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ABSTRACT: Thermo-oxidation of biomass is an important
process that occurs through a variety of reaction pathways
depending on the chemical nature of the molecules and reaction
conditions. These processes can be modeled using reactive
molecular dynamics to study chemical reactions and the evolution
of converted molecules over time. The advantage of this approach
is that many molecules can be modeled, but it is challenging to use
the large amount of data obtained from such a simulation to
determine reaction products and pathways. In this study, we
developed a tracking approach to identify the reaction pathways of
the dominant reaction products from reactive molecular dynamics
simulations. We demonstrated the approach for thermo-oxidation reactions of modified model lignin compounds. For two modified
lignin structures, we tracked the evolving chemical species to find the most common reaction products. Subsequently, we monitored
specific bonds to determine the individual steps in the reaction process. This combined approach of reactive molecular dynamics and
tracking enabled us to identify the most likely thermo-oxidation pathways. The methodology can be used to investigate the thermo-
oxidative pathways of a wider range of chemical compounds.

■ INTRODUCTION
Lignocellulose is a highly complex plant-based biomass that is a
promising alternative resource for producing fuels and
chemicals due to its abundant and renewable nature.1 The
primary components of lignocellulosic biomass are cellulose,
hemicellulose, and lignin. The process of converting
lignocellulosic biomass into ethanol utilizes cellulose and
hemicelluloses, leaving lignin as a waste.2 Significant quantities
of lignin are also produced as a byproduct in the pulp and
paper industry.3 However, lignin is currently underutilized
because of its complex polymeric structure. It is built from
phenolic precursors, i.e., lignols or monolignols, that randomly
couple to form highly heterogeneous polymers. Polymerization
is catalyzed by oxidative enzymes and occurs via the double
bonds and hydroxy groups found in coniferyl alcohol, sinapyl
alcohol, and paracoumaryl alcohol, which are the main types of
lignols.4 However, lignin is inherently resistant to chemical and
biological degradation,5 which makes it difficult to extract or
modify without specialized processes and technologies.
The chemical structure of lignin suggests that it may be a

good source of valuable chemicals after depolymerization and
conversion.6 Depolymerization is a process that converts the
polymers into their monomers. Conversion modifies the lignin
structure by introducing various moieties into the structure,
aiming to generate value-added useful chemicals. There are

numerous methods for lignin depolymerization and conversion
that can be broadly categorized as thermochemical, biological,
and microwave-assisted2,7 as well as electrochemical.8,9 One of
the thermochemical methods for depolymerization and
conversion of lignin is thermo-oxidation.2

Thermo-oxidation is used to convert a wide range of
biomass resources, including lignin, into high-yield products.10

Oxidation can prompt the cleavage of side chains, resulting in
the production of phenolic aldehydes and acids, and it also has
the capacity to cleave the aromatic rings in the lignin network,
leading to the formation of aliphatic carboxylic acids.11,12

Researchers have studied the oxidation products of lignin to
better understand its chemical transformations. For example,
one study showed that the alkaline oxidation of softwood
lignin produced vanillin and vanillic acid, whereas hardwood
lignin yields syringaldehyde and syringic acid.13 The potential
for acetic acid production through the wet oxidation of lignin
has also been studied.14 To fully understand these chemical
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transformations, it is necessary to reveal the sequential series of
steps leading to the formation of products from reactants, i.e.,
the reaction pathway. Mass spectrometry, especially high-
resolution techniques, and subsequent data analysis have
recently enabled progress in lignin analysis.4 However, it is not
only difficult to reconstruct reaction pathways from the
reaction products found, monitoring individual molecules
requires significant effort. Therefore, identifying reaction
pathways using only experimental methods is challenging.
Molecular dynamics (MD) simulations can complement

