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ARTICLE INFO ABSTRACT
Keywords: Large-scale atomistic models for complex polycyclic aromatic hydrocarbon systems help understand the chemical
Bottom-up carbonaceous model construction properties and behaviors of complex feedstocks such as coal or petroleum. However, the development and uti-

Atomistic coal model lization of large-scale models remain limited due to the difficulty in achieving the varied structural character-

istics necessary to capture stochastic nature of these feedstocks. We demonstrate a systematic workflow to
construct stochastic molecular systems from a broad analytical suite: high-resolution transmission electron mi-
croscopy (HRTEM), carbon-13 nuclear magnetic resonance spectroscopy (*3C NMR), laser desorption ionization
mass spectroscopy (LDI-MS), and elemental analysis. We present a model construction and analysis utility of a
new Python-based module. We selected one subbituminous and three high-volatile bituminous coals to construct
large-scale models (~40,000 atoms). The constructed models were utilized to examine the affinity for solvent
extraction (naphthalene or tetralin) and the effect of structural properties (e.g., aromatic cluster size, functional
groups, and cross-linking) in reactive molecular dynamics simulations. Complex chemical reactions were
monitored with bond order transitions, intermediates formation, and mass distributions. Reactive molecular
dynamics simulations suggest a plausible chemical extraction process and products for the complex fossil
feedstocks. The results indicated that radical formations with bond breaking of bridging oxygens and carbons
were required at high temperatures to facilitate hydrogeneration and extraction of gas molecules from radical-
free molecules. We observed that aliphatic chains of tetralin were easily decomposed and combined with radi-
cals to form small size of molecules with aryl bonding, mainly increasing molecules in the 500-1000 Da, while
naphthalene had little impact on chemical extraction process.
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1. Introduction

Coal is a heterogenous and complex material comprising various
organic molecules and inorganic minerals. The organic matter of coal is
made of carbonaceous material that originates from conversions of
deposited ancient plants under high pressure and heat [1]. Since the
Industrial Revolution, coal has primarily been used for electricity gen-
eration through combustion. Although coal remains a vital electricity
resource due to its availability and abundance, its usage will gradually
change because of environmental concerns about greenhouse gas
emissions associated with coal combustion [2] and the opportunities for
using coal as a feedstock for manufacturing value-added carbon prod-
ucts such as graphite and carbon fibers. Understanding and utilizing coal
compounds for non-power generation and efficient production of
value-added products are becoming more critical [3].

However, the complexity and heterogeneity of coal have hindered a
thorough characterization of its nature and optimal chemical conversion
routes to value-added products. Traditionally, coal has been classified
into four ranks depending on the amount of volatile matter or calorific
value: lignite, subbituminous, bituminous, and anthracite [4]. Also, the
maceral  contributions  (biomass input and  depositional
environment-related) influence the different conversion properties due
to their chemical structural variations [5]. It is reasonable to assume that
the varying ranks and maceral types of coals require different conversion
routes, depending on their distinct chemical and physical properties
[6-8].

Efforts over the past decades led to an increased understanding of
coal characteristics, such as rank, maceral composition, morphology,
molecular structure, and compounds of raw materials at certain matu-
ration, owing mostly to advancements in analytical techniques. It is now
widely accepted that coal is a collection of three-dimensional networks
of macromolecules condensed by combinations of covalent and non-
covalent bonds and associated molecules [1,9-13]. Highly informative
characterization approaches are proton nuclear magnetic resonance (‘H
NMR) and solid state carbon-13 nuclear magnetic resonance (13C NMR)
spectroscopy, which provide molecular structures with aromatic,
aliphatic contents, skeletal structure, and hydrogen attachments data
[14,15]. Information obtained from mass spectroscopies [16-19] and
lattice fringe analysis [20,21] with high-resolution transmission elec-
tron microscopy (HRTEM) has also given rise to greater insights into
molecular size distributions and subunits constituting macromolecules.
Furthermore, X-ray absorption spectroscopy and small-angle neutron
scattering (SANS) analysis have provided detailed information about
compositions and pore distributions [22-24].

The utilization of advanced experimental techniques and improved
computational power has accelerated the examination of coal with
atomistic computational models to obtain insight into chemical struc-
tures and conversion mechanisms [25-36]. By integrating findings from
experimental characterization techniques, models have advanced to
encompass a broad spectrum of molecular types and sizes, tailored to
precise chemical compositions and mass distributions. Recent research
has underscored the significance of comprehensive coal specimen
characterizations in facilitating the development of atomistic models at
a broader scale, encompassing ranks, maceral types, and compositions
[27,37,38]. The complexity and scales of coal models have been
significantly increased by combining 5000-100,000 atoms using 2-400
molecules to study various properties further originating from their
structural and chemical characteristics for both collections of molecules
and individual molecule using quantum mechanics (QM), molecular
mechanics (MM) and molecular dynamics (MD) simulations [31,34,
39-41].

In recent years, density functional theory (DFT) calculations of small
molecular models with functional groups or substituted aromatic mol-
ecules have provided insight into experimental results for chemical
processes of coal molecules. For example, Hou et al. reported energetic
barriers of hydrogen transfer and conversion of radicals in coal with
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simplified models by bridging small hydrocarbon molecules to find
optimal hydrogen-donor solvents in direct coal liquefaction using B3LYP
DFT method [42]. Similarly, Cheng and his coworkers studied the
chemisorption property of oxygen on coal models for energetic prefer-
ences and possible chemisorption configurations [43].

However, coal molecules are, in principle, complex and variable in
size and complexity. Hence, investigations of single-molecule properties
using DFT are certainly oversimplified, as they exclude steric con-
straints, entropic configurational and conformational effects, and the
overall collective effects of structural components such as van der Waals,
hydrogen bonding, and electrostatic interactions. In an attempt to
incorporate such collective effects, Li et al. investigated the sulfur
transformation mechanism of lignite during the oxidation process with
high-temperature reactive MD simulations using a macromolecule
(C225H182N4036S3) derived from Wolfrum’s model followed by DFT
calculations to confirm reaction paths for the formation of sulfur oxide
radicals and sulfur-containing gas [44]. Such studies lead to a wide
range of chemical products and reaction mechanism pathways that
should be considered when theoretically investigating the chemical
conversion properties of coal to inform experimental studies [29,31,32,
45,46].

