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ABSTRACT 

The process of extracting and refining crude oil is both expensive and environmentally 

hazardous. The synthesis of biodiesel sourced from vegetable oils is a renewable process and less 

hazardous to the environment. Therefore, we seek to understand the pyrolysis procedure at an 

atomic level in hopes of optimizing future fuel viability. Herein, I analyze methyl stearate (a 

component of biodiesel) using an in-house database of ab initio trajectories, each simulating 1.0 

ps (with 1.0 fs resolution). These jobs were observed for significant bond-breaking/forming 

events, the type of fragments produced, and the exact position and time for each event. Statistical 

analysis was performed on the data to coalesce significant pathways. Programs that employ 

density functional theory were used to determine their thermodynamic properties with increased 

accuracy. Understanding the unique characteristics of these fragments is important in 

engineering future biodiesel formulations as a source of alternative energy.  
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CHAPTER 1. INTRODUCTION 

 

1.1 Introduction 

According to the US Energy Information Administration (EIA), the world has 

approximately 1.7 trillion barrels of proven oil reserves as of the end of 2021. In terms of the 

United States, the EIA reports that the average daily petroleum consumption per person was 

approximately 1.12 gallons, as of 2020, at this current consumption rate, there are approximately 

47 years of oil left in the world.1,2 It is impossible to meet the current energy demand by 

processing crude oil alone, and the demand is growing exponentially. There is an urgent need to 

ensure a sustainable supply of energy to meet growing energy demands, one possible form of 

renewable energy is biodiesel, which is biodegradable, easily available, emits less SOx 

contamination, emits less soot, is eco-friendly, is non-toxic, and is free of aromatics.3  According 

to EIA, fossil fuels, coal, and nuclear fuels, are currently the primary sources of the world’s 

energy supply as illustrated in Figure 1. 4 Despite concerns over natural resource depletion and 

environmental pollution, renewable energy sources have the potential to address the increasing 

energy challenges.4 

Biodiesel is composed of fatty-acid methyl esters (FAMEs), which come from fats and 

oils found in nature. 5–26 These FAMEs are distinguished by the presence of monoalkyl chains 

ranging in length from 12 to 20 carbons. Soybean is the most common source of biodiesel in the 

United States and canola (rapeseed oil) in Europe. 27,28  

 

1.2 Criteria for Selection of Alternative Energy 

 The major drawback to the use of fossil fuels as a source of energy is their adverse effect  
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on the environment through the emission of CO2, NOx, and soot particles. Biodiesel production 

currently costs 1.5 times more than petroleum production from fossil fuels because of the high 

cost of using vegetable oil as a source of raw material.29–32 To combat the high cost of biodiesel 

production, computer simulations are being employed to help optimize the process. Petroleum 

and natural gas have a very high utilization rate of 35% and 34% respectively compared to other 

sources (Figure 1). Sustainable energy sources that do not rely on fossil fuels and have minimal 

adverse impacts on the environment must be developed to meet rising global energy demands. 

 Even though it is difficult to find an alternative source of energy that considers all other 

fossil-fuel-generated commodity products, it is of the utmost importance from a moral standpoint 

to steer society away from “solutions” wrought with problems that will have to be resolved in the 

future. In the quest for other energy forms, some guiding principles to consider are: 34–37 

 

1. High Efficiency: Refers to the amount of practical energy that can be derived from a 

specific energy source. 

2. Renewability: Energy sources should be renewable and capable of being replenished over 

time.  

3. Environmental impact:  The energy source should cause little to no pollution and have 

minimal negative effects on ecosystems, for example, through the release of CO2, NOx, 

and soot particles. 

4. Cost: Energy sources should be cost-effective and economically viable.  

5. Scalability: The energy source should be able to meet society’s exponentially increasing 

energy demands. 

6. Social acceptance: The energy source should be accepted by the public.  
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 From these criteria stated above, even fossil fuels, coal, and natural gas are less than 

optimal owing to rates efficiency due to the large amount of energy lost during the combustion 

process.38 The energy source being explored should have the capacity to be replenished on a 

human timescale, which presents a limitation on nuclear power. Additionally, uranium, which is 

used to power nuclear plants, is limited in supply and very expensive to procure. The faster we 

can regenerate an energy source, the more easily replenished it is.  

 

1.3 Biodiesel as a Suitable Replacement to Petroleum 

 Apart from its use as a transport fuel, there are other uses of fossil fuels including the 

production of fertilizers and pesticides for farming, cosmetics and personal care products, 

lubricants, synthetic rubber, antibiotics, heating oils, waxes for pharmaceuticals, and chemicals 

for industrial uses. 39–41 It is imperative to find an alternative source for these needs as well, 

pyrolysis of biodiesel holds promise in this regard.36  Concerted efforts are being made to 

explore other sources of energy, it would be convenient for these alternative energy sources 

being considered to have the same physical, and thermochemical properties as conventional 

crude oil and be as carbon neutral as possible.42 Unlike biodiesel, the processing of petroleum-

derived diesel is costly and has adverse effects on the environment due to the exploratory, 

drilling, refining, and transport activities involved in its production. 5,43,44  

 Conventional biodiesel has its own limitations as a fuel source, including inoperability 

in cold climates due to a low pour point of -9 to 15 °C, economically costlier to process than 

conventional crude oil due to the complexity of biodiesel components, and dislodging of engine 

deposits.37,45  Mathematical optimization models can be used to combat the issue of high cost of 

production, these models can determine supply chain design while also taking into account 
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supply chain configurations, production locations, biomass supply, transport, and storage  

modes.46 Using low feedstock materials such as waste cooking oil, animal fats can also 

significantly reduce the cost of production.17,47 To reduce inoperability in cold climates and 

alleviate dislodging of engine deposits, biodiesel can be heated prior to use, and blended with 

additives such as antioxidants, cetane enhancers, cold flow improvers, and other fuels. Another 

method is to subject biodiesel to a process known as winterization, in which high melting 

saturated esters are ejected by repeating cooling cycles.18 Provided that the limitations of 

biodiesel as an energy source are duly acknowledged and appropriate actions are taken to 

mitigate them, biodiesel continues to represent a viable and promising alternative to petroleum. 

