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ABSTRACT: Efficient and accurate reactive force fields (e.g., ReaxFF)
are pivotal for large-scale atomistic simulations to comprehend micro-
scopic combustion processes. ReaxFF has been extensively utilized to
describe chemical reactions in condensed phases, but most existing
ReaxFF models rely on quantum mechanical (QM) data nearly two
decades old, particularly in hydrocarbon systems, constraining their
accuracy and applicability. Addressing this gap, we introduce a
reparametrized ReaxFFCHO-S22 for C/H/O systems, tailored for studying
the pyrolysis and combustion of hydrocarbon fuel. Our approach involves
high-level QM benchmarks and large database construction for C/H/O
systems, global ReaxFF parameter optimization, and molecular dynamics
simulations of typical hydrocarbon fuels. Density functional theory (DFT)
computations utilized the M06-2X functional at the meta-generalized
gradient approximation (meta-GGA) level with a large basis set (6-311++G**). Our new ReaxFFCHO-S22 model exhibits a
minimum 10% enhancement in accuracy compared to the previous ReaxFF models for a large variety of hydrocarbon molecules.
This advanced ReaxFFCHO-S22 not only enables efficient large-scale studies on the microscopic chemical reactions of more complex
hydrocarbon fuel but also can extend to biofuels, energetic materials, polymers, and other pertinent systems, thus serving as a
valuable tool for studying chemical reaction dynamics of the large-scale hydrocarbon condensed phase at an atomistic level.

1. INTRODUCTION
The study of combustion reactions is fundamentally linked to
the energy, environmental, and transportation sectors. A deep
and systematic understanding of microscopic combustion
mechanisms is crucial not only for comprehending the scientific
principles underlying combustion phenomena but also for
addressing practical challenges in these sectors, e.g., efficient
energy generation and pollution reduction.1,2 Quantum
mechanics (QM) has been instrumental in detailing reaction
mechanisms in which the description of chemical bond
formation and breakage is critical.3−5 Nonetheless, the
application of QM to the study of reaction dynamics for large-
scale hydrocarbon pyrolysis and combustion at high temper-
atures and pressures is limited by the enormous computational
demands in solving self-consistently the Schrodinger equation
for the electron distribution of realistic systems.
Reactive Molecular Dynamics (RMD) merges the reactive

force field (ReaxFF) with Molecular Dynamics (MD) to model
large-scale reactions at the molecular level. Developed originally
by Goddard III, van Duin, and colleagues,6 ReaxFF is a classical
molecular force field (FF) that uses bond order to describe the
formation and rupture of chemical bonds. This capability allows
for the simulation of chemical reactions without the need to
predefine reaction paths, an essential feature for tackling

complex chemical reaction problems. The Electronegativity
Equalization Method (EEM)7 or Charge Equilibration Method
(QEq)8 is utilized within this framework to adjust dynamically
charge distribution depending on configurations, enabling the
explicit inclusion of electrostatic interactions. ReaxFFMolecular
Dynamics can simulate the dynamics of systems efficiently from
several thousands tomillion atoms, offering a significant scale-up
in length and time scales compared with expensive QM
dynamics.
The ReaxFF reactive force field has seen a remarkable

expansion in its application scope over recent years, touching
various corners of material science, chemistry, and physics. This
broad applicability stems from its unique ability to accurately
model the formation and dissociation of chemical bonds in a
dynamic and reactive environment. ReaxFF has influenced
research across various fields including hydrocarbon fuel,9−17

energetic materials,18−24 propellants,25 polymer,26−35 metals,36
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and oxides,37,38 with the special effectiveness in studying the
combustion and pyrolysis of hydrocarbon fuels.9,17

The microscopic mechanisms underlying the high-temper-
ature pyrolysis and combustion of hydrocarbon fuels represent a
complex challenge due to the multitude of instantaneous
reactions and intermediates involved simultaneously. ReaxFF′s
capability to efficiently describe these complex reaction
networks makes it particularly suited for such studies.10,33 It
allows for an atomistic simulation of the entire combustion
process, from the initial reactants through various intermediate
species to the final combustion products. This includes the
ability to describe transient species and detailed reaction
pathways that are difficult to observe experimentally.
The development and refinement of ReaxFF are closely tied

to the availability of a reliable quantum mechanics (QM) data
set and an effective algorithm for parameter optimization.
Historically, the QM data set underpinning most ReaxFF
models used the B3LYP hybrid functional of density functional
theory with a 6-31G* basis set, which has been constructed
nearly two decades ago.39 Additionally, the Mulliken charge
model, commonly used for determining atomic charges in the
QM data set, has been criticized for its dependency on the basis
set, potentially misrepresenting charge transfer dynamics.
To address these issues, this work introduces a new generation