The application of large-scale atomistic models has also been expe-
dited through MM with intermolecular interactions and computations of
chemical properties of molecules, including stacking [21], pore size
distribution [41], solubility parameters [47], and solvent swelling [48].
Mathews and his team have demonstrated that large-scale atomistic
models, constructed with a suite of experimental data, elucidate the
specific fractions of coals that can be extracted and enable an explora-
tion of the associated solvent swelling properties in their series of reports
[29,48-51]. Moreover, large-scale atomistic models have been actively
utilized for investigations of chemical reaction processes, including
pyrolysis/combustion and oxidation, mainly using reactive MD simu-
lations based on the reactive force field (ReaxFF) parameters [31,32,44,
45,52]. These studies have clearly demonstrated their advantages, as
they provide more realistic predictions of intermediates and products
that cannot be directly captured in experimental processes and offer
insight into chemical reaction paths from structural motifs and func-
tional groups for ensembles of molecular compounds [53-55]. Hence,
the construction and application of large-scale atomistic models
consistent with experimental characterizations should help design an
improved process for engineering coal-derived compounds.

One of the most fundamental challenges in the chemical conversion
of coals, other than electricity generation, is the effective extraction and
breakdown of desired carbonaceous compounds from which value-
added products can be manufactured. Solvent extraction is one com-
mon approach to retrieving useful subfractions. Since the first coal
extraction report by Pott and Broche in 1934, tetralin (hydrogen donor
solvent) has been known to be a suitable solvent for coal digestion and
extraction, dissolving most coal fractions [56]. It is important to note
that the role of solvents for coal extraction is not limited to liquefying
solids by separating associate interactions between macromolecules.
Solvents also chemically modify molecules through hydrogen donation,
bond breaking, and decomposition [8,57,58]. This fact imposes signifi-
cant cost factors, hampering the scalability of the solvent extraction
process for industrial purposes.

Therefore, it is important to understand the evolution of coal and
solvent molecular structures during solvent extraction, but such infor-
mation is not easily accessible to experimental investigations [8]. For
example, it was empirically found that using solvents as hydrogen do-
nors or catalytic hydrogenation of coal was a critical step in preparing
mesophase pitch for high-quality carbon fiber productions [59,60].
Hydrogenation is a common practice nowadays, but we are far from a
clear picture of the role and impact of hydrogen donation during solvent
extraction. In fact, to the best of our knowledge, a systematic compari-
son of different solvents to understand the role of hydrogenation for the
solvent extraction process of coal in large-scale atomistic model
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simulations has not yet been attempted, largely perhaps due to the lack
of realistic atomistic coal models with sufficient unit cell size, derived
from experimental characterizations. The currently available processes
for large-scale atomistic model construction require human intervention
in several steps using commercial software tools [29,32,34]. Accessible
software tools will allow one to quickly build and utilize reasonable
models to provide the basis for further simulations [37] to aid experi-
mental studies.

In this work, we have therefore developed an open-source software
tool for efficiently constructing large-scale atomistic models for coal
materials with relevant experimental characterizations based on a ran-
domized bottom-up construction approach. Our tool automatizes the
atomistic model construction process based on structural data from
HRTEM, '3C NMR, LDI-MS and elemental composition analysis. The user
supplies a desirable total number of molecules for the coal model to be
constructed, and the tool will then create a “library” of molecules
matching the experimental mass distribution and incorporate appro-
priate numbers and types of chemical functional groups, heteroatoms,
polycyclic aromatic hydrocarbon (PAH) units, and crosslinking bridges,
which are helpful to study compounds like coal and pitch materials with
complex and stochastic nature. The chemical and physical data for the
selected coals were published in earlier works [23,24]. We demonstrate
the capability of this tool for the theoretical study of the chemical
conversion process via solvent extraction with reactive MD simulations
using ReaxFF parameters with and without explicit solvent molecules
such as tetralin as hydrogen donor and naphthalene as a chemically
more inert solvent. Our study highlights the rapid development and
application of stochastic atomistic models that align with experimental
characterizations, enabling the examination of chemical processes such
as pyrolysis and solvent extraction.

2. Materials and methods
2.1. Coal samples

The experimental data of four coal samples were utilized to construct
the atomistic model: A subbituminous coal from the Powder River Basin
“Monarch,” two bituminous coals from the Illinois Basin: “Herrin” and
“Springfield,” and a bituminous coal from Central Appalachian “Blue
Gem”. The chemical and physical data for these samples have previously
been published [23,24,61].

2.2. Molecular size estimation using HRTEM and lattice fringe analysis

We identified the molecular size of PAH molecules using HRTEM
followed by the lattice fringe image analysis. The details are available in
an earlier publication [21,62]. An FEI TalosTM F200X scanning/-
transmission electron microscope provided 0.12 nm resolution with the
recorded micrographs generated in the bright field mode at 630 kX
magnification operated at 200 kV. Image processing and analysis used
Photoshop™ software in conjunction with the QIA plugin. The micro-
graphs were cropped to be square and reduced in size to permit a fast
Fourier transform with a filter and an inverse Fourier transform to
reduce the noise. Prior to that stage, the contrast distribution was
enhanced by histogram shaping. The threshold was manually selected to
isolate the lattice fringes. Fringes that were <3 or <9.4 A (larger than
3x3 rings) were rejected to be consistent with known coal chemistry.
Sizes for PAH identification are the same as previously used [27]. Six to
nine micrographs were used for each sample to determine the distri-
bution of PAH molecules [27,63].

2.3. Solid state 13C NMR measurement
The demineralized coal samples were characterized with solid state

1H-13C Cross-Polarization Magic-Angle Spinning (CPMAS) NMR spec-
troscopy. Data were collected with a custom-built 3.2 mm 1H-X-Y triple
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resonance MAS probe on a 14.1 T magnet spectrometer (1H 600 MHz)
managed by a Bruker Avance III console at the MagLab of Florida State
University. The characterization was conducted as follows: Approxi-
mately 40 mg of powdered coal was loaded to a rotor and spun at a
frequency of 16 kHz. The experiments utilized pulse powers of 50 and
100 kHz for the 90° pulses on the 'H and 3C channels, respectively.
Applying a ramped (70-110%) spin-lock pulse for 'H channel and a
rectangular pulse for 3C channel, an optimal 'H-!'3C CP state was
identified with »; (*H) ~ 65 kHz and v; (*3C) = 50 kHz. The 'H
decoupling method utilized for the direct and indirect acquisition stages
of 13C signals was SPINAL-64, employing a decoupling radiofrequency
power of 90 kHz. Based on a method suggested by Solum et al. [15], the
fractional quantification of carbon sites of coal samples was character-
ized with variable contact 'H-'3C CPMAS and dipolar-dephasing ex-
periments. The decay constants of each spectrum peak component, both
the Lorentzian and the Gaussian type of initial magnetization were
determined via the dipolar-dephasing experiments employing 24 delay
times ranging from 0 to 30 ps. 13 variable contact 'H-'3C CPMAS ex-
periments were conducted, with contact times ranging from 0.5 to 10
ms, to extract the time constants of 'H-'3C polarization transfer and the
proton spin-lattice relaxation. Fractional contents of carbon sites iden-
tified in these experiments were extracted from the molecular
parameters.