 

1.4 Transesterification Reaction of Triglyceride Feedstocks 

 The synthesis of biodiesel involves the transesterification of triglycerides with an 

alcohol in the presence of a catalyst to produce long-chain mono-alkyl esters and release 

glycerol; a commodity product as shown in Figure 2.5,7,8,10–26,48  If methanol is used to produce 

biodiesel, the product of the transesterification reaction is known as fatty acid methyl ester 

(FAME); if ethanol is used, it is known as fatty acid ethyl ester (FAEE); and if propanol is used, 

it is known as fatty acid propyl ester (FAPE). The type of FAMEs produced is determined by the 

triglyceride feedstock used. 49 

 

1.5 Classification of Commonly Found FAME in Biodiesel 

 Subsequently, fatty acid methyl esters (FAMEs), which are components of biodiesel, are 

thermally cracked to produce lightweight hydrocarbons or transport fuels, such as natural gas, 

kerosene, and gasoline. The most common types of FAMEs found in biodiesel are methyl oleate,  



   5 

C19H36O2 (C18:1) where 18 represents the number of carbon bond, and 1 represents the number 

of unsaturation), methyl palmitate C17H34O2 (C16:0), methyl stearate C19H38O2(C18:0), methyl 

linoleate C19H34O2 (C18:2), methyl and linolenate  C19H32O2 (C18:3) as shown in Table 1, which 

are a combination of saturated and unsaturated chains; their structures are shown in Figure 3, the 

degree of unsaturation of these FAMEs influences the characteristics of biodiesel.50  

 Some studies have shown that an increase in the degree of unsaturation (iodine number) 

can increase the emission of NOx, and thermal NOx can be produced by biodiesel fuels with 

higher unsaturation. Even fossil fuels, coal, and natural gas are less than optimal owing to rates 

efficiency due to the large amount of energy lost during the combustion process.51  

 This is because the combustion process of biodiesel with higher unsaturation produces 

carbonized high-temperature areas, the number of double bonds reduces the length of the chain, 

which then reduces the cetane number; allowing for better mixing of air and water, which then 

leads to better combustion and lesser NOx emissions, while for the saturated ones, the NOx 

emissions increased with reducing chain length.51 This is not a direct comparison, as some 

FAMEs have shown a reverse relationship depending on the feedstock used. This makes the 

relationship between NOx and saturation of FAMEs a complex one.52–55 Depending on the 

feedstock utilized, the FAME content of biodiesel also changes.  Soybean oil, rapeseed oil, palm 

oil, and animal fats are the common feedstocks used to produce biodiesel. Saturated FAMEs 

such as methyl palmitate (C16:0) and methyl stearate (C18:0) are those commonly found in 

animal fats.28,56 

 

1.6 Why Methyl Stearate as a Choice of FAME for This Study is Better 

 Methyl Stearate was chosen as the basis for this study due to its fully saturated alkyl 



   6 

chains, as opposed to unsaturated methyl esters methyl linoleate, linolenate, and oleate. The 

saturated chain portions of these methyl esters are resistant to decomposition; they have lower 

reactivity at reduced temperatures than their unsaturated counterparts because of the absence of 

double bond moieties in their structure. The allylic carbon in unsaturated FAMEs is very 

reactive, and the hydrogen on that carbon can be easily abstracted, leading to a chain of 

reactions. The presence of a high percentage of saturated FAMEs can provide biodiesel with 

excellent oxidation resistance but also cause gelling of fuel in colder climates, while the low 

melting point of unsaturated FAMEs makes them more useful for biodiesel production but makes 

them prone to oxidation and rancidification.58  Overall, the inclusion of methyl stearate as a 

component in biodiesel can improve the oxidative stability of the fuel and provide better 

resistance to decomposition, as compared to its unsaturated counterparts. Its fully saturated alkyl 

chain structure results in lower reactivity at reduced temperatures, making it a valuable addition 

to biodiesel fuel formulations. 

 

1.7 Pyrolysis of Methyl Stearate 

 To bridge the gap between the heavy reliance on petroleum-derived diesel and other 

alternative energy sources, this study focuses on the pyrolysis of FAMEs, which involves the 

thermal decomposition of long-chain hydrocarbons into low- to medium-weight hydrocarbons in 

the form of gases, organic liquid products (OLP) and tar (solids) that are similar to petroleum 

and can be subsequently used for different industrial purposes. This process involves the 

exposure of long-chain hydrocarbons to high temperature and pressure in an anaerobic 

environment, which results in successive and simultaneous reactions, making pyrolysis a very 

complex process. The resulting commodity chemicals can then be extracted using fractional  
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distillation and distributed for various applications.5,37,59–62 

 

Table 1. Average FAME composition (wt.%) of Soybean oil, rapeseed oil, and sunflower oil 

issued from plants57   

Type of FAME Soybean  Rapeseed  Palm oil 

Methyl Stearate (C18:0) 4 2 4 

Methyl Oleate (C18:1) 23 62 41 

Methyl Palmitate (C16:0) 12 4 43 

Methyl Linoleate (C18:2) 54 22 10 

Methyl Linolenate (C18:3) 6 10 0 

 

 

 

Figure 1. Energy diagram showing energy utilization rate and sources for the United States in 

202133 
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Figure 2. Transesterification of a triglyceride in the presence of methanol to give FAMEs5 
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Figure 3. Structure of commonly found FAMEs in Soybean 
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CHAPTER 2. MODEL AND METHODOLOGY 

 

2.1 Density Functional Theory 

 Electronic structure theory employs fundamental physical principles as a framework to 

investigate the electronic structure and properties of atoms, molecules, and solid-state materials. 

Density functional theory is a quantum mechanical method that uses the electron density of a 

system as the fundamental variable, rather than the wave function that is familiar to elementary 

quantum chemistry studies. Traditional electronic structure methods which use wavefunction ᴪ  

as the central quantity have been widely used to describe the behavior of atoms and molecules by 

using the many-body wave function to describe the behavior of N interacting electrons in an 

external electrostatic potential, which becomes difficult with increasing N, and increases 

computational cost to describe larger systems. The wave function depends on 4N variables, three 

spatial and one spin variable for each of the N electrons, which becomes unmanageable for large 

systems like proteins and triglycerides. Density-functional theory provides a powerful alternative 

to traditional electronic structure calculations for the description of large systems by using the 

one-body density as the fundamental variable. 

  In density functional theory, the total energy of a system is expressed as a function of 

the electron density, and the electron density is determined by solving the Hohenberg-Kohn and 

Kohn-Sham equations, which are a set of relativistic or spin-dependent Schrodinger-like 

equations. The fundamental equation of DFT is the Hohenberg-Kohn theorem, which states that  

the external potential and electron-electron interactions uniquely determine the ground-state 

electron density of a many-electron system. The Kohn-Sham equation, which is a set of non-

interacting, effective single-particle equations that produce the same electron density as the true 
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many-electron system. These equations yield the electronic wave functions and energies, which 

can be used to calculate various system properties, such as the total energy, electron density, and 

potential energy. The Hamiltonian operator of a system is defined by N, the number of electrons 

RA, the position of the nuclei in space, and ZA the charges of the nuclei.  𝜌(𝑟) , electron density 

which determines the probability of finding any of the N electrons within the volume element of 

the ith electron 𝑑(𝑟𝑖) but with arbitrary spin while the other N-1 electrons have arbitrary spins 

and positions represented by ᴪ. 𝜌(𝑟) goes to infinity and integrates to the total number of 

electrons as expressed below.63 

 

∫ 𝜌(𝑟 → ∞) = 0                                                                                                                        (1)  

∫ 𝜌(𝑟𝑖) 𝑑𝑟𝑖 = 𝑁                                                                                                                                          (2) 

𝑙𝑖𝑚
𝑟𝑖𝐴→0

[
𝜕

𝜕𝑟
+ 2 𝑍𝐴] �̅�(𝑟) = 0                                                                                                        (3) 

 

i.e., density at the position of the nucleus contains information about the nuclear charge Z. Thus,  

the electron density provides all the information for setting up the operator.63 The operator of the 

system in a ground-state DFT calculation is expressed as: 

 

 �̂� = �̂� + �̂� + �̂�                                                                                                                            (4)        

