.1. Energy Decomposition Analysis (EDA) 

The H-L gap results indicate that calculations with the ability to capture more properties of 

the chemical bond are needed. The use of fundamental laws of quantum mechanics is required to 

understand the chemical bond and its effects on various properties of the whole molecule with easy 

predictability of chemical behaviour . Energy decomposition analysis (EDA) is a powerful method 

which connects the gap between the fundamentals of quantum mechanics and straightforward 

interpretation of chemical bond. In EDA, a molecule is broken into two fragments of interest and 

the interaction energy between these fragments are calculated. The interaction energy ∆Eint is 

defined as the difference between the ground state energies of the fragments in isolation and the 

ground state energy of the whole molecule. EDA can decompose this interaction energy into 

several chemical meaningful terms. The main terms are electrostatic interaction energy between 

fragments ∆Eelstat, the exchange repulsion between fragments due to Pauli’s principle ∆EPauli and 

the energy gain due to the orbital relaxation of the fragments ∆Eorb. In the localized molecular 

F

Cl

H

CH3
CF3
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orbital EDA (LMO-EDA) ∆Eint there is another term, the dispersion interaction energy ∆Edisp. This 

term is important for the EDA analysis for species with long-range interactions hence for the 

present project it has a little value and the dispersion results will not be discussed.  

The LMO-EDA results were calculated using the MP2 method with the ACCD basis sets 

and presented in Table 4.2. An Me(C=S)X molecule was split into two radical species with 

opposite spins MeCS· and X·, and the LMO-EDA was used to find the interaction energy of 

two fragments. all interaction energies were energy-favourable which was expected as the 

fragments were divided through a covalent bond. It is clear that the overall interaction energy term 

∆Eint cannot be used for the trend determination as it is the sum of energy-favourable terms 

(electrostatic ∆Eelstat, orbital ∆Eorb relaxation and dispersion) and the energy-unfavourable ∆EPauli 

which are presented in Table 4.2. The summation of the opposite trend terms leads to information 

loss hence the terms will be discussed separately. 

Table 4.2. MP2/ACCD calculated LMO-EDA energies (in kJ/mol) of Me(C=S)X monomers. 
Species, X· ∆Eelstat ∆EPauli ∆Eorb ∆Edisp ∆Eint 

-H· -300.62 502.04 -558.98 -67.32 -424.80 

-F· -856.38 2187.06 -1678.29 -180.37 -527.98 
-Cl· -709.77 1640.92 -1180.72 -136.69 -386.23 

-CH3· -710.57 1119.60 -758.43 -105.98 -455.34 
-CF3· -658.85 1039.43 -700.95 -112.93 -433.30 
-NH2· -1276.87 2996.62 -2103.92 -125.48 -509.69 

 
Initially, we performed the LMO-EDA analysis only on the Me(C=S)Y  species and 

noticed a strong correlation between the EDA terms and the initiation pressure. Based on these 

results and the LMO-EDA calculations of the Me(C=S)NH2 monomer, the initiation P of 

Me(C=S)NH2 predicted to be ~32-35 GPa range. These values are above the target Pmax=30 GPa 

which required to perform the additional compression of the bulk Me(C=S)NH2. This additional 

compression results revealed that the first dimer formation among the Me(C=S)NH2 molecules 
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occurred at P~ 34 GPa. It should be noted, this reaction was the only observed reaction during the 

compression of MeC(NH2)S. 

The EDA results reveal that Me(C=S)H species has the lowest absolute initiation P because 

it had lower interaction energies terms than others. Various functional chemical groups can alter 

the electron density of the whole molecule by donating or withdrawing electron density from one 

part of the molecule and transfer to another part. This electron density migration affects the 

pressures at which the molecule will participate in the dimer formation. For an example, -CF3 

withdraws electron density from the sulphur atom which in future will decrease the ability of this 

molecule to attack other molecules to form oligomers. EDA can indirectly to predict the steric 

effects as in the bulky chemical groups the electron density is more spread in a diffuse form. 

 
Figure 4.9. The calculated electrostatic interaction energy relationship with the initiation 
pressure. A linear trend with a negative slope was observed indicating that that species with 
lesser attraction will react and higher pressures. 
 

The electrostatic, Pauli and orbital relaxation terms of EDA are useful in describing the 

relation of the electron density of a fragment of interest and the rest of the molecule. These 

components measure how strong is the interaction between fragments of the molecule from 
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different perspectives. The electrostatic energy term represents the strength of the Coulombic 

attraction between fragments. The relationship between ∆Eelstat and the initiation pressures are 

presented in Figure 4.9. The Pauli energy term describes the quantum effects such as electrons 

mobility and interaction where the positive values demonstrate strong electron repulsion are. The 

relationship between ∆EPauli and the initiation pressures are shown in Figure 4.10. The orbital 

mixing term represents the obtained stabilization energy when the orbitals of fragments are 

allowed to mix. The relationship between ∆Eorb and the initiation pressures are shown in Figure 

4.11. The correlation between each EDA term with the initiation pressure is evident as all three 

terms represent the strength of interactions between the fragments of interest from different angles.  

 
Figure 4.10.  The calculated Pauli interaction energy relationship with the initiation pressure. A 
linear trend with a positive slope was observed indicating that that species with higher exchange 
will react and higher pressures. 
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Figure 4.11. The calculated orbital relaxation interaction energy relationship with the initiation 
pressure. A linear trend with a negative slope was observed indicating that that species with lower  
relaxation energy will react and higher pressures. 
 
4.4. Conclusions 
  

We performed a series of compression simulations of bulk Me(C=S)X molecules, where X is. 

-F, -Cl, -CH3, -CF3, and -NH2. The results indicated that the functional group X affects the high-

pressure chemistry of bulk Me(C=S)X molecules. The most noticeable effect of functionals groups was 

the first observed reaction of Me(C=S)X occurred at different pressures. We were able to quantify this 

effect of functional groups on the initiation reaction pressure using the LMO-EDA. The LMO-EDA 

calculated the interaction energy between substituted functional group X·, and the rest of molecule 

MeCS·. The components of the LMO-EDA interaction energy strongly correlated the initiation 

pressure.   

The open-shell reactions occurred during the compression Me(C=S)Y  species, where Y is -F, 

-Cl, -CH3, and -CF3. Upon a close inspection, it was discovered that these reactions occurred because 

of their geometrical constraints.  The open-shell structures were formed because during the compression 

they were unable to orient themselves into the preferred closed-shell configuration because of the 
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confined space. The geometrical orientation of the open-shell structure dismantled one of the orbital 

nodes which led to the degenerate orbital. 
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Chapter 5: Chemical response of thioaldehydes to compression between magnesium oxide 
surfaces: A first-principles molecular dynamics study 

This Chapter is a reproduction of an accepted manuscript to the Journal Surface Science 
Authors: Y. Zhang, M. Li, and N. Mosey 
 
5.1. Introduction 
 

Chemical transformations that are induced via applied stresses and pressures play key roles in 

many areas of science, engineering, and technology.1,2 For example, the use of high stresses has 

permitted the discovery, manufacture, and investigation of new classes of materials with wide-

ranges of optical3, mechanical4–6 and electromagnetic properties. The conditions required to 

promote these reactions can occur in sliding contacts, where local stresses can reach the yield 

strengths of materials (tens of gigapascals) and local heating can lead to temperatures approaching 

the melting points of the materials forming the contact (on the order of 1000 K).7,8 These reactions, 

called tribochemical reactions, alter the structures and properties of the materials present in the 

contact, which can in turn have significant effects on friction and wear. In many cases, such 

reactions have undesirable consequences in the context of friction and wear, including the plastic 

deformation of the materials forming the contact9 , oxidation and corrosion of the surfaces in 

contacts10–12, and degradation of lubricants.9,13–15 However, tribochemical reactions are not 

necessarily detrimental in the context of controlling friction and wear. For example, a large part of 

the anti-wear functionality of motor oils can be attributed to tribochemical reactions involving 

additive molecules, and tribochemical reactions involving biological molecules are thought to play 

a role in the lubrication of artificial biological implants.10,14,16–20 

The ability of tribochemical reactions to be useful in the context of controlling friction and 

wear has led to the concept of functional lubrication, namely the use of lubricants that undergo 

changes in structures and properties due to the conditions experienced in a sliding contact to better 

control friction.21,22 This behaviour  can be contrasted with that of conventional lubrication, where 
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the main purpose of the lubricant is to act as a passive layer that prevents contact between sliding 

surfaces. Functional lubrication has been demonstrated in the context of lubricating 

microelectromechanical (MEMS) systems, whose inherently small length scales pose significant 

challenges with regards to lubrication.23 For instance, introducing and maintaining relatively large 

conventional lubricant molecules in the contacts present in these devices is difficult. This challenge 

can be overcome by introducing smaller, more mobile molecules into these contacts and relying 

on the conditions experienced in those contacts to convert these molecules into triboproducts, 

which yield low friction and effectively protect surfaces from wear.21,23 Additional work in the 

area of functional lubrication has shown that the products of tribochemical reactions can lead to 

ultra-low friction.24,25 For example, friction coefficients below 0.01 have been observed as a result 

of tribochemical processes that occur when ethylene glycol or phosphoric acids are sheared 

between glass and Si3N4, while the tribochemical reactions of diketones with steel surfaces have 

been found to lead to friction coefficients as low as 0.005.26 In the latter case, the ability to control 

friction and wear was highly dependent on the structure of the diketone. 

Experimental research in the area of functional lubrication illustrates that tribochemical 

reactions can be useful in the context of controlling friction and wear.10,24,25 However, the work by 

Li et al. indicates that the conditions required to induce tribochemical reactions, and the 

effectiveness of tribochemical products, can be highly dependent on the species and surfaces 

initially present in the contacts.26 For example, devices containing platinum electrodes generate 

excessive amounts of triboproducts, which lead to reduced lubricant performance.27–29 The origin 

of this phenomenon could not be elucidated through experimental studies, but was determined 

through periodic Density Functional Theory (DFT) calculations.30 This example illustrates how 

chemical simulations can play a role in understanding the complex processes that occur in sliding 
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contacts, and indeed such techniques have been used to investigate tribochemical reactions.31–34 

The overarching goal of our research is to understand how simple molecules representing various 

functional groups react under tribological conditions in a general manner. We use chemical 

simulations, primarily First-Principles Molecular Dynamics (FPMD) and static quantum chemical 

calculations, for this purpose. The information gained through these simulations may be useful for 

the development of rational functional lubrication strategies for applications.  

In a general sense, there are two types of tribochemical reactions: reactions between lubricant 

molecules residing in a bulk-like area between surfaces, and reactions between lubricant molecules 

and the surfaces present in the contacts.9 These different types of reactions are outlined in Figure 

5.1. We have previously performed extensive simulation studies of the tribochemical reactions that 

occur between aldehydes using acetaldehyde (MeCHO) as an example of such species.35 The 

studies on that system indicated that bulk systems of these aldehydes yield polyethers at a pressure 

of approximately 26 GPa. Simulations performed in which the aldehydes were placed in sliding 

contacts composed of alumina showed that the presence of the surfaces lowers the pressure 

required to initiate polymerization and that the triboproducts can be effective in lowering friction 

and wear.35,36 More recently, we have used similar methods to examine the behaviour  of 

thioketones (specifically Me(C=S)H ) under high pressures, which provided insight into the 

manner in which changing the aldehyde structure affects the tribochemical properties of the 

system.37 The simulations of bulk Me(C=S)H showed that pressure-induced oligomerization 

through the formation of C-S, S-S, and C-C bonds started at a pressure of 5 GPa. These 

oligomerization processes were found to occur through both closed-shell and open-shell 

mechanisms. These results indicate that changing the nature of the aldehyde can have a significant 

effect on the tribochemical reactions and conditions required to induce those reactions. 
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Figure 5.1. A schematic representation of types of tribochemical reactions that can occur in 
compressed lubricated systems. On the left, the surfaces and lubricant (blue circles) are shown 
prior to compression. The right image illustrates the two types of tribochemical reactions that occur 
within such a system: reactions between lubricant molecules (the connected yellow circles), and 
reactions between surfaces and lubricants (red circles).9 

 
In the present study, FPMD simulations are used to examine the tribochemical behaviour  of 

systems consisting of Me(C=S)H compressed between magnesium oxide (magnesia, MgO) 

surfaces. The results of this study seek to provide insight into lubricant-surface reactions involving 

Me(C=S)H that will complement the knowledge of the bulk reactions of Me(C=S)H obtained in 

our previous work.37 The element Mg is the lightest structural metal and is the third most used 

structural material after Fe and Al.38 Magnesia is a technologically-relevant material that has been 

well-studied by experimental and theoretical methods.39–42 MgO is a widely used alkaline earth 

metal oxide and is known for good refractoriness, good corrosion resistance, high thermal 

conductivity, and low electrical conductivity.43 These properties make magnesia one of the most 

widely used materials that is relevant to studying tribochemical reactions. The compression of 

Me(C=S)H between MgO surfaces leads to tribochemical reactions between molecules in the bulk-

like region, as well as between molecules and surfaces. The reactions occurring within the bulk-

like region corresponded to those observed in our previous work and were not affected by the 

presence of the MgO surface.37 The lubricant-surface reactions involved the formation of C-O, S-

O, and H-O bonds, with C-O bond formation leading to changes in the structure of MgO. The 

Compression

External Load 

Reacted with surface
Unreacted

Reacted bulk



 116 

calculations illustrated that these changes in structure were irreversible, suggesting that the 

Me(C=S)H molecules may be affective wear inhibitors. Knowledge of the manner in which the 

surface-lubricant reactions affect the mechanical properties of the system may be useful in the 

context of designing functional lubricants. 