2.4. Mass spectrum using LDI-MS measurement

LDI-MS analyses were conducted using a Bruker Ultraflextreme
MALDI-TOF apparatus at Pennsylvania State University featuring a
Smartbeam-II IR laser (NdYAG) with a maximum repetition rate of 2
kHz. The specific method parameters were fine-tuned accordingly. In
this measurement, the examination was performed using unprocessed
coal powders.

2.5. Fourier transform infrared (FTIR) spectroscopy

Demineralized coal samples were ground with bromide potassium
(KBr) at a concentration of 50 vol% with a pestle and mortar and 1 mm
diameter pellets were made using a Carver hydraulic press (pressure of 4
tons). A PerkinElmer Frontier Fourier transform infrared (FTIR) spec-
trometer was used in attenuated total reflection (ATR) mode. ATR mode
with a high concentration in coal gave a better signal than transmission
mode with a low concentration (typically 0.5-1 wt%). The background
and the sample spectra were generated by cumulating 16 scans over a
wavenumber range of 400 to 4000 cm ™! with an accuracy of 2 cm L. The
baseline of all spectra was manually corrected.

2.6. Bottom-up construction workflow

A program was created in the Python programming language, the
“MolecularSolidBuilder”  (https://github.com/MoleCraftHUB/Molecul
arSolidBuilder) for hydrocarbons with a bottom-up construction
approach to generate coal molecular structures using the RDKit package
[64]. The code enables users to build a collection of molecules that
match the experimental data suite encompassing elemental composi-
tion, molecular weight distributions, 13¢ NMR data, and HRTEM
platelet-size data. The specific process is reviewed in detail in the Model
construction section.

2.7. Molecular dynamics simulations

The thermal pyrolysis and solvent extraction process for the atom-
istic coal structures were examined through MD simulations performed
via the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code using ReaxFF [65-69]. It is widely used for chemical
reactions of large-scale and complex atomistic models that can describe
the bond formation and cleavage processes to predict intermediate
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radicals and product molecules. Recently, ReaxFF has been intensively
utilized for thermal conversion studies of coal with large-scale atomistic
models [32,33,44,45], predicting processes that agree with experi-
mental observations. A review of its application to coal has also recently
been published [52]. The simulations here used a canonical ensemble
with constant volume and constant temperature (NVT ensemble), where
the temperature was controlled using a Nose-Hoover thermostat [70,71]
with a temperature step of 0.1 fs and a damping parameter of 25 time-
steps. The velocity-Verlet integration algorithm was used for all simu-
lations. The initial volumes of a box containing coal molecules or coal
molecules with solvent molecules were 150° A% and 200° A3, respec-
tively. The molecules are randomly distributed in the large box without
overlap of positions using PACKMOL [72]. The target density of solid
phases was derived from experimental characterizations of each coal
specimen, estimating the desired volume and box size with molecular
mass. The electrostatic interactions were computed based on
environment-dependent charge equilibration with the electronegativity
equalization method (EEM) and tapered electrostatic energy using the
cutoff radius of 10 A [73,74]. ReaxFF MD simulations often utilize high
temperatures (2000-4000 K) to accelerate chemical reaction process by
increasing the collision factor and the kinetic energy to overcome kinetic
barriers in short simulation time (~1 ns) as compared to the experiment
process (~1800 s or ~30 min). Arrhenius equation can be used to es-
timate a desired temperature in MD simulations based on time scale
difference if the experimental reaction constant can be obtained [52,
75]. These accelerated high-temperature simulations demonstrated
consistency of chemical reaction process compared with experimental
observations [76-78]. In this work, we performed high-temperature
NVT simulations at 1073 and 2073 K for 1 ns for coals in explicit sol-
vents. This approach enables us to address the limitation of the shorter
process time of reactive MD simulations compared to a slow experi-
mental process at ~673 K (or 400 °C) for 5-30 min in the solvent
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extraction process. Multiple versions of ReaxFF have been parameter-
ized and available for hydrocarbon studies to predict different aspects
and properties.

Along with a few available parameters, we tested the relative for-
mation energy difference of 450 molecules using four ReaxFF parame-
terizations with respect to B3LYP/6-311G* (Fig. S1). We observed that
the two parameters by Mattsson et al. [79] and Nielson et al. [80] pre-
dict very similar relative formation energies and do not lead to bond
formation/breaking of coal molecules in solid phases. The ReaxFF
parameter by Mattsson et al. [79] has previously been used to study
pyrolysis, coke formation of lignin, and coal [31,81-83]. We examined
the solvent extraction and pyrolysis process using both parameter sets
and showed the results obtained with the parameter set by Mattsson
etal. [79] in the manuscript. The results obtained with the parameter set
by Nielson et al. [80] were shown in the supporting information. We do
not find statistically significant differences in describing these highly
dynamic processes. For molecular visualization, the Ovito [84] and
PyMol [85] tools were used to visualize coal structures and molecular
species, respectively.

3. Results and discussion
3.1. Model construction

Following the bottom-up procedure demonstrated by Castro-
Marcano et al. [29] and Gao et al. [81], we created a new
Python-based tool, “MolecularSolidBuilder” (https://github.com/MoleC
raftHUB/MolecularSolidBuilder), to rapidly generate atomistic models
containing an ensemble of hydrocarbon-rich structures to represent
coals or pitches. The code is designed to create large-scale atomistic
models of molecular solids containing molecules of arbitrary size from
experimental input and involves multiple stages, as shown in Fig. 1. In
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Fig. 1. Stage and step-wise bottom-up molecule construction approach. a) Stage 0 for PAH molecule generation collected as Moll DB. b) Stage 1 for adding rings and
functional groups with 6 steps to match to '3C NMR data collected as Mol2 DB. ¢) Stage 2 for incorporation of heteroatoms (oxygen, nitrogen, and sulfur atoms) to
match the elemental composition collected as Mol3 DB. d) Stage 3 for bridging multiple molecules to match mass distribution collected as Coal DB. The carbon,
hydrogen, nitrogen, oxygen, and sulfur atoms are colored in grey, white, blue, and yellow, respectively. In addition, the green atoms are carbons for newly added

rings. (A colour version of this figure can be viewed online.)
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Table 1

