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ABSTRACT
FUNDAMENTAL EXPLORATION OF SOOT FORMATION
AND MORPHOLOGY FROM A MOLECULAR
MODELING PERSPECTIVE

Khaled Mosharraf Mukut

Marquette University, 2025

Soot formation remains one of the least understood phenomena in combustion
science, posing significant challenges due to its complex physicochemical nature and
considerable environmental and health impacts. This dissertation presents a comprehensive
molecular-level investigation into the fundamental mechanisms governing soot inception,
particle growth, and morphological evolution through state-of-the-art reactive molecular
dynamics (RMD) simulations of acetylene pyrolysis. A novel computational analysis utility,
Molecular Arrangement and Fringe Identification and Analysis from Molecular Dynamics
(MAFIA-MD), was developed to accurately characterize soot particle formation, providing
detailed insights into chemical composition, internal structure, and surface characteristics.
Critical physicochemical markers defining the boundary between gas-phase species and
particulate soot were rigorously identified, including specific primary particle mass and
number of carbon atoms. Extensive analyses of internal structural evolution revealed
essential insights into particle density variations, radial distribution of internal features, and
structural complexity during soot nucleation and growth. Furthermore, detailed
characterization of soot particle pore structures and surface morphology established
quantitative relationships among morphological features, fractal dimensions, and particle
reactivity, significantly enhancing predictive capabilities of engineering scale models. This
dissertation effectively addresses critical gaps in current knowledge by providing robust
methodologies and extensive molecular-level insights that substantially advance our
understanding of soot formation processes. The outcomes of this research offer essential
contributions towards refining predictive combustion models and developing targeted
strategies for emissions control, thereby supporting cleaner combustion technologies,
improved public health, and environmental sustainability.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Background and Significance of Soot Formation

Soot, also known as black carbon, consists of tiny nanoparticles primarily formed
during incomplete combustion of carbon-based fuels. These particles are typically less than
100 nanometers in diameter [1] and are composed of elemental carbon, along with various
organic compounds [2]. Soot formation is a complex process that occurs in numerous
combustion systems, including internal combustion engines, coal-fired power plants,
wildfires, and residential heating systems. The incomplete combustion of hydrocarbons
leads to the production of soot particles [3], which can have significant environmental and
health implications, affecting both human wellbeing [4] and climate dynamics [5, 6].

Exposure to soot particles has been linked with numerous negative health outcomes,
including respiratory problems [7], cardiovascular diseases [8], and increased mortality rates,
due to their penetration deep into the human respiratory tract [9]. Due to their nanoscale
size, soot particles easily penetrate deep into human lungs, exacerbating respiratory issues
and significantly increasing health risks, particularly in densely populated areas.

Beyond soot’s direct health effects, soot significantly impacts the global
environment. It contributes substantially to atmospheric heating through radiative forcing,
directly absorbing sunlight and altering climate patterns [10]. Additionally, soot deposition
accelerates the melting of polar ice by reducing surface albedo, posing significant threats to
sensitive ecosystems and contributing further to global climate change.

The process of soot formation is inherently complex, characterized by intricate
chemical pathways, short reaction timescales, and high molecular variability. Despite
extensive research, significant gaps persist in fully understanding how soot forms at the
molecular level, particularly the initial transition from gas-phase species to solid
nanoparticles. Addressing this knowledge gap is crucial for developing effective strategies

for emission control and cleaner combustion technologies, thus safeguarding public health



and environmental quality.

1.2 Fundamental Processes in Soot Formation

The formation of soot is generally understood to occur in several interconnected
stages: first, the formation of gas-phase precursor molecules including polycyclic aromatic
hydrocarbons (PAHs); second, the inception or nucleation of these precursors into initial
solid soot particles; third, subsequent particle surface growth by adsorption and chemical
reactions; fourth, coagulation and aggregation of smaller particles into larger soot
aggregates; and finally, particle oxidation and fragmentation [11, 12, 13, 14, 15, 16, 17].
Each of these stages is governed by complex interactions between chemical kinetics and
physical transformations.

Efforts to predict and control soot have led to the development of a wide range of
computational models, from empirical and semi-empirical correlations to detailed
phenomenological frameworks [18, 19, 20]. These engineering-level models are built upon
our understanding of the dominant underlying processes governing soot particle evolution,
including inception, growth, coagulation, and oxidation. The theories describing polycyclic
aromatic hydrocarbon (PAH) formation and growth have been particularly central to this
effort.

Despite substantial advancements, major gaps remain in our understanding of soot
inception—the critical and least understood step [14]. Existing numerical models commonly
rely on assumptions, such as spherical incipient particles, fixed particle densities, and
simplified chemical reactions, that overlook the intricate chemistry and evolving morphology
of early soot particles. Furthermore, the exact chemical pathways and precise morphological
transitions during particle formation and growth remain unclear, partly due to limitations
in experimental diagnostics and the inherent complexity of the processes [21]. Addressing
these unresolved aspects is crucial for accurate modeling, control, and mitigation of soot
emissions.

This dissertation addresses these critical knowledge gaps by employing reactive

molecular dynamics (RMD) simulations to systematically investigate the fundamental



chemical and physical transitions occurring during soot inception. Specifically, this research
develops robust methodologies to identify the boundary between gas-phase precursors and
incipient soot particles, characterize internal structural evolution, and quantify surface and
morphological properties during early soot growth. Leveraging the computational analysis
tool MAFIA-MD [22], detailed insights into molecular structures—including cyclic and
aliphatic hydrocarbons—are obtained, significantly enhancing the fundamental
understanding of soot formation mechanisms and improving upon current simplified soot

models.

1.3 Review of Existing Soot Models

Various approaches have been employed to model soot formation, generally
categorized as empirical, semi-empirical, and detailed models. Empirical models rely purely
on experimental correlations and typically provide limited quantitative insights into
underlying soot formation processes [23, 24, 25, 26]. Semi-empirical models integrate some
theoretical foundations but still depend significantly on experimental data to derive critical
parameters [18, 27, 28, 29]. Detailed models, including discrete sectional methods
(DSM) [30], methods of moments [31, 13, 32, 31], and stochastic soot models [33, 34], aim
to provide deeper insights by solving particle size distribution functions (PSDF) and
capturing detailed chemical and physical interactions during soot formation [18].

To track the evolution of the soot particle size distribution, population balance
models are commonly employed. A widely used approach is the method of moments
(MOM), with implementations like the method of moments with interpolative closure
(MOMIC) [31], which solves the population balance equation efficiently. Discrete sectional
method (DSM) [30, 35, 36] is another approach to do this, where the entire particle size
distribution (PSD) is discretized into bins or sections, and evolution of soot within each
section is tracked. These mathematical frameworks are agnostic to the underlying chemistry
and physics, allowing it to incorporate various sub-models for different processes such as
nucleation, coagulation, oxidation, and growth. For instance, particle surface growth can be

described using mechanisms like the hydrogen-abstraction-carbon-addition (HACA)



pathway [14, 11], nucleation can be described either by PAH dimerization [37] or by lumped
acetylene reactions [28] while other modules describe nucleation, coagulation, and oxidation.
However, these existing soot models consistently rely on simplifying assumptions
that restrict their predictive capabilities. Common assumptions include spherical soot
particles [38], fixed primary particle size [39], densities [38], and simplified surface growth
mechanisms [11, 40, 12], which neglect the complex molecular structures and reactions
identified in recent molecular-level studies [39, 41]. Additionally, many models assume
pre-defined initial soot nuclei and omit variations in particle morphology and internal
structure during soot inception and early growth [42]. These limitations underscore the
need for more detailed, accurate, and fundamentally sound modeling approaches capable of

capturing complex morphological and chemical evolution processes.

1.4 Gaps in Current Knowledge and Motivation for this Research

Although significant advancements have been made in understanding soot formation
mechanisms, several crucial gaps remain, particularly surrounding the nucleation and initial

growth stages of soot particles. The current gaps can be summarized as follows:

e Model-level simplifications: Even detailed models still invoke idealized primary
particles (fixed density, diameter, sphericity) and single-path surface-growth schemes
such as HACA to simplify the complex chemistry of soot formation and growth.
These simplifications mask the roles of non-HACA radical chemistry, mixed
aliphatic-aromatic bonding, and evolving particle density revealed by recent RMD
studies.

e Diagnostic limitations: Ultrafast, nanoscale transformations during inception occur
on sub-microsecond timescales, well below the temporal and spatial resolution of most
flame diagnostics. Key intermediate species (five- and seven-membered rings,
resonance-stabilized radicals (RSR), curved fringe planes) are therefore inferred only
indirectly, limiting our understanding of the earliest soot formation processes.

¢ Morphological uncertainty: TEM reconstructions show nascent particles that are

neither compact spheres nor loose PAH stacks but heterogeneous entities with



internal voids and curved graphitic layers [42]. Current models cannot accommodate

this structural richness, limiting predictive fidelity.

These unresolved issues propagate into system-level uncertainties leading to
inaccurate number-mass correlations, unreliable growth/oxidation rates, and large scatter in
predicted optical properties. Filling these gaps is essential not only for basic science but
also for engine design, emissions legislation, and climate modelling.

Addressing these critical gaps in our fundamental understanding is thus of utmost
importance for advancing both theoretical and practical aspects of combustion science.
Enhanced insights at the molecular level, including precise characterization of the transition
from gas-phase precursors to solid particulate matter, internal particle structure, and
surface morphological properties, will enable more accurate and predictive soot formation
models. Achieving this level of detailed understanding has substantial practical
implications, facilitating the design and optimization of cleaner combustion technologies,
more efficient emissions control strategies, and targeted regulatory frameworks for
environmental protection. Motivated by these significant needs, this dissertation employs
advanced reactive molecular dynamics (RMD) simulations, combined with sophisticated
computational tools and analyses, to rigorously investigate the intricate physicochemical
transformations during soot inception and early particle growth. By developing and
applying methodologies capable of precisely characterizing soot formation processes, this
research directly contributes to bridging these existing knowledge gaps and advancing the

state-of-the-art understanding in soot formation and morphology.

1.5 Objectives and Research Questions

Given the significant gaps and limitations identified above, this dissertation aims to
provide a molecular-level characterization of incipient soot. The primary objective is to
investigate the evolving chemical composition and physical properties—such as internal
structure, bonding, and density—of incipient soot particles during their inception and early

growth. This research moves beyond the idealized particle representations common in



engineering models by focusing on the complex nature of the particles themselves.

Specifically, this work seeks to:

1. Characterize the fundamental transition from gas-phase precursors to incipient soot
by identifying key physicochemical markers (e.g., molecular size, density, connectivity)
that define the gas-particle boundary at the molecular level.

2. Develop robust computational methodologies for accurately characterizing the
internal structural evolution, surface properties, and morphological transformations of
soot particles during their inception and subsequent growth phases.

3. Investigate the role of molecular structures, particularly cyclic and aliphatic
hydrocarbons, in the soot nucleation and early growth stages, providing insights into
their significance and interaction mechanisms.

4. Establish quantitative relationships among morphological features, internal structures,
and chemical compositions to enhance predictive capabilities and improve upon

existing simplified soot formation models.

These objectives collectively aim to address the previously discussed knowledge gaps
and limitations, thereby contributing substantial advancements to the field of combustion

science and improving strategies for controlling soot emissions.

1.6 Methodological Innovations and Approach

Given the inherent complexity and limitations of existing experimental and modeling
approaches, novel methodological strategies are essential for advancing our understanding of
soot formation at a fundamental level. To address these needs, this dissertation leverages
state-of-the-art reactive molecular dynamics (RMD) simulations capable of accurately
capturing chemical reactions and structural transformations at the atomic scale.

A major methodological innovation of this research is the development and
utilization of an advanced computational analysis tool, Molecular Arrangement and Fringe
Identification and Analysis from Molecular Dynamics (MAFIA-MD). This novel

post-processing utility provides an efficient, comprehensive means of extracting and



analyzing detailed molecular structures, including cyclic and aliphatic hydrocarbons,
internal structural configurations, and morphological characteristics directly from
large-scale RMD simulation outputs. By precisely identifying ring structures,
carbon-hydrogen ratios, and fringe patterns, MAFIA-MD substantially enhances the ability
to characterize soot particle formation and growth accurately.

Additionally, this research establishes robust analytical frameworks for quantifying
internal structural evolution, surface features, and morphological transformations of soot
particles. These innovative methodologies allow for precise differentiation between gas-phase
precursors and particulate matter, elucidating clear chemical and morphological boundaries.
Consequently, this methodological approach provides unprecedented molecular-level
resolution, significantly surpassing existing simplified modeling approaches and offering

critical insights to inform future experimental validations and soot modeling practices.

1.7 Outline of the Dissertation

The remainder of this dissertation is structured as follows:

e Chapter 2 introduces and describes in detail the development and implementation of
the novel computational analysis utility MAFIA-MD, specifically designed to
characterize molecular structures and morphological features from reactive molecular
dynamics (RMD) simulations of soot.

e Chapter 3 presents initial investigations into the molecular-level boundary between
gas-phase precursor molecules and solid soot particles during acetylene pyrolysis. This
chapter identifies distinct physicochemical markers that differentiate particulate soot
from gas-phase species.

o Chapter 4 provides an extensive analysis of the internal structural evolution of
incipient soot particles formed during acetylene pyrolysis, employing the
methodologies developed in Chapter 2 to characterize key morphological and chemical

transitions.



o Chapter 5 systematically explores the physicochemical properties of incipient soot
particles, analyzing critical features such as size, mass distribution, and structural
complexity during the early stages of soot formation.

o Chapter 6 presents detailed insights into the evolution of pore structures, surface
characteristics, and fractal morphology of soot particles. This chapter highlights the
importance of these features in understanding soot reactivity and maturity.

o Chapter 7 synthesizes key findings and contributions of this dissertation, discusses
their broader implications for combustion science, and outlines recommended avenues

for future research to further extend this work.



CHAPTER 2

MOLECULAR ARRANGEMENT, FRINGE IDENTIFICATION AND
ANALYSIS FROM MOLECULAR DYNAMICS (MAFIA-MD): A
POST-PROCESSING TOOL FOR SOOT STUDY

This chapter is a reproduction of the article already published as:  "Mukut, XK.
M., Roy, S., & Goudeli, E. (2022). Molecular arrangement and fringe
identification and analysis from molecular dynamics (MAFIA-MD): A tool for
analyzing the molecular structures formed during reactive molecular
dynamics simulation of hydrocarbons. Comput. Phys. Commun., 276, 108325.

doi: 10.1016/j.cpc.2022.108325" [22]

2.1 Introduction

Reactive molecular dynamics (RMD) simulation is a method of analyzing both the
physical and chemical changes of atoms and molecules. During the simulation, individual
atoms and molecules are allowed to interact with each other based on the chemical and
inter-atomic potentials along with the Newton’s equations of motion. With the recent
advancement of computational resources, reactive molecular dynamics (RMD) has become
more and more practical for performing the first principal analysis of unknown physics,
especially in the field of biomolecular chemistry [43].

Several molecular dynamics potentials have been developed in recent years to
capture the chemical and structural changes in reactive atomic clusters containing carbon
[44]. Among them, quantum molecular dynamics (QMD) [45] and empirical models such as
Tersoff [46, 47], REBO [48, 49], AIREBO [50], Reactive force-field potential (ReaxFF) [51],
Environment Dependent Interaction [52], and Charge Optimized Many-Body [53] potentials
have been widely used in recent studies [25, 54, 55, 56, e.g.,|. Among these, for
comprehensive studies focusing on the chemical changes of complex hydrocarbon species
(e.g. soot formation), ReaxFF potential [51] has gained popularity among the contemporary

researchers [57, 58, 59, 60, 61, 62, 63]
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Soot is primarily carbon nano-particles formed during incomplete combustion of
hydrocarbon fuels [3]. Under certain conditions (usually in absence of enough oxidizing
species) during combustion, mostly gaseous hydrocarbon molecules react with each other to
create large molecular clusters which can no longer be treated as gaseous species. These
solid or liquid-like clusters are incipient soot and the process of this gas-to-particle transition
is called soot inception or nucleation. The exact mechanism of this transformation from gas
phase species to solid particles is arguably the least understood phenomenon during soot
formation [21]. The widely accepted theories of soot inception indicates that soot inception
starts with the formation of polycyclic aromatic hydrocarbons(PAHs) [64, 65, 21],
particularly with 5- and 6-membered rings. The initial gas-phase PAH molecules grow and
combine together via physical and chemical interactions to form the first soot particles. But
the exact physico-chemical processes are yet to be confirmed. The complexity of
hydrocarbon systems and the time and length scales of the process makes it very difficult to
study the inception process experimentally. This has led to multiple competing and
complimentary hypotheses of soot inception [64, 65, 21, 61]. The reactive molecular
dynamics (RMD) simulation can be very helpful in unraveling the physico-chemical
processes of soot inception and can help bridge the gap between theoretical hypotheses and
experimental observation at different scales. The use of RMD can also extend to the later
stages of soot evolution, where the incipient soot particle grows via physical and chemical
interaction with other soot and gas phase species. In order to properly interpret and
validate RMD results, it is important to identify, differentiate, and analyze various physical
and chemical structures such as rings and fringes that are formed in soot particles. These
characteristics often are related to soot reactivity and maturity [66, 67] The study of
temporal evolution of these features will help resolve the mystery of soot inception and
evolution. The post-processing utility “Molecular Arrangement and Fringe Identification
and Analysis from Molecular Dynamics” or (MAFIA-MD) presented in this manuscript
provides practitioners an ability to study these features with ease.

In usual practice, RMD simulations of soot related studies start with a set of

hydrocarbon molecules in a confined domain [57]. The chemical interactions are then
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captured using an appropriate molecular dynamics potential as time progresses. The
bond-related information (bond orders) is stored in a bond information file (also known as
bonds file). The time-resolved snapshot and atomic trajectories in the simulation domain
are also available in “.XYZ” [68] format. These “.XYZ” files (also referred as trajectory files)
contain the coordinates of individual atoms at different times. The size of the bonds and
trajectory files depends on how frequently the data is saved and the interconnectivity of the
atoms. In high-temperature application such as combustion, where the chemical reactions
are fast, it is important to save these files frequently (e.g. every few picosecond) in order to
capture the fast chemical evolution. Furthermore, the atomic interconnectivity of
hydrocarbon systems can grow large quite fast. For example, a 0.1 ns of acetylene
combustion simulation consisting of 6000 atoms at 1500 K can lead to a bond information
file of approximately 5 GB and a corresponding trajectory file of 300 MB. Because of its
smaller size, the capability of extracting key features of atomic redistribution and molecular
restructuring only from the trajectory file lead to easier visualization and faster analysis.
The goal of MAFTA-MD is to use the trajectory files individually and extract the
chemical and structural information, primarily by detecting the presence of 5-, 6-, and
T-membered alicyclic and aromatic ring structures in an atom cluster. The identification of
ring structure is important because the stability of such structures, particularly of aromatic
rings, is thought to be a key for inception and growth of soot. Therefore, quantitative
information on cyclic structures in soot particles can be helpful for identifying the
important chemical pathways in soot formation and growth. Additionally, the planarity and
curvature of the cyclic structures play important roles in dictating the stability of individual
molecules and morphology of an incipient soot nucleus. The identification of these features
can thus be utilized to analyze the stability of molecular clusters. The presence of planar
and curved surfaces inside molecular clusters creates the optical fringes observed in
high-resolution transmission electron microscope (HRTEM) images of soot particles. The
quantification of these surfaces provides an accurate and meaningful pathway for direct

experimental validation of RMD simulations with HRTEM images.
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MAFTIA-MD extracts this information from RMD simulations using an efficient
algorithm implemented using Python. For the sake of completeness, the chemical bond
information is calculated using an algorithm proposed by Kim and Kim [69]. This enables
MAFIA-MD to capture the chemical information of the relevant soot forming molecules and
export them in chemically understandable and usable formats such as simplified
molecular-input line-entry system (SMILES) [70] and spatial data file (SDF) [71]. In short,
MAFIA-MD captures the number of different alicyclic and aromatic structures present in the
simulation domain, the percentage of alicyclic/aromatic and aliphatic carbons, the chemical
representations of the constituent molecules existing in the domain, and provide a way to
calculate the fringe spacing statistics of soot cluster obtained from RMD simulations. A
graphical user interface (GUI) is developed for the easy management of input parameters.

The main functions of the utility can be divided into following three segments:

1. Identification of cyclic structures
o C/H ratio
o Number/percentage of alicyclic and aromatic carbons
o Number/percentage of aliphatic carbons

e Statistics of 5-, 6-, and 7-membered ring structures
2. Chemical characterization of atom clusters

e SMILE string for easier vizualization of molecules

» Export into a molar file format (SDF)
3. Identification and analysis of molecular fringes in soot for validation with

HRTEM images

It should be noted here that the MAFIA-MD does not strictly check for all four
classical aromaticity conditions as per Huckel’s rule. It is impossible to extract the exact
electronic structure from the trajectory files, therefore conditions such as the presence of
(4n + 2) 7 electrons or perpendicularity of p-orbitals are not possible to check. Furthermore,
due to the nature of the MD simulations the atoms of an aromatic ring may not always lie

in a single plane at an instantaneous timestamp. A strict planarity check will rule out some
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of these aromatics which may have a single out-of-plane carbon in an instantaneous time. A
planarity check criterion is included and implemented in MAFTA-MD for future development
in checking the planarity condition for aromaticity. However, in the current version we only
focus on bond distance and closed nature of the ring structures. In the chemical
characterization segment of MAFIA-MD, the bond order is calculated from the trajectory
files. This information can be used to differentiate the aromatics from the alicyclic
hydrocarbons.

Finally, some, not all, of the outputs provided by MAFIA-MD can be obtained from
the bonds information file. However, as mentioned earlier, the bond information files can be
orders of magnitude larger in size than the trajectory (.XYZ files). The capability of
post-processing without requiring these large bond information files gives more flexibility to
the user during analysis and sharing data. Since the bonds file is not needed to be saved
during runtime in order to extract the chemical information, the memory and I/0O
requirement for the RMD simulation can be made leaner with the help of MAFIA-MD. This
can lead to faster runtime, easier collaboration and sharing of data (by only sharing small
trajectory files). The ability to do batch processing on a number of molecular dynamics
trajectories and get a lot of soot-relevant qualitative and quantitative information at the
same time also makes MAFIA-MD very useful. There are some open-source tools available in
the literature that can detect cyclic structures in MD simulation results [72, 73, 74], but
these tools were not designed specifically for hydrocarbon systems and cannot analyze the
fringe statistics, which is important for soot-relevant physics. To the best of our knowledge,
MAFIA-MD is the first utility to do these large-scale analyses automatically and directly from
the trajectory files. This makes MAFTA-MD unique and very useful to practitioners for

analyzing the RMD simulations of hydrocarbons.
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2.2 Theory and Algorithm

2.2.1 Identification of the cyclic structures

Read the Input Trajectory File

Table 2.1: Example file format for XYZ files

testFile.xyz
Content Description
N Number of Atom, N
Timestep: | t Timestamp , ¢
C X |y |z
C X|y|z
H X |y |z . . . .. )
Atom identifier and coordinates of individual atoms
C X |y |z
H X |y |z
C X|y|z
H X |y |z
C X |y

MAFIA-MD takes individual snapshot/trajectory files (in “.XYZ” format) from
molecular dynamics simulation as the input. The “.XYZ” files contain coordinates of
individual atoms existing in the domain as well as the total number of atoms and the
timestamp. An example of the “.XYZ” file structure is presented in Table 2.1. In the
current version, the ring-structure detection is carried out solely based on the carbon atoms
in the domain. Therefore, once the “.XYZ” file is read, the hydrogen atoms are disregarded.
For bookkeeping purpose, the timestamp and the total number of atom in the domain is

also read.
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Pre-Processing of Input Data

The input coordinates of the carbon atoms are sorted first. The computational
complexity of the overall system depends on the compactness (the degree of
interconnectivity between the atoms) of the cluster of carbon atoms. If too many atoms are
interconnected with each other (very compact cluster), the execution time will be
inconveniently long. To remedy this situation, a divide and conquer approach [75] is
implemented to reduce the computational complexity of the problem. In this approach, the
computational domain is divided into a number of small spatially overlapping subdomains,
each of which has significantly lower computational complexity than the entire domain.
These overlapping subdomains are then analyzed sequentially.

The division or splitting of the computational domain in overlapping subdomains
can be referred to as overlapped domain decomposition. The overlapping is required as some
of the ring structures can be shared between multiple subdomains. If not properly
accounted for, these shared rings will not be counted. This problem is shown in Fig.2.1(a)
which presents non-overlapping (i.e., conventional) domain decomposition. It is evident
from Fig. 2.1(a) that, even though the sub-domains A,B,C and D encircle all the ring
structures among themselves, because of the presence of domain boundaries, they cannot
identify all the cyclic structures. Therefore, the non-overlapping domain decomposition
scheme misses cyclic structures 1, 4-8 and 11 as seen from Fig. 2.1(a).

The overlapping domain decomposition scheme implemented in MAFIA-MD (shown in
Fig. 2.1(b)) remedies this. In Fig. 2.1(b), the whole computational domain is divided into
five overlapping regions, i.e. A, B, C, D and the intersecting region between A, B, C, and D
(referred to as subdomain ABCD). In this way, even though an individual domain misses
some part of the ring structures (e.g., subdomain A misses cyclic structures 2, 6 and 9),
other domains capture all of them (e.g., cyclic structures 2, 6 and 9 are captured by
subdomains D, ABCD and B, respectively). It should be noted here, to remove any possible
confusion, that the current version of the code is purely serial in nature. However, due to

the independent nature of individual subdomains, the code can be easily parallelized to
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Figure 2.1: Different domain decomposition strategies (2.1(a) and 2.1(b)) and minimum

amount of overlap required for a 6-carbon ring (2.1(c)).
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further speed up the analysis.