ReaxFF, designated ReaxFFCHO-S22, for carbon, hydrogen, and
oxygen (C/H/O) systems, based on ameta-generalized gradient
approximation (meta-GGA) level QM data set. This data set
includes various equilibrium molecular configurations and their
derivatives generated using the M06-2X functional combined
with a large 6-311++G** basis set.40 We employ the ADCH
charge model41 for more accurate and robust atomic charge
calculations and utilize a genetic algorithm (GA)42 for the global
optimization of ReaxFF parameters, aiming to overcome the
limitations of local optimization methods.
Employing the ReaxFFCHO-S22, molecular dynamics simu-

lations were performed on several key processes such as
methane pyrolysis, methane oxidation, and n-dodecane pyrolysis
to illustrate the power of the new description. The outcomes of
these simulations validate the force field’s capability to
accurately model the dynamic behavior of hydrocarbons under
various conditions.
This paper is structured as follows: Section 2 outlines the

theoretical methods and computational details; Section 3
discusses the development of the new ReaxFF for C/H/O
systems alongside computational results of pyrolysis and
combustion of hydrocarbon fuels; and Section 4 concludes
with a summary of our findings. Detailed raw data and new force
field parameters are provided in the Supporting Information.

2. COMPUTATIONAL METHODS
2.1. ReaxFF Force FieldMethod.The ReaxFF force field, a

type of classical empirical force field, sets itself apart from
traditional nonreactive force fields through its use of the bond
order (BO) formalism to describe bond formation, dissolution,
and rearrangements. This approach allows for dynamic
assessment of atomic connectivity, interpreting changes in
bond order as the formation or breakage of bonds during
reactive molecular dynamics. The total energy of a system under
ReaxFF is calculated as a sum of various energy components,
each representing a different type of physical interaction within
the molecule:6

= + + + + +

+ + + + + +

+

E E E E E E E

E E E E E E

E

system bond lp over under val pen

coa C2 tors conj Hbond vdW

Coulomb (1)

These terms account for bond energy, lone-pair energy,
penalties for over- and undercoordination, valence-angle energy,
penalties for bond configuration issues, conjugation and torsion
energies, hydrogen bond energy, van der Waals forces, and
Coulombic interactions, respectively. Initially developed for
hydrocarbons (elements C andH) by Goddard III and van Duin
et al.,6 the ReaxFF force field was later extended to include
oxygen parameters for combustion studies.9 Further develop-
ments by Ashraf and van Duin expanded its application to the
combustion of small hydrocarbons and CO2 to CO
conversion.16

2.2. QuantumMechanical Calculations. In this study, the
development and validation of new ReaxFF parameters for C/
H/O hydrocarbons were underpinned by a comprehensive QM
database, meticulously constructed by using density functional
theory (DFT). The foundation of our computational approach
was laid by employing the Gaussian 09 software suite,43 a choice
that ensured the reliability and accuracy of our QM calculations.
The M06-2X density functional, renowned for its effectiveness
in capturing the intricacies of thermochemistry, noncovalent
interactions, and transition states, was selected for this
purpose.44 Complementing this, the large 6-311++G** Pople-
type basis set was utilized, offering extensive and precise electron
distribution calculations. Our computations also incorporated
spin polarization, a critical factor in accurately modeling systems
with unpaired electrons, thereby enhancing the fidelity of our
simulations.
The QM database crafted for this work encompasses a wide

array of data crucial for the accurate parametrization of the
ReaxFF force field. This includes detailed geometry and
potential energy results such as bond dissociation energy curves,
which are pivotal for understanding the strength and stability of
chemical bonds for a variety of geometries. Distortion energy
curves as a function of bond, angle, and torsion angle were
generated to provide valuable insights into the energy variations
associated with varied valence bonds, valence angles, and
torsional angles, respectively. Moreover, key reaction energies
were meticulously evaluated by using the newly developed
ReaxFF parameters, ensuring reasonable thermodynamics of
chemical reactions involved in pyrolysis and combustion.
For researchers and practitioners seeking deeper insights and

additional data, the Supporting Information section serves as a
valuable resource. It offers extended details and results,
facilitating a comprehensive understanding of the QM database
and the underpinning calculations that have significantly
contributed to the advancement of the ReaxFF parametrization
for C/H/O hydrocarbons.