                                                                                                

where T is the kinetic energy, U is the electron interaction energy, V is the potential energy from 

the external field due to positively charged nuclei. The ground-state energy E0 can be written as 

a functional of the density E𝑣0
[𝑛], which gives the ground state energy E0 if and only if the true 

ground-state density 𝑛0(𝑟)  is inserted. For all other densities 𝑛0(𝑟), the inequality  
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𝐸0 = 𝐸𝑣0
[𝑛0] <  𝐸𝑣0

[𝑛]                                                                                                            (5) 

 

holds.64 

For a given system particle-particle interaction 𝐹[𝑛] is a universal that is independent of the 

potential 𝑣0(𝑟) of the system under consideration.64 

 

𝐹[𝑛] ≡ (𝑇𝑠[𝑛] + 𝑈[𝑛]) + 𝐸𝑥𝑐[𝑛]                                                                                             (6)       

                                                                                        

Thus, the energy functional for a given potential 𝑣(𝑟), energy functional is, 

 

𝐸𝑣0
[𝑛] = 𝐹[𝑛] + ∫ 𝑑3𝑟𝑣0 (𝑟)𝑛(𝑟)                                                                                           (7) 

 

Hohenberg and Kohn then established that the density functional attain the minimum (from 

above) for the correct state density 𝑛(𝑟) provided the total number of particles is kept constant.65 

 

𝑁[𝑛] ≡  ∫ 𝑛(𝑟)𝑑𝑟 = 𝑁                                                                                                           (8)       

                                                                                            

Following that, it was demonstrated that density 𝑛′(𝑟) in relation to another potential  𝑣0
′ (𝑟), that 

differ from 𝑣0(𝑟) ,  leads to a minimum value of the energy functional that is greater than the 

ground state density 𝑛(𝑟)  of the system, establishing the following inequality,64,65 

 

∫ 𝑑3𝑟𝑣0 (𝑟)𝑛′(𝑟)  + 𝐹[𝑛′] >   ∫ 𝑑3𝑟𝑣0 (𝑟)𝑛(𝑟) + 𝐹[𝑛]                                                        (9)                                                         
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 This inequality expression is referred to as the second Hohenberg and Kohn theorem or as the 

DFT variational principle.66  DFTs widespread applicability can be related to its balance between 

computational cost, accuracy, and precision. One major setback with utilizing the DFT methods 

is the complexity of the exchange-correlation functional approximation, which determines the 

accuracy of a given DFT method. This functional must be integrated by setting a grid size. 

Density functional approximations are generally unreliable for anions, charge transfer systems, 

and point defects. They cannot accurately describe dispersion forces, which are essential when 

studying noncovalent reactions involving large molecules. By utilizing small double-basis sets, 

such as 6-31G, we can reduce the computational cost of dispersion-corrected DFT, thereby 

enabling the modeling of large molecular systems.  

 Functional and basis sets are essential components of a theoretical calculation in 

computational chemistry.66 A basis set is a set of mathematical functions that is used to represent 

the electronic wave functions as a linear combination of basis functions; these are usually atomic 

orbitals of the atoms approximated as Gaussian function. Computation cost grows rapidly with 

increasing size of the basis set, so a compromise needs to be made between accuracy and cost 

when deciding on a basis set. In contrast, the functional is a mathematical expression that 

describes the relationship between the electron density and the system's total energy.  

 In DFT, the electronic wave function is replaced by the electron density, and the 

functional is applied to the electron density to calculate the total energy of the system. Different 

functionals have varying degrees of precision and computational efficiency, and the choice of 

functional depends on the system being studied and the desired degree of precision. The choice 

of basis set and functional can have a substantial effect on the accuracy and efficiency of a 

calculation, and both must be selected with care based on the system being studied and the  
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desired level of accuracy. M06-2X, which is a highly parametrized exchange-correlation energy 

functional that is very accurate in describing the thermochemistry of main group elements, was 

chosen based on the studies carried out in order to determine the better functional between 

B3LYP/6-31+G (d, p) and M06-2X/6-31+G (d, p) based on the prediction of  bond dissociation 

energy of 44 chemical moiety representative (CMR) reactions.  The M06-2X/6-31+G (d, p) 

functional outperformed the B3LYP functional.5,37,67 

 

2.2 Local Density Approximation 

 The local density approximation (LDA) functional is the simplest exchange functional. 

The LDA exchange functional assumes that the exchange energy density at every point in space 

for an atom or molecule may be described as the exchange energy density of the homogenous 

electron gas (HEG) model with the same density, i.e., exchange correlation energy is purely 

local. It is a simpler and computationally cheaper alternative to more accurate but more 

sophisticated methods such as full configuration interaction (FCI) and configuration interaction 

(CI). For a spin-unpolarized system, the LDA approximation for exchange-correlation energy 

is68 

 

𝐸𝑋𝐶
𝐿𝐷𝐴[𝑝0] =  ∫[𝑝0](𝑟)𝜀𝑋𝐶(𝑟)𝑑(𝑟)                                                                                    (10) 

 

where   [𝑝0](𝑟) is electron density at point 𝑟 and 𝜀𝑋𝐶(𝑟)  is the exchange correlation energy per 

particle of a HEG gas. 

 Equation 10 decomposed into a linear relationship between exchange and correlation 

terms. 
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𝐸𝑋𝐶 = 𝐸𝑋 + 𝐸𝐶                                                                                                                 (11) 

 

2.3 Computer Modelling 

 Little to no knowledge is known about the thermal decomposition of FAMEs, and there 

is insufficient data to validate their kinetic models because of the complexity of the feedstock 

used. However, reactions in pyrolysis processes are believed to occur with rapid free-radical 

initiation at very high temperatures, which are difficult to detect and replicate experimentally. 

Computational investigations were performed to better understand the thermal cracking of 

FAMEs. Because the experimental pyrolysis of FAMEs is more expensive than the processing of 

petroleum-based fuels, there is a need to investigate a cheaper alternative. Computer simulations 

of the pyrolysis process provide a cost-effective option for observing and understanding the 

thermochemical properties of pyrolysis. Quantum mechanical (QM) calculations are based on the 

principles of quantum mechanics and can describe the behavior of electrons and nuclei in a 

molecule. Quantum mechanical calculation can offer precise transition states and reaction rate 

constants.69  

 Trajectories of pyrolysis of FAME can be generated from quantum mechanical (QM) 

calculations using the methods of molecular dynamics (MD) simulations. In this approach, the 

potential energy surface (PES) of the system is calculated using QM calculations, which describe 

the electronic structure and energetics of the system. The PES is then used to generate a set of 

initial conditions for the MD simulation, which includes the positions and velocities of the atoms 

and molecules in the system. The simulation is then run, and the motion of the atoms and 

molecules is tracked over time to generate a trajectory. Several trajectories are generated to 
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obtain statistically significant results and to capture the variability of the pyrolysis process since 

a single run cannot provide enough mechanistic information on the thermodynamic properties of  

the pyrolysis processes. These simulations can provide useful insight into the complexities of the 

pyrolysis process and aid in the development of methods for producing higher-quality biofuels 

while also increasing efficiency.  