PAH molecule size distribution for the structural representations.
Name Size (A) Monarch Herrin Springfield Blue Gem

Frequency (%) Number Frequency (%) Number Frequency (%) Number Frequency (%) Number

PAH1 <3.0 31 310 21 189 28 280 13 100
PAH2 3.0-4.5 43 430 49 441 51 510 59 460
PAH3 4.5-6.0 9 90 10 90 9 90 10 80
PAH4 6.0-7.5 8 80 9 81 6 60 8 60
PAHS5 7.5-11.5 7 70 8 72 5 50 7 54
PAH6 11.5-14.5 2 20 3 27 1 10 3 20
Total Number 1000 900 1000 774

coals, PAH molecules have various numbers of single or fused aromatic
rings, typically with three to five fused rings, with different side chains
and heteroatoms (the distribution of sizes is rank and
maceral-dependent)

A common approach is utilizing a suite of idealized PAH molecules
such as benzene, naphthalene, anthracene, phenanthrene, fluorene,
pyrene, etc [29,32,86]. In our model builder, we increased the molecule
complexity by adding and concatenating 5-membered and 6-membered
rings starting from the idealized PAH molecules with various sites of
PAH such as bay, cove, fjord, M, and K regions as shown in Fig. S2.
Fig. 1a shows that a range of structures can be generated from benzene
or cyclopentadiene, increasing the size of hydrocarbons based on
chemical rules that consist of fused 5-membered and 6-membered rings.
Various membered rings can be added to PAH molecules, but we are
restricted to having 5-membered and 6-membered rings in this work.
The tool enables the addition of various rings with 3-10 members, as
illustrated in Fig. S2. Generated molecules were collected to the PAH
database (DB). The list of PAH molecules for “which” coals or more
general units used is shown in Fig. S3 (e.g., PAH1-1 is the benzene and
PAH2-1 and PAH2-2 are the naphthalene and the indene, respectively).
We randomly added functional groups and side chains to increase the
structural diversity and incorporate experimental characteristics
(although some bio-specific isomerization is likely retained from the
biomass inputs). The functional groups for coal models in this work
include methyl, ethyl, carbonyl, phenolic and naphthenic hydrocarbons.
The tool can also be modified to incorporate additional functional
groups using the Simplified Molecular-Input Line-Entry System
(SMILES) notation. Molecular structures in all stages and steps in Fig. 1
are stored as three-dimensional geometries based on structural embed-
ding and molecular mechanics using MMFF94s of RDKit [64].

The lattice fringe analysis of HRTEM from the previous study [21]
was utilized to estimate the distribution of PAH molecules [62]. Table 1
shows the PAH molecule distributions for each cluster comprising the
individual coal structures. The size of concatenated molecules was
estimated from the length and breadth of the enclosing box of
three-dimensional coordinates of atoms. The single number for each
molecule was calculated from the average value of the width and the
length of the rectangular bounding box. The total number of PAH

molecules for four coal models was 1000 for Monarch (subbituminous),
900 for Herrin (bituminous), 1000 for Springfield (bituminous), and 774
for Blue Gem (bituminous) to construct systems of ~40,000 atoms with
the suggested distribution from the lattice fringe image analysis.

Consistent with the coal rank, Monarch coal has the highest per-
centage of smaller PAH molecules (PAH1 and PAH2) accounting for 74
% (Table 1). The three bituminous coals have a higher contribution of
the larger PAH molecules (PAH3~PAHG6). The total molecule numbers
were initially defined with ~20,000 atoms (hydrogens and carbons) for
each structure. Further concatenation of ring structures and adding
aliphatic and functional groups in Fig. 1b make the final structure
consist of ~40,000 atoms (size required to capture some molecular
weight distribution).

Given the suggested number of the different sizes of PAH, we
randomly selected duplicated PAH molecules in each size estimation for
each coal model from the Moll database collected in stage 0 (Fig. 1a).
The collection of simplest PAH molecules is decorated and modified in
the following stage (Fig. 1b) by closely monitoring the experimental
data of 13C NMR characterization (Table 2), providing information on
carbon skeletal structures. This is achieved by adding and modifying
aromatic bridgehead carbons (fg), aliphatic carbon bonded to 2 hydro-
gens or 1 hydrogen (f]), aromatic alkylated carbon (f), aromatic
carbonyl carbon (fg), aromatic phenolic carbon (fg), aliphatic carbon
bonded to oxygen %, aliphatic carbon bonded to 0 hydrogen or 3
hydrogens (fy*).

The computational '3C NMR parameters were collected from all
molecules at every modification step. We randomly selected applicable
sites for desired structural modifications and modified molecules until
the set of molecules had consistent parameters for 13C NMR data. In the
step 1 and 2 of the stage 1, we expanded the number of rings for aro-
matic carbons for bridgeheads (fg) and aliphatic carbons for cyclo-
alkanes, adjusting the faction of alkylated aromatic carbons (ff} and f5)
because selected PAH molecules from the size distribution did not satisfy
the conditions for these parameters. In the following steps (3-6), func-
tional groups were added to molecules with a carbonyl group (f5),
phenolic groups (9), aliphatic oxygen group (), and aliphatic carbon
groups (fu* and ). The resulting molecules of each coal model were
added to Coal DB, as shown in Fig. 1.

Table 2

13C NMR data for coals (Coal-experiment) and calculated data for atomistic models (Coal model).
Structural parameters fa fo fe fd fa fa fa fa fa fal fa* fa 1o
Monarch-experiment 0.67 0.63 0.04 0.23 0.40 0.04 0.16 0.20 0.33 0.19 0.14 0.06 0.32
Monarch-model 0.67 0.63 0.04 0.22 0.41 0.04 0.16 0.20 0.33 0.19 0.14 0.06 0.32
Herrin-experiment 0.69 0.66 0.03 0.19 0.46 0.04 0.17 0.25 0.31 0.19 0.12 0.05 0.38
Herrin-model 0.69 0.66 0.03 0.19 0.47 0.05 0.17 0.25 0.31 0.19 0.12 0.05 0.38
Springfield- experiment 0.69 0.66 0.03 0.23 0.43 0.04 0.15 0.24 0.31 0.19 0.12 0.05 0.36
Springfield-model 0.69 0.66 0.03 0.23 0.43 0.04 0.15 0.24 0.31 0.19 0.12 0.05 0.36
Blue Gem-experiment 0.70 0.67 0.03 0.21 0.46 0.04 0.17 0.25 0.30 0.20 0.10 0.01 0.37
Blue Gem-model 0.70 0.67 0.03 0.21 0.46 0.04 0.17 0.25 0.29 0.19 0.10 0.01 0.37

Fractions of sp>-hybridized carbon (approximate error estimate): f, = total carbon (+£0.03); f,” = in an aromatic ring (+£0.04); fS = carbonyl, 5 > 165 ppm (+0.02); £ =
protonated and aromatic (+0.03); ffl" = non-protonated and aromatic (+0.03); fg = phenolic or phenolic ether, § = 150-165 ppm (+0.02); jﬁ = alkylated aromatic, § =
135-150 ppm (£0.03); ﬁf = aromatic bridgehead (£0.04); fy; sp3-hybridized carbon (i0.02);ﬁf1 = CH or CH; (£0.02); fo;* = CH3 or non-protonated (i0.03);ff1’1 =
bonded to oxygen, 5§ = 50-90 ppm (+0.02). Entries with more than 1% difference between experimental results and models were bolded in the table.
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Table 3
Proximate, ultimate analysis, and helium pycnometry densities.