2.3. Molecular Dynamics Simulations. Additional
validations of the new ReaxFF parameters for C/H/O systems
were assessed through a series of MD simulations of pyrolysis
and combustion processes for hydrocarbon fuels. These
simulations were executed utilizing the reax/c package within
the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software, a product of collaborative efforts with
Sandia National Laboratories.45,46 This computational tool is
renowned for its robustness and versatility in handling reactive
force field simulations across a wide range of chemical systems.
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Utilizing the new force field parameters, we embarked on a
series of MD simulations involving various hydrocarbon fuels.
These simulations were designed to probe the behavior of these
fuels under a spectrum of conditions, including variations in the
temperature, density, and oxygen equivalent ratio. By system-
atically altering these conditions, we were able to observe and
document the reactivity and stability of hydrocarbon fuels,
providing a comprehensive picture of pyrolysis and combustion
behaviors in different environmental contexts.
The comprehensive analysis of the simulation outcomes was

performed using the Visualization and Analysis of ReaxFF
Molecular Dynamics (VARxMD) tool, a sophisticated analysis
framework developed by Li’s research group.47−49 This tool,
designed specifically for ReaxFF simulations, enables a detailed
examination of reaction dynamics, providing insights into the
behavior of chemical species throughout the simulation process.
Additionally, our research team employed custom in-house code
to further dissect and understand the nuances of the simulation
data, allowing for a tailored analysis that addressed the specific
objectives of our study. Section 3.2 delves deeper into the
specifics of these simulations, offering detailed insights into the
methodologies employed, the conditions tested, and the key
findings obtained from these investigative efforts.

3. RESULTS AND DISCUSSION
3.1. Construction of QM database for Hydrocarbon

Molecules. The construction of a QM database for force field
(FF) development involves a comprehensive approach that
addresses several critical aspects to ensure that the database is
versatile and effective for simulating molecular behaviors. Here
are the key considerations involved in constructing such a QM
database:

(1) Geometries of Molecules: The database must contain
detailed information on the geometries of molecules in
various states. This includes equilibrium geometries
where the molecules are in their most stable form, as
well as nonequilibrium geometries that represent transi-
tional states, reactant, or product states in chemical
reactions or molecules under external stress. Capturing a
wide range of geometries is crucial for developing FFs that
can accurately predict molecular structures and behaviors
under different conditions.

(2) Energies of Molecules: Alongside geometrical data, the
database should include energy information for the
molecules in their different geometrical states. This
includes ground state energies, excited state energies,
and the energy changes associated with transitions
between different states. Accurate energy data is essential
for FFs to correctly predict the dynamics of molecules,

Figure 1.Charge comparison amongMulliken, NPA, ADCH, ESP, RESP, AM1-BCC, andQeq schemes for (a) the C and (b) theH ions (in yellow) of
n-butane and (c) the C and (d) the H ions (in yellow) of n-heptyne.

Table 1. Comparison of Shielding γ (EEM type),
Electronegativity η, and Hardness η Charge Parameters for
C/H/O Elements in Various ReaxFFCHO

charge parameters ReaxFFCHO08 ReaxFFCHO16 ReaxFFCHO-S22

γC 0.9000 0.9500 0.8148
χC 5.8678 5.0191 5.7420
ηC 7.0000 7.0500 7.4185
γH 1.0206 0.9900 0.6930
χH 5.3200 4.7757 3.8849
ηH 7.4366 9.7732 8.2954
γO 1.0503 0.9900 1.2870
χO 8.5000 7.9703 7.6358
ηO 8.9989 7.0500 8.1402
⟨RMSE⟩ 0.03 0.05 0.02
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including reaction kinetics, stability, and interactions with
other molecules.

(3) Scalability to Various Molecule Sizes: The database
should cover a wide range of molecule sizes, from small
molecules to large hydrocarbon molecules. This scal-
ability is vital because the complexity of molecular

interactions and the types of forces that become
significant can change with the size of the molecule. For
instance, while van der Waals forces play crucial roles in
large hydrocarbon molecules, covalent bonding and ionic
interactions might be more relevant for small molecules.