 

2.4 Processes Involved in an MD Simulation 

In a molecular dynamics (MD) simulation of pyrolysis, an ensemble of FAME molecules at a 

defined temperature and pressure is used as the initial state. The simulation employs Newton's 

equations of motion to track the movement of atoms and molecules in response to intermolecular 

forces. The simulation advances in 1 fs time increments, and at each step, the atoms' positions, 

velocities, and other characteristics are updated based on the acting forces. This process is 

repeated until the simulation's end point or until the pyrolysis reaction is complete. To replicate 

the heating phase of the pyrolysis reaction, the system's temperature is gradually increased 

during the simulation. As a result, the atomic and molecular bonds vibrate and eventually break, 

leading to the formation of new substances. The pyrolysis reaction's kinetics are analyzed, 

documented, and compared to experimental data to assess the simulation's validity and enhance 

its parameters.  

 The simulation of pyrolysis of FAMEs can be computationally intensive, expensive, and 

difficult to execute. There needs to be a balance between computational cost and effectiveness.  

Numerous computer modeling methods have been employed to simulate the pyrolysis of 

FAMEs, such as Bond Dissociation, Ab initio methods, and Reactive force field (ReaxFF). In 

this work, we explored the advantages and limitations of each of these approaches. 
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2.5 Bond Dissociation Modelling  

 Dissociation of a bond is caused by the vibration of the atoms about that bond, bond 

dissociation modeling uses the energy (B.D.E) required to break a bond as a measure of the 

reaction rate. A bond will break when the vibrational energy is greater than the bond dissociation 

energy (B.D.E).70 Thus, radical formation, reaction rates of pyrolysis of FAMEs, and product 

distribution can be predicted with B.D.E. Radicals play a crucial role in determining the 

mechanism of a reaction. Optimal processing conditions like temperature, pressure, and 

residence time can be determined to produce high yields of products. Due to the complexity of 

the reaction pathways involved in a pyrolysis reaction, there is a likelihood of incorrect 

predictions of reaction rates. 

  FAMEs can undergo pyrolysis via multiple reaction mechanisms, including homolysis, 

heterolysis, and the radical reaction. Bond dissociation modeling works on the assumption that 

these reactions proceed at a constant temperature, which is not the case for a pyrolysis reaction 

as the temperature fluctuates based on the time and location in the reactor, thereby affecting the 

reaction kinetics. It is difficult for bond dissociation modeling to accurately predict these 

reactions based on these observations. 

 

2.6 Ab-initio Methods 

 These methods predict the properties of a system by solving the electronic structure of a 

molecule using charges, masses of electrons, and nuclei without the use of any experimental data 

or previously determined empirical data. Ab-initio methods have proven to show very high  

consistency with experimental data. To achieve this level of accuracy, they require a very high 

computational cost and effort.71  They can be applied to a wide range of systems, from small 
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molecules to macromolecules. Ab-initio methods can be computationally expensive for very 

large systems that require high accuracy and might not be suitable for systems or reactions that 

involve large energy barriers or systems with highly correlated electronic states. 

 

2.7 Reactive Force Field 

 Reactive Force Field, or ReaxFF, on the other hand, calculates the forces between atoms 

and molecules in a system by employing a combination of classical and quantum physics with 

minimal computational effort. It incorporates van der Waals coulombic interactions at each time 

step of the simulation. It considers the electronic structure of atoms and molecules, as well as 

bond-breaking and forming processes that occur during a chemical reaction.69,72 ReaxFF is 

usually used to predict large, complex systems like the pyrolysis of biodiesel and can be more 

computationally efficient than the ab-initio method. The accuracy of ReaxFF is highly dependent 

on the quality of the force field parameters used, which are usually obtained by fitting to 

experimental or ab initio data. This can limit the generalizability of ReaxFF to systems that are 

significantly different from those used in the parameterization process. To ensure the accuracy of 

the results, ReaxFF simulations must be carefully validated against experimental data or higher-

level theoretical calculations. The total potential energy of a system is given by: 

 

𝐸𝑠𝑦𝑠𝑡𝑒𝑚  =  𝐸𝑏𝑜𝑛𝑑  +  𝐸𝑜𝑣𝑒𝑟  +  𝐸𝑢𝑛𝑑𝑒𝑟  + 𝐸𝑣𝑎𝑙  +  𝐸𝑝𝑒𝑛  +  𝐸𝑡𝑜𝑟𝑠  + 𝐸𝑐𝑜𝑛𝑗  +  𝐸𝑣𝑑𝑤𝑎𝑎𝑙𝑠  +

 𝐸𝑐𝑜𝑢𝑙𝑜𝑚𝑏                                                                                                                                                                                          (12) 

 

Where 𝐸𝑠𝑦𝑠𝑡𝑒𝑚  is the potential energy of the system, 𝐸𝑏𝑜𝑛𝑑  is the bond energy due to interatomic 

distances between a pair of atoms, 𝐸𝑜𝑣𝑒𝑟  is the over-coordinated atom in the energy contribution, 
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𝐸𝑢𝑛𝑑𝑒𝑟  is the under-coordinated tom in the energy contribution, 𝐸𝑣𝑎𝑙  is the valence angle term, 

𝐸𝑝𝑒𝑛 is the penalty energy, 𝐸𝑡𝑜𝑟𝑠 is the torsion energy, 𝐸𝑐𝑜𝑛𝑗  is the conjugation effect to 

molecular energy, 𝐸𝑣𝑑𝑤𝑎𝑎𝑙𝑠  is the non-bonded Vander Waals interaction, and 𝐸𝑐𝑜𝑢𝑙𝑜𝑚𝑏  is the 

coulombic interaction. 

 

2.8 Energy Calculations for Molecules of Methyl Stearate 

 The energy calculations for a system involve the total energy of that system, which 

includes the bond energy between atoms, the energy of the system, and the energy of the electron 

distribution. Calculation of the fixed geometries of nuclei is important in molecular dynamics. 

There are two commonly used methods used to make these calculations, which are molecular 

dynamics and density functional theory. On the other hand, electronic structure methods are 

usually more computationally expensive for very large systems like proteins and biodiesels than 

small systems due to the increased complexity and number of atoms involved. The methods used 

for these energy calculations differ in their treatment of electron correlation and the 

approximation used to solve the Schrödinger equation. The energy calculations involve the 

following. 

 

• Determination of the geometry of the molecule: To perform energy calculations, the 3D 

arrangement of the atoms that minimize the potential energy surface of the system needs 

to be known, and this can be done using NMR spectroscopy, X-ray crystallography, 

computational methods, etc. 

• Basis set and functional selection: After the geometry has been optimized, the next step is 

to choose a suitable basis set and functional to calculate the system's energy. This  
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involves selecting an appropriate level of theory for the system.  

• Defining electronic structure of the system: The distribution of specific electrons in the 

system is determined by methods such as the Hartree-Fock theory and the density 

functional theory. The electronic structure of the system is then calculated using the 

preselected method and basis set. 

• Solvation model: If the system is in solution, a solvation model must be applied to 

consider the solvent’s effect on the system’s energy.  

• Thermal effects: The energy of the system is then changed to account for things like zero-

point energy and thermal motion, which are caused by heat. 

 

After the energy calculation has been completed, post-processing may be undertaken to assess 

the results and extract relevant information, such as molecular orbitals, bond energies, reaction 

energies, and intrinsic parameters of the system. 