The remainder of the article is organized as follows. The Methods used in this study is 

described in Section II. The results are presented and discussed in Section III. Conclusions are 

presented in Section IV. 

5.2. Computational Details 
 

The FPMD simulations were performed using systems that consist of two MgO slabs with 

exposed (001) surfaces, which are separated by ten Me(C=S)H molecules. Each MgO slab was 

based on a 3 ́  3 ́  1 replication of the MgO unit cell and contained 32 atoms. The combined system 

with two MgO slabs and ten Me(C=S)H molecules contained 134 atoms in total. Examples of this 

system at various stages of compression are shown in Figure 5.2. The simulations were performed 

according to the following protocol. The simulation cell was equilibrated at a constant normal load 

of 0.0 GPa using the Parrinello-Rahman barostat with the fictitious mass of 300 a.u. and a 

temperature of 300 K maintained with the Anderson thermostat.44,45 After equilibration, the system 

was compressed by increasing the stress applied along the [001] direction at a rate of 10.0 GPa/ps. 

Specifically, the target stress along this direction in the Parrinello-Rahman formalism was 

increased at this rate, while the target stresses along the other directions were set to 0.0 GPa. This 

approach allows the cell to expand, contract, or shear along other directions, as the load was 

applied along the [001] direction. Thermostats were not used during the compression phases of 

simulations, allowing changes in temperature arising from compression to contribute to observed 

reactions. The compression rate of 10.0 GPa/ps is high, but this was the slowest rate that could be 
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employed while permitting simulations to be completed in a reasonable amount of time. For 

example, 1 ps of simulation required 2-3 weeks to complete with the computational resources 

available to perform this work. In all cases, compression was continued until severe structural 

damage to the MgO slabs occurred i.e. the cubic structure of MgO was completely deformed. 

Additional simulations at constant loads were performed to examine observed reactions in greater 

detail. 

The FPMD simulations were performed using a version of the Quantum-Espresso simulation 

package that was modified to permit compression through time-dependent changes in the target 

stresses used in the Parrinello-Rahman barostat.44,46 The electronic structure calculations were 

performed with unrestricted DFT using the exchange-correlation functional of Perdew, Burke, and 

Ernzerhof (PBE).47,48 The valence states were represented by a set of planewaves expanded at the 

G-point to a kinetic energy cutoff of 45 Ry, and core states were represented by ultrasoft 

pseudopotentials with a kinetic energy cutoff of 320 Ry for the augmentation charges.49 The 

constant kinetic energy cutoff approach of Bernasconi et al. was used in all simulations to correct 

for the manner in which the changes in the simulation cell affect the basis set. Test calculations 

showed that these calculations reproduce molecular reaction energies within 2 kJ/mol, namely 

relative to energies obtained at the PBE/6-311+G(2d,p) level of theory with the Gaussian 09 

software package.50,51 The surface energy using two 3x3x1 MgO slabs were calculated to be 0.90 

J/m2, which is consistent with previously reported PBE results (0.86 J/m2) and the experimental 

value of 1.04 J/m2. 52 The Born Oppenheimer MD with 1.0 fs timestep, which was sufficient to 

ensure total energy conservation at 10-5 a.u/ps or better for simulations performed in the NVE 

ensemble of the MgO slabs with Me(C=S)H molecules.  
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The changes in electronic structure associated with reactions of Me(C=S)H molecules and the 

MgO surfaces were examined through Charge Density Difference (CDD) plots. These plots were 

analyzed in the following content. The CDD calculations were performed as follow. A stable 

structure was selected from the FPMD trajectory and used as the basis for the calculation. First, 

the charge density of the whole system, rtot, was calculated. The structure was then separated into 

two components: (i) the two MgO slabs, which were used to calculate the electronic density of the 

surface, rsurf, and (ii) the remainder of the system comprising the Me(C=S)H molecules or 

oligomers, which was used to calculate the electron density of that component, rMe(C=S)H . Note 

that the calculations of rsurf and rMe(C=S)H were performed using the same atomic coordinates that 

the surface and Me(C=S)H subsystems have in the structure used to generate rtot. These densities 

were then used to calculate the CDD, Dr, as: 

 Δ𝜌 = 𝜌}{} − 𝜌ª�~³ − 𝜌©{� (5.1) 

Calculating Dr in this manner provides insight into how the electronic structure changes as a 

result of the interactions between the Me(C=S)H molecules, or oligomers, and the surfaces. 

5.3. Results and Discussions 
 

The FPMD simulations were performed to study the behaviour  of Me(C=S)H molecules 

compressed between MgO surfaces. The results demonstrate the compression induced 

oligomerization of the Me(C=S)H molecules and reactions between Me(C=S)H molecules, or the 

oligomers, and the MgO surface. 5.3.1. describes the general features of the reactions observed 

during compression, 5.3.2. discusses the results of simulations performed to determine the 

pressures at which different reactions were initiated, and subsections which examine the 

underlying changes in electronic structure associated with the observed reactions. 
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5.3.1. Pressure-Induced Structural Changes 

The system was equilibrated at a normal load, L, of 0 GPa and then compressed by increasing 

L at a rate of 10 GPa/ps. The structure of the equilibrated structure is shown in Figure 5.2a. This 

structure shows that the Me(C=S)H molecules are present between the MgO surfaces in a very 

diffuse manner, with the equilibrated thickness of the system equal to ~35 Å. The L = 0 GPa 

structure suggests that the Me(C=S)H molecules are not interacting with each other, which reflects 

the gaseous nature of this system at low pressure. Furthermore, the Me(C=S)H molecules were not 

observed to undergo any bonding reactions with the surface.  

Compression led to a rapid reduction in the thickness of the system from ~35 Å to ~11 Å as L 

was increased from 0 to 10 GPa. An example of this large change in the thickness of the system is 

evident through a comparison of the structures in Figures 5.2a and 5.2b. This rapid decrease in the 

thickness of the system led to an increase in the temperature to ~1000 K. To avoid this increase in 

temperature from artificially promoting reactions, the simulation was stopped at L ~ 3 GPa and the 

system was equilibrated at this load. Once the system was equilibrated, compression was continued 

at a rate of 10 GPa/ps until L ~ 18 GPa, at which point the underlying MgO surface underwent 

irreversible damage with loss of its cubic cell structure, which is evident from the structure in 

Figure 5.2c. 
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Figure 5.2. Structure of a system consisting of ten Me(C=S)H molecules between two MgO slabs 
at pressures of (a) 0, (b) 3 GPa, and (c) 20 GPa. Periodic images of some of the Me(C=S)H 
molecules are included in (c) to illustrate bonding oligomers present in the system. The first 
compression results indicate that the Me(C=S)H molecules are gaseous in (a), which permits a 
significant reduction in thickness upon reaching 3 GPa. The reduction in thickness is much less 
upon increasing the pressure from 3 to 20 GPa; however, reactions between the Me(C=S)H 
molecules and the MgO damage the surface at the latter pressure. Red, pink, cyan, yellow, and 
white spheres represent oxygen, magnesium, carbon, sulfur, and hydrogen atoms, respectively. 
 

Compression from L ~ 3 to 20 GPa led to a reduction in the thickness of the system from ~14 

to ~7 Å, as illustrated by the data in Figure 5.3. The change in the thickness of the system induced 

several different chemical processes. The approximate loads at which these reactions occurred are 

(a)

P = 0 GPa

(b)

(c)

P = 18 GPa

P = 3 GPa
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indicated in Figure 5.3, and these processes are described in greater detail in the following content 

of Section III. 

 
Figure 5.3. Thickness of a system consisting of two layers of MgO separated by ten Me(C=S)H 
molecules as L is increased from 3 to 20 GPa. The arrows indicate the loads at which different 
observed reactions were initiated. 
 
5.3.1.1. Reactions among Me(C=S)H Molecules 

Previous work in which systems representing bulk Me(C=S)H were subjected to high 

pressures showed that these molecules undergo a variety of reactions to form oligomers.37 The 

reactions observed in that study involved the formation of C-S, C-C, and S-S bonds between 

Me(C=S)H molecules (or the oligomerization products of these molecules), as well as the transfer 

of hydrogen atoms. The formation of oligomers between Me(C=S)H molecules was also observed 

in the present study. As in the earlier study, oligomerization occurred through the formation of C-

S, C-C, and S-S bonds; however, the transfer of hydrogen atoms between oligomers was not 

observed. Rather, protons were transferred to the MgO surface as described in Section III, 
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subsection (a), part (ii). The oligomerization processes were initiated at loads as low as 6 GPa and 

continued throughout the entire compression process. An example of an oligomer present in the 

system at L ~ 18 GPa is shown in Figure 5.4 and is similar to structures observed in earlier work. 

Overall, the examination of processes occurring in the 'bulk-like' region of the system indicates 

that the only reactions occurring in this region of the system are those observed previously, and 

that the presence of surfaces does not induce new types of reactions within this part of the system. 

Since the details of these bulk phase reactions have been reported previously, these reactions will 

not be examined further here. 

 
Figure 5.4. A Me(C=S)H pentamer present after compressing a system containing ten Me(C=S)H 
molecules between two MgO surfaces to a load of ~18 GPa. Cyan, yellow, and white spheres 
represent carbon, sulfur, and hydrogen atoms, respectively. 
 
5.3.1.2. Reactions between Me(C=S)H Molecules and the Surface 

Compressing the system also induced three different types of reactions between the 

Me(C=S)H molecules, or the oligomerization products, and the MgO surface. One of these 

reactions involves the formation of a C-O bond, while another is the transfer of an hydrogen atom 

to an MgO surface (H-O bond formation). The third reaction is the formation of an S-O bond 

between a Me(C=S)H oligomer and an MgO surface. The reaction involving C-O bond formation 

greatly affected the structure of the MgO surface. Interestingly, no reactions involving the 

formation of bonds between the Mg ions in the surface and the Me(C=S)H molecules were 
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observed. The general details of the reactions between the surface and Me(C=S)H molecules that 

were observed in completed simulations are described in the following content. 

The formation of C-O bonds between the surface and Me(C=S)H molecules, or oligomers 

thereof, was observed several times during the simulations. A typical product of such a reaction is 

shown in Figure 5.5a. The upper part of this figure shows the product of a reaction involving an 

oxygen atom in the MgO surface forming a bond with a sp2 hybridized carbon in a Me(C=S)H 

trimer. In addition, the lower part of this structure shows the product from through a similar 

reaction involving an Me(C=S)H monomer. In the simulations, one of these reactions occurred at 

the bottom of the upper slab and the other at the top of the lower slab. However, due to the periodic 

nature of the simulation cells, these reactions actually occur on either side of a single MgO slab 

that has twice the thickness of the slabs described in Section II. The structure in Figure 5.5a shows 

the structural disruption of MgO qualitatively as the result of the C-O bond formation, while Figure 

5.5b provides a quantitative evidence.  

The formation of C-O bonds and consequent dissociation of Mg-O bonds is evident from the 

data in Figure 5.5b, which show how the the C-O distances from Figure 5.5a and the most affected 

Mg-O distance change with L. These data indicate that the formation of a C-O bond between an 

oxygen atom in the MgO surface and the sp2 carbon of an Me(C=S)H trimer occurred at L ~ 8 

GPa. This process was associated with a gradual increase in the tracked Mg-O distance from a 

value of ~2.1 Å. As a point of reference, the Mg-O distance in the bulk experimental structure of 

Mg-O is 2.106 Å.53 A second C-O bond involving another surface oxygen atom and the sp2 carbon 

of an Me(C=S)H monomer occurred at L ~ 13 GPa. The formation of this bond coincided with a 

brief reduction in the value of the tracked Mg-O distance; although, other Mg-O bonds with 

distances that are not quantified in this figure dissociated upon the formation of this C-O bond. 
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Ultimately, the tracked Mg-O bond dissociated with the Mg-O distance rising above 4.0 Å by the 

end of the simulation. Collectively, these changes in bond distances, in conjunction with the 

structure in Figure 5.5a, show that the formation of C-O bonds disrupts the surface structure. 

 
Figure 5.5. (a) Structure of an Me(C=S)H trimer and an Me(C=S)H monomer bonded to the MgO 
surface at a load of ~18 GPa. Many Mg-O distances in the top and bottom layers of the surface are 
greater than 3 Å, indicating that the interaction between the trimer and the surface disrupts the 
bonding in the surface as Mg-O bond lengths become larger than the reference 2.1 Å. (b) Changes 
in distances related to surface bonds, as well as the binding of surfaces to the Me(C=S)H monomer 
and trimer in (a) as a function of load. The Mg-O distance indicated by the arrow in (a) is also 
plotted. The data show that the formation of C-O bonds is associated with increases in Mg-O 
distances. Red, pink, cyan, yellow, and white spheres represent oxygen, magnesium, carbon, sulfur, 
and hydrogen atoms, respectively. 
 