experiments to investigate dynamic processes and reactions at
the molecular level. In the case of lignin, the complex,
heterogeneous nature of the biopolymer is challenging to
simulate, so researchers often use model compounds. A model
compound of lignin is a simplified chemical compound that
represents a specific structural unit to focus on specific bonds
or functional groups found in natural lignin. There are
generally two types of lignin model compounds: monomers
and dimers. These compounds have an aromatic structure and
are characterized by functional groups such as hydroxyl,
methoxyl, and alkyl.15 In previous studies, MD simulations
were carried out to capture the movement, interactions, and
conformational evolution of lignin with a nonreactive force
field. Such nonreactive MD simulations of lignin structure in
an aqueous solution revealed that, with decreasing temper-
ature, lignin molecules undergo a transition from a state that is
mobile and extended to one that is glassy and compact.16 In a
similar study, a softwood and a hardwood lignin model were
built from 61 monomer units each and then solvated with
30,500 water molecules to examine diffusion in various water
models.17 Most recently, another study utilized nonreactive
MD simulations to predict the solubility parameters of lignin in
ionic liquids.18 However, nonreactive MD cannot provide
bond dissociation, which is necessary for simulating the
thermo-oxidation of lignin.
The reactive molecular dynamics approach can effectively

capture the dynamic processes of bond breaking and formation
within complex molecular systems using reactive force fields
such as ReaxFF.19 Reactive MD simulations have shown great
promise for elucidating chemical reactions. For instance, a
previous study demonstrated the reaction pathways that
yielded cresol as the predominant reaction product in the
thermal decomposition of tricresyl phosphate on various
ferrous surfaces using reactive MD.20 Another reactive MD-
based study investigated ethanol oxidation in the presence of
aluminum nanoparticles and illustrated the mechanisms of
ethanol combustion with aluminum nanoparticle additives.21

However, there have been a few studies exploring the thermo-
oxidation of lignin or lignin-based materials using this
approach. One such study utilized reactive MD methods to
investigate thermal decomposition in an oxygen environment
for models representing the most prevalent linkages found in
softwood, revealing the reaction pathways of dominant
reaction products.22 The same author identified chemical
transformations that convert flexible linkages in dilignol model
compounds to rigid cyclic connections using reactive MD.23

However, the identified reaction pathways were determined
visually, leading to the possibility that they may not represent
the statistically dominant pathways.
In this study, we analyzed the thermo-oxidation of a

modified lignin monomer and a dimer using reactive MD
simulations. These compounds were obtained by introducing
various moieties to create distinct lignin-based molecules by

hydrogenation, esterification, and butylation. We developed a
statistically robust method to track reaction products and
identify pathways through a quantitative analysis of bond
breaking and formation. The new tracking approach was
demonstrated for thermo-oxidation of two model lignin-based
compounds and enabled the identification of the most likely
reaction pathways.

■ METHODS
Reactive MD simulations were used to model thermo-
oxidation of two molecules ethyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propanoate and 3,3′-di-tert-butyl-5,5′-di-
[(1E)-3-hydroxy-1-propen-1-yl](1,1′-biphenyl)-2,2′-diol, sub-
sequently referred to as molecules A (C19H30O3) and B
(C26H34O4), as shown in Figure 1a,b. These molecules were

selected due to their potential synthesis from lignin monomers
using processes such as hydrogenation, esterification, and
butylation. Additionally, they have structural similarities with
oxygen inhibitor additives used in lubricants, a subject we plan
to explore in future research. BIOVIA Materials Studio24 was
used to construct the initial structure of each molecule. These
initial structures were then energy-minimized using the same
software. Finally, 50 model molecules and 300 O2 were placed
randomly in a simulation box. The large number of O2
molecules relative to the number of reactive sites on the
model molecules was used to accelerate reactions such that
they could be analyzed within the short time scale of the
simulation. Figure 1c depicts the simulation box with initial
dimensions of approximately 4 × 4 × 4 nm3 for molecule A
and O2, with a total atom count of 3200. For the system with
50 molecule B and 300 O2, the simulation box contained a
total of 3800 atoms. Periodic boundary conditions were
applied in all three directions.
All simulations were performed using the Large Atomic/