 

2.9 Model and Method Used to Generate Trajectories 

 To simulate the pyrolysis of methyl stearate, computer models based on molecular 

dynamics (MD) were used. MD simulations are used to predict properties and reactions at the  

molecular level by simulating the behavior of atoms and molecules in a system. It is a technique 

that solves equations of motion for a system and returns trajectories that can be interpreted in 

various ways. MD simulations have been used to predict macroscopic behavior based on 

microscopic observations.37,73–75  

 Another approach that could have been used is the computer fluid dynamics (CFD); 

which is typically used to solve fluid flow-related problems, by using numerical methods and 
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computer algorithms to model fluid behavior on a larger scale and predict the macroscopic 

behavior such as temperature, mass transfer, flow patterns of fluids in a variety of applications.76 

Both types of simulations can provide useful information about methyl stearate pyrolysis, such as 

the rates and pathways of chemical reactions, distribution of heat and mass, and resulting 

products and byproducts.  

 The initial configuration of the system in a MD simulation of methyl stearate pyrolysis 

was created by placing the methyl stearate atoms in their positions and assigning velocities-based 

system temperature of 3500 K, with the standard time step for ADMP trajectories in Gaussian 16 

set to 1 fs while using M06-2X density functional 5. The simulation was performed by 

calculating the forces acting on each atom and using these data to update their positions and 

velocities over time. This would allow the simulation to monitor the progress of the pyrolysis 

reaction and provide information regarding the molecular properties of the system.5 The M06-2X 

is a hybrid density functional that has been designed to perform well for large systems such as 

those containing hundreds of atoms. This can be useful for modeling complex chemical 

processes such as the pyrolysis of biomass or dissolution of proteins in solution. 

 

Importance of the MO6-2X over other functionals: 

i. Greater computational efficiency despite its improved accuracy, the M06-2X functional 

is generally more computationally efficient than the B3LYP functional. This can make it 

more practical for use in large-scale simulations or in cases requiring a rapid turnaround. 

ii. Greater reliability for predicting absolute energies: The M06-2X functional provides 

more reliable predictions of absolute energies, which can be important for applications 

such as thermochemistry or reaction kinetics.77  
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iii. M06-2X is one of the best functionals for a broad range of applications on main group 

thermochemistry, kinetics, and noncovalent interactions.78 

 

Overall, the M06-2X functional offers many potential benefits over the B3LYP functional, 

making it a useful tool for a wide range of chemical modeling applications.52,77 

 

2.10 Statistical Analysis of Events 

 An in-house database of 200 ab initio trajectories was generated with a time step of 1 fs, 

an overall timeframe of 1000 fs, and a temperature of 3500 K. These trajectories were then 

observed for different fragments.  A total of 111 trajectories dissociated and 99 did not. Of those 

that dissociated, up to 12 bond-breaking and/or bond-forming events were observed. In this 

study, only events 1–3 were analyzed due to being the most statistically significant events, going 

any further would have left us with very little data to analyze.  Statistical analysis was performed 

to investigate the trends, patterns, and relationships between the logged events. A confidence 

limit of 95% was used.  

 A confidence interval is a range of intervals that explains the uncertainty in a range of 

values and provides the degree of confidence. A 95% confidence as shown in Figure 4 represents 

a level of certainty that there is only a 5% (i.e., the sum of the 2.5% outliers of the lower and 

upper limit) chance that the events observed were due to random noise. Confidence intervals 

were used to demonstrate the accuracy of the method.  There are different confidence intervals 

used, for this study we used the 95% and 99% confidence intervals.  

 Figure 5 shows a sample with a confidence interval of 50%, each point in the row 

represents a sample with the same normal distribution. The colored lines represent 50% 



   22 

confidence intervals for the mean, and the sample mean, denoted by a diamond, is at the center 

of each interval. For about 50% of the sample, you can see that most of the confidence interval 

passed through the population mean which blue, while for the other 50% which are the red ones, 

they did not pass through the population mean. 

 Alpha level’s Z scores are usually used for two-tailed tests and are related to confidence 

interval value.81  From Figure 6, the population mean value is 95% likely to be between z alpha/2 

of ±1.96  standard deviations (z-scores) from the average which loosely translates to taking the 

mean ±1.96 standard deviations from the mean to find the upper and lower bound of the 95% 

confidence interval as a result, there is a 5% chance that the event average lies outside the upper 

and lower confidence intervals (as demonstrated by the 2.5% of outliers on either side of the 1.96 

z-scores in Figure 4. To obtain an alpha value of 95%, you can use Table 2 to get the alpha, 

alpha/2 and specifically z alpha/2 value to give 1.96. 

 Then by using a Z-table in Table 3, we can then trace the row that has the ones digit and 

the tenth digit (1.9), then the column that has the hundredth digit of your z alpha/2 value (0.06), 

by intersecting both together, a z alpha/2 value of 1.96, then p value is 0.4570, which tells us the 

area under a curve up to or below the z score is 0.4570. This allows us to identify outliers and 

extreme values by looking for data that are standard deviations away from the mean. These 

outliers could be due to measurement error or other factors that are not a good representative of 

the complete dataset. 
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Table 2. Alpha, alpha/2, and Z alpha/2 for different confidence levels 

Confidence Level Alpha  Alpha/2 Z alpha/2 

90% 10% 5.0% 1.645 

95% 5% 2.5% 1.960 

98% 2% 1.5% 2.326 

99% 1% 0.5% 2.576 

 

 

 

Table 3. Standard normal table Z, entries are the area under a curve between the mean and z 

standard deviation above the mean e.g., for z=1.96, the area under the curve between the mean 

and z is 0.4570 

z 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 

1.6 0.4452 0.4463 0.4474 0.4484 0.4495 0.4505 0.4515 0.4525 

1.7 0.4554 0.4564 0.4573 0.4582 0.4591 0.4599 0.4608 0.4616 

1.8 0.4641 0.4649 0.4656 0.4664 0.4671 0.4678 0.4686 0.4693 

1.9 0.4713 0.4719 0.4726 0.4732 0.4738 0.4744 0.4750 0.4756 

2.0 0.4772 0.4778 0.4783 0.4788 0.4793 0.4798 0.4803 0.4808 

 

 

Figure 4. 95% Confidence interval i.e., 95% chance estimate will fall between the lower and 

upper limit79 
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Figure 5. 50% confidence intervals for the mean of a normal distribution80 

 

 

Figure 6.  An alpha value of 1.9679 
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CHAPTER 3. RESULTS 

 

3.1 Bond Scission of Methyl Stearate 

 Thermal cracking of methyl stearate is mostly dominated by homolytic bond cleavage, in 

which several products are formed, including gas-phase products, organic liquid products, and 

tar-like products. Two hundred trajectories of parent structure methyl stearate in Figure 7 were 

observed for dissociation; 101 (51%) trajectories dissociate, whereas 99 (49%) trajectories did 

not dissociate as shown in Figure 8. 