Figure 2. Valence bond dissociation energy as functions of distance described by various ReaxFFCHO vs QM (DFT/M06-2X/6-311++G**): (a) the
C−H bond in methane and (b) the C−O bond in methanol. Red, gray, and white spheres represent O, C, and H atoms, respectively.

Figure 3. Valence-angle distortion energy as functions of angle described by various ReaxFFCHO vs QM (DFT/M06-2X/6-311++G**): (a) the C−
C−C angle, (b) the C�C−C angle, (c) the C−C−H angle, and (d) the C�C−H angle. Gray and white spheres represent C and H atoms,
respectively.
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(4) Relevance to Various Application Scenarios: The
molecules and their associated data in the database
should be selected not only based on their theoretical
interest but also considering their relevance to practical
applications. This means including molecules that are
important in combustion process. By doing so, the
developed FFs can be directly applied to solve real-world
combustion problems.

In this study, we aim to develop a ReaxFF capable of
describing both small and large hydrocarbon molecules with
applications in gasoline and diesel combustion. Therefore, we
constructed a QM database containing hydrocarbon molecules
with 1−8 C atoms at all possible polymorph forms including
straight chains, branched chains, and cyclic molecules, plus O-
containing molecules like H2O or COx (x = 1, 2), etc.
Specifically, the QM database consists of 27765 equilibrium
and deformed molecules that can be classified according to the

number of C atoms into C0−C4 (1006), C5 (959), C6 (2077),
C7 (5070), and C8 (18653), respectively. Among these
categories, the small molecule group C0−C4 was used for
training ReaxFF energy parameters, while the other large
molecule groups were used for FF validation. It allows for the
development of a force field that is grounded in fundamental
interactions while being tested against more complex systems.
The 27765 molecules in the whole QM data set also can be
geometrically classified into equilibrium geometries (306), the
flexible deformation scan of bonds (8455), angles (9458), and
torsions (9470) as well as key chemical reactions (76) related to
combustion.
To generate potentially key radicals from pyrolysis or

combustion of typical straight and branched hydrocarbons, we
employed the Reaction Mechanism Generator (RMG), an
automated tool that constructs efficiently detailed chemical
kinetic mechanisms from a comprehensive chemistry data-
base.50 The radicals critical to our study were subsequently
optimized using QM methods and added into the ReaxFF
training data sets. The training set also contains a number of key
reactions related to the combustion of hydrocarbon fuels
(Figures S1−S3).

3.2. Optimization of ReaxFF Force Field Parameters.
3.2.1. Optimization of Charge Parameters. QM offers several
definitions of atomic charges based on the different partition
schemes of electron populations. In this study, we evaluated

Figure 4.Torsion angle distortion energy as functions of torsion angle described by various ReaxFFCHO vs QM (DFT/M06-2X/6-311++G**): (a) the
C−C−C−C torsion angle, (b) the H−C−O−H torsion angle, (c) the O−C�C−H torsion angle, and (d) the O−C−C-O torsion angle. Red, gray,
and white spheres represent O, C, and H atoms, respectively.

Table 2. Averaged ⟨RMSE⟩ (in kcal/mol) for the Energy
Testing Sets of Hydrocarbon Molecules Grouped by the
Number of Carbon Atoms Described by Various ReaxFFCHO

⟨RMSE⟩ (kcal/mol) C5 C6 C7 C8

ReaxFFCHO-S22 10.63 11.74 9.62 12.26
ReaxFFCHO16 12.35 13.29 11.12 13.74
ReaxFFCHO08 12.53 12.61 9.96 13.31
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various charge calculation methods, including Mulliken,51−53

Natural Population Analysis (NPA),54 Average Density Derived
Coulomb Hamiltonian (ADCH),41 Electrostatic Potential
(ESP),55−57 Restrained Electrostatic Potential (RESP),58

AM1-Bond Charge Correction (AM1-BCC),59,60 and Charge
Equilibration (QEq),8 using n-butane and n-heptyne molecules
as examples (Figure 1). Our analysis revealed inconsistencies in
the ESP and RESP charges for the C atoms, contradicting
expected electronegativity trends that should lead to charge
transfer from theH to C atoms. Additionally, the AM1-BCC and
QEq methods tended to underestimate and overestimate the
magnitudes of the atomic charges, respectively. Despite the
common use of Mulliken charges in previous ReaxFF develop-
ment, their suitability diminishes with larger basis sets chosen in
this work for better QM accuracy.
Given these findings, we selected ADCH charges for training