Molecular Massively Parallel Simulator (LAMMPS) software25

with the ReaxFF potential. ReaxFF is a reactive force field that
models chemical reactions by allowing atoms to form and
break bonds.26 It utilizes bond-order-based interactions, which
include bond energies, torsion angles, and other valence terms,
allowing it to dynamically adjust as molecular structures evolve
during reactions. ReaxFF also includes nonbonded interactions
such as van der Waals and Coulomb forces, applied to each
pair of atoms ensuring that both short-range and long-range
interatomic forces are considered, as well as a shielding
function to moderate short-range interactions. ReaxFF force
fields are parametrized by fitting parameters to experimental

Figure 1. Chemical structures of molecules (a) A and (b) B with
relevant bonds numbered. (c) Representative snapshot of the initial
configuration of a simulation box with 50 molecules of type A and 300
O2 molecules. Gray, white, and red atoms correspond to carbon,
hydrogen, and oxygen, respectively.
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and quantum mechanical training sets.27,28 We used the
ReaxFF force field parametrization that was originally
developed for modeling the interactions between butane and
O2 with a pyrite-covered Cr2O3 catalyst.

29 The force field not
only contains the necessary parameters for C, H, and O but
also offers the possibility of future simulations that incorporate
metal catalysts. There are numerous studies that used this force
field for the thermal decomposition and oxidation of
hydrocarbons.30,31 The dynamic simulations had a time step
of 0.25 fs. Temperature regulation was accomplished through a
Berendsen thermostat32 with a damping parameter of 25 fs.
For pressure control, we adopted the Nose ́−Hoover
barostat33,34 with a damping parameter of 250 fs.
Every simulation started with an initial energy minimization,

followed by dynamic equilibration. After energy minimization,
equilibration was performed using the canonical ensemble
(NVT with Berendsen thermostat: constant number of atoms
N, volume V, and temperature T) at 300 K for 200 ps, followed
by the isothermal−isobaric ensemble (NPT: constant number
of atoms N, pressure P, and temperature T) at 300 K and 1
atm for 1 ns. Therefore, overall, the duration of the initial
equilibration was 1.2 ns. The NVT stage allows the molecules
to reorient into a stable energy configuration in a fixed, large-
volume box, and then, the NPT simulation allows the volume
of the box to change as the system approaches the density
corresponding to ambient pressure and temperature. The
duration of the equilibration steps was determined based on
the time required to reach stable potential energy during NVT
and stable density during NPT.
After the system equilibration, temperature ramp simulations

were run to determine the temperature at which degradation
begins, i.e., the first occurrence of dissociation of chemical
bonds within a molecule. The temperature was increased from
300 to 3500 K over a period of 800 ps in the NVT ensemble,
corresponding to a heating rate of 4 K/ps. Our preliminary
study suggested that the degradation onset decreased with
decreasing heating rate, but, once the heating rate was low
enough, further reducing the rate did not significantly change
the onset temperature. Therefore, we selected the heating rate
of 4 K/ps because it was high enough to be achievable with our
computational resources while also being low enough to ensure
minimal dependence of the onset temperature on the heating
rate. The heating process was repeated three times for each
model system starting from the same equilibrated config-
uration but with different initial atom velocity distributions.
Finally, thermo-oxidation simulations were run at a constant

temperature, starting with a configuration taken from each of
the three temperature ramp simulations for both molecules A
and B. The three independent simulations for each molecule
provided more data from which reaction products and
pathways could be analyzed. These simulations were carried
out using the NVT ensemble and ran for 1 ns. The duration
was determined in a series of preliminary simulations to be
long enough to capture a sufficient number of reactions for
robust analysis of products and pathways.
Throughout the simulations, atom trajectories and bond

order data were output every 1000 timesteps, i.e., every 250 fs,
resulting in a total of 4000 data sets per repeat simulation. The
bond order data and connectivity information were used as
input for custom Python scripts to detect molecules based on
connectivity between atoms and record what and how many of
each species were present. The logic behind this is described in

more detail in the next section. Additionally, OVITO35 was
utilized for visualizing atomic trajectories.