 Table 4 presents a record of fragments produced by dissociated methyl stearate 

trajectories, arranged in decreasing order of their frequency of occurrence. The table provides 

information on the fragments' names, their frequency of dissociation, and their molar masses in 

grams per mole. These fragments are identified as the products resulting from the simulation 

process. Figure 9 displays the fragments that emerged as molecular weight increased, with 

hydrogen representing the smallest fragment and C19H37O2 radical being the largest fragment. 

These products were characterized by: Inorganic gases including, CO and CO2; carbonyls; 

radicals; C1-C19 alkanes and alkanoates, with Hydrogen radical formed with the highest 

frequency, these products were found  to be similar to those observed in experimental pyrolysis 

of methyl stearate.82 Figure 9 shows the frequency of fragments forms as molecular weight 

increases. The trajectories that dissociated in Figure 8, were labeled, then monitored, and specific 

events that led to their dissociation were logged. 

 

3.2 Bond-breaking and Bond-forming Event 

 Each carbon and oxygen atom were assigned an atom number, as shown in Figure 7 to 
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accurately describe the events occurring in each reactive simulation. These logged events were 

characterized by bond-breaking and bond-forming events of atoms for each of the jobs. The 

largest number of events observed in a single trajectory was 13 as shown in Figure 10 consisted 

of: 

 

1. Bond breaking between C1 and the β- O20 at time 21 fs. 

2. Bond breaking between C1 and C1-H at time 21 fs. 

3. Bond forming between C1-H and 0-21 at time 25 fs. 

4. Bond breaking between C18 and C19 at time 138 fs. 

5. Bond forming between C18 and C19 at time 166 fs. 

6. Bond breaking between C15 and C16 at time 384 fs. 

7. Bond forming between C15 and C16 at time 418 fs. 

8. Bond breaking between C13 and C14 at time 376 fs. 

9. Bond forming between C13 and C14 at 412 fs. 

10. Bond breaking between C16 and C17 at 432 fs. 

11. Bond forming between C16 and C17 at 489 fs. 

12. Bond breaking between C15 and C16 at 501 fs. 

13. Bond forming between C15 and C16 at 545 fs. 

 

3.3 Interpreting Statistical Analysis of Logged Events 

 For an observed event 𝑖, its probability Pr (𝑖) can be expressed as: 

 

𝑃𝑟(𝑖) =
𝑁𝑜𝑏𝑠(𝑖)

𝑁𝑡𝑜𝑡𝑎𝑙
                                                                                                                        (13)    
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where 𝑁𝑜𝑏𝑠(𝑖)  is the number of times an event (𝑖) was observed    

𝑁𝑡𝑜𝑡𝑎𝑙 is the total number of observed events. 

while the variance at confidence limit (C.L.) of 95% (Z = 1.96) can be expressed as:                                                              

                                                                 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝜎) = (𝑍)√
𝑃𝑟(𝑖) ×  𝑃𝑟 (≠𝑖)

𝑁𝑡𝑜𝑡𝑎𝑙
                                                                                      (14)       

 

where 𝑃𝑟(𝑖) is determined from Equation 13, and 𝑃𝑟 (≠ 𝑖) is the probability of an event that is 

not equal to 𝑖. 

 For the first set of events in all the jobs observed, which were breaking events between C, 

H, and O, each atom position was logged with its time of occurrence. A statistical analysis was 

conducted to calculate the standard deviation of the time of occurrence for a set of similar events. 

The mean time of occurrence was used as the central tendency measure to compute the standard 

deviation. The dispersion of the time of event occurrence was determined by comparing the 

magnitude of the standard deviation to the mean. Events with a variance that exceeded their 

probability, as indicated by a variance greater than "Pr (𝑖)” were excluded from the analysis. This 

decision was based on the assumption that such events were outliers, meaning they were not 

representative of the total set of events under consideration. By excluding these outliers, the 

statistical analysis was being conducted on a more representative and reliable dataset. Pr (𝑖)  and 

variance were first calculated with an Ntotal of 101 trajectories that dissociated as shown in the 4th 

and 5th column with the 6th and 7th column representing Pr (𝑖) and variance based on an Ntotal of 

200 trajectories which were the total trajectories that we started with, and subsequent events 

were analyzed based off these total 200 trajectories. A C.L. of 95% (Z= 1.96) was used and only 

six events were found to be significant, i.e., 95% chance they did not occur by random chance, 
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which were those that only had their Pr (𝑖)   values greater than the variance, only significant 

events were further analyzed for significant events, which we call event 2 herein. Based on the 

significance of initiation step in a series of subsequent chemical reactions (Event 2), only six 

events were determined to be statistically significant. These significant events were identified in 

Table 5. Event 1 involved only breaking events, while Event 2 and 3 consisted of breaking and 

forming events as shown in Table 6. 

 In Figure 11, the solid lines from the parent structures represent event 1, with the cable 

dash lines leading to event 2, finally the dashed double lines leading to event 3. For the first 

significant event observed, there was a bond breaking between C1 and O20, then a bond 

breaking between C2 and C3, which then led to a bond forming between C1 and 020. Another 

look at the third event shows C1-O20 breaking, then subsequent reforming, which then led to 

C2-C3 and C3-C4 breaking in the third event series. It is observed that the further we go down 

the event series, the less significant events are observed, and for the purpose of this study, we 

curtailed our analysis to focusing on three events, which allows us to develop more robust 

statistical models. Focusing on a smaller subset of data during analysis enables the development 

of more dependable models capable of predicting system behavior under diverse conditions. 

 

3.4 Bond Dissociation Energy Determination 

 The trajectories containing the individual fragments that dissociated and formed were 

given new identifiers namely molecules “named” as numbers 1-15 as shown in Figure 12, 

molecule 1 being the parent reactant that results in the subsequent products and are saved as 

“xyz” files.  In the first chemical equation, molecule 1 (the parent structure of “methyl stearate”) 

broke into reaction 1 to give 2 (an acetate radical) and 3 (heptadecane radical). In reaction 3, 1 



   29 

also breaks into 8 (methyl radical) and 9 (octadecenoate radical), then 9 proceeded to break into 

10 (carbon dioxide) and 3 (heptadecane radical), then molecules 10 and 8 combine to form 2, 

which is an acetate radical. These “xyz” files contained specific information on the exact atoms 

that broke, what kinds of products were formed, and the resulting structure. The “xyz” files were 

then converted into “gif files” and fed into the Gaussian 16 suite of programs to run 

thermochemistry calculations, using the M06-2X/6-31+G (d, p) level of theory with individual 

files running for about 8 hours depending on the content of the file; namely molecules 1 through 

15, with 1 being the parent reactant that results in the overall fragmentation.  

Once the calculations are performed, then Gaussian outputs a “notebook” document containing 

information such as the chemical structure's entropy, free energy, electronic energy, and zero-

point energy correction calculations. These output files were then analyzed to determine 

thermochemical information for each step of the reaction. Reaction 1, 2,5,6 and 7 which involve 

a single step reaction in which a bond is being broken can be described using BDE values while 

reactions 3 and 4 which involve multistep reactions and involve multiple bonds being broken. 