ReaxFF charge parameters. Developed by Lu’s group, the
ADCH method,61 implemented in the MultiWFN package,
stands out for its balance of accuracy, dependency on basis set,
and efficiency in calculating dipole moments and electrostatic
potentials. Notably, it offers a significantly faster alternative to
wave function-based calculations.
The foundation for our C/H/O element parameters was

derived from Goddard III and van Duin’s pioneer work on
hydrocarbon combustion.16 We utilized the GARFfield frame-

work, which employs a genetic algorithm for the optimization of
FF parameters.62 This global optimizationmethod is particularly
effective for the multiparameter nonlinear optimization
characteristic of FF, proving more efficient than the traditional
sequential quadratic minimization method.
We initiated our FF optimization with determining the charge

parameters, including shielding (EEM type), electronegativity,
and hardness for the C/H/O elements. We carried out the
charge calculations using our ReaxFFCHO-S22 model and the
ReaxFF models developed in 20089 (dubbed ReaxFF-08
hereafter) and 201616 (dubbed ReaxFF-16 hereafter) with
benchmark of DFT/M06-2X calculations. After optimizing
10,077 atoms, we employed the averaged Root Mean Square
Error (⟨RMSE⟩) metric to assess the FF accuracy. The
comparisons indicate an ⟨RMSE⟩ of 0.02 for our ReaxFFCHO-
S22model, noticeably better than 0.03 of ReaxFF-08 and 0.05 of
ReaxFF-16 models (Table 1). Subsequent validation using the
Qeq module in LAMMPS for molecules both within (e.g., CH4,
C2H4, andC2H5OH) and outside (e.g., C4H10O) our training set
showed ReaxFFCHO-S22 charge models replicated QM-derived
charges more closely than ReaxFF-08 and ReaxFF-16 models, as
detailed in the Supporting Information (Tables S1−S4).

3.2.2. Optimization of the Energy Parameters. To optimize
further the energy parameters of the ReaxFF force field, we first
fixed the optimized charge parameters discussed above. Then,

Figure 5. Distortion energy described by various ReaxFFCHO vs QM (DFT/M06-2X/6-311++G**): (a) the C−C bond in 2-methylbutane, (b) the
C�C bond in 2-methylbutene, (c) the C−C�C angle in 2-pentene, and (d) the C−C−H angle in 2,3-dimethylpentane. Gray and white spheres
represent C and H atoms, respectively.
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we segmented our QM data into two sets: one for training and
another for testing. Our selection process for the training set
focused on structures that represent the typical reaction
scenarios of pyrolysis and combustion processes, encompassing
geometries, bond dissociation energies, valence-angle distor-
tions, torsion distortions, transition states, and reactions for
various molecular geometries. The groups C0−C4 consisting of
46 small molecules were selected to cover the typical types of
hydrocarbon molecules in the training data set. The larger
molecules would decompose into small molecules via C−C
bond cleavage during the high-temperature combustion process,
so the small molecules were used to train the force field
parameters, which would be more likely transferable to the cases

of large molecules. It is essential to optimize atom, off-diagonal,
bond, angle, and torsion angle parameters simultaneously due to
their interdependence in the final stage.

3.2.2.1. Bond Dissociation Energy Calculations. For bond
dissociation energy calculations, we fixed the positions of the
two atoms forming the bond of interest and optimized the
coordinates of the remaining atoms. We carried out constraint
geometry optimizations using the newly optimized ReaxFFCHO-
S22, the previous ReaxFF-08 and ReaxFF-16 models, as well as
DFT/M06-2X calculations. The obtained dissociation profiles
are illustrated in Figure 2 for C−H bonds in methane and C−O
bonds in methanol, with additional profiles available in Figure
S4. Figure 2 demonstrates that the bond length and dissociation
energy trends of ReaxFFCHO-S22 (red line) align more closely
with the QM data (black line), showing improvements over the
ReaxFF-08 (blue line) and ReaxFF-16 models (pink line). The
C−H bond breakage and C−O bond formation reactions are
competing key reactions critical to combustion, corresponding
to reactant decomposition and product generation, respectively.