■ RESULTS
We initially conducted temperature ramp simulations to
determine the onset temperature for reactions within each
model system. As shown in Figure 2, the number of intact

molecules starts decreasing rapidly with increasing temperature
around 1000 K as thermo-oxidation reactions begin. The
number of intact molecules vs temperature data was fitted to
an exponential decay equation from all three simulations for
each molecule (solid lines in Figure 2). The functional form of
this equation does not have any physical meaning since the last
stage of the process, i.e., the number of intact molecules
gradually approaching zero, is only due to the finite number of
molecules in the model system. However, fitting the data
enabled consistent determination of the temperature at which
rapid thermo-oxidation began. Specifically, we identified the
onset of degradation as the temperature where at least one
bond dissociated causing the molecule to lose its intact
structure.
As illustrated in Figure 2, our data indicates degradation

onset temperatures of 1104 ± 48 K for molecule A and 1351 ±
135 K for molecule B, where the error ranges are the standard
deviations of the three data sets. In an earlier simulation-based
study of methoxy-containing lignin molecules, the temperature
at which the first irreversible dissociation reactions were
observed was reported to range from 1900 to 2300 K22. The
lignin-derived molecules in our study had lower degradation
onset temperatures (albeit not defined in the same way), likely
because of the much lower heating rate of 4 K/ps vs 233 K/ps
used in the previous study, and because replacing the methoxy
group with a less stable tert-butyl group that leads to easier
proton donation in reactions.
The purpose of the temperature ramp simulations was to

identify the reaction products associated with the lowest

Figure 2. Evolution of the number of molecules A and B during the
temperature ramp simulations. The shaded regions represent the
range of intact molecule counts observed in three independent
simulations and the solid lines represent fitted curves thereof. The
dashed lines indicate the temperature at which thermo-oxidation
starts to occur, i.e., the onset of degradation. The onset of degradation
for molecule A is 1104 ± 48 and 1351 ± 135 K for molecule B.
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energy barrier reaction pathways, so we performed preliminary
simulations to determine the lowest temperature at which a
statistically significant number of reactions occurred. The
preliminary simulations were run at a range of temperatures
between the degradation onset temperature determined from
the temperature ramp simulations and 300 K below that onset
temperature. The results showed that, at ∼100 K below the
onset temperature, approximately 80% of the model molecules
underwent degradation during the 1 ns simulation. Therefore,
the thermo-oxidation simulations were run at a constant
temperature of 1000 K for molecule A and 1250 K for
molecule B. The results were then analyzed to identify reaction
products and pathways, as described next.
Throughout the thermo-oxidation simulations, the chemical

compositions of all species at each time step were determined
based on the nonlinear bond-order relation proposed by van
Duin et al.26 using the breadth-first search (BFS) algorithm.36

BFS is a graph traversal method used to find connected nodes
where, in this case, each node is an atom and the connections
are bonds. However, identifying chemical species requires first
determining the criterion for a chemical bond between any two
atoms. Since the bond order in ReaxFF is a continuous
function, it was necessary to select a reasonably lower cutoff
value for the bond order, above which a bond was considered
present.37,38 The distributions of bond orders in Figure 3a

show that most bond orders were between 0.3 and 1.8 for both
molecules A and B. To determine a suitable cutoff, we analyzed
how the number and chemistry of distinct species in the
system varied as a function of the bond order cutoff, as
illustrated in Figure 3b. For a too-small bond order cutoff, the
number of distinct species was high and there were many
unphysical bonding configurations. For a too-large bond order
cutoff, there were again many distinct species, but they
included fragmented molecules caused by bonds not identified
where they should be. Since both high and low cutoffs resulted
in many distinct species, resulting from either unphysical

bonds (low cutoff) or fragmented molecules (high cutoff), we
chose a bond order cutoff of 0.5 which yielded a low number of
distinct, chemically reasonable species for both molecule A and
B. A bond order cutoff of 0.5 has also been used previously in
simulations of the oxidation pathway of hydrocarbons.37