The simulations also showed that the Me(C=S)H molecules and oligomers transferred 

hydrogen atoms to the oxygens in the MgO surface. The product of this process is illustrated in 

Figure 5.6a and relevant changes in interatomic distances are given in Figure 5.6b. The transfer of 

protons between Me(C=S)H oligomers was observed in previous simulations of compressed 

Me(C=S)H , where it was suggested that proton transfer provided a means of passivating formal 

charges present on atoms in the oligomers.37 These simulations suggest that a similar process 
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occurs in the presence of the surfaces, but the oxygen atoms in MgO serve as the proton acceptor. 

The distances in Figure 5.6b show that proton transfer occurred at L ~ 9 GPa and was associated 

with the gradual increase in the tracked Mg-O distance. The tracked Mg-O distance corresponds 

to the distance between the O atom that accepted a proton in the visualized simulation, as well as 

the Mg atom (to which that O was originally bonded) with an Mg-O bond distance that increased 

the most during this simulation. Ultimately, this Mg-O distance increased to ~3.5 Å by the end of 

the simulation. Once again, this suggests that the formation of bonds between components of the 

Me(C=S)H system and the oxygen atoms in the MgO surface disrupts the structure of that surface. 

These changes in structure are evident from the structure in Figure 5.6a. 

 
Figure 5.6. (a) Structure after the transfer of a proton from an Me(C=S)H molecule to the MgO 
surface. The dashed arrow indicates the movement of the proton from the molecule to the surface, 
while the double-headed arrow indicates the Mg-O bond that dissociated due to this process. (b) 
Change in O-H and Mg-I distances during the proton transfer process in (a). The data illustrate that 
proton transfer leads to the dissociation of the Mg-O bond. Red, pink, cyan, yellow, and white 
spheres represent oxygen, magnesium, carbon, sulfur, and hydrogen atoms, respectively. 
 

The simulation also showed that the Me(C=S)H oligomers are capable of bonding to the MgO 

surface by forming S-O bonds at L ~ 19 GPa. This product is visualized in Figure 5.7a and its bond 

distances are quantitatively assessed in Figure 5.7b. Figure 5.7b shows that the measured distance 
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between the bonded S and O atoms is ~2.0 Å (at L ~ 19 GPa), which is significantly larger than 

the literature provided S=O bond length of 1.4-1.7 Å and suggests fragile interactions between 

these two atoms.54 More specifically, Figure 5.7b shows that this S-O bond was formed at L ~ 19 

GPa, that its length was briefly ~1.5-1.6 Å, and that this length quickly enlarged to 2 Å after higher 

load pressure was applied. This distance behaviour  suggests that this S-O bond is not stable. 

 
Figure 5.7. (a) Me(C=S)H tetramer bonded to the MgO surface through an S-O bond at L ~ 20 
GPa. (b) Change in the S-O distance associated with the bonding of the tetramer to the surface as 
the system was compressed. Red, pink, cyan, yellow, and white spheres represent oxygen, 
magnesium, carbon, sulfur, and hydrogen atoms, respectively. 
 

5.3.2. Loads required to induce reactions 

The compression of Me(C=S)H between MgO surface layers resulted in a large number of 

stress-induced reactions. The high rate at which the system was compressed renders determining 

the loads at which these reactions occurred difficult. In order to better estimate the dependence of 

the observed reactions on L, additional simulations were performed at various fixed values of L = 

3, 5, 7, or 10 GPa. The simulations were performed by taking the system reached at each of these 

pressures during the compression-based simulations described above and continuing the 
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simulation from that point with a fixed load. The maximum value of L ~ 10 GPa considered in the 

fixed L simulations was chosen because the results of the compression-based simulations indicated 

that no new types of reactions were observed for L > 10 GPa except for the change in the structure 

of the MgO substrate at L ~ 18 GPa. The results of the fixed L simulations are described in the 

following parts of Section III, subsection (b).  

5.3.2.1. GPa Load Equilibration 

As noted above, compression from L ~ 0 to 3 GPa resulted in a drastic reduction in the 

thickness of the system and a consequent increase in temperature, which may induce reactions. 

This Behaviour led to the use of the compression procedure described above in which the system 

was equilibrated at L ~ 3 GPa before further compression. The results of the simulation performed 

at L ~ 3 GPa showed that no reactions occurred. These results are consistent with those of previous 

work in which reactions between Me(C=S)H molecules only occurred for pressures above 5 GPa, 

but also indicates that moderately low pressures, namely a few GPa, are not sufficient to induce 

reactions between the Me(C=S)H molecules and the MgO surface.  

5.3.2.2 5 GPa Load Equilibration  

Dimerization of Me(C=S)H molecules through the formation of a bond between the sulfur 

atom of one Me(C=S)H molecule and the sp2 carbon of another was the only reaction observed 

during the simulation performed at a constant load of 5 GPa, which is consistent with earlier work 

showing that the barrier to dimerization in the bulk system becomes negligible at a pressure of ~2 

GPa.37 A representative product of this reaction is shown in Figure 5.8a. This Behaviour is 

consistent with the onset of oligomerization at a pressure of 5 GPa that was observed in previous 

work, in which bulk models of Me(C=S)H were compressed to high pressures. The formation of 

the dimer places a formally negative charge on the terminal sulfur atom of the dimer and a formal 
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positive charge on the terminal sp2 carbon. In the previous study of bulk Me(C=S)H , these charges 

were passivated through proton transfer between oligomers.37 However, as noted in Section III, 

subsection (a), the transfer of protons to the surface serves this purpose in the presence of MgO. 

 
Figure 5.8. (a) A Me(C=S)H dimer formed during the equilibration of Me(C=S)H molecules 
between MgO layers with a 5 GPa external load. (b) The Me(C=S)H trimer formed at a 7 GPa 
load. (c) A Me(C=S)H molecule binds to MgO surface. (d) A hexamer of Me(C=S)H bound to the 
MgO surface observed at a 10 GPa load. Red, pink, cyan, yellow, and white spheres represent 
oxygen, magnesium, carbon, sulfur, and hydrogen atoms, respectively. 
 
 
 

(a) (b)

(c) (d)
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5.3.2.3. 7 GPa Load Equilibration 

Increasing the load to 7 GPa promoted oligomerization reactions between Me(C=S)H 

molecules and the binding of the Me(C=S)H molecule or oligomers to the surface. In terms of the 

reactions occurring in the bulk region, L ~ 7 GPa were sufficient to induce the formation of C-S, 

C-C, and S-S bonds that yielded oligomers like those observed in our previous study.37 An example 

of an oligomer generated through C-S bond formation is shown in Figure 5.8b. The simulations 

performed at this load also showed the onset of reactions between the Me(C=S)H molecules, or 

oligomers, and the MgO surface. In particular, a load of 7 GPa was sufficient to induce the 

formation of a bond between an oxygen atom in the surface and the sp2 carbon of an Me(C=S)H 

molecule.  

The increase in L to 7 GPa also induced the formation of bonds between Me(C=S)H molecules 

and MgO surfaces. In particular, an Me(C=S)H monomer formed a C-O bond with the surface to 

yield the structure show in Figure 5.7c. This process is analogous to the formation of a C-O bond 

described above, and these results indicate that a load of 7 GPa is sufficient to initiate that process. 

As noted above, the formation of the C-O bond disrupts the Mg-O bonds within the surface, leading 

to a change in the surface structure that becomes more prominent at higher loads. 
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Figure 5.9. The CDD isosurface plots of (a) an Me(C=S)H molecule bound to the MgO surface 
through a carbon-oxygen bond observed at L ~ 7 GPa. The isosurfaces are plotted at values of Dr 
= 0.02 au (red) and -0.02 au (blue). Red, pink, cyan, yellow, and white spheres represent oxygen, 
magnesium, carbon, sulfur, and hydrogen atoms, respectively. 

 

The CDD isosurface describing changes in the charge densities arising from the formation of 

a C-O bond between an Me(C=S)H molecule and the MgO surface at L = 7 GPa is shown in Figure 

5.9. The plot illustrates that there is an increase in electron density between the C and O atoms 

involved in the bond, which is expected for a covalent interaction. The loss of electron density 

around the oxygen atom is consistent with the shape of a p orbital aligned with the C-O bond. 

While the oxygen atom donates electron density in this manner, it also attracts electron density 

from the neighboring Mg-O bonds, which may account for the rupture of those bonds as a result 

of C-O bond formation as noted above. In addition, there is an increase in electron density with a 

shape consistent with a p orbital on the sulfur atom. Overall, the CDD is consistent with a process 

in which a p orbital on an oxygen atom in the surface attacks the sp2 carbon atom in the Me(C=S)H 

molecule, which then prompts the movement of the electron density in the C=S double bond of 

that molecule to the sulfur atom. 
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5.3.2.4 10 GPa Load Equilibration  

The simulations performed with L ~ 10 GPa exhibited oligomerization reactions like those 

observed at lower loads, including the continued formation of C-O bonds between these species 

and the surface. The continued formation of C-S, C-C, and S-S bonds between Me(C=S)H 

molecules led to the formation of relatively long oligomers like those shown in Figure 5.8d. These 

processes have been observed previously in simulations of bulk Me(C=S)H subjected to high 

pressures and are facilitated by an increase in the density of the system, which brings the molecules 

into sufficiently close proximity to react. The growth of the oligomer leads to the development of 

formal charges to atoms in the system. These charges are passivated through the transfer of a proton 

(circled in Figure 5.8d) from a molecule in the bulk space between the surfaces to the terminal 

Me(C=S)H component of the oligomer. 

In addition to reactions that were observed in simulations of bulk Me(C=S)H , compressing 

the system to L ~ 10 GPa led to the formation of an S-O bond between an oxygen anion in the 

surface and a sulfur atom in the oligomer. This interaction is also shown in Figure 5.8d. The 

formation of this bond arises from the nature of the formal charges present on atoms in the 

oligomer. Specifically, the formation of the oligomer places a formal positive charge of on the 

sulfur atom closest to the surface in Figure 5.8d and a negative charge at the other end of the 

oligomer, which is passivated through proton transfer as mentioned above. The charge on the 

sulphur atom closest to the surface was 0.493 whereas other sulphur atoms less than 0. The positive 

charge on the sulfur nearest to the surface is attracted to the oxygen anion in the surface leading to 

the formation of the S-O bond. As the result of this bonding the charge of the S-O oxygen was 

least negative -0.615 whereas most oxygens had the charge ~ -0.8. 
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The CDD isosurface recorded at a load of 10 GPa and describing changes in charge density 

associated with the formation of an S-O bond, as well as the transfer of a proton from the 

Me(C=S)H molecule to the surface, is shown in Figure 5.10. The CDD associated with the proton 

transfer (in the left part of the image) illustrates an increase in density between the oxygen and 

proton, as well as an increase in the electron density around the carbon atom from which the proton 

was abstracted. These changes in electron density are consistent with a process in which an electron 

pair on the oxygen atom attacked the proton to remove it from the Me(C=S)H molecule.  

 
Figure 5.10. The CDD isosurface plots of several Me(C=S)H -derived species bonded to the MgO 
surface at L = 10 GPa. The isosurfaces are plotted at values of Dr = 0.02 au (red) and -0.02 au 
(blue). Red, pink, cyan, yellow, and white spheres represent oxygen, magnesium, carbon, sulfur, 
and hydrogen atoms, respectively. 

 

The CDD plot associated with the formation of the S-O bond is suggestive of a non-covalent 

interaction between the oligomer and the surface. In this case, the data show a reduction in the 

amount of electron density between the O and S atoms. As such, describing this interaction as 

having full covalent bond character is not likely appropriate. Separate calculations of the oligomer 

containing the sulfur atom involved in this interaction indicate that it bears a positive charge. Thus, 

the interaction between the sulfur and oxygen atoms is ionic in character with the positive sulfur 



 133 

atom being attracted to the oxygen anion in the surface. The observation that this interaction only 

occurs at higher loads indicates that it is not a strong interaction, as it only occurs in the presence 

of relatively severe external conditions. This is supported by the calculation of the binding energy 

of the Me(C=S)H molecule with an MgO surface through the formation of an S-O bond, which 

show that the product of this process is unstable as the S-O bond dissociated when no loads are 

applied. Indeed, additional calculations indicate that the only means of binding an Me(C=S)H 

molecule to the MgO surface at L = 5 GPa was through the formation of C-O bond, which was 

found to have the ambient binding energy of 11 kJ/mol.  

5.4.Conclusions 
 

FPMD simulations were performed to investigate the chemical response of Me(C=S)H 

molecules to compression between (001) surfaces of MgO. Understanding the stress-induced 

reactions between Me(C=S)H molecules, between those molecules and the surfaces, and the 

pressures required to initiate those reactions may be useful in the context of pressure-related 

applications in materials science.  