3.2.2.2. Valence Angle and Torsion Distortion Energies.
The distortion energies were computed as functions of the
valence angle and torsion angle using a flexible scan approach
similar to that discussed above. Figures 3 and S5 display the
valence-angle distortion profiles, while Figures 4 and S6 present
the torsion distortion profiles. For angle parameter optimization,
we calculated angle distortion energies for typical C/H/O
angles, such as the C−C−C angle in propane, the C�C−C
angle in propylene, the C−C−H angle in ethane, and the C�
C−H angle in ethylene (Figure 3(a)−(d)). Torsion parameter
optimization involved calculating torsion distortion energies for
relevant C/H/O torsion angles, including the C−C−C−C
torsion angle in n-butane, the H−C−O−H torsion angle in
methanol, the O−C�C−H torsion angle in ethenol, and the
O−O−C−C torsion angle in ethylene glycol, as depicted in
Figure 4(a)−(d).

3.2.2.3. Optimization Outcomes and Transferability. The
final set of optimized energy parameters for the ReaxFF force
field, denoted as ReaxFFCHO-S22, is provided in the Supporting
Information alongside charge parameters (Text S1). Figures
2−4 plot the potential energy surfaces fitted by the new
ReaxFFCHO-S22 (red lines), showcasing enhanced agreement
with QM data (black line) compared to the previous ReaxFF-08
(blue line) and ReaxFF-16 models (pink line). The ⟨RMSE⟩ for
the training set energy is a relatively low 17.89 kcal/mol,
indicating 9.3 and 15.9% improved accuracy over previous
ReaxFF-08 model (19.73 kcal/mol) and ReaxFF-16 model
(21.27 kcal/mol), respectively.
To assess the transferability of the ReaxFFCHO-S22 force field,

we applied it to a testing set grouped by the number of carbon
atoms (C5, C6, C7, C8), revealing lower ⟨RMSE⟩ values for
energy calculations compared to previous ReaxFF-08 and
ReaxFF-16 models across the various untrained large molecule
groups (Table 2). This improvement in the validation testing
sets suggests enhanced predictive capabilities of the ReaxFFCHO-
S22 model for large hydrocarbon molecules.
The examples of the validation energy curves in the test set,

depicted in Figure 5(a)−(d), include calculations for the C−C
bond in 2-methylbutane and the C�C bond in 2-methylbutene
as well as the C−C�C angle in 2-pentene and the C−C−H
angle in 2,3-dimethylpentane. These validation results for the
untrained large hydrocarbon molecules indicate that the
ReaxFFCHO-S22 model more accurately reproduces QM
findings compared to the previous ReaxFF-08 and ReaxFF-16

Figure 6.Number of molecules in the NVT-MD simulations at 2500 to
3500 K as functions of time: (a) reactant methane molecules; (b)
product hydrogen molecules; (c) intermediate CH3 radicals.
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models, underscoring its effectiveness and transferability in
simulating chemical interactions across a wide range of
hydrocarbon molecules.
3.3. Molecular Dynamics Simulations. To complement

the precise results obtained from static calculations, we further
conducted MD simulations. These MD simulations aimed to
replicate the behavior of various chemical reactions related to
the pyrolysis and combustion processes of hydrocarbon fuel,
thereby validating the accuracy and applicability of our newly
developed force field.
3.3.1. Molecular Dynamics Simulations of Methane

Pyrolysis. Hydrocarbons, such as methane�the simplest form
of an organic molecule, undergo decomposition when exposed
to high temperatures. To simulate this process, we placed 100
CH4 molecules within a simulation box at a density of 0.10 g/
cm3. Following the initial energy minimization of the system, we
gradually increased the temperature from 0 K to specific target
temperatures (ranging from 2500 to 3500 K) using the NVT
(constant number of particles, volume, and temperature)
ensemble, maintaining each temperature for a duration of 1 ns
(ns). Temperature control during the simulation was achieved
using a Nose−́Hoover thermostat, set with a damping constant
of 100 fs. The time step of 0.1 fs was used for the integration of
equation of motion following Newton’s second law.
Figure 6 illustrates how the rate of methane’s thermal

decomposition is influenced by temperature. The thermal
decomposition is evidenced by the decreased number of species
in CH4 molecules and the corresponding increase in the number
of H2 molecules over time. Notably, the thermal decomposition
of methane molecules occurred more often with increasing
temperature. A critical reaction step in the pyrolysis is the
formation of H2 molecules, either through direct collisions
between a H atom and a methane molecule or via the
combination of two free H atoms. This process, resulting in an
increase in both H2 and CH3 radical counts, shows a direct
correlation with the reduction in CH4 molecules, particularly
evident in the early stages of the pyrolysis. The number of key
radical CH3 increased first due to the H abstraction of CH4, then

decreased caused by further dehydrogenation and formation of
C clusters.