The products of these reactions cannot be characterized by BDE values as they involve the 

interaction of multiple bonds and the formation of new products. Multistep reactions are 

typically described using reaction mechanisms. BDE values can be used to predict the reaction 

rates and their thermodynamic pathways.83  

 To determine a Bond Dissociation Energy value, consider the following example 

reaction: 
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B.D.E of the above reaction = 627.51(Eb-Ea) kj/mol 

Where Ea is the Electronic Energy (EE)a   + Zero Point Energy Correction (ZPEC)a, 

Eb is the Electronic Energy (EE)b   + Zero Point Energy Correction (ZPEC)b 

 

3.5 Reaction Pathway with Calculated BDEs for Single Step Reactions Involving Carbon 

 As shown in Figure 13, molecule 1 dissociated into several other molecules which 

represent specific fragments that were formed during the simulation.  A compilation of reactions 

was made, and the bond dissociation energies (BDEs) for the corresponding single step reactions 

were determined. The highest BDE value of 201.7 kcal/mol was observed for the formation of 

molecule 12 in reaction 4, as depicted in Figure 13. The high BDE value indicates that the 

formation of the methylene radical is highly endothermic, requiring a substantial amount of 

energy to break the bond. This suggests that 12 is likely an intermediate species in a multistep 

reaction pathway, rather than a stable product. The predominant mechanism in the thermal 

cracking of methyl stearate involves radical formation through C-H abstraction and C-C bond 

breaking, with some C-O bonds breaking as well.26 The BDE values for the C-C bond 

dissociation were then compared to the previously determined BDEs, as shown in Table 7. 

 

3.6 Testing Accuracy of Study by Comparison to Other Works 

 In the simulation of saturated methyl stearate, the C-C bond dissociations were analyzed. 

The easiest bond to break was C3-C4, with a BDE of 82.6 kcal/mol, followed by C6-C7 with a  

BDE of 84.8 kcal/mol, then C5-C6 with a BDE of 86.4 kcal/mol, C4-C5 with BDE of 87.8 

kcal/mol, and C1-O20 with a high BDE of 91.0 kcal/mol. The hardest bond to break was 

between the carbonyl carbon C2 and C3, with a BDE of 94.7 kcal/mol. To ensure the accuracy 
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and reliability of our results, we conducted a comparative analysis of our BDE calculations with 

those from other studies. The maximum absolute difference observed was approximately 2.3 

kcal/mol, as detailed in Table 7.5,26 Figure 3 shows the numbering of the specific carbon atoms 

that has been compared. Our comparison was carried out using a different methodology than 

theirs, specifically, the B3LYP/6-31G (d, p) density functional and empirical atomic increments 

were used to determine the gas-phase standard enthalpy of formation at 298.15 K in these 

studies. In contrast, we employed the M06-2X/6-31+G (d, p) method to determine the bond 

dissociation energies (BDE) for C-C bonds. This comparison allowed us to verify the accuracy 

of our approach and to ensure that our results were consistent with those obtained using other 

methodologies.26 

 

3.7 Human/Computer Identification of Events in Methyl Stearate Reactivity 

 This study analyzed 200 trajectories of methyl stearate, which approaches the limit of 

human readable sample sizes. Thus, there is a need to programmatically log events. Others in the 

Siebert group have produced a development version of such a computer program. The manually 

logged events were then compared to the computer-determined events which were analyzed 

using the Jupyter Notebook (an open-source web-based application used to create and share 

computational documents). The computer code showed high efficiency in flagging events with 

those discrepancies corresponding to “near to end” events that typically take place around 994- 

1001 fs as shown in Figure 15. The code also succeeded in flagging events that were missed  

when viewing and logging events with the human eye like H-abstraction and C-H bond forming.  

 Several heuristics were optimized to make the automatically generated events very close 

to the manually generated ones. Table 8 shows that of the 200 trajectories that were analyzed, the  
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computer and the human eye agreed that 46 of those trajectories had events happening, while 

also agreeing that 92 of the trajectories did not have any form of event happening, with 7 false 

positives and 2 false negatives. The remaining 53 trajectories had bond-breaking right at the end 

of the simulation, and the computer did not flag those events.  

 To better understand why the computer could not flag these “near to end” events, we 

wrote another code that printed out the bond distances, and bond velocity over time for each 

individual bond in a trajectory as shown in Figure 15,  the bonds were shown to vibrate around 

their position then finally broke at the end, without enough mechanistic information to determine 

there was a bond dissociation over the course of 1001 fs of the simulation, due to a smaller time 

frame and computational cost. 

 

3.8 Trajectory Bond Distance Over Time  

 Furthermore, for the 46 trajectories that had agreement between computer-generated 

events and the human eye, we looked at specific events that were similar in both instances.  It 

was observed in Figure 16 that for the bond dissociation events, the average bond distance for C-

C, C-O, C-H and H-O atoms for methyl stearate was higher in human as compared to the 

computer, this is the point where the interaction between the atoms does not exist. It was 

predicted that the bond forming for the computer-generated events would have a higher bond  

distance than humans, as shown in Figure 17, where the average bond distance for the computer 

was higher than that for humans except, in H-H and C-O forming events, in which only one and  

three individual events were analyzed to obtain the average. 
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Table 4. Fragments were generated from methyl stearate trajectories that dissociated, with de-

creasing frequency of occurrence based on their respective molar masses 

Fragments 

Frequency 

of 

dissociation 

Molar 

mass 

(g/mol) 

 

Fragments 

Frequency 

of 

dissociation 

Molar 

mass 

(g/mol) 

 
H 29 1.008 

 

C12H24 2 168.319  

CH3 20 15.03 

 

C13H25O2 2 213.33  

C17H35 14 239.45 

 

C13H26 2 182.34  

CH 13 13.02 

 

C15H28O2 2 240.38  

CO2 12 44.01 

 

C16H32 2 224.42  

C19H37O2 10 297.49 

 

C16H34 2 226.41  

C4H7O2 10 87.1 

 

C17H33O2 2 269.43  

C4H9 9 57.11 

 

CH4O 2 32.04  

C13H27 8 183.35 

 

C2H2 2 26.04  

C15H31 6 211.4 

 

C2H2O 2 42.04  

C17H34 6 238.5 

 

C2H4O 2 44.05  

C18H35O2 6 283.46 

 

C2H4O2 2 60.05  

CH2O 6 30.03 

 

C2H5 2 29.06  

C5H11 6 71.14 

 

C2HO 2 30.03  

C15H29O2 5 241.38 

 

C3H5O2 2 73.07  

C12H25 5 169.32 

 

C3H6O2 2 74.08  

C8H17 5 113.22 

 

C4H8O2 2 88.11  
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Table 4 Contd. Fragments were generated from methyl stearate trajectories that 

dissociated, with de-creasing frequency of occurrence based on their respective molar 

masses 

Fragments 

Frequency 

of 

dissociation 

Molar 

mass 

(g/mol)  

Fragments 

Frequency 

of 

dissociation 

Molar 

mass 

(g/mol) 

 

C11H21O2 4 185.28  C5H9O2 2 101.12  

C14H27O2 4 227.36 

 

C6H12 2 84.16  

C14H29 4 197.37 

 

C6H12O2 2 116.16  

C15H30 4 210.4 

 

C9H17O2 2 157.23  

C2H3O2 4 59.04 

 

CH2 2 14.03  

C2H4 4 28.05 

 

CH3O 2 31.03  

C3H6 4 42.08 
 

CHO 2 29.02  

C5H8O2 4 100.11 

 