Carbon 222 (2024) 118939

Proximate analysis (wt.%, as-received basis)

Ultimate analysis (wt.%, dmmf basis)

Pycnometry (g/cm?, dry ash free basis)

Moisture Volatile Matter Fixed carbon Ash Yield C H N o} S Density
Monarch 9.58 36.59 39.01 14.82 72.99 4.86 1.46 20.04 0.65 1.50
Herrin 2.67 41.49 51.05 4.79 83.97 5.61 1.79 5.19 3.44 1.33
Springfield 6.43 39.13 51.68 2.76 86.99 5.59 1.98 2.61 2.83 1.35
Blue Gem 2.05 37.31 59.44 1.20 86.70 5.71 2.31 4.32 0.96 1.36

# Oxygen contents in Ultimate analysis measured by difference.

Table 4
Elemental composition from experiment and model.

Elements Composition C atomic. % H atomic. %

N atomic. %

O atomic. % S atomic. % Number. of atoms

Monarch-experiment 49.4 39.5 0.84
Monarch-model 48.0 42.9 0.86
Herrin-experiment 53.2 42.6 0.97
Herrin-model 51.1 43.2 0.99
Springfield-experiment 54.8 42.2 1.08
Springfield-model 50.7 43.1 1.09
Blue Gem-experiment 53.9 42.6 1.24
Blue Gem-model 52.1 43.0 1.07

10.1 0.16 -
8.00 0.17 39,333
2.46 0.82 -
3.90 0.83 37,070
1.24 0.68 -
4.40 0.68 38,812
2.03 0.23 -
3.55 0.28 37,918

Oxygen contents are the most significant errors after matching the NMR parameters of f5, 5, and f3

As aresult of stage 1 (Fig. 1b), the collection of molecules of a model
(Mol2 DB) has a good match for the experimental data with ~1 % dif-
ference for all 13C NMR parameters except for 3. The aliphatic carbon
bonded to oxygen (f) was deliberately matched by 1 % less than the
experimental {3 in Table 2 because it increased further when the PAH
molecules were bridged with O atoms. The heteroatoms were added in
stage 2 (Fig. 1c) after modifying the carbon skeletal structure in stage 1
with reported types for nitrogen and sulfur functional groups. The het-
eroatom types were limited to pyridine, pyrrolic, quaternary nitrogen,
thiophenic, aliphatic, and aromatic sulfur based on previous charac-
terization [22,87].

We note that incorporating f§, f2,and {J leads to adding oxygen-
forming aldehyde, ketone, carboxyl functional groups, phenolic oxy-
gens, open ethers and oxygen in cyclic carbon and also within the side
chains. Due to insufficient experimental characterization studies of
heteroatom types and contents of these four coal samples, we utilized
the relative proportion of nitrogen and sulfur from the literature.
However, this can be further improved by analyzing the given coal
samples. The amounts of pyridine, pyrrolic, and quaternary nitrogen are
fixed to 26 %, 62 %, and 12 %, respectively, based on the XPS report by
Kelemen et al. for Argonne Premium bituminous coal [22]. The amount
of sulfur is distributed with a goal of 41 % as thiophenic sulfur, 26 %
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Fig. 2. Mass distribution of molecules of coal models for a) Monarch, b) Herrin, ¢) Springfield, and d) Blue Gem. Experimental target values from LDI-MS data are
shown in solid black lines. The number of molecules at each molecular weight bin (MWs) in atomistic models is shown in the bar chart up to 2400 Da. (A colour

version of this figure can be viewed online.)
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Fig. 3. a) Gas phase with coal molecular model and b) solid phase with coal
molecular model compressed to the experimental densities. ¢) Compression
curve of 5 Blue Gem models from different distribution of molecules (density vs
potential energy (PE) per atom) with the MD simulation at 300 K using ReaxFF
parameter. (A colour version of this figure can be viewed online.)

within aromatic structures, and 33 % aliphatic sulfur based on the
XANES report by George et al. for Argonne Premium bituminous coal
[87]. We did not include water molecules as a structural component in
these atomistic representations.

From stage 1 and stage 2, the individual PAH molecules were
decorated with the number of aromatic rings and closed aliphatic chains
(cyclic compounds), functional groups, and heteroatoms. Note that we
matched '3C NMR with less than 1 % difference for all entries, but we
still have errors for the elemental composition, with the most significant
error for oxygen and carbon percentage difference in Springfield coal,
with 3.2 and 4.1 % between the experimental data and the model
(Table 4).

The errors for the elemental compositions of ultimate analysis
(Table 3) originated from the utilization of the 13C NMR data over the
elemental composition for the oxygen content because it provides the
specific types of oxygens such as carbonyl (fS), phenolic (ff) and
aliphatic carbon (fQ) atoms. This will be further improved by optimizing
the number of cross-linking with specific pairs of carbon and oxygen
atoms instead of simply adding necessary amounts of oxygen and
randomly linking molecules by bridging randomly selected functional
groups.

Coal consists of molecules of different sizes and molecular weights;
while some are isolated, many are cross-linked for these ranks. The
molecular weight (MW) distribution estimates from LDI-MS guided the
target range and the number of molecules in different MW of each coal
sample (black lines of Fig. 2). In stage 3 (Fig. 1d), PAH molecules from
Coal DB’ were randomly selected and bridged with the available pair of
side chains and aromatic atoms to generate molecules for the target
distribution. The MW distributions were shown as a color bar for the
number of constructed molecules and solid black lines for the initial
target numbers of molecules obtained from experimental distributions.
In our bottom-up construction method, we built an individual coal
model with desired numbers of molecules from 100 up to 2400 Da with a
50 Da interval (using all individual PAH molecules for each coal model).
Each stage of the entire molecular solid model generation is guided by

Carbon 222 (2024) 118939

distinct experimental data, sequentially accumulating different struc-
tural factors. In Stage 0, the PAH size distribution is aligned with
HRTEM lattice fringe data, while in Stage 1, the skeletal structure cor-
responds to !°C NMR data. Subsequently, Stage 2 aligns with the
elemental composition derived from ultimate analysis, and Stage 3
corresponds to the molecular weight distribution.