For the overlapping domain decomposition to work properly, the amount of overlap
should be minimized to reduce unnecessary computations. The minimum amount of overlap
necessary to capture all cyclic structures is equal to the maximum spatial footprint of the
cyclic structures. A typical 6-membered ring structure is shown in Fig. 2.1(c), where “a” is
the bond distance between two carbon atoms. This structure can be considered as a regular
hexagon with sides of length a. As shown in the figure, the maximum spatial footprint of
the 6-membered ring is twice the bond distance between two carbon atoms (2a). This is
essentially the circumdiameter of a regular 6-membered polygon. Similarly, for ensuring the
detection of 5- and 7-membered rings, the minimum overlap should be at least 1.7 and 2.3
times the bond distance between two carbon atoms respectively. Accounting for the
rectangular shape of the sub-domains, an overlap span of 8A is found to be optimum for
ensuring detection of all the cyclic structures of different sizes.

The overlapping domain decomposition scheme shown in Fig. 2.1(b), has a potential
drawback for counting same cyclic structure multiple times as it can reside in multiple
subdomains simultaneously. For example, in Fig. 2.1(b), cyclic structure 6 resides in both
subdomains B and ABCD. Therefore, the book-keeping of these cyclic structure requires
special handling. An array of global carbon indices (actual indices of carbon atoms in the
XYZ file) is maintained for keeping track of unique cyclic structures from all the subdomains.
By cross-referencing the global indices, the duplicate counting problem introduced by the
overlapping domain decomposition scheme is resolved. Every time a ring is detected, the
constituent carbon coordinates and their global indices are inserted into an array. This
array of carbon indices from each subdomain is then concatenated into a global array which
contains all the carbon indices from the identified cyclic structures. When all the
subdomains are traversed, the duplicate entries are deleted from the global array retaining
only the unique cyclic structures detected throughout the computational domain. The total
number of 5-, 6-, and 7-membered rings is calculated using this global array.

For smaller (typically less than 700 carbon atoms, the actual number will depend on

the interconnectedness of the atoms) population of atoms, the overlapped domain
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decomposition may not be necessary since the computational complexity is small enough to
perform the ring detection in the entire domain without decomposition. In view of this, as
well as to create an in-built verification tool, a separate functionality is implemented in
MAFIA-MD named “Sanity Check” which, instead of decomposing the domain in several
overlapped subdomains, considers the entire population of atoms as a whole. The user can
chose to use this Sanity Check feature to either perform analysis on small atom
population or to verify the accuracy of the overlapping domain decomposition by comparing
the results from Sanity Check and overlapping domain decomposition. It should be noted
here that, for larger cluster of atoms, the Sanity Check feature will take inconveniently

long time to finish.

Creation of Directed Graphs and Determining the Elementary Circuits

Each subdomain carries the coordinates of carbon atoms inside the regions. Each
point is sorted based on their distances from the global origin. Once the points are all
sorted, a distance matrix [76] is calculated. The carbon atoms bonded with each other falls
within a finite distances from one another. This distance is called the bond length. Single
bond, double bond, triple bond and aromatic bonds between carbon atoms have different
stable bond distances. Note that due to the atomic vibrations in the MD simulations, the
bond length will not be the same as the exact theoretical value but will lie within a narow
range around the theoretical bond length. Therefore, the upper and lower limits of bond
length, instead of an exact value, need to be specified for the bond length. To capture the
bonded carbon atoms, the element in the distance matrix is converted to “1” if the distance
falls between the upper and lower limit of valid bond distances specified in the beginning of
the analysis by user. If the distance falls outside this bound, the element in the matrix
element is replaced with “0”. This simplifies the distance matrix into an adjacency matrix
[77], where each element with a value “1” represent a bond between two carbon atoms.

From the adjacency matrix generated in the earlier step, a directed graph is created
using the open-source Python package “NetworkX” [78]. In a directed graph, the edges have

direction and can have self-loops (a series of subsequent edges can point back to an earlier
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node). The main idea is to find the cyclic structures (i.e., ring structures) from the graph
generated from the carbon atoms. For achieving this, the algorithm proposed by Johnson
[79] is used for finding all elementary cycles from a directed graph. This algorithm is
essentially a depth-first-search algorithm [80, 81], optimized to find only elementary circuits
(one vertex appear only once) and traversing an edge at most twice. The algorithm identifies
the sets of vertices for all the elementary circuits that forms a closed cycle or ring. For soot
relevant applications, currently only 5-, 6-, and 7-membered rings are identified in MAFTA-MD.
However, the framework for identifying larger rings and nested rings or supersets of rings
(along with a check for planarity) is already implemented for any future development.
Following the identification of elementary circuits, individual 5-, 6-, and 7-membered rings
are indexed and counted for each subdomain and added globally to get the total number of
rings containing 5-, 6-, and 7- carbons at a given timestep. The algorithm for ring detection
is presented in Algorithm 1. It should be noted that, although all Huckel conditions for
aromaticity are not checked in the ring detection segment of MAFTA-MD, the actual bond
order is calculated in the “Chemical Characterization” segment (Sec. 2.2.2) of the code

to distinguish the aromatics from the detected alicyclic structure.

2.2.2 Chemical characterization of atom clusters

The outputs from section 2.2.1 are used to interpret the chemical characteristics of
the given soot cluster obtained from RMD simulation. For this purpose, a universal
structural conversion algorithm developed by Kim and Kim [69] is implemented to solve for
the atomic connectivity and bond order of the existing molecules. The general chemical
rules and valency information are used for this purpose. Initially, each atomic pair is
assigned a bond order based on their valencies. After that, the degree of bond saturation is
assigned by trial and error until the whole system of atoms is solved. Once the bond order of
the atomic connectivity /network is solved, the information is exported in terms of simplified
molecular-input line-entry system (SMILES) [70] or into a molar file format (SDF) [71]. An
external tool called xyz2mol [82] is modified to work with the current implementation of

MAFIA-MD. xyz2mol uses “RDKIT” [83], an open source cheminformatics interface, to export
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Algorithm 1: Algorithm for ring identification and quantification.

Result: C/H ratio, percentage of alicyclics/aromatics, ring statistics

1 # Input:
2 Define the input parameters: upper and lower bond dinstance, span/overlapping

© 0N O T A~ w

10
11
12
13
14
15
16
17
18
19
20

21
22

distance, etc.
Open the trajectory (XYZ) file exported from RMD
Read the total number of atoms and timestamps from the trajectory (XYZ) file
# Pre-Processing:
Divide the entire domain into a number of subdomains
while NO subdomains are left do
Create distance matrix using upper and lower bond limits;
Simplify the distance matrix into an adjacency matrix;
# Elementary Cycle Detection:
Convert the adjacency matrix into a simply connected directed graph;
Apply Johnson’s algorithm [79] to extract all the simple cycles ;
Separate the cycles containing 5-, 6- or 7- vertices;
Create an array of sets containing the coordinates of all vertices of individual cycles;
Count and index the carbon atoms present in the ring structure;
Go to the next subdomain
end
Merge all rings from all subdomains;
Remove duplicate rings using global indices and extract the unique rings;
Pass the array of identified rings to the next segment of the code for optional chemical
characterization and fringe analysis;
Print out the results;
# Output:
1. C/H Ratio

2. Percentage of alicyclics/aromatics
3. Statistics of different rings
4. Trajectory of alicyclic/aromatics and aliphatic carbons

the figures of the existing chemical structures inside the domain for visualization. The full

functionality of the external tool “xyz2mol” is also kept in MAFIA-MD for batch processing

of multiple .XYZ files at the same time by using the “Chemistry Only” functionality (see

Sec. 2.3.4). This is particularly useful for the extraction of bond information from .XYZ files

without requiring the large bond information files generated by RMD simulation.

2.2.3

Identification and analysis of molecular fringes

High Resolution Transmission Electron Microscopy (HRTEM) is often used to

observe and characterize soot particles from different sources [66, 84, 85]. In HRTEM
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images, nano-structures of soot particles are observed and characterized using the
characteristics of the fringes formed. Fringes are formed due to the optical interaction of
internal nanostructures within soot clusters during microscopy. During HRTEM imaging,
the fringes are usually characterized based on fringe length, fringe spacing, and fringe
tortuosity. Figure 2.2 presents examples of the important characteristics of fringes obtained
from HRTEM images of soot. The characteristics of these fringes convey important
information about the reactivity and stability of soot clusters [66]. The short fringes (fringes
1, 2, and 4 of Fig. 2.2) have more free edges per unit length compared to the long fringes
(fringe 3 of Fig. 2.2). The atoms in these free edges are reactive and therefore, soot clusters
exhibiting shorter fringe lengths are more reactive. Similarly, the fringes with wider spacing
(fringe 2 of Fig. 2.2) have more spaces between the molecules to diffuse oxygen molecules
compared to the fringes with narrow spacing (fringes 1, 3, and 4 of Fig. 2.2). Therefore, the
soot clusters producing narrowly spaced fringes are less prone to oxidation, hence less
reactive. The tortuosity of fringes is a representation of the amount of curvature observed
in optical fringes. Molecules with higher curvature produce fringes with high tortuosity
(fringe 4 of Fig. 2.2) during HRTEM imaging. Due to the higher curvature, the bond strain
is higher in these molecules and they break easily which results in higher reactivity.

The current version of MAFTA-MD implements a scheme to calculate the fringe
spacing of a cluster of carbon molecules. The calculation for fringe spacing is based on the
orientation of different cyclic structure in the domain. Two structure is assumed to form a
fringe if the structures are in close proximity (3A — 6A) [86] and parallel to each other.
With respect to the parallelity constraints, a deviation up to an angle ® is allowed. The
value of @ is hard-coded in the code as 10°. Algorithm 2 shows the algorithm implemented
to calculate the fringe spacing histogram in MAFIA-MD. It is important to note that, for
good statistics, a significant number of fringes must form in the soot cluster. Therefore, the
analysis is only meaningful when the size of the cluster is large enough to contain multiple

fringes.
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HRTEM image

“Fringe” retrieval by image
processing

Short fringes with
Narrow spacing and
Low tortuosity

Short fringes with
Wide spacing and
Low tortuosity

Long fringes with
Narrow spacing and
Low tortuosity

Short fringes with
Narrow spacing and
High tortuosity

Figure 2.2: Examples and characterization of optical fringes obtained from a hypothetical
HRTEM image of a soot particle.

Algorithm 2: Algorithm for calculating fringe spacing
Result: Fringe spacing histogram
# Input:
Coordinates of the carbon atoms inside the simulation domain;
List of all cyclic molecules in the domain from previous code segment;
# Pre-Processing:
Create a list of the coordinates of the centroids of each ring;
Create a list of all the vectors perpendicular to the existing rings through the centroids
(surface vectors);
# Fringe spacing calculation:

8 fringeSpacing = [J;

9 iter =0 ;
10 while all the points in the centroid array is traversed do

S ok W N -

~

11 if 34 < distance between two centroids < 64 then

12 if (0 < angle between the two surface vectors < ®) or

13 (180-® < angle between the two surface vectors < 180) then

14 fringeSpacing]iter] = distance between two centroids ;

15 iter = iter +1 ;

16 end

17 end

18 end

19 Create histogram from fingeSpacing array with kernel density estimation (KDE) [87] ;
20 # Output:

21 Histogram of fringe spacing;
22 Kernel density estimation (KDE) [87];
23 Fringe spacing vs. Angle;
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2.3 Workflow

2.3.1 Code structure

The core functionality of MAFTA-MD is implemented using Python 3. The class
FindRing() is created for identification of rings and subsequent calculations as indicated in
Algorithm 1. For chemical characterization discussed in Sec. 2.2.2, it uses an external tool
xyz2mol [82] to extract the chemical information (SMILE strings [70] and SDF [71] files).
The characterization and analysis of fringes (Sec. 2.2.3) requires the identification of rings
to be performed beforehand and can be thought of as an extension of the ring identification
functionality. The external tool xyz2mol requires the open-source cheminformatics interface
“RDKIT” [83], which in turn requires “anaconda”[88], an opensource package and
environment management system for Python. The two segments of the code (i.e., ring
identification and chemical characterization) are connected using a graphical user interface
(GUI) using tkinter [89].

The main computational complexity of the ring identification portion of the code
comes from the detection of simple cycles from the interconnected network of carbon atoms.
This portion of the code takes almost 64% time to execute for the given set of trajectory
files. This complexity can either increase or decrease based on the complexity of the
network of molecules. Figure 2.3 depicts the schematics of the code structure and
computational loads of relevant functions used in the code. The callgraph for MAFTA-MD is

shown in the Fig. 2.4.

2.3.2 Program deployment

Any operating system containing anaconda and Python 3 can run MAFIA-MD. The
present code is tested on popular operating systems like Windows 10, Ubuntu (16.04, 18.04
and 20.04), Fedora 34, CentOS 8, Debian 10, MacOS (Catalina and Big Sur). The

deployment procedure is described below:



initialize tkinter
GUI

!
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RunAnalysis():
coordinates different part of the code
with GUI

FRINGE IDENTIFICATION

|

fringe spacing()
calculate and generate fringe spacing histogram

CLASS: FindRing()

get_data():
Read .XYZ files

I

split_data_adaptive_cubic(): (3.1% time)
Divide the domain into overlapping regions

v
RING IDENTIFICATION
ring_detection(): (73% time)
calculates the number of rings and fringe spacing calculations

find simple_cycles (63.9% time)

}

separate 5-,6-, and 7-membered
cycles (3.5% time)

list containing all ring structures

statistics():
print out the ring statistics and relevant information

L

:(rowrgzAx
NORIVZIHALDVIVHD TVIOINIHD

UONESI[BNZIA PUE SOIISLIS)ORIBYD [BOIWISYD SY) JORIIXD

OUTPUTS
prints out the ring statistics, alicyclic/aromatic and aliphatic trajectory files and requested figures

|
)

(
|

Figure 2.3: Code structure and relevant computational loads
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Figure 2.4: Callgraph of MAFIA-MD
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1. Install conda or miniconda (installation instructions can be found in their respective

websites [90, 91])
2. Download the MAFIA-MD repository. The installation files contain following files and
directories
e The parent directory:

o mafiamd.py: The main Python code

o

Makefile: Makefile for Linux-like systems

o requirements.yml: Build-requirements list

(e]

LICENSE: License file
o README.md: Readme file
o callgraph.png: The callgraph of the code
e The external_tool directory: contains the xyz2mol.py package and its license
e The input directory:
o The set1_validation_demo directory: contains example files for validation
(Sec. 2.3.5)
o The set2_fringe_analysis_demo directory: contains example files for
fringe analysis (Sec. 2.3.5)
e The output directory: a blank demo directory for storing output
e The ancillary_script directory: contains an ancillary script for splitting

continous trajectories files in discrete individual timesteps and a demo example

trajectory file
3. Go to the code’s parent directory and create a virtual environment

e Linux and MacOS: Use the Makefile

$ make

o Windows: Use the Anaconda Prompt installed during the installation of conda

or miniconda and execute

$ conda env create -f requirements.yml -p MAFIAMD
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4. Activate the conda environment

$ conda activate ./MAFIAMD
5. Execute the code:

$ python mafiamd.py

This step (Step 5) will bring out the GUI (shown in Fig. 2.5) for specifying
the analysis parameters discussed in Sec. 2.3.4. The execution time of the program
can range from a few seconds to a few hour for each trajectory file depending on the
size and complexity (i.e., interconnectivity of the carbon atoms) of the network. Once
the execution is completed, close the program by using the Quit button on the GUI.

6. to deactivate the conda enviroment after execution

$ conda deactivate

2.3.3 Analysis modes

The user can perform the following types of analyses in MAFTA-MD:

1. Detection of cyclic structures and analysis: This is the main operational mode of
MAFIA-MD. This mode will analyze the provided trajectory files and generate relevant
information like ring statistics, C/H ratio, percentage of cyclic carbon atoms, etc. The
result can be visualized in GUI by selecting the Plot option.

2. Sanity check: This mode is triggered by selecting the Sanity Check option. In this
mode, the non-overlapping domain decomposition is performed along with the
overlapping domain decomposition scheme from step 1.

3. Chemical characterization: This mode is triggered by selecting the CHEM
Calculation option. This will perform step 1 and generate chemical information
from the results in terms of SMILES or SDF files. The user can also visualize the
existing alicyclic and aromatic rings by selecting the Show Molecule option.

4. Chemistry only: This mode is performed when only the chemical characterization of

trajectory files are required and can be enabled by selecting the Chemistry Only
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option in the GUI. This will analyze the entire input trajectory and perform chemical
characterization (step 3) without performing the ring detection analysis from step 1.
5. Fringe analysis: The user can use this functionality by selecting the Fringe Spacing
option in GUI. This will perform step 1 and generate fringe spacing histogram for the

input trajectory files along with kernel density estimation(KDE)[87].

2.3.4 Program input

[ NON ) Parameter Selection
Bond Distance (Lower) 1.2
Bond Distance (Upper) 1.8
Span 8 (=8)
Fringe Spacing Sanity Check Plot
Input Separator space (e.g. \t,comma(,),space,:, etc.)
File Extension Xyz (e.g. .xyz, .csv etc.)
Input Directory <insert input directory> Input Directory
Output Directory <insert output directory> Output Directory
Identifier Result (Prefix for outputs)
Chemistry Only SMILES string and Visualization Parameters| Show Molecule
Chemical Characterization smiles (] Charge 0
Ignore Charge Ignore Chirality Use Huckel Connectivity
Add Hydrogen
Chemistry Only Input Directory <insert input directory> Input Directory
Chemistry Only Output Directory <insert output directory> Output Directory
Run Quit

Figure 2.5: Program graphical user interface

o Bond Distance (Lower); required: minimum (lower limit) carbon-carbon bond
distance (in A). The default value is 1.2.
o Bond Distance (Upper); required: maximum (upper limit) carbon-carbon bond

distance (in A). The default value is 1.8.
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Span; required: twice the amount of overlap between two consecutive subdomains
(in A). A span of 8A is found to be optimum for finding upto 7-membered rings.
Therefore, the default value is 8.

Input Separator; required: separator used between (X,Y,Z) co-ordinates in the
input XYZ files. The default value is space (whitespace). The output trajectory files
generated by the code is always tab separated.

File Extension; required: extension of the input trajectory files. This option is
kept for the cases when the input trajectory files are provided in comma separated
format (.csv). The default value is .xyz (with the dot).

Input Directory; required: directory containing the input trajectory files. The
code will analyze all files kept in the specified input directory.

Output Directory; required: directory where the output files (e.g., logs and plots)
will be saved.

Identifier; required: a text string prepended to each output file-name to
differentiate between the separate instances of MAFIA-MD runs. The default value is
Result.

Charge: useful for Chemistry Only runs where a trajectory file contains a net
charge.

Chemistry Only Input Directory: directory containing the input trajectory files
for Chemistry Only analysis.

Chemistry Only Output Directory: directory where the output files will be saved
for Chemistry Only analysis.

Analysis mode options:

o Sanity Check: when selected, the sanity check segment of the code will be
executed along with the overlapping domain decomposition scheme.

o Plot: when selected, the existing rings in the domain will be plotted in a
separate window

o Fringe Spacing: when selected, fringe spacing histogram is calculated and printed

out.
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o Chemical Characterization: when selected, the chemical characterization will be
performed along with the ring analysis. Select “smiles” to get a SMILE string
for the existing molecule or “sdf” to get individual SDF files representing the
intput trajectories. The following sub-options are available for chemical analysis.

m Show Molecule: when selected, the ring structures found in the domain will
be drawn on a separate window using RDKIT.

m Ignore Charge: when selected, the chemical calculation will not consider the
effect of net charge during calculation

m Ignore Chirality: when selected, the chemical calculation will not consider
the effect of chirality during calculation. This is a functionality of the
external tool xyz2mol.

m Use Huckel Connectivity: when selected, the chemical calculation will use
extended Huckel bond orders to locate bonds during calculation. Otherwise,
van der Waals radii will be used. This is a functionality of the external tool
xyz2mol.

m Add Hydrogen: when selected, the output images will also contain hydrogen
atoms. The default is to plot only carbon atoms.

o Chemistry Only: when selected, only the chemical analysis will be performed on
the trajectory files considering both hydrogen and carbon atoms and it will not
perform any ring identification. It is helpful for visualizing the general chemical

structures inside the domain.

2.3.5 Numerical example

Example cases

Two sets of input trajectories, included with the code, are used to demonstrate the
capabilities of MAFTIA-MD. The first set contains three relatively small trajectories for the

purpose of validation of the ring detection method. These three test trajectories are
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fabricated.xyz, fabricated?2.xyz, and real_MD.xyz and are kept in one single directory.
These three input trajectory files are whitespace separated. Two of these are fabricated
(fabricated.xyz and fabricated2.xyz) and the other one (real_MD.xyz) is selected
from an actual molecular dynamics study performed by [57] [57] where an earlier version of
MAFIA-MD [92] was used. The actual molecular dynamics trajectory file real_MD.xyz has
760 atoms. The fabricated trajectories are prepared using openbabel [93]. The details of
these trajectories are
1. fabricated.xyz: 58 carbon atoms and 96 hydrogen atoms
- Designed ring count:
5-membered: 4, 6-membered: 8, 7-membered: 1
2. fabricated2.xyz: 110 carbon atoms and 190 hydrogen atoms
- Designed ring count:
5-membered: 5, 6-membered: 7, 7T-membered: 2
3. real_MD.xyz: 559 carbon atoms and 201 hydrogen atoms
- Manually counted ring count:
5-membered: 14, 6-membered: 20, 7-membered: 6
In a second directory, the second set of test case is kept. This set consists of a single
large trajectory file named 1769atoms.xyz (1256 carbon atoms and 513 hydrogen atoms),
which is also selected from [57]. This file is tab separated. Due to the size of this trajectory,
it was not possible to manually count the rings in this trajectory for validation. This

trajectory is used to show the capabilities of fringe analysis.

Validation tests

In the first set of tests, the directory containing the first set of trajectories
(fabricated.xyz, fabricated2.xyz, and real_MD.xyz) was selected as input directory
and MAFIA-MD performed analysis of all three trajectories simultaneously. The parameter
selection and output for this set of trajectory files are shown in Fig. 2.6 and the output text

file containing the result is shown in Listing 2.1. The output file contains all the requested
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information and it correctly determines the exact number of rings present in the supplied

trajectories, thereby validating the code.

Listing 2.1: Output file

C/H Ratio: 0.6041666666666666

Total Alicyclic/Aromatic Carbon: 52

Total Aliphatic Carbon Number: 6

Total Existing Rings {7: 1, 5: 4, 6: 8}

Percentage of Alicyclic/Aromatic components : 0.896551724137931
Percentage of Aliphatic components : 0.10344827586206895

1: Sanity Check for: fabricated.xyz

Starting code for Axis: 0

C/H Ratio: 0.6041666666666666

Total Alicyclic/Aromatic Carbon: 52

Total Aliphatic Carbon Number: 6

Total Existing Rings {5: 4, 6: 8, 7: 1}

Percentage of Alicyclic/Aromatic components : 0.896551724137931
Percentage of Aliphatic components : 0.10344827586206895

1 smiles_fabricated START
[C]1=C=C=C=C=C2[C]=C=C=C12.[C]1=c2c([clc3[clcd4c(c5[c]lc#cc2c35)=C=C=C=4)C#C1.[C]1C#CC2=c3c(c4[clc#

ccbcdcdc(c#cl[c]c34)=C=C=5)=C=C=C12
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1: smiles_fabricated : END

C/H Ratio: 0.5789473684210527

Total Alicyclic/Aromatic Carbon: 69

Total Aliphatic Carbon Number: 41

Total Existing Rings {5: 5, 6: 7, 7: 2}

Percentage of Alicyclic/Aromatic components : 0.6272727272727273
Percentage of Aliphatic components 0 0.3727272727272727

2: Sanity Check for: fabricated2.xyz

Starting code for Axis: 0

C/H Ratio: 0.5789473684210527

Total Alicyclic/Aromatic Carbon: 69

Total Aliphatic Carbon Number: 41

Total Existing Rings {6: 7, 5: 5, 7: 2}

Percentage of Alicyclic/Aromatic components : 0.6272727272727273
Percentage of Aliphatic components : 0.3727272727272727

2 smiles_fabricated2 START

C1=C=C=c2c#cc#cc2=C=1.C1=C=C=c2c3[clc#cc-3[clc#cc2=C=1.[C]1=C2C(=C=C=c3c2[c]c(=C2C#CC#C2) c2c3=C=C
=C=C=2)C#CC#C1.[C]1=C=C=C=C1C1=C=C=[C]C#C1.[C]1C#CC#C1.[C]l1C#CC#C1

2: smiles_fabricated2 : END
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C/H Ratio: 2.7810945273631837

Total Alicyclic/Aromatic Carbon: 158

Total Aliphatic Carbon Number: 401

Total Existing Rings {56: 14, 6: 20, 7: 6}

Percentage of Alicyclic/Aromatic components : 0.2826475849731664
Percentage of Aliphatic components : 0.7173524150268336

3: Sanity Check for: real_MD.xyz

Starting code for Axis: 0

C/H Ratio: 2.7810945273631837

Total Alicyclic/Aromatic Carbon: 158

Total Aliphatic Carbon Number: 401

Total Existing Rings {6: 20, 5: 14, 7: 6}

Percentage of Alicyclic/Aromatic components : 0.2826475849731664
Percentage of Aliphatic components : 0.7173524150268336

3: smiles_real_MD : START

C1#CC(=C2C#Cc3c#cc#cc32)C#C1.C1=C=c2[c]c3c#ccdc#cc5[clcbc#cc=1c6c2c3cd5.[Cl1=C=C=C2C#CC3=[C][CeQ
134C3=C=C=cbc#tccb6c7cbc3c(c3[clcblclc#tcc8lclcOc#clclc10c(c(c37)-c(c85)c9%10)=C=C=6)C1=C24.[C
]11=C=C=C2C#C[C]=C=C12.[C]1=C=C=c2[c]c3[clcdc#cc#ccd[c]lcdc5c6c(cH#ccH#tccbc(c21)c34)=C=C=C=5.[C
Jic#cc#C1.[Clic#CC#C1.[CI1Cc#CC#C1.[Cl1C#CC#C1.[Cl1C#CC#Cl.c1[clc2[clc-2c#1.clc#cc#cc#l.clc#

cc#cc#l
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Demonstration of fringe analysis

The second test is done on the input directory containing only 1769atoms.xyz.
The fringe analysis capability is demonstrated in this test. The GUI for fringe spacing
calculation mode and the output from MAFIA-MD is presented in Fig. 2.7(a). The output
contains the fringe histogram and a list of fringe spacing vs. angle between the surface
normal of two rings (to show the parallelity of the planes). The fringe spacing histogram
generated by MAFIA-MD is shown in Fig. 2.7(b). The figure for the fringe spacing histogram
with kernel density function (KDE) and a complete output log is stored in the user specified
output directory along with the graphical output shown in Fig. 2.7. The output log for

fringe spacing calculation is shown in Listing 2.2.