Next, the reaction products were identified as the most
prevalent species at the end of the thermo-oxidation
simulations, where prevalence was determined based on the
average number of each chemical species during the last 100 ps
of the simulations. Then, once the products were known, we
could trace them back to the reactants to outline their
pathways. To identify the intermediate steps for each product,
we tracked all the species that shared at least one atom with the
product. The lifetime of each intermediate species, defined as
the time duration for which the species exists, was calculated to
eliminate those falling below a specified threshold of 12.5 ps
(corresponding to 50 timesteps) during the entire simulation.
This lifetime threshold was carefully chosen so that it only
eliminated species that appeared and disappeared repeatedly
due to relatively weak bonding. This process resulted in a list
of intermediate species for each reaction product.
Finally, to understand the formation and dissociation of

bonds that lead to the product from reactants through various
intermediate species, the bond order of each bond in the
original molecule was monitored over time. This approach
enabled us to determine which bonds broke (bond order
change from approximately 1 to 0) or transformed from single
to double (bond order change from approximately 1 to 2) or
vice versa (bond order change from approximately 2 to 1). The
formation of new bonds throughout the entire simulation,
contributing to the production of the final products, was also
counted. This strategy was applied to molecules A and B to
identify thermo-oxidation pathways, as described next.
The results for the ten most prevalent products during

thermo-oxidation of molecule A are reported as a heatmap in
Figure 4a, where the color reflects the number of each
chemical species averaged over three independent simulations.
This plot reveals C19H29O3, CO2, and C2H6O2 (ethyl
hydroperoxide) as the dominant reaction products during
the thermo-oxidation of molecule A (C19H30O3); the
corresponding structures are shown in Figure 4b. C19H29O3
was observed when a single H atom detached from the
hydroxyl group bonded to the aromatic ring. Degradation by
thermo-oxidation, which is actually a combustion process,
leads to products of different molecular sizes, typically to
smaller species that eventually result in CO2 and H2O (water).
Therefore, we chose to focus on the small products also for
simplicity and tracked the reaction pathways leading to the
formation of carbon dioxide and ethyl hydroperoxide.
The four bonds that dissociated or formed most often

during the production of prevalent reaction products of
thermo-oxidation of molecule A are labeled in Figure 1a. The
time evolution of the bond orders for these four key bonds is
displayed as a series of heatmaps in Figure 5, where the color
represents the bond order of each bond. Bond orders range
here from zero to two, approximately corresponding to no
bonding, a single bond, and a double bond. The results show
that bonds 1A, 2A, and 4A dissociate, while bond 3A
undergoes a transition from single to double bond.
We counted these four bonds, as well as two new bonds that

formed during the reaction and were not part of the original
molecule, at each time step. The result for molecule A is shown
in Figure 6. Decreasing trends represent the dissociation of

Figure 3. (a) Distributions of bond orders of all bonds during the
thermo-oxidation simulations of molecules A and B, where the insets
are close ups of the distributions between bond orders of 0.3 and 0.5
to show the relative number of bonds that were affected by the choice
of the cutoff at 0.5. (b) Average number of distinct species identified
at different bond order cutoffs for molecules A and B where the error
bars represent the standard deviation calculated over three
independent simulations.
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bonds, whereas increasing trends represent the formation of
new bonds. Together, Figures 4 and 5 reveal the steps in the
thermo-oxidation pathway of molecule A to form carbon
dioxide and ethyl hydroperoxide. The dissociation of bond 1A

leads to the removal of an H atom from the hydroxyl group.
When bond 4A dissociates, the ethyl radical is detached. The
transition of bond 3A from single to double occurs around the
same time as the dissociation of bond 4A. Finally, bond 2A

Figure 4. (a) Evolution of the ten most abundant species during the thermo-oxidation simulation of molecule A throughout the duration (1000 ps)
of three independent simulations at 1000 K. (b) Structures of the three most prevalent reaction products from the thermo-oxidation of molecule A
(C29H30O3) where a missing H atom is represented as a blue dashed circle.