3.3.2. Molecular Dynamics Simulations of Methane
Oxidation. Understanding methane oxidation is a crucial
fundamental step to unraveling the detailed mechanisms
underlying more complex fuel combustion. To explore this
process, we simulated the oxidation of methane by introducing
60 methane and 120 oxygen molecules into a periodic box
measuring 34.2 × 34.2 × 34.2 Å3, achieving a mass density of
0.20 g/cm3. Temperature regulation was achieved using a
Nose−́Hoover thermostat, with an integration time step of 0.1
fs. The MD simulations were carried out using the Forcite
program with Dreiding force field63 of the Materials Studio
software suite.64 We conducted 10 independent NVT-MD
simulations using the Amorphous Cell Module to generate the
initial configurations. Following energy minimization of each
box, we increased the temperature from 0 to 3500 K under the
NVT ensemble and maintained the systems at 3500 K for 1 ns
using LAMMPS imported with the newly developed Re-
axFFCHO-S22 parameters.
The comprehensive reaction network resulting from methane

oxidation is captured in Scheme 1. This scheme highlights the
initial stages of methane and oxygen combustion, beginning with
the abstraction of H atoms to form  CH3 and HOO radicals
(reaction R1 in Scheme 1). Throughout the simulations,
additional radicals such as  OH and H further contributed to
the formation of  CH3 radicals by abstracting H from CH4
molecules (R2, R3). At elevated temperatures, the O−O bond
within HOO radicals breaks, yielding  O and  OH radicals.
Subsequently,  O radicals combine with  CH3 radicals to form
CH3O radicals (R9). Interactions between  CH3 and HOO 
radicals result in the formation of CH3OOH (R5), which can
also produce CH3O radicals (R10). A significant number of  
CH3 radicals react with  OH radicals, leading to the synthesis of
methanol molecules (R6). These methanol molecules can
further react with  OH and H radicals to generate additional
CH3O radicals (R11, R12). The high kinetic energy present at
3500 K facilitates the breaking of the C−H bond in  CH3
radicals, producing H2C: radicals that can then form  CH2OH

Scheme 1. Chemical Reaction Steps in Methane Oxidation Process Observed in the ReaxFFCHO-S22 NVT-MD Simulation
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radicals (R13). The C−H bond within  CH2OH radicals also
breaks, resulting in the formation of formaldehyde (CH2O, R14,
R15, and R16).
The transformation of CH2O molecules into formyl ( CHO)

radicals (R17 and R18) marks another critical pathway, where
formyl radicals can either lose a H radical to become CO or react

with  OH radicals (R19, R20). Additionally, formyl radicals can
interact with  OH radicals to produce formic acid (HCOOH,
R21), subsequently generating  OOCH radicals (R21, R22,
R23). These  OOCH radicals can then convert to CO2 (R26)
and  COOH radicals (R25), with the latter further transforming
into CO (R27). Moreover, OH radicals can react with CO
molecules to yield CO2 and H radicals (R28), showcasing a
series of reactions consistent with previously established major
reaction paths.32,65,66

3.3.3. Molecular Dynamics Simulations of n-Dodecane
Decomposition. This study examines how temperature
influences the pyrolysis of n-dodecane, a large hydrocarbon
molecule, employing a series of NVT-MD simulations across a
range from 1800 to 2600 K, with 200 K intervals, over a total
simulation duration of 150 ps. We placed 20 n-dodecane
molecules in a simulation box with a mass density of 0.20 g/cm3.
Figure 7 captures the dynamic changes in the number of n-
dodecane molecules, total molecules, and ethylene molecules
over time. Notably, n-dodecane decomposition initiates at 69.4
ps at 1800 K, with the onset occurring within 10 ps at higher
temperatures. As the simulation temperature increases, both the
total number of fragments and the consumption rate of n-
dodecane rise. Ethylene consistently emerges as the most
prevalent molecule in all simulations, in agreement with
experimental findings.67 At the highest temperature of 2600 K,
the quantity of ethylene molecules stabilizes, fluctuating around
a constant value after approximately 40 ps, indicating the
complete decomposition of n-dodecane molecules by this point.
The decomposition process adheres to the kinetic model of

first-order reactions, described by the formula:

=N N ktln ln 0 (2)

In this equation, the concentration of n-dodecane is
represented by the number of molecules where N0 and N
denote the initial and current numbers of molecules respectively,
k is the reaction rate constant, and t is the time elapsed. Based on
the data presented in Figure 7a, we derived k as a function of the
temperature. The Arrhenius equation, which describes the
relationship between the reaction rate constant (k) and
temperature (T), is given as

Figure 7. Number of molecules in the NVT-MD simulations as
functions of time at 1800−2600 K: (a) the number of n-dodecane
molecules; (b) total population of all molecules; and (c) the number of
ethylene molecules.

Figure 8. Reaction rate constant, ln(k), as functions of temperature T
obtained from the ReaxFFCHO-S22 NVT-MD simulations of n-
dodecane molecules. Inset is the Arrhenius equation with fitted
parameters including activation energy Ea and prefactor A.
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Here, Ea represents the reaction’s activation energy, A is the pre-
exponential factor, and R is the universal gas constant
(8.31446261815324 J K−1 mol−1). Figure 8 shows the fitting
results, yielding Ea = 60.52 kcal/mol and A = 1.24 × 1016 s−1,
closely matching experimental data (Ea = 60.00 kcal/mol, A =
1.06 × 1016 s−1).67 The excellent agreement among our
simulation-derived decomposition pathways, Arrhenius param-
eters, and experimental observations underscores the applic-
ability of the ReaxFFCHO-S22 force field across different
hydrocarbon sizes, from small to large molecules.

4. CONCLUSIONS AND PERSPECTIVE
This research has successfully developed an accurate and
transferable ReaxFFCHO-S22 reactive force field, specifically
tailored for carbon, hydrogen, and oxygen (C/H/O) systems.
This advancement was achieved through more accurate
benchmark data sets generated by high-level QM calculations
with the meta-GGA DFT functional M06-2X including a large
basis set and a consistent charge scheme, with a more diverse
polymorphous training set from small to large hydrocarbon
molecules, along with the meticulous global optimization of
multiple interrelated parameters, allowing for an accurate
representation of both training and testing data sets. Compared
with its predecessors, ReaxFFCHO-S22 exhibits statistically lower
RMSE in static calculations for a large variety of hydrocarbon
molecules, highlighting its superior transferability and universal-
ity across various C/H/O systems.
Employing ReaxFFCHO-S22, we conducted prototypical

molecular dynamics simulations to examine the pyrolysis of
methane, the oxidation of methane, and the pyrolysis of n-
dodecane. These simulation results confirm that ReaxFFCHO-
S22 is adept at capturing the complex dynamics of hydrocarbon
reactions. These capabilities underscore the potential of the
ReaxFFCHO-S22 force field as a powerful tool for computational
research, offering new insights into the atomic-level mechanisms
of reactions pertinent to hydrocarbon fuels, biofuels, and
energetic materials. Note that ReaxFFCHO-S22 is mainly
developed for combustion of hydrocarbon molecules, and the
suitability of its applications on the bulk carbon materials needs
to be validated with caution.
This work sets a new benchmark for future studies aiming to

unravel the complexities of chemical reaction mechanisms and
dynamics within these critical domains at the molecular level.
This foundational work not only enhances our understanding of
complex chemical systems but also sets a precedent for future
computational chemistry endeavors, driving forward the
capabilities of molecular dynamics simulations to capture the
essence of chemical reactivity and interactions. The data-based
machine learning potentials (MLPs)68−70 are emerging recently
to show the capabilities of describing bond breaking and
formation. It would be interesting to compare the performance
of the analytical ReaxFF potentials with the data-based MLPs in
the future.
The transferability and comprehensive applicability of

ReaxFF across a wide range of materials and reactions have
made it a cornerstone tool in computational chemistry and
materials science. Its continued development and refinement
promise to further expand its application potential, providing
deeper insights into the atomistic details of the chemical
reactions and material properties. The application of ReaxFF to

study the pyrolysis and combustion of hydrocarbon fuels
exemplifies its strength in tackling complex chemical processes,
contributing to our understanding of these fundamental
reactions with implications for energy production, environ-
mental science, and beyond.
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