Listing 2.2: Fringe spacing calculation mode output log

C/H Ratio: 2.448343079922027

Total Alicyclic/Aromatic Carbon: 747

Total Aliphatic Carbon Number: 509

Total Existing Rings {6: 103, 5: 42, T7: 54}

Percentage of Alicyclic/Aromatic components : 0.5947452229299363
Percentage of Aliphatic components : 0.40525477707006374
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[ ] [ ] Parameter Selection ence Ring Detection Log
Bond Distance (Lower) 1.2 3 fabricated.xyz
Bond Distance (Upper) 1.8 Starting code for Adaptive Run
Span 8 (28) C/H Ratio: 0.6041666666666666
. - = Total Alicyclic/aronatic Carbon: 52
Fringe Spacing Sanity Check Plot Total Aliphatic Carbon
Total Exinting Ringe (1s 1o i 4 61 8)
. Alicyel 0.896551724137931
Input Separator space (e-g. \t,comma(,),space,:, ete.) |1 TerCeiats CF Mliphatio componente ¢ 0.10344527586206895
File Extension Xyz (e.g. .xyz, .csv etc.) 1: smiles_fabricated : START
i i IC11=C=C=CC=C2(]=C=C=C12. (€ 1=c2e( [ele3 [ lede (e5 [ cloforzeds) =CmCnCnd 1OKCL . [C] LefeCzncde cd [ ]ekees
Input Directory /Users/khaledmosharrafmukut Input Directory cachc(cfo(c)c3d)=C-C
Output Directory [Users/khaledmosharrafmukut Output Directory 1: smiles_fabricated : END
Identifier Result (Prefix for outputs) 2: fabricatedz.xyz
Chemistry Only [SMILES string and Visualizati s| Show Molecule Starting code for Adaptive Rum
& . = =
@ Chemical Characterization smiles © charge 0 e T
= == al Alicyclic/Aromatic Carbon:
Ignore Charge Ignore Chirality Use Huckel Connectivity | | nocal atichetie coman vosbore 410"
Total Existing Ri 5:5, 6: 7, 7: 2
Add Hydrogen Sl il i d " 3
X . 5 Percentage of Alxphatxc compdrente & 0.3727272737272727
Chemistry Only Input Directory [Users/khaledmosharrafmukut Input Directory
Chemistry Only Output Directory |Users/khaledmosharrafmukut Output Directory
Run Quit

ring count SMILE
string

(a) Parameter section and output window

A€d PQ= omrect | g € P [P Q= A€ PQ=

(b) Plot of alicyclic and aromatic carbon atoms for fabricated.xyz,
fabricated2.xyz and real_MD.xyz obtained from the GUI

©
©
&
&
S P
3 Q’Q %@@@@Q

#E€d FQ= - A€ Q= == A€ PQE ==

(¢) Molecules extracted from fabricated.xyz, fabricated2.xyz and
real_MD.xyz respectively from left to right

Figure 2.6: Execution and output of MAFTA-MD
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End of Fringe spacing

eoe0
Bond Distance (Lower)
Bond Distance (Upper)
Span
Fringe Spacing

Input Separator
File Extension
Input Directory

Output Directory

Parameter Selection

1.2
1.8
8 (28)
Sanity Check Plot
\t (e.g. \t,comma(,),space,:, etc.)
Xyz (e.g. .xyz, .csv etc.)

[Users/khaledmosharrafmukut Input Directory

|Users/khaledmosharrafmukut Output Directory

eoe Ring Detection Log
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Figure 2.7: Fringe spacing calculation mode outputs.
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Table 2.2: Computational cost breakdown of MAFIA-MD

Trajectory Files Computational Cost (s)

Name Composition Ring Detection | Chemical Analysis | Fringe Spacing
fabricated.xyz 58 Carbon and 96 Hydrogen 0.2109 0.0201 NA
fabricated2.xyz 110 Carbon and 190 Hydrogen 0.2475 0.0313 NA

realmd.xyz 559 Carbon and 201 Hydrogen 1.6093 0.0944 NA
1769atoms.xyz 1256 Carbon and 513 Hydrogen 5.0159 1.5683 1.0928

Computational cost

The main computational cost of MAFIA-MD is in the ring detection part of the code
as indicated in Fig. 2.3. The total computational cost of MAFTA-MD for the ring detection,
chemical analysis and fringe spacing calculation for the example trajectory files when used

on a system with intel 2.3GHz Core i5-8259U CPU is presented in Table 2.2.

2.4 Future works

The post-processing tool MAFTA-MD presented in this manuscript is capable of
analyzing molecular dynamics trajectory files for hydrocarbon reactions. The current
implementation is not parallelized. From Fig. 2.3, we see that the most computationally
intensive (64%) part of the code is the part where it identifies the rings from the network of
carbon atoms. The cycle-finding segment of the code is parallelizable and doing so will
increase the functionality of MAFIA-MD in analyzing very large atomic clusters and reduce
the runtime. The overlapping regions do not have any dependency on each other and
therefore can take the advantage of many core systems like GPUs. This kind of
optimization can enable real-time analysis of large scale reactive molecular dynamics

simulation. The authors will continue working toward this goal in the future.

2.5 Summary

A useful post-processing utility called MAFIA-MD is presented in this manuscript for
analyzing reactive molecular dynamics trajectory of hydrocarbon molecules. MAFTA-MD is
written in Python-3.7 and has been tested successfully in Windows, Linux, and MacOS.

MAFIA-MD extracts the alicyclic and aromatic hydrocarbons by identifying cyclic structures
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which are important in understanding complex physico-chemical phenomena in soot
formation and growth. It also extracts the relevant soot related chemical information like
C/H ratio and aliphatic to alicyclic/aromatic carbon ratio, etc. A methodology of
calculating fringe spacing is implemented as well for diagnostic studies. MAFIA-MD have the
ability to work with large number of simple trajectory files generated by reactive molecular
dynamics simulation simultaneously. This capability of batch processing large number of
files makes MAFIA-MD very useful for researchers working on large scale reactive molecular

dynamics simulation.
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CHAPTER 3

ACETYLENE PYROLYSIS CASE-I: BOUNDARY BETWEEN GAS PHASE
SPECIES AND SOOT

This chapter is a reproduction of the article already presented at 12th US National
Combustion Meeting as: "Mukut, K., Sharma, A., Goudeli, E., & Roy, S. (2021).
A Closer Look into the Formation of Soot Particles: A Molecular Dynamics
Study. In 12th US National Combustion Meeting, College Station, TX, USA,

May 2021." [94]

3.1 Introduction

Soot or black carbon comprises tiny nano-particles and forms during incomplete
combustion of hydrocarbon fuels [3]. Internal combustion engines, coal-burning power
stations, wildfire are significant sources of soot emission. Soot particles can harm both
public health and the environment. Exposure to the soot particles can cause critical health
issues like DNA mutation, lung cancer [7], and cardio-vascular diseases [9]. Alongside the
numerous adverse health effects, soot particles also play a detrimental role in the
environment. It can heavily influence the radiative heat transfer in the atmosphere and
contribute to global warming by absorbing sunlight and directly heating the atmosphere
through radiative forcing. Soot can also increase the snow melting rate in the arctic ice by
accumulating on top of it [10]. Therefore, it is essential to understand how these soot
particles form, grow, age, and influence the atmosphere.

Soot formation is a highly complex process due to the massive complexity of the
combustion reaction network. The actual soot formation process remains a topic of debate
to this date, and a proper nucleation pathway is still unknown. The transformation of the
gas-phase molecules to the fractal-like soot aggregates can be divided into a few steps to

understand better and model soot formation, i.e.

1. formation of soot precursors including (but possibly not limited to) polycyclic
aromatic hydrocarbons (PAHs) from the gas phase molecules,

2. inception/nucleation of soot particles from the soot precursors,
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3. surface growth by addition of gas-phase molecules,
4. coagulation and coalescence of smaller soot particles to form large aggregates, and

5. oxidation of soot particles back to the gas phase.

Nucleation is the least understood process that occurs during soot formation.
Frenklach et al. [14] proposed a detailed soot inception model based on a chemical kinetic
description of acetylene pyrolysis and oxidation, where the aromatic molecules form and
grow up to a certain size, and then grow by replication to form larger soot particles. At a
later study, Frenklach et al. [12] expanded the nucleation model by assuming the sticking of
PAH molecules of a certain size to form dimers, which then subsequently grow upon
collision with each other forming trimers, tetramers, and so on. This dimerization or
stacking of the precursor PAH molecules is often adopted as the nucleation mechanism
during soot formation. Pyrene [95] and coronene [96] are the most commonly adopted soot
precursor PAHs for numerical modeling purposes [21].

However, the dimerization assumption is being challenged by the recent findings. In
contemporary studies, resonance stabilized radicals (RSRs) play the most critical role
during soot nucleation through low-barrier hydrogen-abstraction and hydrogen-ejection
reactions [67]. The RSRs can readily react with acetylene or vinyl radicals to grow and
initiate soot clusters through radical chain reactions. Reflecting upon their earlier works,
[65] presented a new concept for soot nucleation where a rotationally-activated dimer is
proposed to formed upon collisions between an aromatic molecule and an aromatic radical.
The stabilization of these dimers is achieved by doubly-bonded bridge between the
molecules and the formation reaction is governed by a five-membered ring locating at the
edge of each molecule. With these recent discoveries and proposition, the crucial next step
is to determine the rate constants for the series of reactions. The complete reaction
mechanisms can pave the way to more accurate predictive soot models, which can be used
to model soot formation in flames and practical combustion devices.

Considering the physical length and timescale of soot formation, reactive molecular

dynamics (RMD) simulations are gaining more and more popularity in determining the
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missing link in soot nucleation [61, 60, 62, 63]. The reactive force field (ReaxFF') proposed
and developed by [51] shows the capability of capturing the chemical evolution in high
pressure and high-temperature environment. ReaxFF is developed based on the bond order
of atoms to describe bond breakage and formation.

The present study utilizes this ReaxFF potential for RMD simulation to investigate
soot nucleation during pyrolysis of acetylene molecules. Incipient soot particles of size up to
3.5 nm are observed to form by clustering reactions among 1000 acetylene molecules at 1500
K. Various structural and compositional aspects of soot particles are investigated to
characterize the incipient soot particles, such as C/H ratio, the abundance of 5-,6- and
7-membered rings, aromatic to aliphatic carbon ratio, the radius of gyration, atomic fractal

dimension, and packing density.

3.2 Numerical Methodology

One thousand acetylene molecules are placed randomly in a domain (83 Ax 68Ax
74A) at 1500 K. The temperature is chosen because of its relevance in a favorable soot
formation condition [97]. The ReaxFF potential for hydrocarbons formulated by [98] is used
to calculate the bond breaking and formation due to molecular collision. During the
molecular dynamics calculation using ReaxFF, the bond lengths are adjusted based on the
local chemical environment changes and hence update every timestep [99]. These repeated
adjustments help accurately describe the bond cleavage and bond formation and
consequently capture the chemical reaction leading to radicals formations during nucleation.
The periodic boundary condition is assumed in all three directions to establish a
semi-infinite approximation. Velocity-Verlet algorithm [100] is employed with a timestep of
0.25 fs [101] using the Nose-Hoover thermostat [102]. The damping parameter for the
thermostat is set at 10 fs. Constant number, volume, and temperature (NVT) ensemble
strategy are used to run RMD simulation up to 3.0 ns using Large-scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS) [103] MD code.

3.3 Chemical structure of soot clusters
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The chemical information of the soot structure is analyzed using a Python
post-processing script developed in house [92]. This post-processing tool extracts the
number of aromatic rings (i.e., 5-, 6- and 7-membered rings) in the simulation domain and
gives the total number of aromatic carbon atoms. Once the aliphatic and aromatic carbon
atoms are separated the code also utilizes a universal structure-conversion method for
organic molecules [69] to identify each molecule present in the domain. The identified
individual molecules are expressed in terms of simplified molecular-input line-entry system

(SMILES) [70] and analyzed using the “RDKIT” open-source cheminformatics interface [83].

3.4 Results and discussion

As mentioned earlier, one thousand acetylene molecules are kept in a semi-infinite
domain at 1500 K, and allowed to react using the ReaxFF potential using RMD simulation.
The evolution of incipient soot cluster growth inside the domain is depicted in figure 3.1.
The hydrogen and carbon atoms are annotated using red and black dots, respectively. From
Fig. 3.1, three distinct stages of soot evolution are observed: (a) formation of linear
aliphatic chains (t=0.05 ns), (b) cyclization of the linear aliphatic chains into first aromatic
ring structures (t=0.3 ns), and (c) continuous growth of soot particle due to surface
reaction (t> 0.4 ns). The linear aliphatic chain structures created during the initial stage of
nucleation collide to form larger branched PAH structures by giving away H-atoms and
gaining C-mass. After that, the continuous condensation of gas-phase species onto the
aromatic structure leads to larger and larger soot particles. A similar soot formation
mechanism is also observed during the formation of carbon black at 2400 — 2500 K as
reported by [104].

The evolution of the carbon-to-hydrogen (C/H) ratio as a function of molecular
weight of incipient soot is presented in Fig. 3.2(a). The soot cluster obtained from the
current molecular dynamics simulation is plotted side by side with the clusters obtained
from [105, 106]. The soot particles’ chemistry is also analyzed based on the peri-condensed,
or cata-condensed [16] nature of hydrocarbons. Peri-condensed PAHs have some of the

carbon atoms situated in more than two molecular constitutive rings. Cata-condensed
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Figure 3.1: Evolution of incipient soot inside the domain from acetylene molecules

PAHs have all of their carbon atoms situated in one or a maximum of two constitutive
molecular rings. The smaller soot particles (molecular weight > 1 kg/mol) are close to the
peri-condensed boundary, and the larger ones are in between the peri-condensed and
cata-condensed boundary, as observed from Fig. 3.2(a). This is consistent with
contemporary studies and indicates that the incipient soot particles are composed of an
intricate network of aromatic molecules containing 5-,6-, and 7-member rings. With the
growth of the soot particles, the aliphatic branches play an essential role in soot evolution.
A similar conclusion can also be drawn from looking at the soot particle diameter shown in
Fig. 3.2(b) where the smaller soot particles are observed to follow the peri-condensed PAH
boundary.

Atomic fractal dimension (based on the orientation of carbon atoms in a soot
cluster) of the incipient soot clusters can give an excellent insight into the soot clusters’
shape. The distribution of the atomic fractal dimension for the soot clusters’ molecular
weight is presented in Fig. 3.3(a). The smaller soot particles exhibit smaller fractal
dimensions (Dy < 1.5), indicating a chain-like structure. On the other hand, heavier soot
clusters show larger fractal dimensions (Dy = 2.8), indicating sphere-like soot clusters. This
observation is consistent with the soot particles obtained in SI engines [108]. The packing
density is another vital characterization parameter to represent the compactness of a soot

cluster. Packing density is the ratio of effective density of a soot cluster to bulk density
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Figure 3.2: Comparison of (a) C/H ratio and (b) particle diameter (d,) of the soot particles
with results reported in literature.

(Eq.(3.1a)). The effective density (pefs) and bulk density (ppux) are defined as shown in

Egs. (3.1b) and (3.1c) respectively [67].

o= Lelt (3.1a)
Poulk
pess = e (3.1b)
5

we(C/H) +wy

Poutk = (0.26088a2¢) 7L ( ) (3.1¢)

C/H+1
Here,
Mparticle = particle mass
dp = particle diameter assuming spherical particle
a = 2.46A:graphite unit cell in the basal plane
c = 3.50A:interlayer spacing of soot

we & wy = molecular weights (g/mol) of carbon and hydrogen, respectively
The packing density of the soot clusters obtained in the present study is depicted in

Fig. 3.3(b). The packing density of the smaller soot particles is also smaller and vice versa.
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particles with molecular weight.

This indicates a transition of soot clusters from linear-like or porous-like structures
(Dy < 1.5) to more compact (Dy ~ 2.8) clusters as they grow.

Table 3.1 presents some of the soot particles analyzed for the current study.
Different characterizing parameters such as aromatic-to-aliphatic carbon ratio, the radius of
gyration, atomic fractal dimension, the total number of atoms, the fraction of 5-,6- and
7-membered rings are also studied to see how soot particles evolve with time (0.25 ns to 2
ns). During the early stages of soot formation, the soot clusters comprise mostly aliphatic
chain structures with fewer aromatic rings. The aromatic ring structures are located near
the cluster’s core while the aliphatic branches appear on the surface. This orientation is
analogous with the proposed core-shell structure of soot particles [109]. With time, the soot
particles’ surface-to-volume ratio decreases, and the number of aromatics in the core
increases. This results in a larger aromatic-to-aliphatic carbon ratio. The soot core
composition can be characterized by fractions of 5-,6-, and 7-membered rings. Initially, a
steady rise in the 5- and 7-membered rings is observed. However, at later times, the 5- and
7-membered rings get converted into more stable 6-membered rings. This bolsters the
importance of 5-membered rings during the intermediate stages of soot nucleation as

championed by recent literature [64, 65]. In their new proposed soot nucleation proposition,
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[65] emphasized the importance of such five-membered ring structures in the formation of
bridge structures that stabilize the formation of rotationally-activated dimer due to the

collision between different aromatic molecules and radicals.

Table 3.1: Characterization of soot particle evolution with time

@ Aliphatic Carbon Atoms @ Aromatic Carbon Atoms
Primary -
structures
Totalatoms | 178 972 1608 1450 1478 1754 1782 1800
C/HRatio | 2423  1.809 15728 27958  2.596107 2.373 2.375 2.36
Radiusof | g4/ 0) 140543 163139 137136 13.5506  14.2946 14.135 14.2594
Gyration
Fractal | ) 1507 10507  2.1466 2.4643 2.6449 2.6342 2.7318 2.6188
Dimension
membered | 5 6 19 28 31 47 38 4
rings
6 membered | 8 29 53 81 76 76 85
rings
Fmembered | 12 12 23 22 32 41 40
rings
Time 0.25ns 0.50ns 0.75 ns 1.0ns 1.25ns 1.50 ns 1.75 ns 2.0ns

The evolution of the chemical mixture inside the simulation domain is also analyzed
to understand and isolate important molecules relevant for soot nucleation. The population
distribution of the evolving molecular mixture is presented in Fig. 3.4 in terms of the
number of constituting carbon (3.4(a)-3.4(d)) and molecular weight (MW) of existing
species (3.4(e)-3.4(h)). During the early stages, many small molecules (#C' < 20 and
MW < 240 kg/kmol) are observed, but no large molecule is present in the domain. This
population of small molecules remain consistently dominant throughout the nucleation
process. A few very large molecules beyond #C' ~ 20 are also seen at later times, but these
molecules either get dissociated or get absorbed on the surface of the existing incipient soot
cluster. Therefore, the molucular population can be distinctly differentiated in active and
abudnant small molecules and rare, transitionary large molecules. This discrete jump in the

relative abundance of molecules differentiated by number of constituting carbon atoms and
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molecular weight signifies the importance of smaller hydrocarbon molecules and radicals
(#C <20 and MW < 240 kg/kmol) as the building blocks of soot nucleation. Further
analysis of these molecules is required to determine how they contribute to the soot

nucleation mechanism and to what extent.

3.5 Conclusion and future works

The formation and evolution of soot nucleation during the pyrolysis of acetylene
molecules were investigated using ReaxFF potential with RMD simulation. The
MD-generated soot particles are characterized using several parameters like C/H ratio,
aromatic-to-aliphatic carbon ratio, the radius of gyration, fractions of 5-,6- and 7-membered
rings, packing density, particle diameter, atomic fractal dimension, and population
distribution of constituting molecules. The following conclusions can be drawn based on the
present investigation:

1. The soot particles comprise both aromatic and aliphatic carbons. The smaller
particles mostly include peri-condensed PAHs.

2. The soot particles go through the transition from chain-line porous structure to
spherical, more compact spherical form as they grow in size.

3. Mature soot resembles a core-shell-like structure. The core comprises an intricate
network of aromatic molecules, while the shell contains mostly aliphatic branches.

4. Smaller hydrocarbon species (#C' < 20 and MW < 240) play a vital role during soot
nucleation and act as the building block of larger soot particles.

Further investigation is required to identify and isolate the relevant molecules
(#C <20 and MW < 240) and connect the missing dots to create a complete soot
nucleation mechanism. Similar studies with the inclusion of oxygenating species will give

further insight into the true nucleation pathway.
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CHAPTER 4

INTERNAL STRUCTURE OF INCIPIENT SOOT PARTICLES FROM
REACTIVE MOLECULAR DYNAMICS SIMULATIONS

This chapter is a reproduction of the article already published as:  "Mukut, XK.
M., Ganguly, A., Goudeli, E., Kelesidis, G. A., & Roy, S. P. (2024).
Internal Structure of Incipient Soot from Acetylene Pyrolysis Obtained via
Molecular Dynamics Simulations. J. Phys. Chem. A, 128(26), 5175-5187.

doi: 10.1021/acs.jpca.4c01548" [110]

4.1 Introduction

Soot is a harmful carbonaceous nanoparticle generated during combustion of
hydrocarbon fuels. Soot, also known as black carbon, can cause serious health issues [7, 8]
and acts as a major forcing factor in climate change[10, 6]. The exact mechanism of the
formation of soot particulates from gaseous precursors is still unknown due to the complex
chemical nature of the hydrocarbon reaction network and time- and length-scale of the soot
formation processes. According to the present understanding, soot formation occurs by a
series of complex physicochemical events such as the formation of gas-phase soot precursors
including, but not limited to, polycyclic aromatic hydrocarbons (PAHs), nucleation of
incipient soot particles, growth and maturation of incipient soot particles due to surface
reactions, aggregation by coagulation or coalescence, and decay of the particles by
fragmentation and oxidation [111, 11, 21, 19, 112]. The inception of soot particles is
arguably the least understood phenomenon among these processes and the exact chemical
reaction pathways of soot inception are not completely known yet. Researchers agree that
soot formation starts with forming small gas-phase precursor molecules such as acetylene
which leads to PAHs like benzene, pyrene, and coronene [113, 95, 96]. The freshly formed
PAHs then combine to form the solid or liquid-like incipient soot particles [3, 114, 115].
These particles then start to grow by surface reactions and coalescence to form larger soot

particles [3, 60, 116, 117, 118].
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Due to the complexity and scale of incipient soot particles, their exact internal
structures are not very well characterized yet. Recent studies have shown young soot
particles tend to have a condensed core of ring-like structures surrounded by a shell of
highly stacked large molecules while surrounded by a shell of less stacked smaller
molecules [119]. As these incipient particles mature, their internal structures evolve, which
in turn affects their physical and chemical properties.

There have been some recent breakthroughs in the experimental exploration of the
internal structure of incipient soot. For example, Chang et al. [120] employed
high-resolution transmission electron microscopy (HRTEM) and scanning electron
microscopy (SEM) to investigate the structural evolution and fragmentation of coal-derived
soot and carbon black particles under high-temperature air oxidation conditions. They also
explored the onset of micropores and the internal graphitic microcrystals using X-ray
diffraction (XRD) and Raman spectra. Morajkar et al. [121] utilized HRTEM, XRD,
Raman spectroscopy, and inductively coupled plasma mass spectrometry (ICPMS) to
examine the transmission of trace metals from biodiesel fuels to soot particles and the
nanostructural irregularities of the soot. In their study, Gleason et al. [122] indicated that
the formation of soot nuclei in an ethylene/nitrogen flame can be attributed exclusively to
aromatic compounds comprising one or two rings. Carbone et al. [123] conducted a
comprehensive investigation of soot inception in a laminar premixed ethylene flame and
found that soot particles undergo an aging transformation from being nearly transparent in
the visible spectrum to a more graphitic-like composition. Using low-fluence laser
desorption ionization (LDI) in conjunction with HRTEM, Jacobson et al. [106], investigated
the molecular composition of soot particles to determine the PAH concentration in soot
particles. The capabilities of atomic force microscopy (AFM) were exploited by Barone et.
al. [124] to calculate particle size distribution functions under different sampling conditions.
In their study, Schulz et al. [125] conducted an investigation into the initial phases of soot
formation using AFM and observed the presence of multiple aromatic compounds, some of
which displayed noticeable aliphatic side chains. Commodo et al. [126] investigated the

initial phases of soot formation using X-ray, ultraviolet photoemission spectroscopy (UPS),



93

UV-visible, and Raman spectroscopy to show the coexistence of sp® carbon and a more
advanced graphitic structure, which exhibits a slightly larger aromatic island, a reduced
band gap, and an increased density of states. In another study, Commodo et al. [39]
identified a noteworthy occurrence of aliphatic pentagonal rings in the early stages of soot
formation, particularly in close proximity to the outer region of aromatic soot molecules,
and it has been suggested that the elimination of hydrogen from these molecules can result
in the creation of resonantly stabilized m-radicals [127]. This phenomenon has also been
theorized by Johansson et al. [64], Gentile et al. [128], and Rundel et al. [42].