With this systematic model construction process, we have a different
distribution and number of molecules for coal models. The bottom-up
approach allows one to generate an ensemble of molecules in different
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Fig. 4. Carbon number vs DBE number (left column) and Solubility parameter
vs Normalized number of molecules (right column) for different coal models.
Illinois no. 6 model from Ref. [29] was also added to examine relative differ-
ences in DBE populations and the normalized distribution of solubility pa-
rameters. The relative number of molecules for DBE is colored with the
normalized number of molecules in blue-green-red color spectrum. (A colour
version of this figure can be viewed online.)
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PAH core sizes and molecular weights, consistently matching experi-
mental 3C NMR and elemental composition data. We note that char-
acterization errors and variations will significantly impact the final
structures.

3.1.1. Solid structures from the ensemble of molecules

From the bottom-up construction process for the given coal mate-
rials, an ensemble of individual macromolecules and small molecules
can be generated for each coal sample. However, coals are solid porous
structures. Thus, the ensemble must be compressed to match experi-
mental densities, determined from the pycnometer measurement
(Table 3) with the range of 1.36-1.51 g/cm3 (dry ash free basis, daf),
consistent with literature expectations for these ranks [88]. For the solid
materials, the molecules for each coal material were all randomly placed
in a three-dimensional box at gas density (~0.15 g/cm®) and com-
pressed to the experimental solid density using the MD simulations at
room temperature (300 K) during 40 ps by reducing the box size by 2 A
for all directions (x, y, z) every 1 ps (Fig. 3). Five gas phase samples of
Blue Gem were compressed to investigate potential energy biases by the
random distribution of molecules (Fig. 3c). There were no noticeable
differences in the energy curves and the optimal density. We note that
the MD simulations at 300 K were non-reactive without bond for-
mation/breaking between molecules during the compression with two
different sets of ReaxFF parameters (Mattsson et al. [79] and Nielson
et al. [80]).

After we built four coal systems, we checked their features and
compared them with experimental characterizations. First, we
computed infrared (IR) spectra with our coal models using both indi-
vidual molecules with the normal mode analysis using the density-
functional tight-binding (DFTB) method and condensed coal system
with the fast Fourier transform dipole autocorrelation function using
ReaxFF (see Fig. S5). These computational IR spectra were used to
confirm the consistency of constructed molecules with experimental
spectra of coal samples. We observe that the experimental IR spectra of
the three bituminous coals showed no distinguishable differences in
peak positions and intensities. The experimental IR spectrum of Mon-
arch, classified as subbituminous coal, exhibits slight variations with
peaks around ~750 and ~3200 cm ™}, corresponding to the vibration of
the aromatic nucleus and the —OH stretching, respectively. Computa-
tional IR spectra at the molecular level for the four coals (Fig. S6)
illustrate that they are comprise distinct sets of molecules. However, the
resulting spectra become indistinguishable when averaging the
computational IR spectra of these molecular sets (Fig. S5) in both DFTB
and ReaxFF. The relative amounts of chemical structural units and
functional groups of these coal molecules are comparable, making in-
tegrated spectra indistinguishable. The vibrational peak positions of
integrated IR spectra from those of individual molecules with DFTB were
in better agreement with experimental results than those of condensed
systems with ReaxFF. The inability to distinguish between IR spectra of
various coals, despite using distinct sets of molecules in the computa-
tional IR spectra, suggests that IR spectra can only assess the relative
quantities of different vibrational modes rather than their specific mo-
lecular structures.

Next, the double bond equivalent (DBE) number and solubility pa-
rameters (5) of individual molecules for each coal model were analyzed
to verify their resemblance/disparity, as illustrated in Fig. 4. The DBE
number is calculated with eq (1), which is calculated with the number of
hydrogen (ny), carbon (n¢), and nitrogen (ng) of each molecule. The
solubility parameter (§) is calculated based on eq (2) where ng, nc, ny,
np, and ng are corresponding to the number of hydrogen, carbon, ni-
trogen, oxygen and sulfur together with the aromatic carbon ratio (f,) of
each molecule, respectively. It had been formulated with the group
contribution approach and developed by Painter et al. [10] The pop-
ulations of DBE numbers were represented by a color gradient in the
scatter plot, ranging from blue to red, corresponding to their relative
frequencies in the region. We also determined the analysis for the

Carbon 222 (2024) 118939

Fig. 5. a) Blue Gem model, b) Blue Gem coal mixed with naphthalene (NAP)
model, and c) Blue Gem coal mixed with tetralin (TET) model. All systems were
compressed to the density of ~1.00 g/cm® for simulation consistency. The coal,
naphthalene, and tetralin molecules were colored differently to show the
overall distribution of solvent molecules: grey for coal atoms, yellow for
naphthalene atoms, and blue for tetralin atoms. (A colour version of this figure
can be viewed online.)

molecular model for Illinois no. 6 coal [29], as this is the same seam as
the Herron sample. In this work, coal molecules constructed for Mon-
arch, Herrin, Springfield, and Blue Gem are distributed widely with DBE
number and narrowly with the solubility parameters compared to the
Illinois no. 6 coal model. The differences are related to the larger scale of
the Illinois No. 6 (50,789 atoms within 728 molecules) atomistic rep-
resentation and a higher inertinite contribution (10 vs. 6.5 %) [24,51].

DBE:”C—n?H-‘rn?N-&-l 6h)

7.0 + 63.5f, +63.5 (Z—’Z) + 106(m) + 51.8(””*”5)

ne ne

—10.9 + 12f, +13.9 (%) +5.5 (:%‘;) - 2.8(””::5 >

3.2. Chemical decomposition simulations

S= 2)

We examined the high-temperature chemical reactions of our coal
models with two common solvents (naphthalene and tetralin) to
examine the role of hydrogen donation capability for the chemical
conversion of coals. We also built the system with individual coal mol-
ecules well dispersed in solvent molecules, assuming that solvent mol-
ecules would well disperse a solid coal particle into individual molecules
by breaking associate intermolecular interactions before the chemical
reactions in the solvent extraction process. The weight ratio for the coal
and the solvent was ~1:1 by utilizing all molecules of the Blue Gem coal
model: 37,918 atoms from 263 molecules (Table 4) and 2000 molecules
of naphthalene (C;oHg, NAP) or tetralin (C;oH;2, TET). To consistently
study the chemical reaction dynamics, we conducted three dynamics
simulations with the Blue Gem model: thermal pyrolysis of Blue Gem,
solvent extraction with NAP, and solvent extraction with TET. Following
the same condensation process in the solid coal model construction
method, the coal and the solvent molecules were randomly placed in a
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Fig. 6. The number of molecules at different molecular weight ranges from dynamics simulations at 1073 K with ReaxFF for a) 0-100 Da, b) 100-200 Da, c)
200-500 Da, d) 500~1000 Da, e) 1000-2000 Da, and f) 2000-3000 Da. (A colour version of this figure can be viewed online.)