The results of the simulations demonstrate that Me(C=S)H molecules undergo a wide range 

of oligomerization reactions and react with the MgO surface. The presence of the MgO surfaces 

does not affect the reactions between Me(C=S)H occurring in the ‘bulk-like’ region between 

the MgO surface, as the types of reactions and their associated initiation pressures are similar to 

those observed in previous simulations in which bulk Me(C=S)H was compressed.37 Compression 

induced these oligomerization reactions by reducing the distance between sp2 carbon and sulphur 

atom of neighbouring Me(C=S)H molecules to enable to formation of C-S bonds.  

Compression induced three types of reactions between the Me(C=S)H molecule or 

oligomers thereof, and the MgO surfaces. The first type of reaction involved the formation of C-
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O bond which transforms the sp2 carbon of the Me(C=S)H monomer into a sp3 hybridized carbon. 

The formation of this C-O bond disrupted the Mg-O bonds around the oxygen atom involved in 

the formation of the bond, and Mg-O bonds dissociated completely over the course of 

compression. The second type of reaction involving the MgO surface occurred through the transfer 

of a hydrogen atom to the surface to form an O-H bond. This reaction also caused the MgO bonds 

around the oxygen atom in the O-H bond to weaken.  The third reaction involved the formation of 

S-O bond between Me(C=S)H oligomer and the surface. Results in this study indicate that this S-

O is an ionic bond, which is not strong enough to dissociate MgO bonds around the oxygen of the 

S-O bond. 

The pressure-induced reactions provide valuable insight regarding the manner in which 

different types of reactions alter surface properties under high pressures. The results indicate that 

adsorption through the formation of bonds between adsorbed species and oxygen atoms in the 

surface disrupts the bonding within the surface to cause damage. Additional calculations indicated 

that the changes in surface structure were reversible with the release of pressure for L < 18 GPa. 

As such, the adsorbed species can provide a protective layer that prevents direct surface contact 

and avoids irreversible damage through its formation up to relatively high local pressures. The 

ability of these films to protect surfaces and alter friction forces will be examined in a separate  
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Chapter 6 Compression of Me(C=S)X Molecules in between MgO Layers 
 
6.1. Introduction 
 

The high-pressure behaviour  of molecules in between surfaces is complex and not fully 

understood. Two types of tribochemical reactions are possible are possible under high-pressure 

conditions involving moving surface: a) pressure-induced reactions among lubricant molecules 

and b) reaction between the lubricant molecules and the surface.1 A schematic representation of 

two types of tribochemical reactions is presented in Figure 5.1. The types of reactions that occur 

between lubricant molecules and the surface are great interest because they can alter the overall 

performance of the surface in the context of lubrication.2,3 

Tribochemical reactions are difficult to study because they occur in confined space, high-

temperature and high-pressure environments.1 These extreme conditions severely limit the 

capabilities of instrumental methods to study tribochemical methods. Li at. El. studied the 

tribochemical behaviour  of diketones and noticed that the chemical structure of these lubricant 

molecules modified the lubricating properties.4 The diketones chelated to the surface and enhanced 

the lubrication. In particular, the alkyl chain length of diketones influenced the rate of chelation 

reactions.4 The shorter chain length favoured the chelation rate and the longer chains decreased 

the rate of the reaction.  

Computational simulation methods have been extensively used to study the tribochemical 

reactions.5–7 Various computational methods have been used to understand tribochemical 

phenomena which cannot be elucidated through experimental methods. For example, the role of 

the surface in the formation of tribopolymers in MEMS device was not known until Qi et al. used 

quantum methods to investigate.8 They found that the platinum surface can act as a catalyst to 

dehydrogenate hydrogen atoms from lubricant molecules. The loss of hydrogens makes the 
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lubricant molecules more reactive which causes polymerization reactions. We use chemical 

simulations, primarily First-Principles Molecular Dynamics (FPMD) and static quantum chemical 

calculations, to study tribochemical phenomena. The information gained through these simulations 

may be useful for the development of rational functional lubrication strategies for applications.  

The FPMD simulations were performed to explore the stress-induced behaviour  of series 

of Me(C=S)X where X= -F, -CH3, -CF3 and -NH2 functional groups, compressed in between layers 

of MgO surface. The overarching goal of this dissertation is to understand how simple molecules 

representing various functional groups react under tribological conditions in a general manner. We 

have previously studied the bulk reactions of the Me(C=S)X molecules in Chapter IV. In this 

chapter, we explore how these MeCSX molecules with different functional groups behave in 

between the MgO surfaces under high-pressure conditions. The compression results of Me(C=S)X 

species will be compared with the results from Chapter 5, where the compression of Me(C=S)H 

molecules in between the layers of MgO was performed.  

6.2. Computational details 
 

Computational details for this Chapter are identical to those presented in Chapter 5. We 

used the same 3x3x1 MgO slab and ten molecules for Me(C=S)F and Me(C=S)F, nine molecules 

for Me(C=S)NH2 and eight molecules for Me(C=S)Me and Me(C=S)CF3. The different numbers 

of Me(C=S)X molecules were necessary to keep the computational cost to the same level as the 

previously Me(C=S)H case. The Van der Waal corrections in the form of London forces were 

included in the simulations of the Me(C=S)NH2 species to account for hydrogen-bonding 

interactions.  
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6.3. Results and Discussions 
 

The FPMD simulations were performed to study the pressure-induced behaviour  of a series 

of Me(C=S)X molecules, where X= F, CH3, CF3 and NH2, compressed between layers of MgO. 

The results demonstrate that the compression induced reactions between the Me(C=S)X molecules 

and the MgO surface. These processes will be examined in this section. 6.3.1. describes the general 

features of the reactions observed during compression, 6.3.2. discusses the results of simulations 

performed at constants loads to determine the loads at which these reactions were initiated, and 

part 6.3.3. examines the changes in the electronic structure associated with these reactions.  

6.3.1. The Compression Results of Me(C=S)X  
 
The simulation setup in which the Me(C=S)X molecules were compressed between the MgO 

surfaces was in similar to the simulations reported in Chapter 5. The simulation cells were 

equilibrated at a normal load, L, of 0 GPa, followed by compression, which was achieved by 

increasing load at a constant rate of 10 GPa/ps. Similarly, to Me(C=S)H , the compression of the 

Me(C=S)X systems from 0 GPa to ~10 GPa resulted in the temperature increase to ~1000 Kelvin 

as the cell thickness decreased from 40-50 to 10-15 Å. This high temperature was the result of 

mechanical work performed on the system. The high temperature can artificially promote different 

sets of reactions unrelated to pressure, which was not in the scope of this study. In order to 

overcome this issue, the systems were compressed and equilibrated to a L ~ 3 GPa as no pressure-

induced reactions occur at this load. Once the systems were equilibrated at L ~3 GPa, compression 

was continued at the same rate of 10 GPa/ps until target L of 20 GPa was reached or when the 

wavefunction cannot adequately represent the wavefunction of the system due to the drastic stress-

induced changes.  
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The simulations of Me(C=S)Me and Me(C=S)F were terminated at L ~ 18-19 GPa because 

these systems underwent drastic changes leading  to the MgO surface rearrangement and the 

wavefunction convergence cannot be sustained. At this point, the MgO surfaces were altered 

irreversibly as shown in Figures VI.1a and VI.2a for the Me(C=S)Me and Me(C=S)F systems 

respectively. The Me(C=S)Me and Me(C=S)F molecules bound to the surface though the 

formation of C-O bonds, which are indicated in the Figure 6.1 and VI.2 by oval curves around the 

formed bonds.  The C-O bond formation occurred at ~10 GPa for Me(C=S)Me,  and for Me(C=S)F 

at ~12-13 GPa. From Figure 6.1 and VI.2, it is unambiguous that the cubic structure of the MgO 

surface is completed deformed. The tracked C-O and Mg-O distances are presented in Figures 

VI.1b and Figure 6.2. The tracked distances suggest that the Mg-O bond dissociated were initiated 

by Me(C=S)Me and Me(C=S)F bonding to the surface through the formation of the C-O bond. 

Figure 6.1b and VI.2b suggests that the dissociation of the Mg-O bond resulted in the MgO surface 

to lose its cubic nature.  

 
Figure 6.1. The structure of the Me(C=S)Me system compressed in between the MgO layer at L 
of ~19 GPa. A Me(C=S)Me monomer bound to the surface through C-O bond which is circled in 
a). There are many Mg-O distances are greater than 3 Å, indicating that the bond formation 
between the monomer and the surface disrupts the bonding in the surface. b) shows the changes in 
distances related to the C-O bond formed between the Me(C=S)Me molecule  and the surface 
oxygen shown as a function of load shown as the black line. An Mg-O distance indicated by the 
dashed arrow in a) also plotted shown as the red line. The data show that the formation of C-O 

a)

Mg-O

b)

C-O
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bonds is associated with increases in the Mg-O distances. Red, pink, cyan, yellow, and white 
spheres represent oxygen, magnesium, carbon, sulphur, and hydrogen atoms, respectively. 
 

 
Figure 6.2. Structure of the Me(C=S)F system bonded to the MgO surface at L ~18 GPa. Many 
Mg-O distances in the surface are greater than 3 Å, indicating that the interaction between the 
monomer and the surface disrupts the bonding in the surface. (b) Changes in distances related to 
the binding of an Me(C=S)F molecule and the surface as a function of load shown as the black 
line. An Mg-O distance indicated by the dashed arrow in a) also plotted shown as the red line. The 
data show that the formation of C-O bonds is associated with increases in the Mg-O distances. 
Red, pink, cyan, yellow, purple and white spheres represent oxygen, magnesium, carbon, sulphur, 
fluorine and hydrogen atoms, respectively. 
 

The simulations of Me(C=S)NH2 and Me(C=S)CF3 were terminated at the target L ~20 

GPa. The results of those simulations for systems containing Me(C=S)NH2 and Me(C=S)CF3 are 

summarized in Figures VI.3 and VI.4, respectively. From Figures VI.3a and VI.4a, it is clear that 

the cubic structure of MgO slabs are preserved to a greater extent than previously mentioned 

Me(C=S)Me and Me(C=S)F. In a manner similar to the Me(C=S)Me and Me(C=S)F cases, the 

dissociation of Mg-O bonds in the surface was initiated by the Me(C=S)NH2 and Me(C=S)CF3 

molecules binding to the surface. In Figure 6.3a and VI.4a, the bonds formed as the results of these 

molecules binding to the surfaces are indicated by black ovals. The tracted MgO distances, which 

correspond to Mg-O bonds that dissociated as the result of the molecules bonding to the surface, 

are shown in Figure 6.3b and Figure 6.4b.  These distances strongly suggest that the MgO bond 

dissociations were caused by C-O and S-O bonds, respectively. In both cases, the MgO distance 

a)

Mg-O

b)

C-O
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is relatively stable within the normal MgO bond length of 2.0-2.2 Å range until an Me(C=S)X 

molecule binds to the surface9. In the Me(C=S)CF3 molecules, the sulphur atom has positive 

charge character due to the electron withdrawing properties of the CF3 functional group. This 

positive charge on sulphur atoms is attracted by the oxygens of the MgO, which favours the 

Me(C=S)CF3 molecules to have the minimal sulphur-oxygen distance as seen in Figure 6.4b.  

 
Figure 6.3. Structure of Me(C=S)NH2 monomer bonded to the MgO surface at a L ~20 GPa. Many 
Mg-O distances in the surface are greater than 4 Å, indicating that the interaction between the 
monomer and the surface disrupts the bonding in the surface. (b) Changes in distances related to 
the binding of an Me(C=S)NH2 molecule and the surface as a function of load shown as the black 
line. An Mg-O distance indicated by the dashed arrow in a) also plotted shown as the red line. The 
data show that the formation of C-O bonds is associated with increases in the Mg-O distances. 
Red, pink, cyan, yellow, blue and white spheres represent oxygen, magnesium, carbon, sulphur, 
nitrogen and hydrogen atoms, respectively. 

 
Figure 6.4. Structure of Me(C=S)CF3 monomer bonded to the MgO surface at L ~20 GPa. Many 
Mg-O distances in the surface are greater than 5 Å, indicating that the interaction between the 

a)

Mg-O

b)

C-O

a)

Mg-O

b)

C-O
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monomer and the surface disrupts the bonding in the surface. (b) Changes in distances related to 
the binding of an Me(C=S)CF3 molecule and the surface as a function of load shown as the black 
line. An Mg-O distance indicated by the dashed arrow in a) also plotted shown as the red line. The 
data show that the formation of S-O bonds is associated with increases in the Mg-O distances. Red, 
pink, cyan, yellow, purple and white spheres represent oxygen, magnesium, carbon, sulphur, 
fluorine and hydrogen atoms, respectively. 
 