Figure 5. Evolution of bond orders for bonds 1A, 2A, 3A, and 4A (defined in Figure 1a) during the thermo-oxidation of molecule A. Each line
represents one molecule in the model. Bond orders range from zero to two, approximately corresponding to no bonding, a single bond, or a double
bond.

Figure 6. Evolution of the number of bonds 1A to 4A in molecule A. Bonds 1A, 2A, and 4A undergo dissociation, while bond 3A transitions from
single to double. The formation of two new bonds is observed during the formation of ethyl hydroperoxide (C2H6O2): A C−O (ethyl-oxygen)
bond is generated when the ethyl radical dissociates from molecule A and bonds with O2, and the absorption of an H atom leads to the creation of
another bond between the H atom removed from 1A and the C2H5O2 radical.
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breaks, leading to the dissociation of carbon dioxide. Ethyl
radicals, once separated from molecule A, bond with O2 and H
atoms (originally from bond 1A), resulting in the formation of
ethyl hydroperoxide.
These reaction steps are shown graphically with representa-

tive molecules in Figure 7. Each snapshot corresponds to the

breaking or forming of a specific bond, and the colors of the
arrows after each step directly correspond to the curves of the
same color shown in Figure 6. The first step in the pathways
for the production of both CO2 and C2H6O2 was ethyl radical
elimination by breaking the C−O bond between the ester
oxygen and the ethyl group. This is corroborated by a previous
DFT-based study of hydrothermal carbonization of lignite in
which the first step in the reaction was C−O bond dissociation
from the methyl group.39 In our simulations, the reaction
pathway for CO2, shown in Figure 7a, started with an ethyl

radical elimination, followed by the dissociation of a C−C
bond to release an O�C−O radical, which finally becomes
carbon dioxide. The pathway for ethyl hydroperoxide shown in
Figure 7b started with the elimination of hydrogen and an
ethyl radical. The radical bonds with O2 and the hydrogen
atom to form ethyl hydroperoxide. As O2 was consumed, the
numbers of both carbon dioxide and ethyl hydroperoxide
increased.
The same analysis approach was used for molecule B

(C26H34O4). The time evolution of chemical species shown in
Figure 8a reveals that the most prevalent products are H2O,
C26H32O4, and C26H33O4; the corresponding structures are
shown in Figure 8b. The latter two products were observed
when H atoms detached from the aromatic ring (1B and 1B′).
An analysis of the bond orders of selected bonds (labeled in
Figure 1b) is shown in Figure 9. Here it can be observed that
the O−H bond of the ring (phenolic OH) dissociates more
readily than the O−H bond of the alkyl side chain (2B and
2B′). This is because, when an H atom dissociates from the
phenolic O−H, the remaining structure is stabilized by
aromatic resonance.40 The radical on oxygen is delocalized
over the aromatic ring. However, this delocalization is not
possible in the case of the alkyl side chain. With the C−O
bond, the situation is reversed. Since the structure without H is
stabilized by resonance, the ring C−O bonds are less prone to
dissociation compared to the alkyl side chain C−O bonds.
The time evolution of the eight most frequently dissociated

or formed bonds in molecule B is shown as a series of
heatmaps in Figure 9. The dimer is symmetric such that there
are four distinct bonds, each of which is present in one of the
two monomers. These bonds are labeled as shown in Figure
1b, where a single prime symbol (′) is used to differentiate the
bonds of the same type on the different monomers. Figure 9
shows that 1B/1B′ dissociates most readily. Closer observation
from this plot reveals that, when the line for the 1B/1B′ bond
in a given molecule transitions from green to blue (bond
dissociation), the corresponding 3B/3B′ bond exhibits a
reddish blip (from single to double bond). This observation
indicates that, when a phenolic O−H bond dissociates, the
radical oxygen is stabilized initially by forming a C�O double
bond, which then delocalizes into the aromatic ring.
The reaction analysis for molecule B was quantified as the

number of different O−H and C−O bonds as well as the
number of formed HO−H bonds in Figure 10. At the

Figure 7. Snapshots showing the key steps of the formation of (a)
CO2 and (b) C2H6O2 via thermo-oxidation of molecule A. The color
of each arrow corresponds to the color of the respective curve in
Figure 6. All atoms in the snapshots are faded except for those
involved in the reactions of interest.