Even with such recent advancement in experimental findings, there is still a lot of
unknowns about the internal structure of soot. The limitations of experimental methods
can be compensated and complemented by first-principle modeling such as molecular
dynamics. With the development of high-performance computational resources, reactive
molecular dynamics (RMD) simulation has become more affordable for studying complex
reactive networks. For soot-relevant RMD studies, the reactive force field (ReaxFF)
potential developed by van Duin et al. [51] for carbon, hydrogen, and oxygen chemistry
(CHO-parameters [129, 99]) is a popular choice. The ReaxFF potential can capture the
physicochemical evolution of hydrocarbon systems in an extensive range of temperatures
and pressures. It is based on the bond order between different atoms, which carry
information related to bond breakage and formation. In recent years, RMD simulations
have been used to investigate soot nucleation by pyrene dimerization [61], to shed light into
the nucleation and growth of incipient soot from PAHs, such as naphthalene, pyrene,
coronene, ovalene and circumcoronene [60], to explore the initial mechanism of soot
nanoparticle formation [62] and to examine the effect of oxygenated additives on the
reduction of diesel soot emissions [63].

Since RMD simulation provides detailed structural information at the atomic scale,
it can be an excellent tool for analyzing the internal structure of incipient soot particles. For
example, recently Pascazio et al. [130] looked into the internal structure and the mechanical
properties of incipient soot particles using RMD simulation and quantified the amount of

cross-linking in the core and shell region of developing and mature soot particles. Mature
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soot primary particles exhibit a distinct core-shell structure with a disorderly condensed
core of ring-like structures surrounded by a shell of chain-like structures [119, 131].

Process temperature plays an important role in the development and aging of soot
particles. For example, in a recent study, Pathak et. al. [132] studied graphitization induced
structural transformation of candle soot at different temperatures and found that increasing
the temperature increases the rate of graphitization that leads to more spherical and
mature soot and weakening of the correlation between graphitic nanostructure and surface
functional groups (SFGs). SFGs have been found to be connected to the characteristics of
soot aggregates, including the fractal dimension [133]. Since soot morphology, maturity and
reactivity are expected to be influenced by temperature during acetylene pyrolysis [134], it
is important to study the internal structure of incipient soot particles at different
temperatures.

In the present study, a series of isothermal RMD simulations using the ReaxFF
potential is conducted mimicking acetylene pyrolysis at different temperatures (1350, 1500,
1650, and 1800K). A variety of physicochemical features of these RMD-generated soot
particles are then analyzed to shed light on different types of incipient soot particles and to

characterize the internal structure of these particles obtained from RMD simulations.

4.2 Numerical Methodology

4.2.1 Simulation configurations

Following the methodology described in [57], 1000 acetylene molecules are randomly
placed in a cubic domain (75A x T5A x 75A) at four different temperatures, i.e., 1350, 1500,
1650, and 1800 K. The temperatures are chosen to capture soot particles from various
thermally activated systems. For statistical significance, at each temperature, simulations
are performed for at least five times with different initial configurations. In total, 24 RMD
simulations were performed for four different temperatures. The RMD simulations are
performed using the Large-scale Atomic/Molecular Massively Parallel Simulator

(LAMMPS) [135] software. ReaxFF potential for hydrocarbons [51, 98] is used to capture
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the chemical changes (bond breakage and formation) due to reactive molecular collisions
during acetylene pyrolysis. The bond length between individual atoms is calculated at each
timestep (0.25 fs) based on the changes in the chemical environment to describe bond
cleavage and formation accurately [99]. This helps the model capture the chemical reactions
leading to radical formation during soot nucleation. Periodic boundary conditions are
assumed in all three dimensions. The coordinates of each atom are calculated and updated
using the velocity-Verlet algorithm [100] in conjunction with the Nose-Hoover thermostat
[102]. A constant number, volume, and temperature (NVT) ensemble strategy is used to
run each simulation up to 10 ns. The simulation results are probed every 0.05 ns and the
clusters of hydrocarbons that resembles primary soot particles are isolated, tabulated, and
analyzed. Each of these extracted clusters has at least 20 carbon atoms and at least one 5-,
6-, or 7-membered ring structure following an earlier study by Mukut et al.[94]. Features
such as surface area and volume of primary particles are calculated using MSMS software
developed by Sanner [136] and other physicochemical characteristics are analyzed mostly
using MAFIA-MD [22]. The open visualization tool (OVITO) [137] is used for visualization

of the molecular clusters.

4.2.2 Workflow

The workflow in this study can be summarized as:

1. Conduct RMD simulations at different temperatures with various initial
configurations. and extract incipient soot particles from the trajectory results.

2. Calculate chemical and morphological characteristics such as the number of atoms,
C/H ratio, the radius of gyration, atomic fractal dimension, density, surface area, and
volume.

3. Classify the soot particles based on all the calculated features using machine learning
techniques such as k-means clustering [138] and t-distributed stochastic neighbor
embedding (t-SNE) [139].

4. Investigate the internal distribution of several relevant features such as distribution of

cyclic/non-cyclic molecules, C/H ratio, density etc. and find identifiable patterns in
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the distribution.

4.2.3 Extraction of physicochemical properties

From the RMD simulations, we extract the coordinates of each atom present in the
simulation box at regular time intervals via the trajectory file. Each individual timestep is
investigated separately by analyzing the atom coordinates within the entire simulation
domain, which contains both large molecular clusters and small molecules. The large
soot-like molecular clusters are identified as the ones that have more than 20 carbon atoms
and have at least one 5-, 6-, or 7-member ring [94]. It is noted that in our case, the smallest
such cluster was found to have 65 carbon atoms. These clusters are isolated using the
cluster analysis tool from the OVITO Python module [137] implemented in a unified
Python script developed inhouse. Then the isolated clusters are analyzed individually to
calculate their physical, morphological and chemical attributes. Some attributes are
obtained trivially from the trajectory files, e.g., number of atoms (/N), carbon to hydrogen
ratio (©,,,), mass (M), and molar mass (M). Some other attributes like the radius of
gyration (Rg), atomic fractal dimension (D), and density (p) are extracted by simple
algebraic and geometric analysis or by using empirical correlations proposed in the
literature and listed in A.2. The volume and the surface area of incipient particles are
calculated using MSMS software [136] using a probe radius of 1.5 A.

The identification and analysis of 5- /6- /7-member ring structures are done using
MAFIA-MD [22]. MAFIA-MD can analyze RMD trajectory files to identify cyclic/ring
structures in an atomic cluster. Not all cyclic structures identified are necessarily aromatic.
As discussed in [22], it is difficult to exactly confirm which cyclic structures are aromatic as
the information about aromaticity requires some approximations regarding the bond order
of aromatic bonds and establishment of planarity. To remove any confusion, therefore, we
used the terms “ring” or “cyclic” in this work instead of aromatic when discussing these
internal structures in the soot clusters. The numbers of 5-, 6-, and 7-member rings are
denoted as N5, Ng, N7, respectively, and the total number of rings is denoted as Nq.

Similarly, the number of carbons in rings is denoted as Ng and the number of non-cyclic
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carbons in a particle is denoted as Ng.

A sample of two particles and a list of their respective properties are provided in A.3.
This entire set of features is used in the classification of particles as discussed in Sec. 4.3.2.
It must be noted here that while all the above-mentioned properties were evaluated for each
particle, this article only focuses on the internal structure of the particles, which are
characterized as discussed in Sec. 4.2.4. Therefore, beyond their use in the classification of
particles, the detailed analysis of physical and morphological features such as volume,

surface area, radius of gyration, and atomic fractal dimension are not the focus of this work.

4.2.4 Characterization of internal structure

We analyzed the internal structure of soot particles via the radial distribution of
carbon atoms, C/H ratio, and density inside the particle. In order to compare
different-sized particles on the same scale, we first normalized the radius of particles by
scaling each particle by its radius of gyration (Ry). Then each particle is divided in equal
number of radial bins. Each radial bin creates a spherical shell or strip as shown by the
shaded yellow region of interest in Fig. 4.1. We calculate various internal features in these
spherical strips and present them as a function of the normalized radial distance from the

center of mass of each spherical strip (r* = 7/R,).

Region of interest, Ar

R,

Radius of Gyration
Center of Mass

normalized radial distance [RL]
g

Distance from
CM

Figure 4.1: Schematic representation of the calculation of radial distribution of internal
features in the soot particle.
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For example, let’s consider a strip of width Ar, whose midplane is distance r away
from the center of mass. The number of cyclic and non-cyclic carbon atoms in this strip
(i.e., within a radial distance of r £ Ar/2) are counted and represented as a function of the
normalized radius of the midplane (r* = r/R,), as ne(r*) and n¢(r*), respectively. The
radial distribution of cyclic and non-cyclic carbon per unit area (indicated by ”) at a

normalized distance r* are then, respectively:

ne(r’)
AT(r* X Rg)?

no(r*)

N// *) .
o) = Gn(rr x Ry

NY() = (4.1)

In a similar manner, the radial distribution of C/H ratio is also analyzed for each
particle. The C/H ratio of the entire particle is calculated as O, = Nc¢/Ny, where N¢o and
Ny are number of carbon and hydrogen atoms in the entire particle, respectively. This
C/H ratio is termed as the particle C/H ratio (©,,) to differentiate from the local C/H
ratio (6.,,), which is calculated using the number of carbon and hydrogen atoms in the
spherical strips as shown in Fig. 4.1. The local C/H ratio (6.,,) is determined by calculating
the number of carbon (n¢(r*)) and hydrogen (ng(r*)) atoms in a spherical strip with the
midplane at a normalized distance r* from the center of mass (6,,,(r*) = nc(™)/ng(r*)).
Finally, the local C/H ratio is normalized by the corresponding particle C/H ratio

0., (1)

or (r) = =y

C/H

(4.2)

Similarly, the radial distribution of local density is also evaluated by dividing the
simulated density of the thin spherical strip using Eqn. A.3 for the strip (referred as local

density, o(r*)) by the simulated density of the particle (ps) as

e 0(r)
,OS(T ) - ps (43)

4.3 Results and Discussion

4.3.1 Formation of incipient soot particles in RMD

During the RMD simulations, the system of atoms goes through different chemical

and physical interactions resulting in the formation of larger atomic clusters due to the
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pyrolysis of acetylene. The evolution of one of these atomic clusters is depicted in Fig. 4.2.
Carbon and hydrogen atoms are represented using black and red dots, respectively. First,
the acetylene molecules combine to form small linear chains (Fig. 4.2B: linearization) and
then transform into cyclic structures (Fig. 4.2C: cyclization). After cyclization, the small
clusters start growing due to both bond formation at the surface and internal
reorganization. These larger atomic clusters resemble incipient soot particles (Fig. 4.2D-F).
It is important to note that, the collisions are stochastic in nature and the time required for
an event, i.e. linearization, cyclization, surface growth. etc., varies based on the initial
configurations, and therefore are omitted from the figure for generality. A similar formation
mechanism is also reported by Zhang et al. [104] for carbon-black simulations and Sharma

et al [57] for acetylene pyrolysis simulations.

® Carbon atom

® Hydrogen atom
Initial configuration linear chain formation cyclization
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¥ WP, o1 Tl g \i%"%‘ e RO { S LR
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cluster evolution by surface reactions and internal
reorganization

Figure 4.2: A general representation of steps during the formation and evolution of incipient
soot cluster during acetylene pyrolysis (from a simulation performed at 1650 K).

The incipient soot clusters are extracted from the RMD simulations at different

timesteps to capture the growth. Each simulation is run at least five times with a velocity
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field initialized randomly in each case to generate soot particles with different evolutionary
histories. In total, 3324 individual soot clusters are isolated from the RMD simulations
(number of carbon atoms ranging from 65 to 1503). The C/H ratios (0,,) of these particles
are compared to the theoretical limits for PAHs in Fig. 4.3. Based on the compactness, the
PAHs can be classified into two categories: (a) peri-condensed PAHs, where the carbon
atoms in the aromatic structures can be shared by more than two aromatic rings and (b)
cata-condensed PAHs, where the carbon atoms in the aromatic structure can be shared by
at most two aromatic rings. Siegmann and Sattler [16] proposed a relationship between the
number of carbon and hydrogen atoms for both peri-condensed and cata-condensed PAHs.
Fig. 4.3 presents the C/H ratio and molar mass of the soot clusters from different
temperatures and compares it with the peri-condensed and cata-condensed PAH zones
derived from [16]. As observed from Fig. 4.3, the soot clusters fall between the
peri-condensed and cata-condensed boundaries, indicating an intricate network of different
types of aromatic and aliphatic structures in incipient particles. Using atomic force
microscopy Commodo et. al. [39] showed that smaller aromatic clusters (number of carbon
atoms ranging from 6 to 55, lower than what studied in this work) in the early stage of soot
formation in a slightly sooting premixed ethylene flame tend to be close the peri-condensed
line. However, in this work, we find that large clusters lie closer to cata-condensed limit
than peri-condensed limit, potentially indicating significant presence of non-aromatic (i.e.,

aliphatic and alicyclic) structures.

4.3.2 Classification of incipient soot particles

We tagged, extracted, or calculated the physicochemical features (such as
Temperature, number of carbon atoms, number of hydrogen atoms, and molar mass) for
each particle. The complete set of features used in this study is listed in A.3.1, and two
sample particles with the entire feature set are shown in A.3.2.

Our initial observation of trends of various internal and physicochemical features
revealed a wide variation, indicating that these particles can be classified into multiple

groups based on their features. The classification of the incipient soot particles is depicted
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Figure 4.3: C/H ratio vs. molar mass of soot clusters at different temperatures.

in Fig. 4.4. We attempted two unsupervised machine-learning techniques to extract unique
classifications that may exist in the incipient particle sample space. The first method is the
k-means clustering algorithm [138], which is used to label particles of different classes based
on all extracted features of the particles. Then we used the t-dispersion stochastic neighbor
embedding (t-SNE)[139] plot to display the particle properties on a 2D map. In the t-SNE
diagram, similar clusters (i.e., potentially belonging to the same class) are expected to be
close to each other. Although the number of classes was not known a priori, trial and error
with k-means clustering revealed good results with two classes. For identification purposes,
these two classes are referred to as “type 1”7 and “type 2” particles, respectively. The
resulting t-SNE diagram is shown in Figure 4.4(a).

Looking closely at the two classes, we see that the particles exhibiting similarity fall
into a nearly continuous size range. For example, in the first class, (type 1) the incipient
particles have a lower total number of carbon atoms (65 — 818) whereas in the second class
(type 2) the particle have a higher number of total atoms (759 — 1503). This essentially

points to the fact that the characteristics of the incipient particles change after a certain
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(a) A t-SNE diagram generated using all the 3324 incipient soot clusters with two different k-means clusters.

Type 1 Particles

@ Non-cyclic carbon atoms @ Cyclic carbon atoms

(b) Some example particles from each class obtained from RMD simulations. The
non-cyclic carbon atom structures are shown in purple dots and the cyclic structures
are shown in black. Hydrogen atoms are omitted from the visualization for clarity.

Figure 4.4: Classification of incipient soot particles
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level of growth: smaller particles (type 1) show different features and trends than larger
particles (type 2). It should be noted here that the number of total carbon atoms is not a
unique marker of the threshold between type 1 and type 2 — as indicated by a small overlap
in the number of carbon atoms range between the types — but acts as a very good surrogate
for threshold identifier. In total, we have obtained 670 type 1 and 2654 type 2 incipient
particles from a total of 3324 particles. Fig. 4.4(b) depicts some example particles from the
analyzed sample space. Here, the non-cyclic carbon atom structures are shown in purple
dots and the cyclic structures are shown in black, while hydrogen atoms are omitted from

the visualization for clarity.

4.3.3 Comparison with experimental data

The particles obtained in the current study show very good match with
experimentally observed properties of incipient soot particles as reported in the literature.
For example, the mean density of the particles is our study is calculated to be
1.53 4 0.08 g/cm3, which is is an excellent match with the empirical soot density of by
Johansson et al [67], who reported the value to be 1.51 g/cm®. More detailed comparison of

average particle properties are presented in [140)].

4.3.4 Internal structure of incipient soot particles

The radial distributions of various quantities relevant to the analysis of the internal
structure of the incipient particles are presented as box and whiskers plots in subsequent
figures. In this visualization, every box includes the data points within the second and third
quartiles, the horizontal line inside the box indicates the median value and whiskers
represent the range of the data. The statistics were found to be insensitive to the process
temperature. Hence aggregate data for all temperatures is presented here.

The radial distribution of cyclic and non-cyclic carbon atoms per unit area for type 1
(Figs. 4.5(a)-4.5(b)) and type 2 (Figs. 4.5(c)-4.5(d)) incipient particles as a function of the
normalized radial distance from the center of mass is shown in Fig. 4.5. The blue vertical

line depicts the location where the radial distance becomes equal to the radius of gyration
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Figure 4.5: Radial distribution of (a,c) non-cyclic and (b,d) cyclic carbon atoms (N (r*) and
N{(r*)) in (a,b) type 1 and (c,d) type 2 soot particles as a function of the normalized radial

distance (r* = RLQ) from the center of mass. The blue vertical line is at a radial distance

equivalent to R,.

(Rg) of individual particles. For type 1 particles, an abundance of non-cyclic carbon atoms
is observed in the central (i.e., less than 50% of R,) region. The number of non-cyclic
carbon atoms is almost twice the number of carbon atoms in cyclic structures in type 1
particles. Almost all the carbon atoms reside near the central region of type 1 particles and
the number of carbon atoms quickly drops to zero as we go away from the center of mass.
This indicates that in type 1 particles, i.e., at the very early stages of soot formation, the
number of non-cyclic structures is significantly higher than the number of cyclic structures.
The type 2 particles, on the other hand, show a different trend where a very
concentrated region of cyclic carbon atoms is observed in the central region of the particles.
The concentration of cyclic carbon atoms slowly decreases as the distance from the center of

mass increases. The number of non-cyclic carbon atoms increases from a very low value in
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the central region, then reaches a steady value near the radius of gyration and then
gradually drops to zero as the distance increases beyond the radius of gyration. This
indicates that the non-cyclic carbon atoms are more likely to be present in the outer region
(what can be presumably considered near the particle surface) of the type 2 incipient

particles while the central region is dominated by the cyclic carbon atoms.
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Figure 4.6: Radial distribution of the median fraction of cyclic carbon.

If the radial distribution of the median value of the fraction of cyclic carbon atoms
with respect to total carbon atoms is analyzed (shown in Fig. 4.6), the dominance of cyclic
carbon atoms in type 2 particles becomes very clear. Figure 4.6 shows a prominent central
region where more than half of the carbon atoms belong to a ring structure. These
evidences suggest that the internal chemical structure of incipient soot particles changes as
the particles transition from type 1 to type 2. This indicates the development of core-shell
structures as the incipient soot grows and matures. The presence of such core-shell
structure has been theorized in the literature. For example, Michelsen et. al. [141] used a
fractal core-shell model to explain the changes in the structure of soot aggregates and
primary particles at different heights of a laminar co-flow ethylene-air flame. Kholghy et. al.
[109] proposed a surface shell formation model to predict maturity of soot primary particles.
More directly, recently Botero et. al. [119] studied the internal structure of soot particles

using high-resolution transmission electron microscopy (HRTEM) to identify the PAH
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structures in the core and shell regions, and suggested the presence of a stabilized core
region indicating nano-structural mobility. Pascazio et. al. [130] utilized RMD simulation
and identified different levels of crosslinking in core and shell in hypothetical soot particles.
Kelesidis et al. [142] also investigated oxidation dynamics of carbonaceous nanoparticles
having various core-shell structures using lattice Monte Carlo simulations. The clear
difference in the radial distribution of cyclic and non-cyclic carbon atoms between type 1
and type 2 particles supports these findings.

The changes in chemical properties inside the incipient soot particles can also be
observed in the radial distribution of carbon to hydrogen ratio. The normalized local C/H
ratio for type 1 (Fig. 4.7(a)) and type 2 (Fig. 4.7(b)) particles are plotted as a function of
the normalized radial distance from the center of mass in Fig. 4.7 using box and whisker
plots. The blue vertical line depicts the location where the radial distance becomes equal to
the radius of gyration (Ry) of individual particles. The red horizontal line indicates where
the local C/H ratio is equal to the particle C/H ratio.

The normalized local C/H ratio increases up to a certain distance from the center of
mass and then starts to drop. For type 1 particles, the increase in the local C/H ratio take
longer distance from the center of mass, and the median value gradually reaches a peak
value slightly higher than the particle C/H ratio (about 1.3 times). After that, the local
C/H ratio starts to drop and the median value reaches a value close to the particle C/H
ratio at around 65% of the radius of gyration. The value stays close to the particle C/H
ratio up to the radius of gyration, and then slowly drops to zero. This indicates a very
small or no dense core region in type 1 particles. The demarcation between the core and
shell regions is not clear in type 1 particles because of the absence of a pronounced core as
the local C/H ratio remains close to the particle C/H ratio. For type 2 particles, however,
the local C/H ratio increases rapidly in the central region and the median value reaches a
peak value of about 1.7 times the particle C/H ratio. After that, the local C/H ratio starts
to drop and reaches a value equal to the global C/H ratio at the radius of gyration. Unlike
type 1 particles, the region where the median of the normalized local C/H ratio is close to

unity is very narrow in type 2 particles. This indicates that the dense core region of type 2
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particles is well-developed and the separation between the core and shell regions is more

pronounced than in type 1 particles.
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Figure 4.8: Radial distribution of normalized local density (p*(r*) = @) inside incipient
particles as a function of normalized radial distance (r* = #-) from the center of mass. The
blue vertical line is at a radial distance equivalent to R;. The density of the strip and the
particle are the same along the red horizontal line.

The radial distribution of the normalized density inside type 1 (Fig. 4.8(a)) and
type 2 (Fig. 4.8(b)) incipient soot particles is presented in Fig. 4.8 as a function of the
normalized radial distance from the center of mass of soot particles (r*) as box and whisker

plots. For type 1 particles, Fig. 4.8 shows a very small dense central region that extends up
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to about 40% of the radius of gyration. The local density of type 1 particles is maximum
near the center of mass, and it drops gradually as the distance from the center of mass
increases. For type 2 particles, on the other hand, the dense core region is larger and
extends up to about 50-60% of the radius of gyration. The local density of type 2 particles
stays close to the particle density up to around 60% of the radius of gyration, and then it

quickly drops.

4.3.5 The boundary between the core and shell

The results discussed so far indicate the presence of a core and shell structure in

incipient soot particles. This is further examined by looking at the median values of

*
c/H

normalized local density (p%), normalized C/H ratio (0* ), and radial distribution of carbon
atoms (Ng and N¢) in Fig. 4.9 for both type 1 (in red) and type 2 (in blue) incipient soot
particles. No significant trend is noticed from the radial distribution of non-cyclic carbon
per unit area (Fig. 4.9(d)). However, the normalized density (Fig. 4.9(a)), C/H ratio (Fig.
4.9(b)) and the radial distribution of cyclic carbon atoms per unit area (Fig. 4.9(c))
demonstrate unique common trends in type 2 particles, which is not observed in type 1
particles. All of the quantities

1. reach a maximum value near the center of mass and decrease gradually to a local

minimum at a distance of about 50% of the radius of gyration,

2. show the presence of a plateau region between 50% and 60% of the radius of gyration,

3. and drop monotonously after approximately 60% of the radius of gyration.

The first region or the central region can be identified as the core of the soot as it is
near the center of mass, it is denser and contains more rings than other regions (as seen in
Fig. 4.5(b) and 4.5(d)). The local minima mark the beginning of the boundary between the
core and the shell. The narrow plateau region can be thought of as the boundary region
between core and shell regions. And finally, the gradual descent of these quantities
indicates the shell region. In the type 1 particles, we can only see the gradual descent stage,

indicating that the core-shell demarcation is not yet developed, i.e., there is no developed

core. The reason for such a trend in density, C/H ratio and ring structures can be explained
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by the nature of the stacking of cyclic molecules (disordered and ordered), as shown in Fig.

4.10. As observed in the schematic in Fig. 4.10, the core region comprises an interconnected

cross-linked network of cyclic molecules while the shell region contains sheet-like

organization of cyclic molecules. Such structural differences in core and shell are also

supported by results presented by Pascazio et al. [130]. The core size of 0.5 — 0.60R,

obtained here is also consistent with the core size of 0.5 — 0.75R, suggested by lattice

Monte Carlo simulations [142].
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Figure 4.10: Schematic of core and shell structure of incipient particles.

4.4 Conclusion

A series of reactive molecular dynamics (RMD) simulations were performed to study
the evolution of incipient soot particles during acetylene pyrolysis at four different
temperatures. A total of 3324 incipient soot particles were obtained at different stages of
evolution from these simulations. The mass, volume, surface area, radius of gyration,
density, C/H ratio, and the number of cyclic structures were calculated for each particle.
The internal structures of RMD-derived soot and their classification were investigated.
Using unsupervised machine-learning techniques, the incipient soot particles are classified
into two types — type 1 and type 2 — based on their morphological and chemical features.
This classification was found to be very well predicted by the size of the particles with
smaller particles in the type 1 class and larger particles in type 2. The internal structures of
type 1 and type 2 particles show clearly distinct trends and features, indicating the two
types correspond to early and late stages of incipient soot. The internal structure of the
incipient particles from this investigation shows no direct or obvious sensitivity to
temperature for temperature ranging from 1350 to 1800 K.