C11H20O2 1 184.27  

H2 4 2.016 

 

C19H38 1 226.49  

C10H19O2 3 171.25 

 

C5H9 1 69.12  

C16H33 3 225.42 

 

C7H12 1 96.17  

C9H19 3 127.24 

 

C7H13 1 97.18  

C10H21 2 141.27 

 

C7H14 1 98.19  

C11H22 2 154.29 

 

C7H14O2 1 130.18  

C11H24 2 156.31 

 

C7H15 1 99.19  

C12H23O2 2 199.3 
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Table 5. Analysis of significant occurrences in initiation step with 95% confidence interval based 

off 200 sum trajectories analyzed (dissociated + undissociated) 

Atom 

position 

  Atom 

type 

Nobs Pr(𝑖) Var. Pr(𝑖) Var. Avg(T) Stdev

(T) 
 

  
  

Ntotal = 101 Ntotal = 200 
  

1,20   C-O 27 26.70% 6.10% 13.50% 4.70% 192.9 238.4 

2,3   C-C 12 11.90% 4.50% 6.00% 3.30% 209.1 272.2 

15,16   C-C 12 11.90% 4.50% 6.00% 3.30% 615.8 462.1 

4,5   C-C 10 9.90% 4.10% 5.00% 3.00% 746.5 264.7 

6,7   C-C 7 6.90% 3.50% 3.50% 2.50% 625.6 341.9 

3,4   C-C 7 6.90% 3.50% 3.50% 2.50% 344.1 311.3 

5,6   C-C 5 5.00% 3.00% 2.50% 2.20% 733.0 419.4 

14,15   C-C 3 3.00% 2.40% 1.50% 1.70% 998.3 4.619 

1-1H   C-H 3 3.00% 2.40% 1.50% 1.70% 135.3 99.90 

10,11   C-C 3 3.00% 2.40% 1.50% 1.70% 995.7 9.238 

11,12   C-C 3 3.00% 2.40% 1.50% 1.70% 936.7 108.8 

7,8   C-C 2 2.00% 1.90% 1.00% 1.40% 991.5 13.43 

13,14   C-C 2 2.00% 1.90% 1.00% 1.40% 997.0 0 

 

Table 6. Significant event from initiation events, leading to events 2 and 3, with probability 

greater than variance 

Atom 

position 

Atom 

type 

Break 

or form 

Nobs Pr(𝒊) Var. 

Event 2 

2,3 C-C break 11 44.00% 19.50% 

1,20 C-O form 12 48.00% 19.60% 

2,3 C-C form 7 70.00% 28.40% 

3,4 C-C form 2 50.00% 49.00% 

6,7 C-C form 3 50.00% 40.01% 

15,16 C-C form 5 83.33% 29.82% 
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Table 6 Contd. Significant event from initiation events, leading 

to events 2 and 3, with probability greater than variance 

Event 3 

Atom 

position 

Atom 

type 

Break 

or form 

Nobs Pr(𝒊) Var. 

3,4 C-C break 4 33.33% 26.67% 

2,3 C-C break 5 41.67% 27.89% 

6,7 C-C break 2 66.67% 53.34% 

 

Table 7. Comparison of standard enthalpy of reaction of C-C bond breaking5,26 

   This work 

BDE  

(kcal/mol)  
 

Other works BDE (kcal/mol) 
 

Molecule 

no. 

 Atom  

position 

Methyl  

stearate 

Methyl  

palmitate 

Methyl 

 Palmitoleate 

Methyl  

Oleate 

12 & 13 

14&15 

 C15-C16 

C6-C7 

85.1 

84.8 

86.8 

87.1 

86.6 

86.9 

87.8 

87.9 

4 & 5  C4-C5 87.8 86.8 86.5 87.7 

4 & 5  C5-C6 86.4 86.5 86.52 87.9 

10 & 11  C3-C4 82.6 82.9 82.6 85.0 

 

Table 8. Comparison of computer and human generated events with a dist_after_multiple of 1.00 

to determine the extent of agreement 

                                                             1.00 

 Human Eyes 

  C
o
m

p
u
te

r 

G
en

er
at

ed
  

 
 

 Event  Non-Event 

Event 46 7 

Non _event 2 92 

No. of false positives = 7 

No. of false negatives = 2 
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Figure 7. Structure and labeling of atomic positions in the methyl stearate structure; numbers will 

be used to describe where bond-breaking and bond-forming occurred 

 

 

Figure 8. Total number of trajectories that dissociated; trajectories that dissociated were then 

analyzed for significant events 

 

 
Figure 9. Fragments formed from the simulation of pyrolysis process with increasing molecular 

weight of the products 
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Figure 10. Snapshots of the single most reactive trajectory (13 total events) 
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Figure 10 Contd. Snapshots of the single most reactive trajectory (13 total events) 
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Figure 11. Progression of significant breaking/forming event from the parent structure, through 

event 1 to 3 
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Figure 12. Significant bond dissociation pathways in methyl stearate 
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Figure 12. Contd. Significant bond dissociation pathways in methyl stearate 

 

 

Figure 13.  Reaction pathway and B.D.E of reactions showing respective reaction numbers 
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Figure 14. An illustration of bond breaking between two carbon atoms 

 

 

Figure 15. A plot of bond distance over time and velocity/time observed for bond breaking in a 

single trajectory 
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Figure 16. Computer/Human based monitoring bond dissociation in methyl stearate 

 

 

Figure 17. Computer/Human based monitoring of bond forming in methyl stearate 
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CHAPTER 4. CONCLUSION 

 

 This work involves a comparison between theoretical investigations and other studies of 

methyl stearate pyrolysis over 1.0 ps and at a temperature of 3500 K using the density functional 

M06-2X and a basis set at 6-31+G (d, p). Existing data on the thermal decomposition of methyl 

stearate showed significant agreement with molecular simulations of the pyrolysis of methyl 

stearate, indicating the potential for this method to be applied to other FAMEs. The analysis of 

bond dissociation energy and products revealed that the most common product of methyl stearate 

pyrolysis was hydrogen radicals due to H abstraction. Additionally, the β carbon had the lowest 

BDE and was more susceptible to breaking due to its proximity to the carbonyl. The BDEs 

calculated for products observed in this study were compared to other experimental works and 

showed excellent agreement.5,26 

 While the simulation and code used to generate events for methyl stearate showed some 

limitations, with further development and calibration, it has the potential to optimize reaction 

conditions for the dissociation of FAMEs into useful industrial components. The simulation's 

code that was written could not detect near-to-end events in thermal cracking of methyl stearate, 

causing false positives and negatives in  

Table . Adjusting the break threshold and revising the conditional statement with a time frame 

can improve detection of these events. Furthermore, the code will need to be tweaked and require 

extensive validation and calibration against experimental data, also tested for other FAMEs and 

for larger molecules like triglycerides.  
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 Overall, molecular structure can have a substantial effect on its dissociation pathways 

during pyrolysis and other chemical reactions if we can predict and comprehend the specific 

molecular features that influence dissociation and control reaction products and optimize  

reaction conditions for the dissociation of FAMEs into useful industrial components that can be 

used to efficiently serve as an alternative energy source.37 
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