Figure 8. (a) Evolution of the ten most abundant species during the thermo-oxidation simulation of molecule B throughout the duration (1000 ps)
of three independent simulations run 1250 K. (b) Structures of the three prevalent reaction products from the thermo-oxidation of molecule B
(C26H34O4) where a missing H atom is represented as a blue dashed circle.
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beginning of the simulation, there were 50 instances of each
bond. As the thermo-oxidation began, the number of 1B/1B′,
2B/2B′, and 4B/4B′ bonds started to decrease. In contrast, the
3B/3B′ bonds did not dissociate, as mentioned earlier. Also,
2B/2B′ dissociated more slowly than 1B/1B′, which indicates
that the hydrogen in the reaction predominantly came from

the phenolic O−H group. This can be explained by previous
DFT calculations that showed a phenolic O−H bond has a
lower bond dissociation energy than a side chain O−H bond,
while the phenolic C−OH bond has a higher bond dissociation
energy than the side chain C−OH bond.41 Figure 10 also
shows that, initially, the HO−H bond was absent; however, as

Figure 9. Evolution of bond orders for O−H and C−O bonds during the thermo-oxidation of molecule B. Bonds labeled 1B through 4B
correspond to one aromatic ring, while 1B′ through 4B′ designate their equivalent bonds on the second ring (defined in Figure 1b). Each line
represents one molecule in the model. Bond orders range from zero to two, approximately corresponding to no bonding, a single bond, or a double
bond.

Figure 10. Evolution of the number of bonds1B to 4B and 1B′ to 4B′ in molecule B. Bonds 1B and 1B′ as well as 4B and 4B′ predominantly
undergo dissociation while bonds 2B and 2B′ as well as 3B and 3B′ remain intact or experience limited dissociation. The formation of the HO−H
bonds is observed during the formation of H2O.

Figure 11. Snapshots showing the key steps of the formation of H2O from thermo-oxidation of molecule B. The color of each arrow corresponds to
the color of the respective curve in Figure 10. All atoms in the snapshots are faded except for those involved in the reactions of interest.
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the simulation proceeded, the number of these bonds
increased, indicating the formation of H2O.
Together, Figures 9 and 10 reveal the steps in the thermo-

oxidation pathway of molecule B to form H2O. The
dissociation of bonds 1B and 1B′ as well as 4B and 4B′
results in the release of an H atom and hydroxyl group,
respectively, which then bond to form H2O. This process is
illustrated in Figure 11 using representative molecules where
each snapshot highlights the breaking or forming of a specific
bond and the colors of the arrows in each step correspond to
the curves of the same color in Figure 10. The reaction begins
with the elimination of H atoms and OH radicals from
molecule B, which then recombine to form H2O.
In the previous simulation-based research on similar model

lignin molecules, the primary reaction products resulting from
a thermo-oxidative environment were reported to be form-
aldehyde, water, and methanol.22 Formaldehyde and methanol
were reported to form from the methoxy group in the 5−5
lignin model. In our study, we used structures obtained by
hydrogenation, esterification, and butylation of a lignin
monomer and a dimer. As the methoxy groups were replaced
by butyl groups, the same reaction products were not detected
in our study. In the lignin monomer model, alkoxy groups,
such as methoxy, are commonly found and they contain a C−
O bond, which is the weakest (247 kJ/mol).42 Replacing the
methoxy group with a more stable tert-butyl group increases
the reactivity of the O−H bond, leading to easier proton
donation in reactions. Thus, the differences between the
products identified in our simulations and the previous study
are attributable to differences in molecular structures.
In another related study, ReaxFF MD was used to