Other conclusions drawn from the study are
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1. Incipient soot particles comprise both cyclic and non-cyclic structures.

2. The core of type 1 particles is dominated by non-cyclic structures while the core of
type 2 particles is dominated by cyclic or ring structures.

3. The internal distribution of ring and non-ring structures indicates the presence of a
dense core region and a less dense shell region in type 2 incipient particles.

4. The core comprises an interconnected cross-linked network of cyclic molecules while
the shell region contains a sheet-like organization of cyclic molecules.

5. The core of type 2 particles extend up to approximately 0.5 — 0.6 Ry, followed by the
shell region beyond 0.6 .

6. The core and core-shell demarcation is not developed in type 1 particles.
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CHAPTER 5

PHYSICOCHEMICAL EVOLUTION OF INCIPIENT SOOT PARTICLES IN
ACETYLENE PYROLYSIS: A REACTIVE MOLECULAR DYNAMICS
STUDY

This chapter is a reproduction of the article already published as:  "Mukut, XK.
M., Ganguly, A., Goudeli, E., Kelesidis, G. A., & Roy, S. P. (2024).
Physical, chemical and morphological evolution of incipient soot obtained

from molecular dynamics simulation of acetylene pyrolysis. Fuel, 373,

132197. doi: 10.1016/j.fuel.2024.132197" [140]

5.1 Introduction

Soot, also known as black carbon, is a particulate matter that is an unwanted
byproduct of incomplete combustion of hydrocarbon fuels [3]. It greatly influences the
radiative energy balance of the atmosphere and is a major forcing factor behind climate
change [10, 6]. It also impacts public health and welfare and is one of the leading causes of
mortality worldwide [143]. Exposure to soot or black carbon can lead to serious health
issues such as cancer [7] and cardiovascular diseases [8]. Due to the ubiquitous presence of
combustion events — both natural and anthropogenic — it is essential to understand the
formation and evolution of soot particles in order to regulate and control their detrimental
effects [144].

The precise mechanism underlying the formation of soot particulates from gaseous
species remains uncertain, primarily due to the intricate chemical composition of the
hydrocarbon system, the multiphysics interplay, and the multiscale nature of the soot
formation process. The soot formation and growth involve a series of complex physical and
chemical processes [111, 11]. These include the generation of gaseous precursor molecules
such as polycyclic aromatic hydrocarbons (PAHs)[113, 95, 96], the inception of the incipient
soot particles through the physical and chemical interactions among these precursor
molecules [3, 21], the aging of these particles via surface growth due to dehydrogenation

and carbon-addition from the gas phase and due to aggregation via coagulation and
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coalescence [3, 67, 19], and the fragmentation and oxidation of soot particles [3, 21, 19, 145].

Due to the complex physicochemical interactions, soot undergoes significant
alterations in its internal structure and physical properties during its evolution. These
modifications occur as the particles progress from the initial stage of incipient soot to the
intermediate stage of young soot, ultimately culminating in the final stage of mature
soot [3]. Initially, clusters of gaseous PAHs come together to form the first incipient soot
particles. During the later stages of formation, the incipient soot undergoes surface chemical
reactions and surface condensation of PAHs, resulting in the transformation of incipient
soot into young soot. The properties of young soot can be described as having a liquid-like
structure and a relatively low level of graphitization [3, 146, 147]. Mature soot exhibits a
highly organized graphitic structure that possesses a minimal level of curvature [146, 147].

The C/H ratio of soot particles increases as the particles get matured. For example,
the C/H ratio of freshly formed soot particles is less than 2.0 [125] while the young soot
particles can attain a C/H ratio ranging from 2.0 to 4.5 [148]. Mature soot particles usually
have a C/H ratio of 4.5 or higher [148]. The average C/H ratio of soot particles from a
premixed ethylene flame was also reported by Schulz et al. [125] to be around 2.33. The
density of the soot particles also changes as the particles go through maturation. The
empirical density of young and mature soot particle is measured to be 1.5 g/cm? [149] and
1.7-1.9 g/cm3 [150], respectively. The values reported or assumed in multiple other
studies [115, 151, 152, 67] are comparable to this.

The internal structure of soot consists of both aromatic and aliphatic carbon atoms.
The presence of 5- and 6-member ring structures have been identified as an important
feature of the soot core [67, 153, 65, 154], which influences mechanical properties of
soot [130]. The physicochemical properties of mature soot particle that come out of a
combustion system is strongly dependent on the internal structure of particles, which in
turn depend on the physicochemical evolution process that the particle has gone through
since its formation. [3].

In recent years, there have been remarkable experimental advances into

understanding the internal structure of soot. Almost all of these recent experimental
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findings show the importance of ring structures in various stages of soot. For example,
Schulz et al. [125] observed multiple aromatic compounds with aliphatic side chains;
Gleason et al. [122] showed that soot nuclei can form from aromatic compounds with only
one or two rings; Cheng et al. [120] observed structural changes such as onset of micropores
and graphitic microcrystals of carbon black and soot particles during their evolution;
Carbone et al. [123] found that the optical properties of soot change as soot graphitizes
during its evolution; Jacobson et al. [106] explored the molecular structure of soot and
concentration of PAH in soot; Commodo et al. provided insights of the importance of sp®
carbon and advanced graphitic structure [126] and aliphatic pentagonal rings [39] in the
early stages of soot formation. When analyzing the radiation scattering by soot particles
using refractive index, discrete element modeling with discrete dipole approximation
simulations showed that the mass absorption coefficient of soot increases by up to 75% with
increasing residence duration in premixed fires of low equivalency ratio [155]. Increased soot
maturity is the cause of this, which is in great agreement with evidence obtained from laser
induced incandescence in ethylene flames [156] and premixed methane [157].

However, despite these recent findings, our knowledge about the evolution of
internal and physicochemical properties of soot is still incomplete. Since the exact physical
and chemical pathways behind the formation and evolution of soot particles from incipient
to mature are still not fully known, there is considerable uncertainty in the estimation of
the physical, chemical, and morphological properties of soot at various stages. This poses
difficulty down the line in engineering-scale modeling, where the goal is often to model soot
emissions from combustion systems at a scale relevant to real-world devices.
Engineering-scale reactive CFD models are computational models that operate at the
continuum scale and are designed to capture the continuum-scale dynamics of reactive flow.
These models are capable of replicating the combustion behavior of real-world systems,
including laboratory-scale flames, internal combustion engines, and fires, and can provide
estimations of both local and global characteristics of the reactive flow field. Because of the
inherent complexity involved in combustion modeling and the vast difference in scales, it is

impractical for engineering-scale models to keep track of the evolution of the internal
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atomic structures of the particle. Therefore, engineering-scale models of soot formation
often depend on approximations. Notable numerical soot models such as the semi-empirical
two-equation model [28], method of moments [12, 158, 159, 160, 161], stochastic soot model
[108], discrete sectional model [162, 36, 163, 164, 165], etc. all contain several
approximations and/or hypotheses to simplify the inception and growth of soot. These
approximations, which include, but are not limited to, inception due to dimerization of soot
precursor [12, 158], the spherical shape of particles [12, 28], constant density [108], etc.
exist partly due to our incomplete knowledge of underlying soot-related processes and
partly due to the complexity of combustion modeling.

In this work, we attempt to mitigate some of these shortcomings of
engineering-scale soot models by providing an improved estimation — by way of reactive
molecular dynamics simulation — of various soot properties as soot evolves in combustion
systems. We extend our previous work on acetylene pyrolysis using reactive molecular
dynamics (RMD) at four different process temperatures [110] to investigate how physical,
chemical, and morphological properties of incipient soot evolve and how are they correlated
with one another.

Reactive molecular dynamics allows for modeling the chemical evolution in a
reacting system by tracking bond breakage and bond formation among atoms. This
provides an unprecedented view of physicochemical transformations that take place during
soot inception [61, 60, 62, 63]. One of the most common tools for modeling reactive
hydrocarbon systems in RMD is the reactive force field (ReaxFF) [51] for carbon, hydrogen,
and oxygen chemistry [129, 99]. RMD has been used to explore pyrene dimerization [61],
which is often treated as a key step in soot nucleation. RMD has also been utilized to look
at other mechanism of soot nanoparticle formation [62], the inception of soot from different
PAHs such as naphthalene, pyrene, coronene, ovalene and circumcoronene [60]. Recently,
the effect of oxygenated additives on diesel soot was also explored via RMD [63]. RMD also
allows for a detailed atomic exploration of the internal structure of soot [130, 110]. For
example, the amount of cross-linking in the core and shell structure of developing and

mature soot particles were explored in [130]. In our previous study, we also identified the



77

presence of a denser core with the existence of ring structures at the center of larger
incipient soot particles [110].

This study presents findings from a set of isothermal RMD simulations of acetylene
pyrolysis at 1350, 1500, 1650, and 1800 K using the ReaxFF potential. We study four
different process temperature because some researchers have indicated the influence of
temperature on soot microstructure, surface reactivity, and degree of
graphitization[132, 133]. The RMD simulations at the four temperatures yield numerous
incipient soot particles at different stages of growth. The physicochemical characteristics of
the soot particles are subsequently examined to explore the statistical measures that can be
used to describe the development of the initial soot particle. The main objective of this
article is to provide insights into the physicochemical and morphological characteristics of
early-stage soot particles acquired through RMD simulations and to explore possible
correlations among various properties which can potentially be used to improve

engineering-scale soot models.

5.2 Numerical Methodology

5.2.1 Simulation configurations

The RMD approach taken in this study has been reported in [57], and the exact
simulation configurations for this study have been previously described in [110]. Therefore,
we only provide a brief summary here. 1000 acetylene molecules are randomly distributed
within a 75A x 75A x 75A cubic domain at four different temperatures: 1350, 1500, 1650,
and 1800 K. This temperature range is consistent with those used in laminar flames [166] or
flow reactors [167]. Each configuration was simulated multiple times with different
randomization. The simulations were done in Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) software [135] using the ReaxFF potential [51, 98] with a
timestep of 0.25 fs following Mao et al. [60]. The simulations are conducted using the NVT
(constant number, volume, and temperature) ensemble using the velocity-Verlet

algorithm [100] along with the Nose-Hoover thermostat [102]. The simulation results are
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examined at intervals of 0.05 ns, and large hydrocarbon clusters are identified, organized,

and analyzed using a variety of tools including MSMS [136], MAFIA-MD [22], and OVITO

[137).
1. RMD 2. Isolate incipient 3. Feature 4. Classification 5. Analysis
simulations particles extraction
Four different temperatures A total of 3324 incipient Calculate physical, Particles are classified Various statistical
and multiple simulations at particles for all chemical, and based on their feature set analyses of particle
each temperature simulations combined morphological properties using unsupervised properties are performed
of each particle machine learning

Figure 5.1: Overview of the workflow employed in this study. The blocks numbered (1) to
(4) have been discussed in more detail in our previous work [110]. This work focuses on the
block (5).

The overall workflow for this work is depicted in Fig. 5.1. A total of 24 RMD
simulations are performed at four different temperatures. From each simulation, the large
molecular clusters are identified as potential incipient soot at every 0.05 ns. These clusters
are molecules having more than 20 carbon atoms and at least one 5-, 6-, or 7-member ring
structure (indicating the possible presence of an aromatic component). These criteria are
based on previous findings [94]. Incidentally, in our simulations, the smallest molecular
cluster matching these criteria was found to have 65 carbon atoms. A total of 3324 soot
particles are identified at various stages of their development from the 24 simulations. Then
a variety of physical (e.g., density and mass), chemical (e.g., number of rings), and
morphological (e.g., volume and surface area) features of each particle are quantified. These
features are described in Sec. 5.2.2. Following this feature extraction, the particles are
classified using two unsupervised machine-learning techniques: k-means clustering [138] and
t-distributed stochastic neighbor embedding (t-SNE) [139]. As discussed in our previous
work [110], this classification results in two distinct classes of incipient particles, referred to
as Type 1 and Type 2 incipient particles. Finally, various statistics including the correlation
among different properties are evaluated for the entire set of particles. The correlation
between the physicochemical properties are estimated using Kendall’s Tau correlation [168].

Kendall’s Tau is a non-parametric measure of the relationship between columns of ranked
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data. It estimates a correlation coefficient (7) with a value between —1 and +1, where +1
means perfect positive correlation, —1 means perfect negative correlation, and 0 means no
correlation between variables. It also provides a p-value that indicates the statistical

significance of the correlation.

5.2.2 [Extraction of physicochemical properties

Once the soot particles are identified and isolated using the cluster analysis tool
from the OVITO python module [137], the physicochemical properties of each identified
soot particle are evaluated using in-house Python script and other tools such as
MSMS [136] and MAFIA-MD [22]. Key features such as number of atoms (), carbon to
hydrogen ratio (©.,), and particle mass (M,) can be obtained directly from the output log
of RMD simulation (a trajectory file). The solvent-excluded volume (V') and
solvent-excluded surface area (A) are calculated using MSMS [136] using a probe radius of
1.5A. Some other features are calculated by simple algebraic, or geometric analysis or by
using correlations proposed in the literature as discussed below.

The radius of gyration (Ry) is calculated geometrically using the atomic coordinates

extracted from the trajectory files using Eqn. 5.1:

(5.1)

where 7; is the distance of the i atom from the center of mass of the molecular cluster,
my,; is the mass of i*® atom, and N is the total number of atoms in the cluster. In
engineering-scale soot models, it is often difficult to capture the radius of gyration of
incipient particles due to the lack of information on particle morphology and size
distribution. However, the mass and volume of the particles are comparatively easier to

obtain. Using these, the volume-equivalent radius (Req) can be calculated directly from

3V
Reg = (47r> ) (5.2)

particle volume from Eqn. 5.2:
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The atomic fractal dimension (Dy) is calculated using the sandbox method

[169, 170] using Eqn. 5.3.
_ log Mp(r)

D
/ log r

, (5.3)

where M, (r) is the mass of atoms in the cluster as a function of radial distance from center
of mass (7). Atomic fractal dimension (Dy) is, therefore, the slope of the log-log plot of
Mp(r) vs. . As discussed in [57], here the fractal dimension is calculated using the existing
atoms in an incipient particle. Hence, the term “atomic” fractal dimension is used to
remove any confusion with the fractal dimension of aggregates which is often used to
calculate the level of geometric self-similarity in soot aggregates [171, 172, 173]. An atomic
fractal dimension of 1 represents a linear structure while a value of 3 indicates a perfectly
spherical shape [172].

The simulated primary particle density (shortened as simulated density, or ps) of
the incipient soot particles is obtained from the mass and volume of the incipient particle
(Eqn. 5.4):

ps =5 (5.4)

We also calculate a widely used metric — empirical density (p.) also referred to as bulk
density in the contemporary literatures, which can convey additional information about the
maturity of the incipient particles. Empirical density of an incipient particle changes with

the level of maturity of the particle and is calculated using Eqn. 5.5 [67, 174]:

pe = (0.260884a%¢) ! (et ), (5.5)

where we is the weight of carbon atoms (12.011 g/mol), wy is the weight of hydrogen
atoms (1.008 g/mol), a is the length of the graphite unit cell in the basal plane (2.46 A), ¢
is the interlayer spacing in Angstroms (3.50 A for soot), and ©,, represents the carbon to
hydrogen ratio of the cluster.

Finally, MAFIA-MD [22] code is used to identify 5- /6- /7-membered ring structures
in a molecular cluster. As discussed in detail in [22], MAFIA-MD does not strictly check for

Huckel’s rules of aromaticity, and hence, to remove any confusion, we will use the terms
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“ring” or “cyclic” in this manuscript instead of aromatic when discussing these internal
structures in the soot clusters. The number of 5- /6- /7-membered rings are denoted as N,
Ng, N7, respectively, and the total number of rings is denoted as N. Similarly, number of
carbons in rings are denoted as Ng and the number of non-cyclic carbons in a particle is

denoted as N¢.

5.3 Results and Discussion

5.3.1 Inception of soot and classification of incipient soot particles

The general sequence of events as seen from the RMD simulations leading up to the
inception events have been discussed in detail in our earlier works [94, 110]. Initially, the
acetylene molecules combine to form small linear chains. Subsequently, these linear chains
undergo cyclization, transforming into cyclic structures. Following the process of
cyclization, the small clusters start to grow through surface reactions that involve bond
formation, as well as internal reorganization leading to incipient soot particles [94, 110]. A
similar process has been also been reported by Zhang et al. [104] and Sharma et al. [57].

In the present study, being consistent with the current understanding of soot
particles, an incipient soot particle is identified as a molecular cluster with more than 20
carbon atoms and with at least one ring structure (5-, 6-, or 7-member rings) [94]. The first
such particle in our simulation was found to have 65 carbon atoms. A total of 3324
incipient soot particles, with carbon atoms ranging from 65 to 1503, were extracted at
various stages of evolution from all the simulations at four temperatures. These particles
showed significant variation in their physicochemical features and were therefore classified
into two classes based on all the extracted features using unsupervised machine learning
techniques (k-means clustering and t-SNE diagram) as discussed in [110]. For easier
identification, the two classes of particles are denoted as “Type 1”7 and “Type 2”7 particles
(see also Fig. 5.2). Type 1 particles exhibit a lower number of carbon atoms (65 — 818),
whereas, in Type 2 particles, the number of carbon atoms is higher (759 — 1503). This

observation highlights the fact that the physicochemical properties of the incipient particles
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undergo a transition once a certain level of growth is reached [110]. It is important to
mention that the classification is based on all physicochemical features and not based only
on the number of carbon atoms. The number of carbon atoms, conveniently, serves as a
good approximate indicator for the boundary between type 1 and type 2 particles. Some
small type 2 particles may have a lower number of carbon atoms than large type 1 particles
(there is a slight overlap in the range of the number of atoms between the two types). In
our simulation, we identified a total of 670 type 1 and 2654 type 2 incipient particles.
Figure 5.2 shows one sample Type 1 and one sample Type 2 particle. In this representation,
the non-cyclic carbon atom structures are denoted by blue dots, while the cyclic structures

are denoted by black dots.

Type 1 Particles Type 2 Particles

@ Non-cyclic carbon atoms @ Cyclic carbon atoms

Figure 5.2: One example particle from each class obtained from RMD simulations.

It can be observed in Fig. 5.2 that there are discernible differences in the internal
structure between type 1 and type 2 particles. Type 1 particles possess numerous small
aromatic islands embedded within a plentiful network of aliphatic compounds. As the
particles transitions from type 1 to type 2, the smaller islands amalgamate into larger
aromatic islands situated in the central region of the particles (growth centers [3]), resulting
in a decrease in the proportion of aliphatics. In this manner, the liquid-like or young soot
particles that are rich in aliphatic compounds (i.e., type 1 particles) transform and develop
into partially graphitized soot particles (i.e., type 2 particles) with higher fraction of
aromatic components. During this transformation, the soot particles acquire well-defined

growth centers. Therefore, it is expected that the intercorrelations among various
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physicochemical properties will change as the particle transitions from type 1 to type 2.

5.3.2 Physicochemical features of incipient particles

The physicochemical features of soot particles investigated include mass, number of
atoms, atomic fractal dimension, volume, surface area, density, particle radius, and
statistics of cyclic structures. The physical properties (for example, mass, volume, density,
etc.) are often the features that are used in engineering-scale soot models for reactive CFD
as well as in discrete element modeling [175] and dipole approximation [176, 155]. A better
understanding of these features and their inter-correlation will help improve these
engineering-scale soot models. The chemical properties such as the number of atoms, C/H
ratio and statistics of cyclic/non-cyclic structures are important metrics by which the
evolution and maturity of soot particles can be tracked. The evolution of the soot C/H
ratio is essential to estimate the evolution of its optical properties [177] and assist its
detection by laser diagnostics [177, 178].

In this work, we focused on the analysis for a set of select physical (mass, radius,
surface area, and volume) and chemical (statistics of ring structures) features as the particle
grows. As mentioned in Sec. 5.3.1, as the particle grows, it transitions from type 1 to type
2. Since the demarcation of these types can be very closely tracked by the number of
carbon atoms in the particle, which correlates very well with the mass and size of the
particle, we track the growth of a particle via either the total number of carbon atoms or
the particle mass or the particle radius. The Kendall’s Tau [168] statistical test is
performed to determine the level of correlation between the different properties. The
correlation coefficients (7) of the Kendall’s Tau statistical test are reported in each figure.
It was found that whenever a good correlation (i.e. |7| > 0) was found between two
variables, the test yielded a very small p-value (almost zero), indicating a high statistical
significance. Therefore, the p-value is not reported in the figures for brevity. We visualize
the data using a joint plot of scatter plot and histogram/distribution using the python

package seaborn [179].
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Figure 5.3: Evolution of particle volume with the number of carbon atoms at different
temperatures. Top row: Type 1 particles, bottom row: Type 2 particles.

The evolution of particle volume and surface area is presented in Figs. 5.3 and 5.4
for both type 1 (top row) and type 2 particles (bottom row) as a function of the number of
carbon atoms in the particles. The first four columns of plots correspond to simulation
temperatures of 1350, 1500, 1650, and 1800 K, whereas the rightmost column combines all
the temperatures together. A trendline is also shown on the scatter plots for each
temperature. From Fig. 5.3, we see that both type 1 and type 2 particles have an excellent
correlation between the particle volume and the number of carbon atoms in the particles
across all temperatures. The correlation coefficient (7) is very close to 1 for type 1 particles,
representing an almost perfect correlation between the variables. For type 2 particles, the
correlation coefficient (7) is lower, but still close to 1. This indicates that the particle
volume is well correlated with the number of carbon atoms in both type 1 and type 2
particles. Another important observation is that the particle volume and number of carbon
atoms seem to be correlated in the same way for all simulation temperatures. The slopes of
the lines that provide linear fit between the volume and the number of carbon atoms do not
vary much with temperature (discussed further later in Table 5.1). This shows that the
relationship between particle volume and number of carbon atoms is not affected by the

temperature.
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Figure 5.4: Evolution of particle surface area with the number of carbon atoms at different
temperatures. Top row: Type 1 particles, bottom row: Type 2 particles.

For type 1 particles, a similar conclusion can also be drawn from Fig. 5.4 for the
surface area: a very good correlation is observed with the number of carbon atoms. But for
the type 2 particles, the surface area does not seem to be correlated with the number of
carbon atoms. As the particle transitions from type 1 to type 2, a change from the initial
linear growth to the extensive reorganization of the surface is observed. This is shown using
some actual particles at the two extremes of the number of carbon atoms for 1350, 1650 and
1800 K in the insets of Fig. 5.4. As can be seen, while the topology of the surface shows
significant difference between a small type 2 particle (N¢ ~ 800) and a large type 2 particle
(N¢ ~ 1400), the actual difference in surface area is small. It shows that the soot surface
goes through extensive rearrangement in type 2 particles, which makes the surface area
hard to correlate with the number of carbon atoms. The rearrangement of the surface area
occurs mostly because of graphitization of the surface as discussed in the internal structure
of type 2 particles in [110]. The graphitization of the surface is a very complex process and
is not well understood. However, it is known that the graphitization of the surface is a slow
process, and it depends on the size of the primary particle itself [180]. We can also note

that there is a lower number of ring structures in the similar-sized small type 2 particles
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(N¢ ~ 800 — 1000) in 1800 K than in 1350 K. Temperature can accelerate surface
graphitization [181] and, therefore, while comparing the small type 2 particles

(N¢ ~ 800 — 1000) we observe the formation of graphitized particles (indicated by a large
presence of cyclic structures) earlier in 1800 K simulation than in 1350 K simulation. The
fraction of cyclic carbon atoms is plotted against molar mass in Fig. 5.5. For type 1
particles, the fraction of cyclic carbon atoms is mostly insensitive to the particle mass.
However, for type 2 particles, the fraction of cyclic carbon atoms increases rapidly with
molar mass. This further supports the inference regarding the extensive reorganization of
the surface in type 2 particles due to graphitization. This is consistent with results reported
by Liu et al. [133] where it is shown that smaller soot particles take longer to graphitize
compared to the larger ones. This lack of graphitization leads to a good correlation between
surface area and the number of atoms in type 1 particles, which are primarily seen at the
early stage of soot formation. Furthermore, the process temperature does not seem to affect

the quality of correlation or lack thereof.

Fraction of cyclic carbon atoms

Molar mass (kg/kmol)

Figure 5.5: Evolution of fraction of carbon atoms in ring structures (No/N¢) with molar
mass.
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From Figs. 5.3 and 5.4, linear trends with the number of carbon atoms are observed
for particle volume (type 1 and type 2) and surface area (type 1). A set of linear equations
were fitted between particle volume and surface area with the number of carbon atoms for
different temperatures and presented in Table 5.1. For particle volume, both type 1 and
type 2 particles show a very good linear relationship with the number of carbon atoms (N¢)
as indicated by high R? values across different temperatures and classes of particles. The
R?, or the coefficient of determination (R? € [0, 1]) is a statistical measure of how close the
data are to the fitted regression line. As discussed previously, for surface area, a good
correlation is only observed for type 1 particles and therefore, no correlation for surface area
for type 2 particles is presented in Table 5.1. The slope of these linear correlations are very
close to one another supporting the observation of the lack of influence of temperature on
the quality of the correlation between these quantities. Therefore, we constructed a set of
temperature-independent correlations for volume and surface area by aggregating data from

all the temperature in Correlation Set 5.1.