200° A® box at ~0.15 g/cm® density as the gas phase. Then, high-density
systems were prepared with the gas phase compressing to the density at
~1.0 g/em® at 300 K for 50 ps by reducing the box size by 2 A every 1 ps.

Fig. 5 displays the three systems after compression: a) Blue Gem
model, b) Blue Gem + NAP, and c) Blue Gem + TET. The solvent mol-
ecules were colored grey for Blue Gem, yellow for NAP, and blue for TET
to illustrate their volumetric distributions. The reactive MD simulations
were performed at two temperatures (low and high), 1073 K (or 800 °C)
and 2073 K (or 1800 °C) for 1 ns to observe the chemical reactions
between coal and solvents. A direct comparison of MW changes over

time for the Blue Gem model without solvent, for Blue Gem + NAP, and
for Blue Gem + TET are shown in Figs. 6 and 7.

Molecules in each MW range were tracked instead of showing the
exact chemical species with the same chemical formula (because it was
highly complex due to the many unique intermediate species in the
pyrolysis and extraction processes). Fig. S7 shows the time evolution for
the number of molecules from 50 to 3000 Da counting molecules with
50 Da bins. In the pyrolysis of Blue Gem, we observed that gas and small
molecules (MW less than 500 Da) were formed (Fig. 6a—c and 7a-c). The
low MW molecules such as Hy, CH4, H20, and NH3 were chemically
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200-500 Da, d) 500~1000 Da, e) 1000-2000 Da, and f) 2000-3000 Da. (A colour version of this figure can be viewed online.)

produced from the decomposition of coal at 1073 K (Fig. 6a) and coal
with solvents at 2073 K (Figs. 7a and 8b). The production of gas mole-
cules of pyrolysis of lignite and bituminous coal was a consistent
outcome of both experimental and ReaxFF simulations reported by
Mingjie Gao et al. [32] The increasing number of molecules in 200~500
Da in Figs. 6¢c and 7c was the result of breaking crosslinking between
PAH molecules with decreasing number of molecules with high molec-
ular weights (500~3000 Da). Limiting the reaction rate, the lower
temperature simulations (at 1073 K for 1 ns) in Fig. 6e—f showed that
coal macromolecules were first broken with an increasing number of

10

species (263-328 molecules without the formation of gas molecules).
Solvent extraction dynamics (Blue Gem + NAP or Blue Gem + TET)
differed from the pyrolysis process of Blue Gem in forming more gas
molecules and small molecules from solvent decomposition and coal
dissociation, as shown in Fig. 7a—c. To see the evolution of intermediate
and product molecules in the range of 100~200 Da for solvent extrac-
tion cases, the intact solvent molecules (NAP, C;oHg, and TET, C19H12)
were not plotted together in Figs. 6 and 7. Instead, the decomposition of
the solvent molecules is separately shown in Fig. 8. The two solvents
behaved differently. The NAP solvent has no significant effect on the
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Fig. 8. The number of solvent molecules during the thermal solvent extraction process at (a) 1073 K and (b) 2073 K from dynamics simulations with ReaxFF. (A

colour version of this figure can be viewed online.)

Fig. 9. The 119 molecules in the range of 500~1000 Da from Blue Gem + NAP products at 2073 K. The hydrogen, carbon, nitrogen, oxygen, and sulfur atoms are
colored in white, grey, blue, red, yellow, respectively, while the carbon and hydrogen atoms from solvent molecules are colored in green. Molecules in the grey box
are coal molecules that react with solvent radicals. (A colour version of this figure can be viewed online.)

formation of gas molecules, while TET produces more than twice as
many gas molecules due to the decomposition of TET and coal molecules
(Fig. 7a). In Blue Gem + NAP, the number of gas molecules was very
close to the pyrolysis of Blue Gem, implying that the hydrogen donation
capability of NAP is limited and radicals from solvents are challenging to
form.

The number of small molecules (100-200 Da in Fig. 7b) was the
largest in Blue Gem + TET, with the decomposition of TET and libera-
tion of small PAH molecules bridged in large molecules of the coal. The
lower number in Blue Gem + NAP was attributed to the higher stability
of NAP compared to TET. Note that most of the aromatic rings of TET
remained intact, while the aliphatic fractions were easily decomposed at

11

this high-temperature condition. We observed that TET decomposes
faster than NAP, with hydrogen donation and dissociation of the
cycloalkanes chain of TET at the same temperature condition.

The molecules in the range of 200~500 Da (Fig. 7c) were signifi-
cantly increased in two cases: in one case, the crosslinking of coal
molecules was dissociated, liberating the small PAH molecules. There
was also bond formation between radicals of PAH molecules either from
dissociated solvent molecules or small PAH molecules from coal. This
was consistent with decreasing the number of heavier nonvolatile frac-
tions between 500 and 3000 Da.

We investigated the average variations and deviations in the evolu-
tion of molecular species by conducting an additional set of simulations
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Fig. 10. The 126 molecules in the range of 500~1000 Da from Blue Gem + TET products at 2073 K. The hydrogen, carbon, nitrogen, oxygen, and sulfur atoms are
colored in white, grey, blue, red, yellow, respectively, while the carbon and hydrogen atoms from solvent molecules are colored in green. Molecules in the grey box
are coal molecules that react with solvent radicals. (A colour version of this figure can be viewed online.)

with solids featuring molecules distributed differently. These simula-
tions were carried out at a high temperature of 2073 K (see Fig. S8). The
results are comparable, and no significant deviation among molecular
species across all molecular weight ranges was observed.