No pressure-induced bulk reactions among all Me(C=S)X species were observed in the 

simulations. This result differs from the work mentioned in Chapter IV in which bulk models of 

the same Me(C=S)X molecules were compressed. The results in Chapter IV indicated that most of 

Me(C=S)X species except for Me(C=S)NH2 participated oligomerization reactions. In the current 

MgO compression, ten Me(C=S)X molecules inserted in between the MgO layers and they did not 

partake in oligomerization reactions. This means that ten molecules cannot adequately represent 

the bulk pressure-induced reactions among Me(C=S)X molecules presented in Chapter IV. The 

reason why we limited the number Me(C=S)X molecules were inserted in between the MgO 

surfaces to ten was to keep the computational cost and time at adequate level. From the simulation 

results, it is clear that with a small number of molecules, one can still obtain valuable insights in 

stress-induced reactions between Me(C=S)X molecules and MgO surfaces.  

6.3.2. Constant Load Simulations 
 

The compression of Me(C=S)X between the MgO surface layers resulted in large number 

of load-induced reactions. The simulations were performed at a high rate of 10 GPa/ps, which 

makes it difficult to determine the loads at which the reactions occurred. To better estimate the 

load at which various reactions occur, additional simulations were performed at fixed L = 3, 5, 7, 

10 and 12 GPa (the latter was only required for the Me(C=S)CF3 species). The simulations were 

performed by taking the system that had been initially compressed to the desired load and 

continuing the simulation with that load held constant. The maximum loads of 10 and 12 GPa were 

chosen because no new types of stress-induced reactions were observed beyond these values. The 
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results of the constant-load simulations are divided into three ranges: low-load rage ~ 3-5 GPa, 

mid-load range at ~7- GPa and high-load range at 10-12 GPa.  

6.3.2.1. 0-5 GPa Load Equilibrations 

No stress-induced reactions were observed for all species at the load of 3 GPa; however, 

during the compression, the proton transfer the from amide of Me(C=S)NH2 to the MgO surface 

occurred at L ~ 4 GPa.  To gain more insight into this reaction, the system was equilibrated at L = 

4GPa. At L=4 GPa, a proton of amide proton is “shared” between the amide and the oxygen of 

the surface as shown in Figure 6.5a. This is because the Me(C=S)NH2 molecule has relatively high 

dipole ~4.7 Debye, which makes it highly susceptive the electronegative atoms such as oxygen. 

Increasing the load also facilitates the dipole attraction as the distance between the Me(C=S)NH2 

molecules, and the MgO surface decreased during the compression. These factors allow the proton 

to be transferred from Me(C=S)NH2 to the MgO surface.  

Another hydrogen transfer reaction between an Me(C=S)Me molecule and the MgO 

surface occurred at L ~ 5 GPa and is shown in Figure 6.5b. In this reaction, a hydrogen atom from 

a methyl group of the Me(C=S)Me molecule closest to the MgO surface was attacked by an oxygen 

of the surface to form a hydroxyl group. The mechanism of this reaction is similar to that 

mentioned previously for the Me(C=S)H molecule, where a proton is donated to the MgO surface 

as the compression forces the molecules within the reactive distance to the surface. The proton 

transfer of the Me(C=S)Me system occurred a lesser load than the Me(C=S)H (L ~ 9-10 GPa) 

probably because the Me(C=S)Me molecule has a lot more hydrogen atoms (six) to donate the 

surface. This could be the reason why proton transfer to the MgO surfaces occurred at L ~ 5 GPa 

whereas in Me(C=S)H molecule this transfer occurs above 7 GPa.  
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Figure 6.5. Examples of hydrogen transfer of Me(C=S)X species to the surface at low loads a) an 
incomplete “hydrogen transfer observed during the equilibration of Me(C=S)NH2 in between 
MgO surfaces at L ~ 4 GPa which will result in the complete proton transfer to the surface if L > 
4 GPa b) The proton transfer from Me(C=S)Me molecule to the MgO surface observed during the 
equilibration at L ~ 5 GPa. Red, pink, cyan, yellow, blue, and white spheres represent oxygen, 
magnesium, carbon, sulphur, nitrogen, and hydrogen atoms, respectively. 
 
6.3.2.2. 7 GPa Load Equilibrations 

Increasing the load to 7 GPa produced a stress-induced reaction only in the Me(C=S)NH2 

system. Specifically, this load induced the binding of Me(C=S)NH2 molecules to the MgO surface. 

The product of this binding reaction is shown in Figure 6.6 where a bond was formed between an 

oxygen atom in the surface and sp2 carbon of an Me(C=S)NH2 molecule. The formation of this C-

O bond visibly modifies the cubic structure of the MgO surface as the oxygen atom partakes in the 

formation of another bond. Increasing the load will cause the Mg-O bonds around this oxygen to 

rupture as seen in Figure 6.3. In Figure 6.6, the orientation of hydrogens of amide indicate the 

existence of a bond between the nitrogen and magnesium atoms. This is consistent with L ~ 20 

GPa binding behaviour  of Me(C=S)NH2 molecules to the MgO surface shown in Figure 6.3. 

a) Me(C=S)NH2 b) Me(C=S)Me
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Similarly to the previous case, this N-Mg distance is ~2.3 Å which is slightly larger than the 

literature reported N-Mg bond length of ~ 2	Å suggesting that this formed bond is fairly weak.10 

 
Figure 6.6. An Me(C=S)NH2 molecule binds to the MgO surface through the formation C-O and 
N-Mg bonds at L ~ 7 GPa. The orientation of amide hydrogens justifies the N-Mg bond existence. 
Red, pink, cyan, yellow, blue and white spheres represent oxygen, magnesium, carbon, sulphur, 
nitrogen and hydrogen atoms, respectively. 
 
6.3.2.3. 10-12 GPa Load Equilibrations 

The equilibration at the load of 10 GPa allowed all Me(C=S)X species to react with the 

MgO surface. The dimerization of two Me(C=S)NH2 molecules was observed and yielded the 

product shown in Figure 6.7a. This dimerization reaction is initiated by an ionic form of 

Me(C=S)NH- molecule, which previously lost a proton to the MgO surface, attacking the sp2 

carbon of a neighbouring Me(C=S)NH2 molecule and forms a dimer through newly formed N-C 

bond. It appears that there is an interaction between the terminal nitrogen and its closest 

magnesium atom based on the orientation of the hydrogens of the terminal amide. Reactions 

among Me(C=S)NH2 molecules were not observed during the simulations due to the high 

compression rate, which did not permit the molecules to adequately to respond to the external 

factor.  
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Me(C=S)Me and Me(C=S)F molecules bound to the surface through the formation of the 

C-O bond with the MgO surface at the L ~ 10 GPa shown in Figure 6.7b,c respectively. The lengths 

of the formed C-O bonds were within 1.5-1.6 Å, which is within reported range of C-O single 

bond lengths.11 The formation of these C-O bonds causes the bonded oxygen to slightly elevate 

relative to the rest of MgO surface which increases the bond length of Mg-O bonds around this 

oxygen atom. This change in bond length suggests that formation of the C-O bond influences the 

Mg-O bonds around the C-O oxygen atom. An additional reaction occurred in the case of 

Me(C=S)F, the transfer of fluorine atom from Me(C=S)F to a nearby magnesium atom of the 

surface through the formation of an Mg-F bond. This reaction occurred as the C-O bond formation 

also causes a dissociation the C-F bond which leads to its subsequent departure and adsorbed by a 

magnesium atom of the MgO surface.  

 
Figure 6.7. a) The bidentate dimer of Me(C=S)NH2 formed during the equilibration of 
Me(C=S)NH2 in between MgO layers at L ~ 10 GPa. There is N-Mg bonding to the MgO surface. 
b) Me(C=S)Me molecule binds to MgO surface at L ~ 10 GPa c) Me(C=S)F molecule binds to the 
MgO surface with a subsequent transfer of fluoride to the surface to stabilize the formal charges. 
Red, pink, cyan, yellow, blue, purple and white spheres represent oxygen, magnesium, carbon, 
sulphur, nitrogen, fluorine and hydrogen atoms, respectively. 
 

The equilibration of Me(C=S)CF3 at L ~10 GPa produced a different type of reaction where 

the monomer molecule is not bound to the MgO surface through a C-O as with previous species 

a) Me(C=S)NH2 b) Me(C=S)Me c) Me(C=S)F 
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but through S-O bond as shown in Figure 6.8. This is most likely due to the electron withdrawing 

effects of CF3 functional groups which causes the sulphur atom to have a positive formal charge. 

This explains why the orientation of Me(C=S)CF3 molecules near the surface all have the sulphur 

end of the molecule pointing to the surface at the lower loads. The S-O bond length at 10 GPa is 

2.01 Å, which is larger than the literature reported values for an S-O single bond which lies in the 

range of 1.4-1.7 Å.12 This suggests that the bond between the Me(C=S)CF3 molecule and the 

surface at this load is not fully formed yet. However, the increased load of 12 GPa strengthens this 

S-O bond as the measured S-O distance decreased to 1.73 Å.  The distance of 1.73 Å is within the 

reported literature range of S-O single bond. The strengthening of the S-O also leads to several 

Mg-O bond dissociations associated with the S-O bonds as presented in Figure 6.8. 

 
Figure 6.8. a Me(C=S)CF3 molecule binds to the surface through an S-O bond at 10 GPa shown 
on the left. At L ~ 12 GPa, the S-O bond gets stronger which leads to several Mg-O bond 
dissociations. Red, pink, cyan, yellow, purple and white spheres represent oxygen, magnesium, 
carbon, sulphur, fluorine and hydrogen atoms, respectively. 
 

6.3.3. Charge Density Differences 
 

10 GPa 12 GPa
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The changes in the electronic structure associated with the formation involving bonds the atoms 

mentioned above were examined through charge density difference (CDD). The CDD calculations 

were performed as follows. A structure was selected from the FPMD trajectory with the desired 

adsorption reaction to the surfaces of MgO. First, the density of the whole system 𝜌}{} of the 

structure was calculated. The next step was to independently calculate the electron densities of 

isolated MgO slabs 𝜌ª�~³	and the remainder of the system comprising of Me(C=S)X molecules 

with separated ions 𝜌©{�	which were bound to the MgO surface. These densities were then used 

to generated the CDD, Δ𝜌, as: 

 Δ𝜌 = 𝜌}{} − 𝜌ª�~³ − 𝜌©{� (6.1) 

The CDD allows one to obtain insight into how electronic structure changes as a result of 

the interactions between Me(C=S)X molecules derivatives with the MgO surfaces. Isosurface plots 

of CDD of the following species were evaluated: the carbon-oxygen bond of Me(C=S)Me, 

Me(C=S)NH2 and Me(C=S)F molecules and S-O bonding of Me(C=S)CF3 molecule. The CDD 

of proton transfer of Me(C=S)NH2 and Me(C=S)Me to the MgO surface is not presented because 

it was described extensively in the discussion pertaining to proton transfer involving Me(C=S)H 

molecules and shown in Figure 5.10. 

The CDD isosurface of the Me(C=S)NH2 system at L ~ 4 GPa GPa indicate that the one of 

amide hydrogen has a bonding character with  the surface in between Figure 6.9. The CDD 

associated with this proton transfer illustrates the electron density is being transferred from the 

nitrogen to the oxygen. Once the proton transfer is complete, the CDD of the final product will 

look very similar to the previously studied proton transfer seen in Me(C=S)H molecules from the 

previous chapter.  
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Figure 6.9. The CDD isosurface plot of an Me(C=S)NH2 in process of donating hydrogen to the 
MgO surface observed at L ~ 4 GPa. The isosurfaces are plotted at values of Dr = 0.02 au (red) 
and -0.02 au (blue). Red, pink, cyan, yellow, blue, and white spheres represent oxygen, 
magnesium, carbon, sulphur, blue and hydrogen atoms, respectively. 
 

The CDDs describing the change in density arising from the formation of a C-O bond 

between an Me(C=S)NH2, Me(C=S)Me and Me(C=S)F molecule and the MgO surface at L ~ 8, 

10 and 10 GPa, respectively, are shown in Figure 6.10. In this figure, it is clear that there is an 

increase in electron density between the carbon and oxygen atoms involved in the bond indicating 

the covalent nature of the bond. The loss of electron density around the oxygen atom is consistent 

with the shape of p orbital aligned with the C-O bond. As the oxygen donates electron density 

toward the formation of the C-O bond, it also attracts electron density from its neighbouring C-O 

bonds.  
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Figure 6.10. The CDD isosurface plots Me(C=S)X species observed at L ~ 8-10 GPa. of (a) an 
Me(C=S)NH2 molecule bound to the MgO surface through a carbon-oxygen bond observed at L ~ 
8 GPa and (b) an Me(C=S)Me molecule bound to the MgO surface through a carbon-oxygen bond 
observed at L = 10 GPa. c) an Me(C=S)F molecule bound to the MgO surface through a carbon-
oxygen bond observed at L = 10 GPa. The isosurfaces are plotted at values of Dr = 0.02 au (red) 
and -0.02 au (blue). Red, pink, cyan, yellow, blue, purple and white spheres represent oxygen, 
magnesium, carbon, sulphur, nitrogen, fluorine and hydrogen atoms, respectively. 
 