Correlation Set 5.1: Equation of curves fitted to the temperature-aggregated data shown
in Figs. 5.3 and 5.4. V is the particle volume in A%, A is the particle surface area in A2,

and N¢ is the total number of carbon atoms.

Type 1 particles:

V  =14.353N¢ — 119.071, R? = 0.992 (5.6)

A =T7.733N¢c + 547.914, R? =0.951 (5.7)
Type 2 particles:

V = 11.825N¢ + 2151.314, R? =0.897 (5.8)

While we only show the results for particle volume and surface area, a similar
conclusion about the effect of temperature can be drawn from the evolution of other

morphological features, i.e. radius of gyration, volume equivalent radius, number /fraction of
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cyclic structures, etc. as well . Discussion on these are omitted in this work for brevity.

Most engineering-scale soot models track the evolution of the soot population via
the mass or size of soot particles. Therefore, the correlations of particle volume, surface
area, and number of rings are shown with molar mass in Fig. 5.6 and with the radius of
gyration in Fig. 5.7. The results are presented in the form of joint plots which show the
distribution of the data points in the form of a scatter plot and the distribution of the
individual properties in the form of a density plot along with the temperature markers. The
vertical red line in each plot indicates the boundary between type 1 and type 2 particles
and the correlation coefficients (7) are reported separately for both types of particles on
their respective zones. The transition of a particle from type 1 to type 2 occurs around a
molar mass of 10050 kg/kmol or a radius of gyration of 13.8 A, and the vertical red lines
are drawn at those locations in these plots. The type 1 particles are on the left of this line
and type 2 is on the right.

The volume, surface area, and radius of gyration of the type 1 particle are well
correlated with the molar mass of the particles as seen in Fig. 5.6. For type 1 particles,
volume and surface area show a linear correlation, while the radius of gyration shows a
nonlinear correlation with the mass of the particles. For the total number of ring structures,
however, the correlation is not as good as the other three properties. The nature of the
correlations between variables remains unaffected by the temperature. The most important
observation from Fig. 5.6 is the difference in the nature of the correlations between type 1
and type 2. In all cases, the data points become more clustered and the correlations become
weaker except for the total number of ring structures in type 2 particles. A very sharp
increase in the total number of ring structures is observed as the particles transition to type
2 and grow in mass. The total number of rings is also affected by temperature, even though
temperature does not affect the other morphological features. A higher number of cyclic
structures is observed with the increase in temperature as we can see from the temperature
markers and density plots on the right side of the plot. A set of correlation equations by

curve-fitting the data shown in Fig. 5.6 is presented in Corr. Set 5.2.
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Figure 5.6: Relationship between molar mass and (a) volume, (b) surface area, (c) radius of
gyration, and (d) total number of rings in incipient soot particles

Similar conclusions can be drawn using the radius of gyration as the independent
variable as shown in Fig. 5.7. The volume and surface area, and mass all show a good
correlation for type 1 particles. For the total number of ring structures, however, the
correlation is not as good as the other three properties. The nature of the correlations
between features remain unaffected by the temperature. Similar to Fig. 5.6, the type 2
particles show comparatively weaker correlations with the radius of gyration compared to
type 1 particles. A set of correlation equations obtained by curve-fitting the data shown in

Fig. 5.7 is presented in Corr. Set 5.3.
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Figure 5.7: Relationship between radius of gyration and (a) mass, (b) volume, (c) surface
area, and (d) total number of rings in incipient soot particles.

The nature of the physical and chemical properties of incipient soot changes as the

particle grows from type 1 to type 2. Identification of this transition from type 1 and 2

particles is valuable in the context of engineering-scale soot models as it will allow for

updating of property correlation in the soot model without analyzing the internal structure.

This may lead to a more comprehensive understanding of soot evolution, including the

morphology of primary particles. This is further evident in the discussion of ring structures

presented in Sec. 5.3.3.
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Correlation Set 5.2: Equation of curves fitted to the data shown in Fig. 5.6. M is the
molar mass of the particle in kg/kmol, V' is the particle volume in A3, A is the particle
surface area in A2 R, is the radius of gyration in A, and Ng is the total number of ring

structures in the particle.

Type 1 particles:

V = 1.160M — 124.597, R? =0.993, (5.9)

A = 0.625M —545.410,  R*=0.952, (5.10)

R, = 2947In(M)—12.487,  R*=0.717, (5.11)

No = 0.004M —5.964,  R*>=0.372. (5.12)

Type 2 particles:

V = 0935M —2375.685,  R?=0.905, (5.13)

A = 0.098M —5783.961,  R?=0.090, (5.14)

R, = 1933In(M)—3.293,  R*>=0.114, (5.15)

No = 0.036M — 342.906, R? = 0.704. (5.16)
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Correlation Set 5.3: Equation of curves fitted to the data shown in Fig. 5.6. V is the
particle volume in A3, A is the particle surface area in A2, R, is the radius of gyration in A,

and Ng is the total number of ring structures in the particle.

Type 1 particles:

V = 995.677TR, — 6699.483,  R?=0.647, (5.17)
A = 596.486R, — 3678.870,  R?=0.767, (5.18)
Ny = 2945R, —22.272,  R*=0.162. (5.19)
Type 2 particles:
V = 807.096R, +4944.945,  R? =0.106, (5.20)
A = 608.281R, +2042.065,  R?=0.541, (5.21)
No = 25.862R, —169.784,  R? = 0.059. (5.22)

Fig. 5.8 shows the comparison between the molar mass and the atomic fractal
dimension (Dy) in the form of a joint scatter plot. As discussed in Eq. 5.3, the atomic
fractal dimension is calculated using box counting method for individual incipient particles,
not for an aggregate. The value of atomic fractal dimension (D) is an indication of the
shape of the incipient primary particles. A value of Dy close to 3 indicates a spherical
shape, while a value of Dy close to 1 indicates a linear shape. Contemporary
engineering-scale soot models often assume spherical incipient particles [14, 12, 96].

For both type 1 and type 2 particles, we do not observe any specific correlation
between molar mass and atomic fractal dimension as indicated by the low 7 value in Fig.
5.8. As the molar mass increases, the atomic fractal dimension increases and approaches 3.
This is because as the incipient particles grow, the shape of the particles becomes more
spherical. The value of Dy captures the evolution of the shape of a single incipient particle
before coalescence. In the inset of Fig. 5.8, some representative incipient particles are shown

at various stages of their evolution.
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Figure 5.8: Evolution of atomic fractal dimension (D) with molar mass

The correlation between the volume equivalent radius and the radius of gyration is
shown in Fig. 5.9(a). The transition from type 1 to type 2 particles occurs around a volume
equivalent radius of 13.8 A corresponding to the red vertical line in Fig. 5.9(a). An overall
good correlation is observed between the two quantities for type 1 particles. Like the other
morphological features, the type 2 particles show a comparatively weaker correlation
compared to the type 1 particles. Since the particles tend to become spherical as they
evolve (Fig. 5.8), the volume equivalent radius can be a good approximation for the radius
of gyration. It should be noted here that although the particles become more spherical,
they are not solid spheres, therefore relationships between the volume-equivalent radius and
radius of gyration do not follow the classical \/3/5 scaling (black solid line). Rather they
closely follow the Ry = Req scaling (blue dashed line) as shown in Fig. 5.9(a).

This becomes more evident if we look at the evolution of the ratio of radius of
gyration and volume-equivalent radius (Rs/R.,) as the particles grow in size. Figure 5.9(b)

and 5.9(c) depict Rg/R., vs. the number of carbon atoms (NV.) for type 1 and type 2
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particles respectively. For small type 1 particles, the ratio Rs¢/R., shows a wide range of
values ranging from 1.0 to 2.1. But within the increase in particle size, i.e., increase in the
number of carbon atoms (NNV;) in the particle, the spread of the ratio Rs/R., becomes
narrower and approaches unity as seen from Fig. 5.9(b). This is because the particles
become more spherical and compact as they grow in size. For type 2 particles, the ratio
Ry/R., steadily hovers near 1.0 with very little spread in the data as observed from Fig.

5.9(c). This is because the type 2 particles are more graphitized and have a more compact

structure compared to type 1 particles.
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Figure 5.9: Evolution of radius of gyration (R,;) and volume equivalent radius (Req):
Comparison between volume equivalent radius and radius of gyration for all particles (a);
ratio of radius of gyration and volume equivalent radius vs number of carbon atoms for type
1 particles (b) and for type 2 particles (c).

5.3.3 Evolution of ring structures in incipient soot particles

The ring structures in soot particle play an important role in their evolution and
impact their physical and chemical properties [182]. As seen in Figs. 5.6 and 5.7, the
number of rings in incipient soot particles evolve differently from the morphological features.
Therefore, we looked into the evolution of 5-/6-/7-membered rings more closely in this
section. Fig. 5.10 shows the evolution of the total number of 5-/ 6-/ 7-membered rings (Ns,

Ng, N7) in the top row and their fraction with respect to the total number of rings (Ns/Ng,
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Ne6/N~, N7/N5) in the bottom row as a function of the molar mass of the incipient particles.
The red vertical line indicates the threshold between type 1 and type 2 particles. The type
1 particles are on the left of the line and type 2 particles are on the right. The Kendall’s
correlation coefficient (7) between the ring structures with particle mass are reported for
each type on their respective zones.

The total number of 5-/6-/7-membered rings in type 1 particles increases only
slightly with molar mass and no distinct difference is observed between different ring
structures. However, in the type 2 regime, a rapid increase in the total number of rings is
observed with mass. This increase is most prominent for the 6-membered rings. The 5- and
7-membered rings also increase with mass but at a much slower rate. A higher number of
6-membered rings is observed with increasing temperature in the type 2 regime as seen from
the temperature markers and density plots on the right side of top middle plot of
Fig 5.10(a).

Figure 5.10(b) shows the fraction of 5-/6-/7-membered rings in individual incipient
particles and provides insights into how different rings interact and change during the
evolution of incipient soot particles. In the type 1 regime of Fig. 5.10, the fraction of 5-/ 6-/
7-membered rings does not show any order or correlation. Throughout the simulation
domain, 5-, 6-, and 7-membered rings form independently due to the chemical interactions
between small aliphatics without the influence of other cyclic structures. Once the particles
grow enough to transition to type 2, the fractions of 5-/ 6-/ 7-membered rings start to
change in an orderly manner. The fractions of 5- and 7-membered rings decrease with mass
while the fraction of 6-membered rings increases. This is because the 6-membered rings are
the most stable ring structures and as the particle grows, the 5- and 7-membered rings are
more likely to break and form 6-membered rings'. The fraction of rings is also affected by

temperature. A higher fraction of 6-membered rings is observed with increasing

IThis shift in ring fractions is driven by the superior thermodynamic stability of 6-membered aromatic
rings. While the absolute number of all ring types increases during particle growth (Fig. 5.10(a)), the
chemical pathways preferentially lead to the formation of more stable 6-membered rings at a higher rate.
This energetic preference acts as a thermodynamic sink, causing the proportion of 6-membered rings to
increase at the expense of the less-stable 5- and 7-membered ring fractions. This is discussed in detail at
Appendix E
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Figure 5.10: Evolution of cyclic structures in incipient soot particles.

temperature in the type 2 regime as seen from the temperature markers and density plots
on the right side of the center plot of Fig. 5.10(b). The fraction of 5- and 7-membered cyclic

structures, on the other hand, decreases slightly with increasing temperature.

5.3.4 Summary statistics

The summary of the statistics is presented in Table 5.2 in terms of mean, standard
error to the mean (SEM) and standard deviation (SD) of the extracted features. These values
can be useful in determining model parameters and model constants for engineering-scale
soot model. The statistics are also separated by the type of the particles. It can be seen
that the variation in physical features such as simulated density, radius of gyration, volume,

and surface area is much smaller in type 2 particles than in type 1 particles. This indicates
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that in type 1 regime, particles go through a strong physical and morphological evolution,
but in type 2 regime, they go through a chemical restructuring. Due to these changes, from
type to type 2, the atomic fractal dimension increases from 2.1 to 2.5 (more spherical). The
proportion of 6-membered rings increases significantly while the fractions of 5-/7-membered
rings decrease as they restructured into the more stable 6-membered rings.

The calculated statistics provide a great validation for the RMD when compared
with experimental data reported in the literature. Schulz et. al [125] reported that the
average C/H ratio of soot particles from a premixed ethylene flame was 2.33 4= 0.16, which
matches very well with the mean C/H ratio of 2.36 with a standard deviation of 0.37 for the
simulated particles in our study. It should be noted that, we do see a reduction in the C/H
ratio as the particles transition from type 1 to type 2 particles. This can be explained by
the internal structure of the incipient particles where the type 2 particles have a larger shell
region consisting of mostly non-cyclic aliphatic chains compared to type 1 particles [110].
The average simulated density of the soot particle in our study is in the range of 1.50 (type
1) - 1.53 g/cm? (type 2). This is very similar to values reported or assumed in several other
studies [115, 151, 152]. Furthermore, Johansson et al. [67] and [149] found a empirical
density of about 1.5 g/cm? for incipient soot particles in their experiments. For PAHs with
C/H ratio of 1.0-2.4, Minutolo et. al. [183] found the average density of soot to be 1.5
gm/cm?® using relationships from [184].

Finally, a summary correlation matrix between each pair of features for both type 1
and type 2 incipient particles are presented in Fig. 5.11. The correlation matrix is a square
matrix with the number of rows and columns equal to the number of properties. The
diagonal elements of the matrix are always 1, and the off-diagonal elements are the
correlation coefficients between the corresponding properties. The correlation coefficients
are calculated using Kendall’s Tau test. The correlation coefficients are presented in the
form of a heat map in Fig. 5.11, where the color intensity is proportional to the value of the
correlation coefficient. Both type 1 and type 2 correlations are presented in the square
correlation matrix. The lower triangular region represents type 1 particles and the upper

triangular region represents type 2 particles. For simplicity, the correlation matrix is
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presented only for a subset of features explored.
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Figure 5.11: Kendall’s rank correlation coefficient between different physicochemical features
of type 1 (lower-left triangular matrix) and type 2 (upper-right triangular matrix) incipient
soot particles.

If the nature of correlations were to be the same between the types of particles, the
lower and upper triangular portions would be symmetric about the diagonal. However, as
seen in Fig 5.11, the quality and trends of correlations change significantly between the
types of particles. For example, the mass and empirical density is negatively correlated in
type 2 particles whereas they are almost uncorrelated in type 1 particles. A correlation

matrix like this can be useful in creating a reduced-order soot model in the future.

5.4 Conclusion

A series of molecular dynamics simulations was performed to study the evolution of
incipient soot particles during acetylene pyrolysis at four different temperatures. The
evolution of the incipient soot particles was studied via their physicochemical characteristics

such as mass, volume, surface area, radius of gyration, density, and the number of
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5-/6-/7-membered rings. Using unsupervised machine learning techniques, the incipient
soot particles are classified into two types — type 1 and type 2 — based on their
morphological and chemical features. This classification was very well predicted by the
number of carbon atoms in the particles, indicating the two types corresponding to early
and late stages of incipient soot. The RMD-derived incipient soot particle density and C/H
ratio shows excellent agreement with experimental data.

The following conclusions were drawn from the study.

1. Morphological features of incipient particles are often well correlated with each other
and with the size of the particle (indicated by the molar mass, number of atoms, or
radius of gyration). However, the quality and nature of their correlations are different
between different types of particles.

2. Type 1 particles usually show stronger correlations between different morphological
features and size than type 2 particles. Morphological features in type 2 particles
show much smaller variation than type 1 particles.

3. Morphological features of incipient particles, e.g., volume, surface area, radius of
gyration etc. are not affected by temperature. However, the chemical characteristics,
e.g., number of cyclic structure and 5-,6-,7-membered rings of incipient particles are
affected by temperature.

4. At the early stage of incipient soot (type 1), 5-, 6-, and 7-membered rings are formed
independently from one another. However, at the later stage (type 2), the 5- and
7-membered rings are more likely to break and form 6-membered rings.

5. The incipient particles evolve into a more spherical shape as they transition from type
1 to type 2.

6. Overall, type 1 particles show a more prominent morphological evolution (i.e. volume,
surface area and radius of gyration) than type 2 particles with increasing particle mass.
On the other hand, type 2 particles go through a more prominent chemical evolution

(i.e. evolution of 5-,6-, and 7-membered cyclic structures) than type 1 particles.
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The estimation of various quantitative properties and their correlation in incipient
soot reported in this work can improve engineering-scale models for soot inception and

growth.
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CHAPTER 6

ELUCIDATING PORE AND SURFACE FEATURES OF SOOT
NANOPARTICLES USING MOLECULAR DYNAMICS SIMULATIONS

This chapter is a reproduction of currently under-review manuscript titled
“Elucidating Pore and Surface Features of Soot Nanoparticles using Molecular Dynamics

Simulations” by K. M. Mukut, E. Goudeli, G. A. Kelesidis, and S. P. Roy.

6.1 Introduction

Soot or black carbon is a harmful byproduct of incomplete combustion of
hydrocarbon fuels [3]. It also impacts the radiative energy balance of the atmosphere and is
a major forcing factor behind climate change [10, 6]. It impacts public health and welfare
and is one of the leading causes of mortality worldwide [185].

The properties of the soot internal and external surface are important in defining
how soot interacts with its surroundings. The interaction of soot with gases, pollutants, and
water is influenced by its surface properties including chemical and physical properties,
hydrophilicity, and charge. For instance, the type of the soot and the environment that
surrounds it, both have an effect on the adsorption behavior of the soot [186, 187, 188].

The irregular nature of soot surface and shape is often measured and represented by
a suitable definition of fractal dimension. Surface fractal dimension (D) can be thought of
as a measure of the roughness of a surface [189]. The volumetric fractal dimension (D,) on
the other hand is a measure of compactness of a soot particle. Soot particles with high
surface fractal dimension (Djs) have more surface area available for adsorption and chemical
reaction leading to a higher reactivity in the atmosphere [190]. The morphology of soot
aggregates are often characterized by a statistical mass-fractal relationship among the
primary particles, which leads to an aggregate fractal dimension (Dy) [191]. The soot
aggregates with lower aggregate fractal dimension (Dy) are prone to faster aggregation and
coagulation [191]. Depending on the aggregate fractal dimension (Dy), soot can affect the
radiative balance of the atmosphere and cloud formation differently [192, 173]. Higher

aggregate fractal dimension (D) in soot aggregates increases the light scattering while



104

lower aggregate fractal dimension (Dy) increases absorption [192].

The distribution of interior cavities or pores is also crucial for understanding soot
particles’ interaction with the atmosphere. Cavities affect soot particle chemical reactivity,
structural stability, and environmental impact. Porosity is a measure of empty space within
a particle and defined as the ratio of empty space within a particle to the total volume of
the particle. The empty space within a soot particle’s volume aids in adsorbing atmospheric
gases like SO2 and NOs affecting the aging of soot particles which influences atmospheric
chemistry and pollutant transport [193, 194]. Soot particles with higher porosity and
irregular sphericity lead to higher reactivity which can influence cloud formation and
precipitation by acting as cloud condensation nuclei [187]. Moreover, when inhaled, soot
particles with greater porosity are more likely to enter the lungs deeply and cause harm to
the body [195].

Depending on the size, pores are classified into micropores (pores < 2 nm) and
mesopores (pores between 2 and 50 nm) [196, 197]. Micropores are smaller, but they
provide very large surface area for gas adsorption and interaction with atmospheric
pollutants and water vapor [198, 199]. Mesopores on the other hand, promote diffusion of
larger molecules through particles and increase gas transport into the micropores resulting
in an increase in overall reactivity [199, 200, 201].

Based on the accessibility to the external surface, pores or cavities can again be
classified into three groups: closed or isolated cavity that has no opening to the external
surface; open or pocket cavity that has one opening to the external surface, and through or
tunnel cavity which has two or more openings to the external surface [196, 197]. Figure 6.1
depicts a simplified diagram of a particle with different types of cavities.

The scale of soot particles can vary from a few nanometers [202] to a few
micrometers [203] depending on fuel, environment and combustion conditions [204, 205].
Because of the small scale and dependency on the combustion conditions, it is difficult to
employ experimental techniques to study different stages of soot formation and evolution of
surface and internal properties [206, 207]. However, due to the recent advances in

computational techniques, reactive molecular dynamics (RMD) simulations are becoming
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Figure 6.1: Schematic representation of different types of cavities inside an irregularly shaped
particle.

increasingly popular tools for detailed atomic-level exploration of the internal structure of
soot particles [130, 140, 110].

In this work, we investigate the surface and pore features of incipient soot primary
particles using RMD simulations. We aim to provide insights into the surface and pore
features of these particles and explore the correlation among these features. This study is a
continuation of our previous works, where we investigated the internal structure of incipient
soot particles [110] as well as the physical, chemical, and morphological evolution of these
particles [140] using RMD simulations of acetylene pyrolysis. We believe that the results
from the current study will provide a better understanding of the surface and pore
properties of incipient soot particles and can be used to improve engineering-scale soot
models. To the best of the authors’ knowledge, this is the first study to investigate the
surface and pore properties in such atomistic details and the methodology used here can be

used as a guideline for future studies on soot particles.

6.2 Methodology

The overall workflow of the present study is depicted in Fig. 6.2. Blocks numbered
from (1) to (3) in the top box are discussed in details in our previous works [110, 140]. The
tasks done in the present study are shown in blocks numbered from (4) to (7) within the

bottom box.
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6.2.1 Simulation of incipient soot particles

The Reactive Molecular Dynamics (RMD) approach (Block 1) used in this work
follows the methodology presented in [57], using the specific simulation settings previously
reported in detail [110, 140]. Hence, only a brief synopsis of the methodology is presented
here. One thousand acetylene molecules are randomly added to a cubic domain measuring
75 A x 75A x 75 A at four different temperatures: 1350, 1500, 1650, and 1800 K. This
temperature range is similar to those commonly observed in flow reactors [167] or laminar
flames[166]. Every configuration was simulated several times using various random
initializations. The simulations were carried out using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software [135], utilizing the ReaxFF
potential [51, 98] at a timestep of 0.25 fs. The velocity-Verlet algorithm [100] and the
Nose-Hoover thermostat [102] were used in the simulations, which were run under the NVT

ensemble (constant number of particles, volume, and temperature).

Discussed in [110, 140]

_____________________________________________________________________

E (1) Perform (2) Extract incipient (3) Classify particles E
' | RMD simulations [110, 140] soot particles [22] into type 1 and 2 [140] | -

___________________________________________________________________

(6) Calculate fractal (5) Convert surface (4) Create surface map
dimensions using maps to STL files of particles and cavities
StereoFractAnalyzer [210] using PyMOL [209] using MoloVol [208]

(7) Investigate and characterize
the cavities

Focus of the present study

Figure 6.2: Overview of the workflow utilized in this work.

From each simulation, large molecular clusters were identified as incipient soot

particles (Block 2). The incipient particles obtained from these simulations were validated
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against experimental observation in our previous works [110, 140]. These particles were
then classified using t-SNE [139] and k-means clustering [138], resulting in two distinct
types: Type 1 and Type 2 (Block 3) [110]. Type 1 particles resemble the very early stage of
soot formation where the particles are still in the process of growth by mass accumulation
and surface reactions. Type 2 particles are in an advanced stage with clearly defined surface
and internal structures. In this work, we only looked at the Type 2 particles because the

internal structure of Type 1 particles are not yet well-developed.

6.2.2 Extraction of surface and pore information

From the RMD simulations, 2654 Type 2 incipient particles at four distinct
temperatures were extracted. We used MoloVol [208] to extract the surface map of these
particles’ exterior surfaces and interior cavities (block (4) of Fig. 6.2). A single probe
method is used to capture the surface area and surface map of the external surface while
the two-probe method is used to capture both the external surface and internal cavities
together. The small probe radius is set equal to the van der Waals radius of nitrogen
(1.66 A) [211] and the large probe radius is set to an arbitrary large value of 5.0 A as
discussed in [208]. The accuracy of the external surface area calculation by MoloVol was
further verified with MSMS [136].

Surface maps generated using MoloVol contained details of external and internal
surfaces and cavities. The surface map is then converted to a 3D surface mesh (STL format)
using PyMOL [209] (block (5) of Fig. 6.2). This conversion is necessary to calculate the
surface and volume fractal dimensions in the later steps. Two STL files are generated for
each particle: one for the external surface and one for the cavities. An inhouse tool called
StereoFractAnalyzer [210], which calculates the fractal dimension of the surface and volume
of the particles and cavities using the box-counting method [212, 172, 213, 214], is used to
calculate the surface and volume fractal dimensions from the STL files (block (6) of Fig.
6.2).

Additional analysis is done to explore and characterize the pores or cavities inside

each particle (block (7) of Fig. 6.2). Fig. 6.3 shows the rendering of one example particle,
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Molecular
Structure

Rendered
particle

Figure 6.3: One example particle obtained from RMD simulations along with examples of
surface renderings and identified cavities.

where the external surface and cavities are shown together. The cavities are colored
according to their classification: isolated cavities (green), pockets (brown), and tunnels
(blue). To the best of the authors’ knowledge, this is the first study to offer such detailed
information regarding incipient soot particle surfaces and cavities.

In this work, the words pore, void, and cavity are used interchangeably to denote an

empty space inside a particle.

6.3 Results and Discussion

We start the results section with the bulk morphological properties of the particles,
followed by a detailed analysis of the distribution of cavities and their properties. Finally,
we explore the correlations between surface and volume features which can potentially be
useful in engineering-scale models. For the purpose of summarizing the results, we have
used histograms with probability density in conjunction with box and whisker plots to show
the distribution of the data. The box represents the interquartile range (IQR) of the data,
while the whiskers represent the range of the data. The line inside the box represents the
median of the data. The statistics are reported in the form of mean + standard error of

mean (SEM) [215] for each quantity. Standard deviation (SD) is also reported in the
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summary table (Table 6.1) for completeness.