The bond order analysis also tracked the molecular structure infor-
mation, chemical formula, and origin of each atom. We referenced the
bond orders and the connectivity to obtain Cartesian coordinates of
individual molecules from large-scale simulations. Figs. 9 and 10 display
product molecules of solvent extraction with NAP and TET at 1 ns in the
range of 500~1000 Da. We colored the carbon and hydrogen atoms
from NAP or TET molecules in green to distinguish them from the atoms
of the original coal molecules. In addition, the coal molecules that
reacted with solvent molecules were highlighted with grey boxes, and a
few cases were magnified to examine their structures. The structure files
are provided in the database for further examination.

We observed that 45 coal molecules reacted with TET and 19 coal
molecules reacted with NAP, respectively. This demonstrated that the
high reactivity and hydrogen donation capability of TET provide many
radicals and proton transfer to radicals of coal molecules and form aryl
bonding with radicals of TET. In particular, the cyclic aliphatic chains of
TET at 2073 K were broken and reacted with coals or other TET mole-
cules while the aromatic carbons of NAP were mainly dehydrogenated
and reacted with functional groups of coal molecules. The aromatic
hydrocarbons are inert, and the naphthenic hydrocarbons are easier to
crack but not released as gas molecules. High reactivity and cracking of
cyclic aliphatic chains or naphthenic hydrocarbons are consistent with
an experimental report about preparing desired precursors for carbon
fiber production [89].

This implies that the final products of the coal conversion with sol-
vent extraction can depend on the composition and properties of
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solvents. A complete list of product gas molecules of the solvent
extraction simulations is provided in Figs. S12 and S13 for the molecular
structures and Tables S3 and S4 for the chemical formula, mass, and
numbers with NAP and TET, respectively.

The conversion of large coal fractions would be advantageous for
producing high-valued carbonaceous products (assuming all the mole-
cules are desirable). Solvent extraction is a more effective procedure for
obtaining valuable low molecular weight fractions than pyrolysis and
combustion, which result in a significant amount of material being
converted into char and coke. NAP had limited reactivity to form radi-
cals and hydrogen donation in our simulations, which is consistent with
experimental data [90]. At the same time, TET was significantly more
reactive, quickly forming many radicals and hydrogen donations to
create nonvolatile fractions. The formation of isomers and radicals from
TET was reported in an evaluation focused on coal liquefaction [91,92].
Consistent with their experimental observation of naphthalene and the
formation of other radicals, the smaller molecules were formed from the
hydrogen donation and decomposition of tetralin in the simulations.

Fig. 11 and Table S2 show the origin of fraction in the range of MW
by tracking the atomic indices at the end of the simulations. The fraction
at t = 1 ns exhibited minor variations when derived from coal through
pyrolysis, solvent extractions with NAP, and TET. Notably, a distinction
arose in the case of NAP and TET, wherein additional fractions under-
went conversion from solvents to products for 200~1000 Da. Assuming
gas and volatiles (0-200 Da), including solvents, could be quickly
evaporated and removed from residues of higher MW (200~3000 Da) at
the experimental temperature condition (300-400 °C) after the solvent
extraction process, the coal extraction process with solvents could result
in an exchange of materials that contribute to the volatiles fraction after
breaking cross-links between coal and solvent. Specifically, the gas
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molecules with NAP were derived from the dissociation of coal mole-
cules functional groups and cyclic alkanes by 99 %. The gas molecules
comprised atoms originating from coal and solvent at 41 % and 59 %,
respectively. The high hydrogen donation capability enabled functional
groups to protonate and break from coal molecules easily, leading to
TET decomposition. Concurrently, the radicals formed with proton
transfer were occasionally bonded to radicals of coal molecules in the
high MW range. This led to the exchange of solvent and coal for
nonvolatile fractions (200~3000 Da). The exchanged amount with NAP
was 3~12 %, while that with TET was 16~20 %.

In this work, we report results obtained with the reactive MD sim-
ulations using ReaxFF parameter for hydrocarbon systems reported by
Mattsson et al. [79], which they used to study polymer shock reactions.
We also conducted simulations using the same conditions with another
ReaxFF parameterized by Nielsen et al. [80], which was utilized to study
carbon nanotube formation using a transition metal catalyst such as Ni
nanoparticles, and the results were included in the supplementary ma-
terials (Figs. S9-S11). Even if there were differences in the molecular
structures and chemical formula of the chemical intermediates and
products, a consistent outcome for thermolysis of coal and solvent
extraction was obtained, that is, breaking cross-linking and generating
gaseous products.

4. Conclusions

In this study, using data from experimental characterization, we
constructed a large-scale atomistic solid coal model (https://github.
com/MoleCraftHUB/MSB_Coal DB) containing ~40,000 atoms using
our newly developed open-source Python program, “Molec-
ularSolidBuilder” (https://github.com/MoleCraftHUB/MolecularSol
idBuilder). The computational IR spectra through DFTB and ReaxFF
calculations showed comparable peak positions to the experimental IR
spectra. Systematic reactive MD simulations through ReaxFF were
further performed to investigate the solvent extraction process of Blue
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Gem coal with two types of aromatic solvents, naphthalene, and the
hydrogen donor solvent, tetralin, at two temperature conditions (1073
and 2073 K). The products of solvent extraction were significantly
different due to the solvent types in terms of ratios of aliphatic chains
coming from solvent molecules. Naphthalene was relatively stable,
rarely forming radicals and donating hydrogen to coal and other
naphthalene molecules. Tetralin was consumed rapidly by forming
radicals with alkanes and donating hydrogens to coal or other tetralin
molecules.

Additionally, we observed that the fraction of molecules in different
molecular weight ranges evolved differently with naphthalene or tet-
ralin. More fractions of tetralin molecules were part of coal molecules,
and significant amounts of volatile components were generated by the
scissions of aliphatic bonds, mainly oxygen bridges or methyl cross-
linking. The coal fraction involved in a molecular exchange with the
naphthalene solvent was ~3-12 %, compared to ~15-20% with tetra-
lin. Our results provide a better understanding of the role of hydroge-
nation in the solvent extraction process and will be valuable in guiding
the preparation of precursors for value-added products obtained from
pitches made by coal solvent extraction.

This study focuses on the construction and modeling of experimen-
tally characterized coal samples. The developed software aims to
elucidate the initial phase and structure of coals in their solid state,
specifically to investigate the solvent extraction process at elevated
temperatures. We propose that this methodology shows potential for
expanding its application to cover the gradual conversion of coal,
thereby facilitating theoretical understanding relevant to producing tar
and pitches as crucial precursors for value-added products. This exten-
sion entails the integration of both reactive MD simulations and
exploring hypothetical modifications to molecular structures, guided by
in-situ characterizations. Our software tightly integrates experiment and
theory, which is expected to advance fundamental understanding of coal
conversion processes and allow insights for developing valuable indus-
trial products.
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