As described above, the CDD is the difference between density of the whole system and 

density of separate parts: the bulk and surface. In the bulk calculation, this geometry orientation 

of the Me(C=S)NH2 and Me(C=S)Me molecules implies that the charge distribution can only be 

zwitterionic due to its sp3 geometrical shape at the C-O bonding carbon, with negative charge 

accumulated on the terminal sulphur atom and positive charge on the previously sp2 carbon. The 

C-O bond formation allows these molecules to rearrange to cancel the formal charges which in 

CDD plot is presented as the sulphur atom lost electron density and C-O carbon gaining electron 

density. In Figure 6.10c, the formal charges on Me(C=S)F molecule is cancelled as the fluorine 

atom bound to the magnesium atom to form an ionic bond which in turn allows the C-O carbon to 

form a double bond with the sulphur atom. The fluorine transfer appears to strengthen the C-O 

bond as the charge density on the C-O carbon has significantly increased when compared to the 

charge density of the other species. 

a) Me(C=S)NH2 b) Me(C=S)Me c) Me(C=S)F 
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In Figure 6.10a, the orientation of the hydrogens of amide group suggests that the nitrogen 

atom formed a bond with its closest magnesium atom. The measured N-Mg distance is ~2.3 Å 

which is close to the acceptable experimental range of N-Mg bond length (2.2.0-2.1 Å), the CDD 

plot indicate that the amide nitrogen donates the electron density the magnesium atom.10 This 

suggests the incomplete bonding nature of N-Mg bond whichThe F-Mg bonds shown in Figure 

6.10c also exhibits the same behaviour as the CDD did not reveal any changes in electron density. 

This suggests that N-Mg and F-Mg bonds have the ionic nature which cannot be studied by CDD 

as the changes in electron density is minimal.  

The Me(C=S)CF3 molecule bonding with the MgO surface is through the formation of S-

O bond which is different from the other studied species. The CDD plot of this bond was studied 

at two loads 10 and 12 GPa and shown in Figure 6.11. As mentioned above, L~ 10 GPa the S-O 

bond length suggests that the Me(C=S)CF3 interactions with the surface is not complete yet. The 

CDD plot for L = 10 GPa confirms the weak nature bonding as the charge density clouds on sulphur 

and oxygens are significantly smaller than for the CDD plots of other species. As L was increased 

to 12 GPa, this S-O bond length decreased from 2.01 to 1.73	Å. The CDD plot confirmed the full 

formation of a covalent bond S-O bond at L ~12GPa, which is presented on the right side of Figure 

6.11. In a manner similar to the Me(C=S)F molecule, a fluorine atom dissociated from the 

Me(C=S)F molecule to form a bond with a surface magnesium atom to cancel the formal charges.  
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Figure 6.11. The CDD isosurface plots of a Me(C=S)CF3 forming an S-O bond with the surface. 
On the left side: an Me(C=S)CF3 molecule bound to the MgO surface through a sulphur-oxygen 
bond observed at L = 10 GPa and on the right side, this S-O bond gets stronger with subsequent 
fluorine atom binding to a magnesium atom fo the surface. The isosurfaces are plotted at values of 
Dr = 0.02 au (red) and -0.02 au (blue). Red, pink, cyan, yellow, purple and white spheres represent 
oxygen, magnesium, carbon, sulphur, fluorine and hydrogen atoms, respectively. 
 
6.3.3.1.Surface Effect on the Stress-Induced Reactions 
 

The previous compression of the Me(C=S)H molecules between MgO surfaces produced 

several stress-induced oligomerization reactions. However, the current set of Me(C=S)X 

molecules did not exhibit any stress-induced reactions except for the species with the highest 

dipole moment –MeC(NH2)S. The previous bulk compression simulations of Me(C=S)NH2 

molecules in the environment without MgO surface did not produce any reactions until pressure 

was > 30 GPa. In the presence of MgO surface, Me(C=S)NH2 reacted with the surface through a 

hydrogen transfer at L ~ 4 GPa and produced the anionic molecule MeC(NH)S- which over the 

course of the equilibrium would react with another molecule to form the dimer shown in Figure 

6.7a.  

The previous bulk compression of Me(C=S)Me, Me(C=S)CF3 and Me(C=S)F molecules 

produced a series of oligomerization reactions which occurred in the range of ~ 10 GPa. However, 

10 GPa 12 GPa
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the compression of these molecules in between the MgO surfaces did not result in any 

oligomerization reactions. The difference between the two simulation setups is the number of 

Me(C=S)X monomer molecules in the simulation cell: in the bulk compression, there were twenty-

seven molecules, whereas in the current simulation cell contains only ten monomers. This suggests 

that ten monomer molecules in not enough to simulate the pressure-induced bulk conditions of 

these molecules. However, this number of molecules is sufficient to obtain information on stress-

induced reaction of these molecules with the MgO surfaces.  

The reaction energy of Me(C=S)X molecules binding to the MgO surface was calculated 

for the gas phase environment and shown in Table 6.1. The gas phase products were consistent 

with the compression Me(C=S)X molecules bound to the surface as the Me(C=S)F and 

Me(C=S)CF3 molecules donated fluorine atoms to the MgO surface. Table 6.1 results indicate that 

all the Me(C=S)X bindings are generally energetically favourable. The reaction energy of the 

Me(C=S)NH2 molecule was the least energetically favourable as the reaction energy is -11 kJ/mol.  

Table 6.1. The gas-phase binding energies of Me(C=S)X monomer molecules to the MgO surface. 
Me(C=S)Me, Me(C=S)F and Me(C=S)NH2 formed a C-O bond whereas Me(C=S)CF3 formed an 
S-O bond with the surface. 

Name of Me(C=S)X Reaction energy, kJ/mol 
CF3 -77.2 
CH3 -93.2 

F -135.3 
NH2 -11.4 

 
The results from Table 6.1 do not provide any meaningful information on why some 

Me(C=S)X binding to MgO accelerates the MgO surface disruptions. The results suggest that the 

binding energies of Me(C=S)X molecules do not have any effects on MgO surface disruption. It 

appears that any covalent bonding of Me(C=S)X molecules to the surface through oxygen atoms 

will result in the MgO surface to disrupt when the L is in the range of 18-20 GPa.  
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6.4. Conclusions 
 

The FPMD simulations were performed to investigate the chemical response of Me(C=S)X 

molecules where X= -F, -CH3, -CF3 and -NH2) to compression between the MgO surfaces. 

Understanding the stress-induced reactions between Me(C=S)H molecules, between those 

molecules and the surfaces, and the pressures required to initiate those reactions can be useful in 

pressure-related applications in materials science.  

The simulation results demonstrated that Me(C=S)X molecules reacted with the MgO 

surface. Me(C=S)X molecules formed bonds with the surface oxygen atoms through three types 

of reactions: C-O, S-O and H-O covalent bond formations. The magnesium atoms were involved 

in forming an ionic bond with nitrogen and fluorine atoms. The binding of the Me(C=S)X 

molecules to the oxygen of the MgO surface resulted in the disruption of the cubic structure of the 

surface.  

The compression of Me(C=S)X molecules between the MgO surfaces revealed that the X 

functional groups did not influence the MgO surface structural disruption or degradation. The 

major cause of MgO surface disruption was the C-O and S-O bond formations between the 

Me(C=S)X molecules and the surface. The C-O bonds appeared to be more damaging to the 

surface than the S-O bonds. For instance, the S-O type of binding of Me(C=S)CF3 molecule to the 

MgO surface shown in Figure 6.4 indicated that the surface did not completely lose its cubic 

structure. Meanwhile, the cubic MgO structural information was completely lost in all the C-O 

bonds of Me(C=S)X molecules with the MgO surface.  
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Chapter 7: Shearing of Me(C=S)X Molecules in between MgO Layers 
 
7.1. Introduction 
 

Sliding is a frictional motion between two contact surfaces.1 The existence of friction in 

sliding surfaces can damage the surfaces. Various types of lubricants have been designed to 

overcome friction and protect the surfaces. Most conventional lubricants act as a passive medium 

to prevent direct contact between sliding surfaces.2 However, recent trends such as the 

development of micro/nanodevices have led to systems that do not have space for oil-based 

lubricants to reduce friction-related issues. Therefore, a smaller type of lubricant must be designed 

for the nanoscale devices.  

In sliding surfaces, the extremely high pressure and external mechanical forces promote 

tribochemical reactions.2 The fundamental insights on the influence of the mechanical energies on 

the reactivity of molecules were studied using the atomic force microscopes.3 The external 

directional force causes the molecules to deform along the force vector which in turn lowers the 

reaction barriers. The lower reaction barriers translate into the presence of mechanical energy in 

the sliding surfaces can cause the tribochemical reactions to occur at lower temperature and 

pressure.  

Tribochemical processes occurring in sliding contacts are among the most challenging surface 

chemistry problems.4 Experimental methods cannot in situ study the tribochemical reactions in 

most of types sliding surfaces. Only in the fully transparent sliding surfaces, one can use 

experimental methods such as optical spectroscopy to in situ studies the tribochemical reactions.5 

Computational simulation methods offer a viable alternative to studying tribochemical reaction in 

sliding contacts. Various computational methods were employed to understand tribochemical 
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reactions. Computational simulation methods provided the insights on the tribochemical reactions 

which results in a reduction of friction.4,6–8 

The overarching goal of this dissertation is to understand how simple molecules representing 

various functional groups behave in tribochemical sliding conditions. In previous chapters, we 

investigated types of tribochemical reactions which occurs between Me(C=S)X molecules and the 

MgO surfaces due to the external pressure. In Chapter 3 and 4, the pressure-induced bulk reactions 

of Me(C=S)X molecules were explored. In Chapters 5 and 6, we investigated the effect of pressure 

on the MgO surface and the Me(C=S)X molecules as a form of a surface-molecule tribochemical 

type of reaction. In this Chapter, the FPMD simulations are used to explore the strain-induced 

behaviour  of series of Me(C=S)X where X= -H, -F, -CH3, -CF3 and -NH2 functional groups 

inserted in between layers of MgO surface. The shearing were performed at various loads to 

simulate the real-world sliding conditions. The loads used in this Chapter are categorized in low 

(3-5 GPa), medium (~7 GPa) and high (~10 GPa) loads. The low and medium load shearing of 

Me(C=S)CF3 and Me(C=S)F are yet to start due to the limited computing resources. The high load 

simulation results indicate that certain species such as Me(C=S)NH2, Me(C=S)F and Me(C=S)CF3 

are not suitable for the lubrication purpose and Me(C=S)H and Me(C=S)Me need to be studied in 

larger scales.  

7.2. Computational Details  
 

We used FPMD to investigate the shearing many Me(C=S)X molecules (where X= -F, -CH3, 

-CF3 and -NH2 functional groups) inserted in between two 3x3x1 MgO slabs. Ten molecules for 

Me(C=S)F and Me(C=S)F, nine molecules for Me(C=S)NH2 and eight molecules for Me(C=S)Me 

and Me(C=S)CF3 were inserted in between the MgO layers. The different numbers of Me(C=S)X 

molecules approach were necessary to keep the total number of atoms in the simulation cell 
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consistently within 130-150 atom range. Maintaining the total number of atoms at the 130-150 

range was required to keep the computational cost consistent among all species. 

The FPMD simulations were performed using a version of the Quantum-Espresso simulation 

package that was modified to permit shearing.9 The simulation setup is the same as in Chapter 5 

and VI and will not be repeated here. The shearings were performed according to the following 

protocol. The simulation cell was equilibrated at various constant normal loads using the 

Parrinello-Rahman barostat and a temperature of 300 K maintained with the Anderson 

thermostat.10,11 After equilibration, the system was sheared by increasing the stress applied along 

the [1230] (denoted as the right direction) and [1230] (denoted as the left direction) directions at 

a rate of 1 Å/ps. The shear simulations were performed at various constant values of L and were 

allowed to alter the cell based on the Parrinello-Rahman dynamics. During the shearing process, 

the following cell parameters were allowed to evolve ax, by, ay, and cz. The cell parameter cy as 

allowed to change at the provided shear rate of 1 Å/ps. Thermostats were not used during the 

shearing phase of the simulation to allow any changes in temperature arising from shearing to 

contribute to any observed reactions. The stresses that occurred by the shearing system were 

obtained from Hellmann-Feynman forces associated with the deformation of the simulation cell.  

The shearing rate of 1 Å/ps is high, but was the lowest value that could be employed while 

permitting the simulations to be completed in a reasonable amount of time. On average, it required 

two to three weeks of continuous computing time to perform this work using the high-performance 

computing resources to displace the MgO surface for of 1 Å. In all cases, the shearing simulation 

goal was to understand the conditions of the shear slip and have the minimum displacement of 𝛿 

of 5 Å. However, the computing demands greatly exceeded the available resources which led many 

shearing simulations incomplete.  
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7.3. Results and Discussions 
 

The FPMD simulations were performed to study the behaviour  of Me(C=S)X molecules 

sheared between two layers of MgO surfaces. The results indicated that the presence of Me(C=S)X 

molecules between the surface layers helps prevent damage to the surface during the shearing 

process. Shearing induced multiple shear-induced reactions among the Me(C=S)X molecules and 

with the MgO surface.  