For all the results presented in this work, the authors didn’t observe any significant
dependency on the temperature. Therefore, the results are presented for all the
temperature cases combined. However, the temperature dependency is discussed in the text

where necessary and reported in the Supplementary Material.

6.3.1 Bulk morphological properties of incipient particles

10
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Figure 6.4: Distribution of sphericity (V) of incipient particles.

Usually the soot primary particles are assumed to be perfectly spherical in
engineering scale models [12, 28]. However, as observed in atomic force microscopy
(AFM) [125] and high resolution transmission electron microscopy (HRTEM) [216, 217], the
incipient soot particles are not perfectly spherical. The shape of the particle directly
influences its reactivity particularly in oxidation processes [218, 176]. How closely the shape
of a particle resembles a perfect sphere can be measured by sphericity (V). Sphericity(¥)

can also act as an indicator of the stage of maturity of soot particle [219]. In this work,
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Eqn. B.1 is used to calculate the sphericity of the particles.

The sphericity of the incipient particles is found to be 0.57 £ 0.0008. In contrast,
the sphericity of a perfectly spherical non-porous particle is unity. The low value indicates a
significantly high surface area available compared to the total volume. The average
sphericity of 0.57 derived here by RMD is in reasonable agreement with the 0.63 + 0.08
measured for larger young soot particles from premixed ethylene flames [220]. It must be
noted here that presence of large number of micropores leads to a large surface area [194].
Additionally, since the surface area is calculated on an atomic level using an atomic probe,
even small roughness on the surface can add to the overall surface area. Hence, even if the
particle “looks” spherical, its sphericity can be significantly lower than unity. The sphericity
distribution of the particles is shown in Fig. 6.4 using a histogram and a box-plot. The
probability density of sphericity is also presented in Fig. 6.4 using the black-dashed line.
The sphericity remains almost constant at all the temperatures (see Fig. C.1 in
Supplementary Materials).

In practice, it is often difficult to measure the surface area of 3D microstructures.
Therefore, a 2D equivalent quantity called circularity (o) is also used in literature [221]. The
definition of circularity (o) is given in Eqn. B.2. In this study, because of asymmetry and
irregularity in 3D shapes of particles, an average circularity (&) of each incipient particle is
calculated by taking the projection of the 3D particle on to 10 evenly spaced planes in
spherical coordinates as shown in Eqn. B.3. Figure 6.5 reports the average circularity of the
incipient particles at four different temperatures including the standard deviation as error
bars for each particle. Violin plots for the average circularity (¢) of the particles at different
temperatures are also presented in Fig. 6.5. The violin plots show that distribution is not
affected by temperature (also see Fig. C.2 in the Supplementary Materials). From Fig. 6.5,
the average circularity of the analyzed particle is found to be 0.66 + 0.001.

The porosity (®) of the particles is calculated as the ratio of the total pore volume
(V},) inside a particle to the bulk volume (Vp) of the particle (Eqn. B.4). Figure 6.6(a)
depicts the distribution of porosity of the incipient particles using histogram with

probability density and box plot. The observed porosity for the incipient particles in this
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Figure 6.5: Average circularity (&) of incipient particles at four different temperatures.

study is found to be 0.22 4 0.0002, which is in good agreement with the measured soot
porosity of 0.26 [222]. Temperature was found to have a very small effect on porosity
(Fig. C.3 in Supplementary Materials).

Another way to look at porosity is to calculate the specific pore volume of the
particles, which is a measure of available pore volume per unit mass of a particle. The
specific pore volume obtained in this study is reported in Fig. 6.6(b). The average specific
pore volume of the particles explored in this study is found to be 0.19 4 0.0004 cm®/g. The
reported values of specific pore volume in the literature vary widely depending on the
sampling procedure, levels of maturity, and nature of pores. For example, in mature soot
particles, Rockne et al. [200] reported a value of 0.004-0.08 cm?/g for mesopores and
0.0009-0.013 cm? /g for micropores. Whereas, Tripathi et al. [194] reported that particles
with higher number of micropores can achieve specific pore volume as high as
0.7-2.3 cm?®/g. In our case, the particles are not fully mature and contain significant
numbers of micropores, leading to a high value of porosity and specific pore volume. No
significant temperature dependence was observed in specific pore volume (see Fig. C.4 in

Supplementary Materials).
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With the increase in porosity, the particles offer more accessible surface area.
Specific surface area (SSA) is a measure of surface area available per unit mass. The
specific surface area distribution of the incipient soot particles obtained in the current study
is presented in Fig. 6.7. Contribution of isolated cavities is ignored in this calculation since
this area is not accessible from the outside of the incipient particle. The average specific
surface area of the particles is found to be 2652.36 + 7.39 m2/g. This value is significantly
higher than the specific surface area reported in contemporary literatures. This is
potentially due to several reasons. The values reported in the literature, are mostly
engine-out soot particles, which are mature, larger, and have gone through some interaction
with the environment. For example, Rockne et al. [200] reported the specific surface area of
soot particles for mature soot particles from different combustion sources to be in the range
of 1 to 85 m?/g. Ouf et al. [223] showed that, the specific surface area increases as the
particle size decreases. Therefore, incipient particles explored in our study, which are very
small and in the very early stage of formation, are expected to have higher specific surface
area. Also, the presence of numerous micropores in the particles, which is the case in the
particles in this work, can lead to higher surface area, which in turn lead to higher specific
surface area [194]. Additionally, high values of SSA has been reported in high surface area
carbon materials such as activated carbons derived from biomass (SSAs of up to
3386 m? /g [224]), metal-organic-framework(MOF)-derived carbons (up to 2872 m?/g [225]),
and hypercrosslinked polymer-derived carbons (up to 4300 m?/g [226]). These examples
illustrate that materials with high porosity can achieve exceptionally high SSAs, supporting
the elevated SSA observed in our incipient soot particles.

The theoretical specific surface area (5SS ATheoretical) for the external surface of a
spherical particle can be calculated using the volume-equivalent diameter (dy ) of the
particle and its bulk density (pp) as shown in Eqn. B.5. The average theoretical specific
surface area (SSATheoretical) Of the particles is found to be 1493.77 m?/g and is shown in
Fig. 6.7 as a red dashed vertical line. Equation B.5 describes the theoretical minimum
external specific surface area of a perfect smooth sphere with no surface cavities. Notably,

the measured specific surface areas for our incipient soot particles exceed this theoretical
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Figure 6.7: Distribution of specific surface area [m?/g] of incipient particles.

minimum by almost a factor of two. This highlights the significant contribution of porosity
and complex surface morphology to the total accessible surface area. Additionally, Eqn. B.5
shows that SSA is inversely proportional to the volume-equivalent diameter (dy ), meaning
that smaller particles inherently possess higher external surface area per unit mass. Since
our incipient particles are in the very early stage of formation and small (diameters <
5 nm), their baseline external surface area (Ag,) is already high. However, the fact that
our measured SSAs surpass the theoretical value clearly illustrates that besides direct
surface effects, porosity further elevates the overall accessible surface area. No specific trend
is observed with temperature (Supplementary Materials, Fig. C.5) for specific surface area.
To further elucidate the influence of internal porosity on the overall accessible
surface area, we decompose the total SSA into contributions from distinct cavity types as
well as the exterior surface area (ESA), which represents the surface area calculated without
any cavity contributions (note the difference between external and exterior surface area:
exterior surface does not include any contributions from cavities, whereas external surface

includes the exposed surface of tunnels and pockets). The SSA values presented in Fig. 6.7
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Figure 6.8: Contribution of different cavities to specific surface area [m?/g] of incipient
particles.

include contributions from tunnel and pocket cavities. Figure 6.8 separately illustrates the
SSA for each cavity type (tunnel, pocket, isolated) alongside the ESA. The comparison
between the ESA and the cavity contributions clearly demonstrates that the enhanced SSA
observed in our incipient soot particles is largely due to the presence of pockets. The
average specific surface areas are: 172.36 + 1.34 m? /g for isolated cavities,

212.12 + 5.43 m?/g for tunnel cavities, 1190.94 + 5.71 m?/g for pocket cavities, and
1249.29 + 2.84 m? /g for the exterior surface. This decomposition not only emphasizes the
significant role played by tunnel and pocket cavities in increasing the accessible surface area,
but also provides insight into the interplay between particle size and internal morphology.

No specific trend is observed with temperature (Supplementary Materials, Fig. C.6).
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6.3.2 Bulk morphological properties of pores

As discussed earlier, depending on the access to the surface of incipient particles,
the pores are classified into three groups: tunnels, pockets, and isolated cavities. These
classifications provide insight into the way different cavities interact with the environment.
Following Eqn. B.1, the sphericity of each cavity can also be calculated. To compare the

statistics of all the particles together, we calculated the average pore sphericity (¢) of

different classes of cavities for each particle using Eqn. B.6.
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Figure 6.9: (a) Average pore sphericity, 1 and (b) average specific surface area of cavities
[1/A] in incipient particles.

Figure 6.9(a) shows clear distinction among the average pore sphericity of different
cavities. The average pore sphericity of tunnels, pockets, and isolated cavities are found to
be 0.67 £+ 0.002, 0.80 £ 0.0002, and 0.88 4+ 0.00003, respectively. This indicates that, the
isolated cavities are more spherical than the pockets and tunnels, which are more elongated
due to their openings to the external surface.

Since cavities do not have any mass, the surface area of different cavities are

quantified using a volume-based specific surface area which is defined as the amount of
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cavity surface area per unit volume of the cavity. Thus, the unit for this volume-based
surface area is A~ F igure 6.9(b) depicts the average volume-based specific surface area of
different cavities. Unlike Fig.6.8, where SSA is computed by aggregating the contributions
of all cavities across all particles, here the volume-based SSA is first averaged over all
cavities within each individual particle and then further averaged across all particles. This
procedure preserves information regarding the typical size or footprint of each cavity type
within incipient soot particles. As observed with pore sphericity, different cavities shows
clear distinction. The average specific surface area of tunnels, pockets, and isolated cavities
are found to be 1.1 4 0.005, 1.72 4 0.002, and 2.38 =+ 0.03 Afl, respectively. Since isolated
cavities are more spherical than the other two types, they also have the highest specific
surface area than pockets and tunnels. Both average pore sphericity (1;) and specific surface

area of the cavities are found to be independent of temperature (See Supplementary

Materials Fig. C.7).

6.3.3 Fractal characteristics of incipient particles and cavities

The fractal dimension is an important metric for characterizing the complexity and
self-similarity of a structure. In the context of soot particles, usually the fractal dimension
is reported for the soot aggregates, which are formed by the agglomeration of primary
particles. This fractal dimension, also known as aggregate fractal dimension (Dy) is
calculated using a statistical mass-fractal relationships [192, 227]. In this work, we are not
investigating this definition of fractal dimension of an aggregate, rather we are focusing on
the fractal dimensions of an individual primary particle. While the fractal dimension of soot
aggregates has been extensively studied, the fractal dimensions of primary particles is less
commonly reported. Understanding the fractal nature of individual primary particle
morphology provides valuable insights into the early stages of soot formation, which can
inform more accurate models of soot reactivity and growth. In this work, we analyzed
surface and volume fractal dimension (Dg and Dy ) of incipient primary particles.

The surface fractal dimension (Dg) of the incipient particle describes how the

particle’s surface scales as its size increases. A smooth surface would have a surface fractal
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dimension value of 2. A higher surface fractal dimension indicates a rougher, more irregular
surface, which increases the available surface area for chemical interactions. The surface
fractal dimension of the particles is found to be 2.22 £+ 0.001, which is in excellent
agreement with the Dg = 2.25 +0.09 measured for carbon black [228, 229] and indicating
a highly irregular and rough surface of the incipient particles. The distribution of the
surface fractal dimension of the incipient particles is shown in Fig. 6.10(a). The surface
fractal dimension of the particles is found to be independent of temperature
(Supplementary Materials, Fig. C.8).

The volume fractal dimension (Dy ) can be thought of as the ability to self-similarly
fill the space by a solid [230]. With a higher value of volume fractal dimension (Dy ), the
particle is more compact and less porous. The distribution of volume fractal dimension of
the incipient particles is shown in Fig. 6.10(b). The volume fractal dimension of the
particles is found to be 2.53 + 0.0006 in the present study. This indicates that the incipient
particles are highly porous and have a complex internal structure. The volume fractal
dimension of the particles is found to be independent of temperature (Supplementary
Materials, Fig. C.9). It should be noted here that previously Mukut et al. [110, 140]
reported an atomic fractal dimension of these incipient primary particles, which was
calculated as a mass-based fractal dimension (i.e., ability of a particle to self-similarly
contribute to particle mass) for primary particle.

The fractal characteristics of the cavities provide insights into the complexity of the
internal pore networks. These networks influence the ability of the particles to adsorb gases
and engage in chemical reactions. A lower surface fractal dimension for the cavities (Dg¢)
suggests a smoother internal surface compared to the external particle surface, which may
affect the overall reactivity and interaction with the environment. The surface fractal
dimension (Dg¢) and volume fractal dimension (Dy¢) of different cavities are calculated
using the same method as for the particles. As shown in Fig. 6.11(a), the surface fractal
dimension of the cavities is found to be 2.17 £ 0.006. In contrast to the particle surface, the
cavity surface is slightly more regular and less rough. This is also reflected in the higher

average cavity sphericity (¢) value shown in Fig. 6.9(a).
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The volume fractal dimension of cavities (Dy¢) is commonly referred to as the pore
fractal dimension. This is a measure of complexity of internal pore network inside soot
particles which quantify how the empty space within a primary particle is self-similarly
distributed within the particle [231]. It has been reported in the literature that the pores of
soot and carbon blacks form a fractal-like network with pore fractal dimension of between
2-2.5 as measured using small angle X-ray scattering (SAXS) [232], Ar, COg, and Ny
adsorption studies [233, 234], and numerical studies of soot oxidation [142]. The volume
fractal dimension (Dy ) of the cavities in this work is found to be 2.15 4+ 0.001, which is in
excellent agreement with the reported values. The distribution of volume fractal dimension
of cavities (Dy ) observed in the present study is shown in Fig. 6.11(b). Both the surface
and volume fractal dimensions of the cavities are found to be independent of temperature

(Supplementary Materials, Figs. C.10 and C.11).

6.3.4 Pore size distribution inside incipient particles

Understanding the distribution of pore sizes within soot particles can provide
insights into their formation mechanisms and behavior in different combustion
environments. The cavity size in this work is represented by the volume-equivalent pore
diameter (d,), which represents the diameter of a sphere with an equivalent volume to the
cavity. The distribution of individual cavity sizes (dp) in the entire population is shown in
Fig. 6.12. The distribution is log-normal, which indicates that although there are a few
larger cavities, most cavities are small: which is typical for porous structures. Additionally,
it can be seen that all cavities identified in this study are micropores (<2 nm), with the
majority measuring less than 1 nm. This is expected since all the incipient particles
investigated here are in the very early stage of formation and have a diameter smaller than
5 nm. This essentially makes micropores the primary focus of this analysis. As has been
discussed earlier, such large presence of micropores increases the surface area leading to
high specific surface area, high porosity, and low sphericity values observed in the incipient

particles, which is typical of soot particles in the early stages of formation [194].
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This distribution of cavity size (i.e., d) can also be analyzed by calculating the
average values for cavity sizes (d,) inside each particle. The tunnel cavities have the largest
average size (8.92 & 0.05 A), followed by pockets (4.85 + 0.006 A) and isolated
(3.08 £ 0.005 A) cavities. The size distribution of average cavity sizes (d,) (shown in

Supplementary Materials, Fig. C.12) is a Gaussian distribution, as is expected, since

averaging tends to smooth out variability.
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Figure 6.12: Cavity size (d,,) distribution of all cavities across all the particles.

To get a more complete understanding of the pore network of the particles, the
average fraction of void volume occupied by cavities of different sizes within incipient
particles is calculated and shown in Fig. 6.13. Figure 6.13 shows that the pocket cavities
occupy the largest fraction of void volume, followed by isolated cavities and tunnels.
Although tunnels are larger on average (Supplementary Materials, Fig. C.12), their lower
abundance in the incipient particles results in them occupying a smaller fraction of the
overall void volume. In contrast, the higher abundance of pocket cavities allows them to
occupy a larger portion of the void space, despite their smaller size. The pockets and
tunnels present in the bulk particles are critical for the oxidation of soot and carbon black

at low temperatures (e.g. 550 °C) [234]. At these conditions, O2 can diffuse through these
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Figure 6.13: Distribution of average fraction of void volume occupied by cavities of different
sizes within incipient particles.

pockets and tunnels and internally oxidise soot and carbon black nanoparticles, resulting in
hollow spheres [234, 142].

In the porous material literature, the pore size distribution (PSD) is often reported
in terms of cumulative void volume (per unit mass) as a function of pore size [235, 236].
Cumulative void volume (Vi(d,)) refers to the total volume of empty spaces accumulated
within a particle up to specific cavity sizes (d,) and is calculated using Eqn. B.7.

Each particle will produce a different pore size distribution. To present the data in
a compact form, we have calculated the average PSD from all the particles by dividing the
diameter range into discrete size bins and calculating the cumulative volume of cavities in
each bin for all the particles. The average PSD of different cavities is shown in Fig. 6.14.
The shaded region in Fig. 6.14 represents the standard error of the mean (SEM). The
average PSD of isolated cavities is shifted towards smaller pore sizes, while that of pocket
and tunnel cavities is shifted towards larger pore sizes. For the sake of completeness, the

un-averaged PSD of the entire population of cavities is also provided in Fig. C.13.
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primary particles.

6.3.5 Correlations for pore area and pore volume

Engineering scale soot models usually carry information about the volume of soot
particles [28, 14], which does not, on its own, include any information on the pores. If some
correlations can be drawn between the volume and surface area of pores and the particle
volume, some critical information on the pore network within a particle can be extracted,
which can improve the modeling of chemical reactivities of soot particles. A good positive
correlation (R? 2 0.70) between total pore volume (V,) and total pore surface area (4,)
was found (see Supplementary Materials, Fig. C.14). No significant temperature

dependence is observed in this correlation.
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Similarly, the particle’s material volume (V') and total pore volume (V},)
(Supplementary Material, Fig. C.15), shows a positive and generally linear correlation.
However, the correlation shows a weaker correlation coefficient (R? ~ 0.60) than the
correlation between pore volume (V,) and pore surface area (A,). This suggests that while
particle size is a significant factor in determining pore volume (V}), other factors may also
play a role. A slight change in correlation is also observed with process temperature, as
shown in the Supplementary Materials (Fig. C.15).

Finally, individual pore volume (V};) and pore surface area (A,;) shows a strong
positive and linear correlation, with high correlation coefficients (R? ~ 0.98, depicted in
Supplementary Materials, Fig. C.16), indicating that larger cavities have proportionally
greater surface areas. This correlation is independent of cavity types, highlighting that
cavity size is a dominant factor in determining pore surface area, regardless of the type of
cavity. The equations for the linear correlations (for all temperature combined) are given in
Correlation Set 6.1. An exponential and a quadratic fit were also explored, but no
significant improvement of correlation coefficient were observed. These correlations provide
valuable insights into how particle morphology and pore structure evolve, with implications
for modeling the surface area and reactivity of soot particles in different environmental and

combustion scenarios.
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Correlation Set 6.1: Temperature-independent equations of curves fitted to the pore
volume, pore surface area, and particle volume (data shown in Supplementary Materials,
Figs. C.14, C.15,and C.16). Here, V is the particle’s material volume [A?], Vp is the total
pore volume within an incipient particle [A3], A, is the total pore surface area [A2], V},; is

the volume of an individual pore [A®], and A,; is the surface area of an individual pore [A2].

A, = 139V, 33553,  R*=0.70, (6.1)
V, = 016V +277.52,  R*=0.57, (6.2)
Ay = 0.89V,; +30.20,  R?=0.98 (6.3)

6.3.6 Summary statistics

The summary statistics is presented in Table 6.1, which shows the mean, standard
error of the mean (SEM) and standard deviation (SD) of the surface and pore features of
incipient particles. The table provides a comprehensive overview of the key properties of
the particles, including sphericity, porosity, specific pore volume, specific surface area,
average pore sphericity, average specific surface area of different cavities, surface fractal
dimension, volume fractal dimension, and average volume equivalent diameter of different
cavities. These statistics can be used to develop more accurate models of soot formation

and reactivity, with implications for environmental and combustion studies.

6.4 Conclusion

We present a novel strategy to extract detailed information of the external surface
and internal pores from the atomic structures of the incipient soot particles obtained from
reactive molecular dynamics (RMD) simulations. By integrating RMD with atomistic-scale
pore and surface analysis, this work offers a transferable framework for characterizing

nanostructured carbon materials ranging from soot and carbon black to biochars and
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porous carbons used in catalysis and adsorption. The detailed quantification of fractal
dimensions, porosity, and surface area provides valuable descriptors for interfacial behavior,
with implications for modeling gas-solid interactions, pollutant adsorption, and transport
phenomena in complex carbonaceous systems.

In this study, we conducted an in-depth investigation into the surface and pore
characteristics of incipient soot particles obtained from previously validated RMD
simulations of acetylene pyrolysis at 1350, 1500, 1650, and 1800 K [110, 140]. Features
explored in this work include surface fractal dimension, volume fractal dimension, porosity,
pore size distribution, and characterization of different types of cavity within incipient
particles. In all analysis presented here, no significant impact of process temperature was
found among the temperatures studied. This minimal temperature dependence observed
suggests a stable early-stage structural configuration across different combustion conditions.

The particles were found to have a rough surface and a complex shape as indicated
by a surface fractal dimension of approximately 2.22 and an average circularity of 0.66. The
particles were found to be significantly porous with a porosity of 0.22. All pores in the
particle were found to be micropores (i.e., of size less than 2 nm). Such large presence of
micropores potentially increased the available surface area, leading to a high value of specific
surface area of approximately 2652.36 m?/g and a low value of sphericity (around 0.57).

Cavities within the soot particles were categorized into tunnels, pockets, and
isolated cavities based on their connectivity to the external surface. Isolated cavities were
notably more spherical, whereas tunnels and pockets exhibited more elongated geometries.
The presence and distribution of these cavities enhance the particles’ surface area and
influence gas diffusion and adsorption processes. The pore size distribution showed a
log-normal distribution indicating the presence of a large number of small pores alongside a
few larger ones. Pockets, despite their smaller size, occupied a larger fraction of the total
void volume due to their higher abundance, while tunnels — though larger — were less
prevalent. A positive correlation was identified between volume and surface area of pores.
The volume of pore was also found to be correlated with particle’s material volume. A set

of correlations were proposed to connect these quantities.
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The insights gained from this study enhance our understanding of the morphological
evolution of soot particles during their incipient stages. The high porosity and specific
surface area observed suggest that early-stage soot particles possess significant potential for
gas adsorption and chemical reactivity, which are critical for modeling soot behavior in
combustion and atmospheric environments. Additionally, the proposed correlations between
pore volume and pore surface area and particle volume offer practical way to incorporate
detailed morphological characteristics into larger-scale models, thereby improving their

predictive accuracy.
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CHAPTER 7

SUMMARY AND FUTURE WORKS

7.1 Summary

This dissertation has presented a comprehensive exploration of soot formation
mechanisms and morphological evolution from a molecular modeling perspective, addressing
critical gaps in current knowledge. Employing state-of-the-art reactive molecular dynamics
(RMD) simulations, this research has provided significant advancements in understanding
the intricate chemical and physical transformations that occur during soot inception and
subsequent early growth.

Key contributions of this work include:

1. Development and Application of MAFIA-MD: A sophisticated computational
analysis tool (MAFIA-MD) was developed to accurately identify and quantify detailed
molecular structures and morphological features from RMD simulations. This tool
provides valuable insights into the chemical composition, internal structure, and
surface characteristics of soot particles, significantly enhancing our capability to
interpret simulation results in relation to practical soot formation processes.

2. Gas-to-Particle Boundary Characterization: Detailed molecular-level analysis
established clear markers distinguishing gas-phase species from particulate soot both
in terms of mass and number of carbons.

3. Internal Structure Evolution of Incipient Soot Particles: A comprehensive
characterization of internal morphological transitions during soot nucleation and
growth was carried out. Critical insights into particle density, structural complexity,
and the internal chemical variations were obtained, revealing a new understanding of
soot particle formation dynamics.

4. Physicochemical Evolution of Incipient Soot Particles: Investigating various
physicochemical properties of incipient soot particles which provided valuable data

regarding particle growth dynamics, ring structures, fractal dimensions, and particle
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morphology. This analysis provides a foundation for more physically accurate soot
models by establishing clear quantitative relationships between different
physicochemical attributes.

5. Pore and Surface Feature Analysis: The study extensively characterized soot
particle surface morphology and internal pore structures, revealing critical diagnostics
relationships between particle morphology and surface properties. The quantification
of surface areas, pore volumes, fractal characteristics, and pore size distributions
significantly contributes to a deeper understanding of soot particle reactivity and
maturation. The methodology developed for pore and surface feature analysis has a
use beyond soot, potentially applicable to a wide range of porous materials in various

fields, including catalysis, energy storage, and environmental science.

Through these contributions, this dissertation has clearly addressed existing
limitations and provided robust molecular-level understanding essential for refining some of
the soot formation models and enhancing strategies for controlling soot emissions and

future engineering scale models.