investigate the mechanisms of wheat straw pyrolysis43 where
the authors observed an increase in small carbon products
(C0−C4) at higher temperatures, while the number of
medium-sized and large carbon products increased initially
and then decreased over time. We observed a similar trend for
oxidation of both molecules A and B. Figure 4a shows that the
number of C17H25O3, a large carbon product, increased at first
and then decreased, whereas the number of C2H6O2 and CO2
species continued to increase until the end of the simulation
with molecule A. Similarly for molecule B shown in Figure 8a,
the number of large carbon molecules, i.e., C26H32O4,
C26H33O4, and C26H34O5, initially increased followed by a
decrease in concentration, while the smaller product, H2O,
increased monotonically over time. This agreement suggests
that the products and pathways reported here may be more
broadly applicable. This agreement suggests that the products
and pathways reported here may be more broadly applicable.
Lastly, we compared the products and reaction pathways of

molecules A and B. Comparing Figures 3a and 8a, while H2O
is one of the reaction products for both molecules, it is much
less abundant as a product of molecule A than of molecule B.
On average, 3 and 12 H2O were formed during the thermo-
oxidation of molecules A and B, respectively. We attribute the
greater amount of H2O in the oxidation of molecule B to the
fact that this molecule has four times as many hydroxyl groups
as molecule A. These hydroxyl groups directly contributed to
the formation of H2O. Most interesting for molecule B is that
no oxygen was consumed during the simulation period of 1 ns
to form the three main reaction products shown in Figure 8b,
suggesting that the reactions were purely thermally driven. To
test this suggestion, we conducted the same simulations
(equilibration, three temperature ramp simulations, and three

constant temperature simulations) of molecule B without
oxygen and found that the reaction pathway was the same as
that shown in Figure 11 from the simulations with oxygen.
This result confirmed that water production from molecule B
occurs through a purely thermal reaction pathway.

■ CONCLUSIONS
In this work, we demonstrated a method to identify products
and their pathways of thermo-oxidation reactions. We used
reactive molecular dynamics to simulate the thermo-oxidation
of two model structures of modified lignin referred to as
molecule A (C19H30O3) and molecule B (C26H34O4). The
chemical species generated during the thermo-oxidation were
tracked to determine the dominant reaction products. The
most relevant bonds were then tracked to identify the reaction
pathways.
In the case of molecule A, we found that the prevalent three

reaction products were C19H29O3, CO2, and C2H6O2.
C19H29O3 was formed from H elimination from bond 1A.
Dissociation of a C−C bond (2A) and a C−O bond (4A) led
to the elimination of an O�C−O radical that finally formed
carbon dioxide (CO2) by conversion of the C−O single bond
(3A) into a double bond. The dissociation of the C−O bond
(4A) resulted in the elimination of an ethyl radical from the
reactant molecule, which then reacted with an O2 and an H to
form ethyl hydroperoxide (C2H6O2).
For molecule B, H2O, C26H32O4, and C26H33O4 were the

dominant reaction products. An O−H bond (1B and 1B′)
located at the aromatic ring dissociated, releasing an H atom,
while a C−O bond (4B and 4B′) located at the alkyl side
chains (2B and 2B′) dissociated, releasing an OH radical.
Then, the H atom and the OH radical recombined to form
H2O.
For both molecules, we identified each step in the reaction

by analyzing the bond dissociation and formation and observed
the reaction using visualization software. In future work, we
plan to conduct thermo-oxidation experiments with modified
model lignin to directly compare and validate the computa-
tional findings. However, more generally, the developed
methodology can be readily adapted to study the thermo-
oxidation pathways of other organic molecules. The approach
could then enable the engineering of synthesis processes to
favor alternative desirable pathways and to assess the stability
of molecules by the identification of the sites prone to
dissociation, i.e., degradation. Ultimately, simulation-based
tools such as those developed here can allow intentional
modification of properties to create novel and stable materials.
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