To understand the effect of Me(C=S)X molecules on the sliding properties of the MgO 

surfaces, we need to know how shearing affects bare MgO surfaces. We performed simulations in 

which two 3x3x1 layers of MgO surfaces were sheared under the constant L ~ 10 GPa. The results 

of these simulations are presented in Figure 7.1, where the top layer was sheared in the right 

direction ([1230]) at a constant rate of 1 Å/ps. The measured cy stress tensor element revealed that 

the MgO rearrangement observed in Figure 7.1 was the result of the shear slip which occurred at 

𝛿 ~ 3 Å. The tracked cy stress tensor element is presented in Figure 7.2, and it is clear that the stress 

has been accumulating until it reached ~ 300 GPa. The shear strain resulted in Mg-O bond breaking 

which caused the MgO surfaces to rearrange   

 
Figure 7.1. The structure of two MgO layers before the shearing (on the left), during the 
shearing along the yz direction (centre) and after the slip (on the right) under the constant load of 
10 GPa and a shearing rate of 1 Å/ps.  The red atom is oxygen and the pink atom is magnesium. 

!=!rate  t
L= constant L= constant 

shearing shearing

Original MgO surface During the shearing process MgO surface rearrangement 
after the slip
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Figure 7.2. The tracked shear stress two MgO layers under the constant L of 10 GPa. During the 
shearing, the shear stress continually increases until the MgO slip/rearrangement ~ 3 Å, which 
coincides with a major in the shear stress.  
 
7.3.1. Low Load Shearing 
 

The simulations in which the Me(C=S)X systems were sheared in between the layers of 

MgO at loads below L below 5 GPa did not produce any reactions. Me(C=S)X molecules were 

generally unreactive and served as passive non-reactive molecules to keep the MgO layers apart. 

The primary role of these molecules is to prevent the bonding of layers of MgO. An example of 

non-reactive shearing simulation is shown in Figure 7.3 where the observed shear stress is 

presented. The measured shear stress had a large number of oscillation due to the presence of 

Me(C=S)X molecules. The Me(C=S)X bond vibrations and rotations were the cause of the large 

number of oscillations in the measure shear stress. The Me(C=S)Me molecules did not react with 

two layers of MgO, but their presence kept the surfaces apart at a distance ~ 13 Å. The absence of 

strain-induced reaction is apparent that the shear stress is relatively constant with the average ~ 3 

GPa. 

MgO slip surface slip
with	rearrangement



 164 

 
Figure 7.3. The tracked shear stress of eight Me(C=S)Me molecules inserted between two MgO 
layers with constant L ~ 3 GPa. The large number of oscillations are due to the bond vibrations 
and rotations. No reactions were observed during the shearing process are Me(C=S)Me are 
diffused in between the MgO surface layers. The observed shear stress is relatively horizontal at ~ 
3 GPa. 

 

The first shearing simulation with a reaction between the Me(C=S)X molecules with the 

MgO surface was the shearing of Me(C=S)NH2 system at L ~ 4 GPa. The initial and final shearing 

positions are presented in Figure 7.4. Only one Me(C=S)NH2 molecule with amide hydrogen 

(circled in Figure 7.4) interacting with the MgO surface. It appears that this circled hydrogen was 

shared between an oxygen of the surface and the rest of the molecule. This "shared" hydrogen 

atom explains why this Me(C=S)NH2 monomer attached to the same area of the MgO surface 

throughout the shearing simulation.  In Figure 7.4, the placement all the monomers stay intact with 

relation to the surface which suggests that the slip had not occurred yet. In this case, the slip most 

likely to occur in the form of monomer molecules sliding pass each other. There is a noticeable 

gradual increase in the tracked shear stress which is shown in Figure 7.5. This could be due to the 

extensive hydrogen network of Me(C=S)NH2 monomers which acted in a somewhat similar a solid 

medium which explains the gradual increase in the shear stress. This gradual stress accumulation 

verified that no slip mechanism had occurred at 𝛿 ~ 5 Å. However, we were unable to continue 

this simulation due to the time-constraint and computing resources.  
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Figure 7.4. The left shearing evolution of Me(C=S)NH2 in between two layers of MgO surfaces 
under the L of 4 GPa. There are no shear-induced interactions between the Me(C=S)NH2 
monomers and the MgO surface. Red, pink, blue, cyan, yellow, and white spheres represent 
oxygen, magnesium, nitrogen, carbon, sulphur, and hydrogen atoms, respectively. 

 

Generally, simulations at the low loads indicate that the role of Me(C=S)X molecules was 

to prevent the surfaces from making the contact. Shearing simulations of Me(C=S)H molecules in 

between layers of MgO produced similar results to the Me(C=S)Me case. At the L of 5 GPa, The 

molecules remained mostly inert except for Me(C=S)Me which donated hydrogens to the MgO 

surface. 

 
Figure 7.5. The Shear stress evolution of the Me(C=S)NH2 sheared in between two layers of 
MgO at L ~ 4 GPa.  A gradual increase in shear stress was observed. 
 

Initial position ! =0 ÅFinal position ! =5 Å
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7.3.2. Medium Load Shearing  
 

The shearing simulations of Me(C=S)X species in between the layers of MgO under L ~7-

8 GPa promoted several shear-induced reactions among Me(C=S)NH2 and Me(C=S)H molecules. 

During the shearing of these two Me(C=S)X species, their monomer molecules bound to the MgO 

surface without causing any drastic structural alteration of the surface during the shearing 

simulation. The shear behaviour  of these two species are similar; hence only the behaviour  of 

Me(C=S)NH2 will be discussed in what follows. 

  The shearing results of Me(C=S)NH2 molecules in between the MgO surface under the 

constant load of 8 GPa is shown in Figure 7.6. In this Figure, all Me(C=S)NH2 monomers which 

do not reactive with the MgO surface had been removed.  A Me(C=S)NH2 monomer interacted 

with the top MgO layer through the an amide hydrogen. During the shearing process, the position 

of this monomer with relation to the surface did not change until it formed for a C-O bond with 

the surface in the left shearing. The simulation started with a C-O bound monomer to the surface 

and another monomer “sharing the hydrogen atom” similar to the one from Figure 7.4. The left 

shearing simulation allowed the shared amide hydrogen monomer to transform into a C-O bound 

monomer at 𝛿 ~8 Å. The shearing in the right direction formed an N-Mg bond. The shearing 

simulations also promoted the transfer of additional hydrogen atoms bound to oxygens of the MgO 

surface. 
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Figure 7.6. The left and right shearing evolution of Me(C=S)NH2 in between two layers of MgO 
surfaces under the L of 8 GPa. Shear-induced interactions between the Me(C=S)NH2 monomers 
and the MgO surface are through the formation of C-O and N-Mg bonds. Red, pink, blue, cyan, 
yellow, and white spheres represent oxygen, magnesium, nitrogen, carbon, sulphur, and hydrogen 
atoms, respectively. 
 

The shear stress behaviour  of the Me(C=S)NH2 system under the L ~ 8 GPa which is 

presented in Figure 7.7. From the Figure, it is clear that the bonding of Me(C=S)NH2 monomers 

to the MgO surface increased the overall shear stress. The surface slips caused by the shearing 

seems to have the interval ~ 2.5Å which corresponded to various monomer molecules passing each 

other, but the overall shear stress has a clear increasing trend. This steadily accumulating shear 

stress suggested that the extensive hydrogen network of Me(C=S)NH2 molecules in between the 

two surface layers were acting as the adhesive. The shear stress will keep increasing until it reaches 

the values high enough to break a bond to relief the system. The strain-induced bond breaking can 

occur in the form of the MgO surface rearrangement or dissociation of a Me(C=S)NH2 molecule 

bound to the surface and both cases can significantly decrease the shear stress of the system. These 

strain-induced reactions did not occur when 𝛿 ~ 10 Å when the stress was ~ 50 GPa which suggests 

that the slip is beyond the reasonable simulation timescale.   

Left Right

Initial position ! =0 Å Final position ! =10 ÅFinal position ! =10 Å
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Figure 7.7. The shear stress evolution of the Me(C=S)NH2 sheared in between two layers of 
MgO. There is a general upward trend with a small slip with periodicity ~ 2.5 Å.  
 

The shearing simulation of Me(C=S)H in between MgO layers with L ~ 7 GPa produced 

similar results, where the stress accumulated throughout the shearing. As we stated in previous 

chapters, Me(C=S)H molecules are known to oligomerize in a pressure-induced environment; 

hence they oligomerized during the shearing as well. However, none of the strain-induced 

oligomers reacted with the MgO surface. Similarly to the Me(C=S)NH2 results, the accumulating 

stress will probably result in MgO surface rearrangement of some bond dissociations which will 

allow the system to shear with relieved stress. Due to the lack of computing resources, we are yet 

to perform similar medium load shearing simulations on the Me(C=S)Me, Me(C=S)CF3 and 

Me(C=S)F species. 

7.3.4. High Load Shearing 
 

The 10 GPa shearing of Me(C=S)X species in between MgO produced a wide range of 

results. All species produced shear-induced reactions with the MgO surface and produced a wide 

range of response. The shearing simulations of Me(C=S)H and Me(C=S)Me did not result in the 

MgO surface rearrangement. In the case of Me(C=S)H , two different shearing systems were 

explored: one with C-O bound Me(C=S)H molecule to the surface and another with S-O bound 

Left Shear Stress Right Shear Stress
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oligomer to the MgO. The shearing simulations of the Me(C=S)NH2, Me(C=S)F and Me(C=S)CF3 

systems resulted in the surface MgO rearrangement. The shearing of the Me(C=S)NH2 system 

was dependent on the direction: the left shearing produced the unreactive case and the right 

direction enhanced the MgO surface rearrangement.   

7.3.4.1.Shearing of the C-O Type Me(C=S)H System 

The shearing results of the C-O Me(C=S)H system under L ~10 GPa produced a series of 

strain-induced reactions. The shearing results are presented in Figure 7.8. In both shearing 

directions, multiple strain-induced reactions were observed. The Me(C=S)H monomer bound to 

the surface (shown in the middle of Figure 7.8) reacted with the nearby monomer molecule to form 

oligomers. The strain-induced reactions in the left shearing produced a dimer Me(C=S)H oligomer 

which is shown in Figure 7.8 on the left. In the right shearing, the shear strain induced in the 

additional C-O bond formation between the Me(C=S)H oligomer and the bottom surface layer at 

Me(C=S)H oligomers were capable of bonding with the bottom MgO surface. 

 
Figure 7.8. The left and right shearing of the C-O Me(C=S)H system the L ~ 10 GPa. The strain-
induced reactions between the Me(C=S)H monomers and the MgO surface are through the 
formation of the additional C-O bound oligomer and hydrogen transfer to the surface. Red, pink, 
cyan, yellow, and white spheres represent oxygen, magnesium, carbon, sulphur, and hydrogen 
atoms, respectively. 
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The shear stress measured for the C-O bound Me(C=S)H systems are presented in 

FigureVII.9. In the left shearing case, the shear-stress was relatively constant whereas in the right 

case, an increasing shear-stress was observed. This suggests that the amount of strain-induced 

reactions between the molecules and the surfaces affect the measured shear-stress. Therefore, 

longer shearing simulations can lead to more oligomerization reactions which is undesirable for 

lubrication purposes. The products of oligomerization reactions are likely to cause the adhesion 

which is undesirable in the context of lubrication. 

 
Figure 7.9. The shear stress evolution of the Me(C=S)H sheared in between two layers of MgO 
under the L of 10 GPa. No evident change in the shear stress was observed on the left shearing, 
but increase of shear stress is observed on the right due to the number of strain-induced 
reactions.   
 
7.3.4.2. Shearing of S-O Type Me(C=S)H System 

The second set of shearing of Me(C=S)H system had only the S-O type of bonding of 

Me(C=S)H oligomer to the surface. The shear results of this system are shown in Figure 7.10. The 

left shearing simulation produced no additional reactions whereas during the right shearing at the 

~6 Å the C-S bond adjacent to the S-O bond dissociated under shear-stress as shown on the right 

of Figure 7.10 The shear stress tracked during the shearing is shown in on Figure 7.11. In both 

cases, the presence of an oligomer bound to the surface increased the shear stress. However, the 

right shear stress had a sharp increase at 𝛿 ~ 4 Å. This indicates that shearing to the right direction 

Left Shear Stress Right Shear Stress 
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puts stress on the whole oligomer starting from a distance of ~ 4 Å which lead to the eventual C-

S bond dissociation at 𝛿 ~ 5.5-6 Å. This reason behind this bond dissociation was the result of 

shearing as the top layer of MgO which stretched the whole oligomer which resulted in a rise in 

shear stress and subsequent C-S bond dissociation. From the tracked shear stress, there is a clear 

correlation that the C-S bond dissociation resulted in a decrease of shear stress.  

 
Figure 7.10. The left and right shearing of the S-O Me(C=S)H systems in between two layers of 
MgO surfaces under the L of 10 GPa. No strain-induced reactions were observed as most 
Me(C=S)H molecules were already formed oligomers prior the shearing. Red, pink, cyan, yellow, 
and white spheres represent oxygen, magnesium, carbon, sulphur, and hydrogen atoms, 
respectively. 