7.2 Future Works

This dissertation provides significant insights into the formation, evolution, and
morphological characteristics of soot particles obtained from acetylene (CyHs) pyrolysis
using a series of reactive molecular dynamics simulations (RMD). However, several avenues
for future exploration still remain, which can further enhance our understanding of soot
formation at both molecular and macro scales. The following segment will discuss the

possible future works on top of the methodology discussed in this dissertation.

7.2.1 Expansion of Reactive Molecular Dynamics (RMD) Simulations

The present study solely focuses on the pyroloysis of acetylene (CyHs) using RMD
simulation. Future work should extend this to other hydrocarbon fuels, such as: ethylene
(CoHy), n-heptane (C7Hig) and n-dodecane (C19Hog). Having this knowledge would allow

for a more comprehensive comprehension of the generation of soot across a variety of fuels
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and situations. Research should also be conducted on oxygenated fuels such as biodiesel in
order to determine the extent to which these fuels contribute to the reduction of soot
emissions. Previous studies have shown that oxygenated additives have the capability to
alter the formation of soot by reducing the quantities of polycyclic aromatic hydrocarbon
(PAH) precursors and delaying the nucleation process [237]. Also, the oxygenated fuel
blends emits smaller and compact soot particles[238]. It is possible that the examination of
these compounds could be useful in discovering alternative fuels that produce fewer

emissions for the environment.

7.2.2 Temperature and Pressure Effects on Soot Evolution

The current work investigated the generation of soot at specific fixed temperatures,
but it is recommended that future research investigate a wider range of temperatures and
pressures, particularly under dynamic conditions that are observed in real combustion
systems such as engines. Temperature has an impact on the physical characteristics of the
particles, which in turn affects the graphitization process and the reactivity of soot particles.
Research on pressure effects can also shed light on the factors that drive soot formation
under high pressure conditions, such as those seen in rocket engines and gas

turbines[239, 240, 241, 242].

7.2.3 Modeling Soot Aggregate and Coagulation

This study primarily focused on the early stages of soot formation, where incipient
particles form through nucleation and surface growth processes. However, to gain a more
comprehensive understanding of soot formation, future research should expand into the
later stages of soot formation, i.e. aggregation and coagulation, which significantly alter
soot particles’ physical and chemical properties. As smaller particles cluster into larger,
more complex aggregates, their optical properties, surface roughness, and internal pore
structures change, influencing their interactions with light, pollutants, and atmospheric
processes. Putting together reactive molecular dynamics (RMD) and mesoscale models, like

the discrete element method (DEM), would help us understand how these processes of
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aggregation and coagulation work [176]. This integration could help model the complete
evolution of soot, from nucleation to mature aggregates, and assess how environmental
factors like temperature, pressure, and turbulence influence these stages. By bridging
atomistic-level details with macroscopic behavior, this approach would improve the
predictive accuracy of engineering-scale combustion models and atmospheric simulations,

leading to better predictions of soot’s environmental and health impacts.

7.2.4 Further Investigation into Reaction Pathways

Reactive molecular dynamics (RMD) simulations provide detailed atomic-level data
on chemical changes during soot formation, including bond breaking, radical formation, and
surface reactions. However, extracting dominant reaction pathways from this vast data is
challenging. Advanced techniques like reaction network analysis or machine learning can
simplify this by identifying key molecular transformations and recurring patterns,
particularly in the role of polycyclic aromatic hydrocarbons (PAHs) and resonance-stabilized
radicals (RSRs), which are critical in soot nucleation. Further analysis of how temperature
and pressure affect reaction pathways could refine soot formation models for various
combustion environments. Validating these findings with experimental data, such as
laser-induced incandescence or mass spectrometry, can enhance the accuracy of soot models,

leading to better predictions of soot emissions and their environmental impacts.

7.2.5 Integration RMD Data into Engineering-Scale Model

Integrating knowledge from reactive molecular dynamics (RMD) simulations into
engineering-scale soot models is a crucial future path. RMD offers comprehensive
atomic-level data, including soot particle characteristics and chemical pathways, which may
be converted into parameters for sectional or method of moments (MOM) models. For
instance, the precision of soot growth forecasts can be improved by using RMD-derived
data on particle size, surface area, and chemical processes (such as PAH generation and
HACA mechanisms). Multi-scale modeling will be essential for bridging the gap between

RMD and larger combustion simulations, possibly by coupling RMD with mesoscopic



134

models like the discrete element method (DEM) to simulate aggregation and feed into
computational fluid dynamics (CFD) models. This method can enhance CFD’s depiction of
soot oxidation rates, fractal dimension, and particle morphology [243].

Machine learning (ML) may also help integrate large datasets from RMD into
engineering models by identifying significant trends and generating reduced-order models
for use in CFD. Lastly, it will be crucial to verify these integrated models against
experimental data, like mass spectrometry or laser-induced incandescence, in order to
guarantee accuracy and enhance the entire approach.

By bridging the gap between macroscopic behavior and molecular-scale insights,
this integration will enhance our ability to control and reduce soot emissions. Additionally,

it will improve the ability of soot models to anticipate various combustion situations.
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APPENDIX A

SYMBOLS, NOMENCLATURE, AND DEFINITIONS USED IN CHAPTER 4

A.1 Symbols and nomenclature

a: A parameter in Eqn A.4

A: Surface area of a particle (A?)

c: A parameter in Eqn A.4

Dy: Atomic fractal dimension of a particle

my.i: Mass of it particle (kg)

M: Molar mass of a particle (kg/kmol)

M,: Mass of a particle (kg)

ne: Number of cyclic carbon atoms at a specific location
ne: Number of non-cyclic carbon atoms at a specific location
N: Total number of atoms in the entire particle

Ng: Number of rings in the entire particle

N5: Number of 5-membered rings in the entire particle
Ng: Number of 6-membered rings in the entire particle
N7: Number of 7-membered rings in the entire particle
N¢: Number of carbon atoms in the entire particle

Npg: Number of hydrogen atoms in the entire particle
Ng: Number of cyclic carbon atoms in the entire particle
N¢ Number of non-cyclic carbon atoms in the entire particle
r: Local radius (A)

Req: Volume equivalent radius (A)

R,: Radius of gyration (A)

ps: Simulated density of a particle (kg/m?)

pe: Empirical density of a particle (kg/m?)

0: Local (actual) density (kg/m?)
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T: Temperature (K)

0.,,: Local C/H ratio

©.,,: C/H ratio of the entire particle
V: Volume of a particle (A3)

we: Mass of a carbon atom (kg)

wpr: Mass of a hydrogen atom (kg)

Superscripts:
*: Denotes normalized value

1: Denotes per unit area value

A.2 Expressions for physical properties of soot particles

The trajectory files obtained from RMD simulations contain coordinates of each
atom with reference to a global reference frame. This coordinate information along with the
mass of each atom is used to calculate the coordinate of the center of mass of each particle.
The mass of a particle M), is calculated by summing up the mass of the atoms in the cluster.
The volume (V) is calculated using MSMS [136] with a pore size of 1.5 A. The volume

equivalent radius of a particle with volume V is calculated via Eqn. A.1.

3V /3
Req = (47T> (Al)

The radius of gyration (Ry) is calculated following the standard definition using Eqn. A.2.

2
, (A.2)

where 7; is the distance of the i*" atom from the center of mass, my,; is the mass of
individual atoms, and N is the total number of atoms in the cluster.
The simulated density (ps) is calculated using the particle mass (M) and volume

(V') of the incipient particle using Eqn. A.3.

p
=M A.



163

Empirical (bulk) density [67, 174] of an incipient particle is calculated using Eqn. A 4.

pe = (0.260884a%) ! (et ) (A.4)

where wo and wy are the molar masses of a carbon and hydrogen atoms, a is the length of
the graphite unite cell in the basal plane, c is the interlayer spacing in Angstroms, and @,
represents the carbon to hydrogen ratio of the cluster. More details can be found in
(67, 174].

The atomic fractal dimension (D), following the approach used in [57], is

calculated using the sandbox method [169, 170] using Eqn. A.5.

B log Mp(r)

D
/ log r

(A.5)

where My () is the mass of atoms in the cluster as a function of radial distance from the
center of mass. Please note that this “atomic” fractal dimension is for a single incipient
particle and is different from the traditional fractal dimension used in aggregate

characterization [57].

A.3 Physicochemical data used and analyzed in this study

A.3.1 Feature set

The feature set used in this study for each particle includes the following
1. Temperature (7'
2. Number of carbon atoms (N¢)

Number of hydrogen atoms (Np)

-~ W

Number of atoms ()

o

Molar mass (M)
C/H ratio (0,,)
Radius of gyration (Rg)

Atomic fractal dimension (Dy)

© ® N

Simulated density (ps)



10.
11.
12.
13.
14.
15.
16.
17.
18.

Empirical density (p.) (also referred to as the bulk density in literature)
Total number of cyclic structures (Np)

Fraction of cyclic carbon atoms (No/N¢)

Fraction of 5-member rings (Ns/Ng)

Fraction of 6-member rings (No/Np)

Fraction of 7-member rings (N7/Ng)

Surface area (A)

Volume (V')

Area to volume ratio (4/v)

A.3.2 Sample data

164

Figure A.1 shows two sample soot clusters and their properties as examples. These

clusters, labeled as A and B, were extracted from a simulation at 1500 K at two different

times. The left side shows the molecular structure of the particle and the three-dimensional

volumetric representation by constructing a surface mesh using OVITO [137] (this is what

the incipient particles would actually look like). The physicochemical properties of these

particles as analyzed in this work for classification via machine-learning are tabulated on

the right side of the figure.
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Molecular Structure
@ Carbon atom
@ Hydrogen atom

Constructed
Surface Mesh

A sample set of the attributes of nascent soot

particles investigated in the present study

(882 Atoms)

(1499 Atoms)

Identifier A B
Temperature (K) 1500 1500
Atoms 882 1499
Number of carbon 659 1083
Number of hydrogen 223 416
Molar mass (kg/kmol) 8139.8 13426.9
C/H ratio 2.955 2.603
Radius of gyration A) 13.473 15.076
Atomic fractal dimension 2.440 2.367
Simulated density (g/cm?3) 1.380 1.548
Empirical density (g/cm3) 1.670 1.621
Fraction of cyclic carbon 0.114 0.554
Fraction of non-cyclic carbon 0.886 0.446
Fraction of 5-membered ring 0.529 0.195
Fraction of 6-membered ring 0.235 0.569
Fraction of 7-membered ring 0.235 0.236
Total number of cyclic structures 17 174
Surfacc arca (A?) 52733  6754.7
Volume (A3) 9791.6 14403.0
Area to Volume Ratio (1/4) 0.539 0.469

Figure A.1: Two sample soot particles and their attributes investigated in this study
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APPENDIX B

SYMBOLS AND DEFINITIONS USED IN CHAPTER 6

B.1 Mathematical Equations

Below is the collection of equations used throughout the manuscript, arranged in
the order they are discussed in the main text.

Sphericity (¥, dimensionless) is calculated using

1/3 2/3
v=" (?42 ‘:B) (B.1)

where Vp is the bulk volume of the particle (Ag), and Ap, is the external surface area (Az).
Circularity (o, dimensionless) and average circularity (&, dimensionless) are

calculated as
(B.2)

(f)c)i, N =10 (B.3)

where P, is the perimeter of a circle of the same projected area, P is the actual perimeter of
the projected area. Average circularity is calculated over 10 projections.

Porosity (®, dimensionless) is calculated using

Vo

H— P
VB

(B.4)

where V), is the total pore volume (AS), and Vp is the bulk volume of the particle (AS).

Theoretical specific surface area (SSATpeoretical, M?/g) is evaluated using

Surface area
Bulk Volume x Bulk Density

wdy >

SSATheoretical =

smdy® X py
_ 6
dy X py

(B.5)

where dy is the volume-equivalent diameter (A), and py is the bulk density (g/cm?).



167

Average pore sphericity (z/_J, dimensionless) for different types of pores are calculated

using
1 Nparticles

> Ly (B.6)

)

V= Nparticles
where Npgriicies is the total number of particles, n; is the number of cavities in particle i,
and v; is the sphericity of the 4t cavity in particle 1.
Cumulative void volume per unit mass (Vo (d,), cm?3/g) is caculated using
Nparticle

Vo) = 3 D vegHlds — dy) B.7)
J

7
where M; is mass of particle 4, and H is the Heaviside step function, and d,, represents the

pore size.

B.2 List of Symbols and Definitions



Table B.1: List of symbols and their definitions used in the main text.
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Symbol | Definition Scope Equation
No.
W | Sphericity of an incipient particle Particle | B.1
Y | Sphericity of a single pore (cavity) Cavity | B.6
® | Porosity of an incipient particle Particle | B.4
o | Circularity of an incipient particle Particle | B.2
Dg | Surface fractal dimension of an incipient particle Particle
Dy | Volume fractal dimension of an incipient particle Particle
Dy | Aggregate fractal dimension of a soot aggregate N/A
A, | Total pore surface area (A?) within a particle Particle | 6.1
V,, | Total pore volume (A®) in a particle Particle | 6.1, B.4
Apgt | External surface area (A?) of a particle Particle | B.1
Ap; | Surface area of the i pore (A2) Cavity | 6.3
Vpi | Volume of the " pore (A3) Cavity | 6.3
V | Material volume of an incipient particle (A?) Particle | 6.2
Vg | Bulk volume of the particle (A%) including void vol- | Particle | B.1, B.4
ume (i.e., V +Vp)
pp | Bulk density (g/cm?) of an incipient particle (calcu- | Particle | B.5
lated using bulk volume and mass of a particle)
dy | Volume-equivalent diameter (A) of an incipient par- | Particle | B.5
ticle (based on bulk volume)
SS ATheoretical | Theoretical specific surface area (m?/g) of an incipi- | Particle | B.5
ent particle
Dgc | Surface fractal dimension of a cavity Cavity
Dy ¢ | Volume fractal dimension of a cavity Cavity
Urunnel | Average pore sphericity for tunnel cavities in an en- | Ensemble | B.6
semble of incipient particles
Ypocket | Average pore sphericity for pocket cavities in an | Ensemble | B.6
ensemble of incipient particles
Yrsolated | Average pore sphericity for isolated cavities in an | Ensemble | B.6
ensemble of incipient particles
d, | Volume-equivalent diameter of a cavity (A) Cavity | B.7
Vo(dy) | Cumulative void volume per unit mass (ecm®/g) | Particle | B.7
within an incipient particle up to cavity size d),
d, | Average volume-equivalent diameter of cavities within | Particle

an incipient particle
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B.3 Definitions and Key Parameters

o Types of Cavities:

> Isolated cavity

=3 Tunnel cavity

Incipient particle

Figure B.1: Types of cavities in soot particles.

o Tunnel Cavity: A pore with two or more openings to the external surface,

allowing gas flow and enhancing mass transport.

o Pocket Cavity: A pore with a single opening to the external surface, forming a

semi-enclosed void that contributes to accessible surface area.

o Isolated Cavity: A completely enclosed void with no external openings,

contributing only to bulk porosity.

o
Yo _2F e 2

Bulk Volume Material Volume

Figure B.2: Material and Bulk Volumes of a Soot Particle.
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o Material Volume (V): The volume of a particle that is completely composed of
solid material, independent of porosity contributions.

o Bulk Volume (Vp): The total volume occupied by a particle, considering both solid
material and void spaces.

« Total Pore Volume (V,): The cumulative internal void volume of all pores in a

particle. This is the difference between the bulk volume and the material volume, i.e.

\

V,=Vg—V.

’

External Surface Exterior Surface

Figure B.3: External and Exterior Surface Areas of a Soot Particle.

o External Surface Area (Ag,:): The surface area of a particle that is directly

exposed to the external environment.

o Exterior Surface Area (Agiierior): The surface area of a particle that is directly

exposed to the external environment but not part of any cavities.

o Specific Surface Area (SSA): The total surface area available per unit mass of a

particle, significantly influenced by the presence of tunnel and pocket cavities.

o Surface Fractal Dimension (Dg): A measure of the complexity of the particle’s

surface, affecting its reactivity and adsorption capacity.

o Volume Fractal Dimension (Dy): Describes the self-similar distribution of mass
inside a particle, influencing pore structure and internal morphology.

« Aggregate Fractal Dimension (Dy): Characterizes the structural arrangement of

primary particles in a soot aggregate, following a statistical fractal relationship.
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Porosity (®): Defined as the ratio of the total pore volume (V) inside a particle to
the bulk volume (Vp), representing the degree of void spaces.

Cumulative Void Volume (V.): The accumulated total volume of void spaces
within a particle up to a given cavity size, often used in pore size distribution analysis.
Volume-Equivalent Diameter (d,): Represents the diameter of a sphere with the
same volume as a given cavity, providing a measure of pore size.

Bulk Density (pp): The mass per unit volume (including any void) of a particle,
relevant for evaluating particle compactness.

Pore Size Distribution (PSD): A statistical distribution describing how pore sizes
are spread within a particle, affecting gas diffusion and reactivity.

Sphericity (¥): A dimensionless measure of how closely the shape of an incipient
soot particle resembles a sphere. Lower values indicate more irregular shapes.

Pore Sphericity (¢): A dimensionless measure of the regularity of a pore’s shape.
Circularity (0): A metric quantifying how close the projection of a soot particle is
to a perfect circle, based on its 2D projection.

Heaviside Step Function (H): A mathematical function used to define cavity
distributions in pore size calculations.

Surface Area of an Individual Pore (A,;): The total exposed surface area of a
single (i**) pore.

Volume of an Individual Pore (V};): The total enclosed volume of a single (i*")
pore.

Total Pore Surface Area (A,): The cumulative internal surface area of all pores
within a particle.

Averaged Theoretical Specific Surface Area (SSiATheo,«etical): The mean
theoretical estimation of SSA over multiple particles.

Average Pore Size (d,): The mean pore size across all cavities in a particle.
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APPENDIX C

SUPPLEMENTARY DATA FOR CHAPTER 6
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Figure C.1: Distribution of particle sphericity at different temperatures.
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Figure C.2: Distribution of average circularity of particles at different temperatures.
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Figure C.3: Distribution of porosity, ® of particles at different temperatures.
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Figure C.4: Distribution of specific pore volume [cm?/g] of particles at different temperatures.
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Figure C.5: Distribution of specific surface area of incipient particles at four different

temperatures.
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Figure C.6: Contribution of different cavities to specific surface area [m?/g] of incipient

particles.
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Figure C.7: (a) Average pore sphericity, ¢ and (b) average specific surface area of cavities
[1/A] in incipient particles at different temperatures.
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Figure C.8: Distribution of surface fractal dimension (Dg) of incipient particles at four
different temperatures.
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Figure C.10: Distribution of surface fractal dimension (Dgc) of cavities at four different
temperatures.
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Figure C.11: Distribution of volume fractal dimension (Dy¢) of cavities at four different
temperatures.
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Figure C.14: Correlation between total pore volume and pore surface area within incipient
particles at different temperatures. The equation for linear fit to the data also added to the
plot. An exponential and a quadratic fit were also explored, but no significant improvement
of correlation coefficient was observed.
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Figure C.15: Correlation between particle volume and pore volume within incipient particles
at different temperatures. The equation for linear fit to the data also added to the plot.
An exponential and a quadratic fit were also explored, but no significant improvement of
correlation coefficient was observed.
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APPENDIX D

DEVELOPED SOFTWARE AND TOOLS

This chapter details the computational tools and software packages developed in
support of the research presented in this dissertation. All tools are open-source and

available for public use.

D.1 MAFIA-MD: Molecular Arrangements and Fringe Identification and Anal-
ysis from Molecular Dynamics

MAFIA-MD is a Python-based analysis tool developed to process molecular
dynamics simulation outputs. Its primary function is to identify and quantify the number of
aromatic ring structures within a system, which is critical for tracking the evolution of

polycyclic aromatic hydrocarbons (PAHs) and soot precursors.

e GitHub Repository: https://github.com/comp-comb/MAFIA-MD

D.2 StereoFractAnalyzer: 2D and 3D Fractal Analyzer

StereoFractAnalyzer is a computational package for the detailed geometric and
topological characterization of molecular structures. It is designed to perform fractal
analysis, providing key insights into the three-dimensional complexity and morphology of

molecular systems.

e GitHub Repository: https://github.com/comp-comb/StereoFractAnalyzer

o PyPI Package: https://pypi.org/project/StereoFractAnalyzer/

D.3 PyPack: A Molecular System Builder for LAMMPS

PyPack is a Python toolkit for building molecular simulation systems from SMILES
strings or structure files. It enables collision-free packing into 3D periodic boxes with
support for LAMMPS and XYZ outputs, with on-the-fly conformer generation for

maximum diversity.


https://github.com/comp-comb/MAFIA-MD
https://github.com/comp-comb/StereoFractAnalyzer
https://pypi.org/project/StereoFractAnalyzer/
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o GitHub Repository: https://github.com/kmmukut/PyPack


https://github.com/kmmukut/PyPack
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APPENDIX E

EVIDENCE FOR THE RESTRUCTURING OF NON-HEXAGONAL RINGS

This appendix provides supporting evidence from the literature for the
interpretation of the ring statistics presented in Chapter 5. Specifically, it addresses the
observation that the fraction of 6-membered rings increases with particle mass at the
expense of 5- and 7-membered rings. The evidence presented here establishes a strong basis
for explaining this trend as a result of a dynamic restructuring process, where less-stable
non-hexagonal rings are converted into more stable hexagonal structures at high

temperatures.

E.1 Thermodynamic Driving Force: Ring Stability

The fundamental reason for the prevalence of 6-membered rings is their superior
thermodynamic stability. In sp?-hybridized carbon networks, hexagonal rings are the
lowest-energy, strain-free configuration. The incorporation of non-hexagonal rings, such as
pentagons and heptagons, introduces ring strain and raises the system’s energy. This
principle is well-established and has been quantified in numerous studies. For example,
Murry et al. [244] demonstrated through quantum-chemical calculations that annealing
processes are energetically favorable pathways for fullerenes to rearrange their bonding
structure, a process intimately linked with the presence of strained, non-hexagonal
rings[244].

While 5- and 7-membered rings are energetically less favorable, they are critical
intermediates in the formation of three-dimensional carbon structures from planar
polycyclic aromatic hydrocarbons (PAHs). The inclusion of pentagons is essential for
introducing positive curvature (allowing the flat sheets to form bowl-like structures), while
heptagons can introduce negative curvature [245]. A comprehensive review by Martin et
al. [246] highlights that the presence of pentagons creates “considerable strain”, establishing

the energetic driving force for subsequent rearrangements into more stable forms.
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E.2 The Stone-Wales Transformation

A primary mechanism for the interconversion of rings is the “Stone-Wales (SW)
transformation”, which involves the rotation of a C-C bond to transform four adjacent
hexagons into a pair of pentagons and a pair of heptagons (a 5-7-7-5 defect) [247, 248].
Critically, this process is reversible. While creating a 5-7 pair from hexagons is energetically
costly, the reverse reaction—the conversion of a 5-7 pair back into two stable hexagons—is

also possible and represents a pathway for “healing” the less stable defects [249, 250].

E.3 Collision and Conversion of 5- and 7-Membered Rings

Figure E.1: Illustration of the “collision” of edge seven- and five-membered rings transforming
into two edge six-membered rings (top), and the migration of a seven-membered ring (bottom).
This demonstrates a direct pathway for the conversion of non-hexagonal rings into more
stable hexagonal structures. (Adapted from Frenklach and Mebel [251].)

Beyond the intramolecular SW transformation, direct interaction between
non-hexagonal rings provides another pathway for conversion. Frenklach and Mebel [251]
performed kinetic Monte Carlo simulations that explicitly showed the “collision” of a
migrating 7-membered ring with a 5-membered ring on a PAH edge, resulting in their
mutual conversion into a pair of 6-membered rings (illustrated in Fig. E.1). This study
provides direct mechanistic evidence that encounters between these less-stable rings can

lead to their annihilation and the formation of the more stable hexagonal structure.
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E.4 Evidence from Nanotube Growth Simulations
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Figure E.2: Recreation of the key data illustrating the ring formation pathways during
carbon growth. The figure shows (a) the schematics of the direct (Path 1) and indirect
(Path 2) pathways, (b) the significantly lower energy barrier for Path 2, (c) the statistical
dominance of Path 2 for hexagon formation. Data adapted from Wang et al. [252].

Further direct evidence comes from reactive molecular dynamics simulations of

carbon nanotube (CNT) growth, a process with analogous carbon chemistry. A study by
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Wang et al. [252] analyzed the specific reaction pathways for the formation of different ring
types, providing clear, quantitative evidence of the conversion process.

Figure E.2(c) illustrates the statistical outcomes of two different formation pathways.
Panel (c) is the most critical piece of evidence: it shows that while pentagons and heptagons
are primarily formed directly from carbon chains (Path 1), hexagons are overwhelmingly
formed via an indirect, two-step mechanism (Path 2). This directly indicates that a
less-stable intermediate is being converted into the final, more stable hexagonal structure.

The energetic reason for this preference is also detailed in Fig. E.2. The energy
profile in Fig. E.2(b) shows that the activation energy barrier for the direct formation of a
hexagon (Path 1) is very high (29.33 kcal/mol). In contrast, the pathway that proceeds
through a pentagon intermediate (Path 2) has much lower energy barriers (3.1 and 6.82
kcal/mol). This demonstrates that it is kinetically and energetically far more favorable for
the system to first form a less-stable pentagon and then convert it into a hexagon, rather

than forming a hexagon directly.

E.5 Summary

In summary, the literature provides strong, multi-faceted support for interpreting
the increasing fraction of 6-membered rings as a dynamic restructuring process. This is
based on a clear thermodynamic driving force (the inherent stability of hexagons) and, most
importantly, direct simulation evidence that explicitly quantifies and energetically favors
the conversion of less-stable 5- and 7-membered rings into 6-membered rings during

high-temperature carbon growth.
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