 
Figure 7.11. The shear stress evolution of the Me(C=S)H sheared in between two layers of MgO 
with S-O type of interactions under the L of 10 GPa. The shear stress generally non-existence 
until there is an increase in shear stress due to C-S bond stretching before its dissociation (circled 
on the right).   
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7.3.4.3. Shearing of Me(C=S)F and Me(C=S)CF3 

The shearing simulations Me(C=S)F and Me(C=S)CF3 produced very similar results under the 

constant L ~10 GPa. Therefore, only one shear simulation of each species is shown the left shear 

of Me(C=S)F and the right shear of Me(C=S)CF3. In both species, their monomer molecules were 

bound to the MgO surface through the formation of C-O and S-O bonds for Me(C=S)F and 

Me(C=S)CF3 respectively and shown in Figure 7.12 and Figure 7.13 respectively. Additionally, a 

fluorine atom from the surface-bound monomers formed the F-Mg bonds with its closest 

magnesium atom. The shearing of Me(C=S)F and Me(C=S)CF3 systems resulted in almost 

instantaneous the MgO surface rearrangement. In both cases, the strain-induced MgO 

rearrangement occurred at 𝛿 ~ 1 Å. In the Me(C=S)F case, the surface rearrangement occurred 

along with x-axis while the surface was sheared along the y-axis. The shearing results of two MgO 

layers without any Me(C=S)X molecules presented in Figure 7.2 had rearrangement at 𝛿 ~ 3 Å. 

This means that the presence of Me(C=S)F and Me(C=S)CF3 can damage and accelerate surface 

deterioration. Therefore, Me(C=S)F and Me(C=S)CF3 are not an acceptable candidate to act as a 

lubricant to protect the sliding MgO surface from damage. 

 
Figure 7.12. The left shearing evolution of Me(C=S)F in between two layers of MgO surfaces 
under the L of 10 GP. The shearing accelerates the MgO surface rearrangement. Red, pink, purple, 

Initial position ! =0 ÅPosition ! =0.5 ÅPosition ! =0.7 ÅPosition ! =0.7 Å alternate
angle - XZ plane
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cyan, yellow, and white spheres represent oxygen, magnesium, fluorine, carbon, sulphur, and 
hydrogen atoms, respectively. 
 

The shear stress monitored during the shearing Me(C=S)F species revealed that there is no 

change of shear stress and presented in Figure 7.14 on the left. The shearing of Me(C=S)F was 

stopped at 𝛿 ~1.7 Å due to the wavefunction convergence issues. No noticeable shear stress change 

was observed during the MgO surface rearrangement for both species. No shear slip implies that 

the source of MgO surface rearrangement was due to the constant load of 10 GPa applied to the 

system. The shearing provided the external energy to allow the MgO surface to rearrange.  

 
Figure 7.13. The right shearing evolution of Me(C=S)CF3 in between two layers of MgO surfaces 
under the L of 10 GPa. The shearing accelerates the MgO surface rearrangement. Red, pink, purple, 
cyan, yellow, and white spheres represent oxygen, magnesium, fluorine, carbon, sulphur, and 
hydrogen atoms, respectively. 
 

The monitored the shear stress of the Me(C=S)CF3 is presented in Figure 7.14 on the right. 

There is a small slip of the shear stress at the MgO surface rearrangement 𝛿 ~ 1 Å. The shear stress 

temporarily dropped to the zero-value followed the accumulation of the shear-stress for the next 

slip event. Similarly, the bonding of the Me(C=S)CF3 molecule to the MgO is detrimental to the 

surface.  
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Figure 7.14. The left shear stress evolution of the Me(C=S)F and right of Me(C=S)CF3 sheared 
in between two layers of MgO L ~ 10 GPa . No major shear stress was observed in Me(C=S)F, 
the nature of slip at 𝛿 ~ 1.3 was not noticeable. A minor slip is observed in Me(C=S)CF3 at 𝛿 ~ 1 
Å which corresponded to the MgO surface rearrangement.  
 
7.3.4.4. Shearing of Me(C=S)NH2 

The shearing of Me(C=S)NH2 under the L ~ 10 GPa produced different results. Shearing 

the Me(C=S)NH2 systems in the right-left in Figures VII.15 and Figure 7.16, respectively. Figure 

7.15 shows the right shearing of Me(C=S)NH2 had behaviour  similar to the Me(C=S)F and 

Me(C=S)CF3 cases.  In all three cases, a molecule covalently bound to the surface which caused 

the surface to rearrange.  

 
Figure 7.15. The right shearing evolution of Me(C=S)NH2 in between two layers of MgO 
surfaces under the L of 10 GPa. The shearing accelerates the MgO surface rearrangement. Red, 
pink, blue, cyan, yellow, and white spheres represent oxygen, magnesium, nitrogen, carbon, 
sulphur, and hydrogen atoms, respectively. 
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 However, shearing to the left direction produced no MgO surface rearrangement as shown in 

Figure 7.16. The likely cause for this is the sulphur atom on the Me(C=S)NH2 monomer which 

dissociated its C-S bond at 𝛿 ~ 8 Å and formed a bond with a magnesium atom of the surface. 

This bond dissociation appears to stabilize the monomer bound to the surface and prevented the 

MgO surface going through a rearrangement.  

 
Figure 7.16. The left shearing evolution of Me(C=S)NH2 in between two layers of MgO surfaces 
under the L of 10 GPa. No MgO surface rearrangement was observed due to the C-S bond 
dissociation. Red, pink, blue, cyan, yellow, and white spheres represent oxygen, magnesium, 
nitrogen, carbon, sulphur, and hydrogen atoms, respectively. 
 

The shear stress measured for the Me(C=S)NH2 molecules in between MgO surfaces under 

the L ~ 10 GPa is shown in Figure 7.17. The shear stress behaviour  of the left shearing shown on 

the left of the Figure 7.17 which produced no MgO surface rearrangement had a constantly 

increasing trend with no apparent slips. The shear stress of right shearing is shown Figure 7.16 

right, also shows the steady increase. There are slips occurred with the periodicity ~3-4 Å which 

is likely the various MgO bonds being dissociated at 𝛿 ~ 3 Å which eventually lead to the MgO 

rearrangement. The steady increasing stress accumulation is the result of the hydrogen bonding 

among Me(C=S)NH2 molecules. The surface-bound Me(C=S)NH2 formed hydrogen bonds with 
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the monomers in the system. The extensive hydrogen bond network of Me(C=S)NH2 molecules in 

between the MgO layers acts as the adhesive. In such a system, the shear stress will continue to 

increase until it is high enough to break hydrogen or MgO bonds. We suspect that this upper limit 

of this stress the shear stress is ~300 GPa. 300 GPa is the shear stress slip of the pure MgO which 

resulted in the MgO rearrangement and was presented in Figure 7.2. This finding implies that 

hydrogen bonding between the shearing surfaces is undesirable in the context of lubrication.   

 
Figure 7.17. The shear stress evolution of the Me(C=S)NH2 sheared in between two layers of 
MgO under the L ~ 10 GPa. There is a general upward trend with a small slip. The right shearing 
had the slip periodicity of ~ 3-4 Å.  
 

7.4. Conclusions 
 

FPMD simulations were performed to study the behaviour  of Me(C=S)X molecules 

sheared between two layers of MgO surfaces. The aim to understand the lubricating properties of 

Me(C=S)X molecules at various loads. At low loads, the Me(C=S)X molecules behaved similarly 

to conventional lubricant molecules which merely acted as an inert medium to prevent the surfaces 

to contact. At the higher loads, different Me(C=S)X molecules behaved in various fashions: 

Me(C=S)NH2 acted as adhesive and inhibited the surface sliding, Me(C=S)F and Me(C=S)CF3 

molecules were destructive to the surface and Me(C=S)Me and Me(C=S)H were the most inert as 

their strain-induced reactions did not have any effects on the MgO sliding properties.  

Left Shear Stress Right Shear Stress
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The type of interactions of Me(C=S)X molecules with the MgO surface influenced the 

shearing properties. Me(C=S)F, Me(C=S)CF3 and Me(C=S)NH2 formed multiple bonds with the 

MgO surface which led to the surface rearrangement. Me(C=S)F formed a C-O bond and had a 

dissociated fluorine atom to form Mg-F bond with the surface. Me(C=S)CF3 formed an S-O bond 

with the surface and also had a dissociated fluorine atom to form an Mg-F bond with the surface. 

Me(C=S)NH2 formed a C-O bond and N-Mg bonds with the surface. These multiple formed bonds 

led to the MgO surface rearrangement which means these molecules are not suitable to act as 

lubricants. 

The shearing results with the Me(C=S)H and Me(C=S)Me species revealed that they 

formed only one C-O bond formation with the MgO surface did not produce any damage during 

the shearing simulations. The tracked shear-stress did not provide a conclusive verdict if they are 

suitable for the lubrication. Therefore, additional simulations at the larger scale are required to 

obtain more complete insights on if Me(C=S)H and Me(C=S)Me molecules are suitable for 

providing the lubrication. 
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Chapter 8: Conclusions and Future work 
 

In this project, we performed a series of simulations to gain insights into tribochemical 

reactions occurring in a system where Me(C=S)X molecules are placed in between two layers of 

MgO surfaces.  The complexity of the simulation system required us to separately simulate 

pressure-induced reactions of the bulk Me(C=S)X molecules and the stress and strain-induced 

reactions of Me(C=S)X and the MgO surfaces.  

The simulations of pressure-induced bulk Me(C=S)X molecules resulted in a wide range 

of oligomerization reactions.  The first pressure-induced reaction was the formation of a dimer 

through the C-S bond formation. The following oligomers were formed through C-S, S-S and C-

C bonds among Me(C=S)X monomers.  The substituent effect on the initial dimerization reaction 

pressure was established using energy decomposition analysis. We found a strong correlation 

between the initiation pressure and the EDA components.  

The stress-induced reactions of Me(C=S)X molecules and the MgO surfaces revealed that 

Me(C=S)X molecules bond with the MgO. The Me(C=S)X molecules formed C-O, S-O, N-Mg 

and O-H bonds with the surface. The formed C-O and S-O bonds significantly destabilized the 

cubic structure of the MgO. The Mg-O bonds near the formed C-O and S-O bonds eventually 

dissociated because of the increasing external load.  

The shearing process should have provided insights into the lubricating properties of these 

Me(C=S)X molecules. The study of the lubricating properties was incomplete because of the 

complexity and computational cost of simulating the systems presented in Chapter 7. The 

preliminary simulation results indicated that the majority of reactions Me(C=S)X molecules and 

the surfaces resulted in the MgO rearrangement during the shearing process. The shearing of 

Me(C=S)H and Me(C=S)Me in between the MgO layers did not produce a conclusive results. 
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Therefore, the immediate future work will continue to simulate the shearing work presented in 

Chapter 7. This work should be manageable with new Compute Canada computing resources.  For 

example, we are interested in knowing when at what stress the slip will occur in the shearing of 

the Me(C=S)NH2 system L ~ 10 GPa. The additional simulations can provide information needed 

to estimate the friction force. The complexity of the sheared systems presented in Chapter 7 was 

mostly because of various interactions among Me(C=S)X molecules. The middle layer can be 

simplified if we restrict the level of bonding. We had the non-bonding hydrogen-bonded 

Me(C=S)NH2 system had the adhesive effect during the shearing process because the hydrogen-

bonding patterns was three-dimensional. It will be interesting to shear series of two-dimensional 

hydrogen bonded molecules in between the MgO surfaces. The two-dimensional hydrogen-bonded 

molecules will be parallel to the sliding surfaces. The Ms. Whyte previously studied the shearing 

behaviour  of several two-dimensional hydrogen-bonded systems.1 Ms. Whyte also studied the slip 

mechanisms of hydrogen-bonded systems and obtained slip mechanisms and friction coefficient.  

We need to use large-size systems to fully understand the physical effect of tribochemical reactions 

in the sliding systems. To study larger systems, other simulation methods need to because of the 

high computational cost of FPMD. The reactive force-field MD such as (Reaxx FF MD) has been 

used to study tribochemical systems of several thousand atoms. Yue at al performed shearing on 

a system two quartz slab with the surface area of ~400 Å2 ( ~64 Å2 surface area was used in this 

dissertation) with 48 phosphoric acid molecules in between the layers.2 They were able to obtain 

the friction coefficient of the system.  

Another possibility will be using the insights obtained from Chapter 3-7 and build large 

systems for the classic force-field MD. The potentials used in classic MD cannot be used to 

describe chemical reactions hence the simulations. Therefore, no tribochemical reactions can be 
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simulated using the classical MD but we can use it to obtain friction related measurable such a 

friction coefficient. Ewen at. el. investigated the lubricating properties of n-hexadecane shearing 

in between two layers of iron oxide using the non-equilibrium force-field MD.3 The surface area 

of the iron oxide was ~2500 Å2 and 140 n-hexadecane molecules were inserted in between 

surfaces. They performed the simulations at various shearing speed to determine the friction 

coefficients.  
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