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ABSTRACT

Reactive molecular dynamics (MD) simulation makes it possible to study the reaction 

mechanism of complex reaction systems at the atomic level. However, the analysis of the MD 

trajectories which contain thousands of species and reaction pathways has become a major 

obstacle to the application of reactive MD simulation in large-scale systems. Here, we report 

the development and application of the Reaction Network Generator (ReacNetGenerator) 

method. It can automatically extract the reaction network from the reaction trajectory without 

any predefined reaction coordinates and elementary reaction steps. Molecular species can be 

automatically identified from the cartesian coordinates of atoms and the hidden Markov model 

is used to filter the trajectory noises which makes the analysis process easier and more accurate. 

The ReacNetGenerator has been successfully used to analyze the reactive MD trajectories of 

the combustion of methane and 4-component surrogate fuel for rocket propellant 3 (RP-3), and 

it has great advantages in efficiency and accuracy compared to traditional manual analysis. 
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1 Introduction
In the past decades, reactive molecular dynamics (MD) simulation has been widely used 

to study the reaction mechanism of many complex molecular systems, such as combustion, 

explosion, and heterogeneous catalysis. Among all reactive MD method, ab initio molecular 

dynamics simulation is undoubtedly the most rigorous and accurate one1. Unfortunately, the 

computational cost inherent in the QM calculation severely limits the simulation scale of the 

AIMD method. With the rapid development of computer hardware and algorithms, some AIMD 

methods have recently begun to handle larger scale systems. Wang et al.2, 3 had proposed an ab 

initio nanoreactor and used it to explore the formation pathways of glycine in the atmosphere 

of early Earth. The nanoreactor adopts graphics processing units (GPUs) to accelerate the 

electronic structure calculation, thus has higher efficiency than conventional QM calculations 

based on CPUs.

On the other hand, QM data can be used to train semi-empirical QM methods and 

empirical force fields, such as the density-functional based tight-binding (DFTB4) method and 

the reactive force field (ReaxFF5-9). These methods trade accuracy for the lower computational 

expense, making it possible to reach simulation scales that are orders of magnitude beyond 

what is tractable for conventional QM methods. By using the DFTB method, Zhang and co-

workers studied the early decay mechanism of the shocked ε-2,4,6,8,10,12-hexanitro-

2,4,6,8,10,12-hexaazaisowurtzitane (CL-20)10, Lei et al. simulated the reaction process of 

graphene synthesis via detonation at different oxygen/acetylene mole ratios11. Compared with 

the DFTB method, the reactive force field (ReaxFF12) has a more obvious advantage in 

efficiency. By using reactive MD with ReaxFF, Li and co-workers have studied the pyrolysis 

of Liulin coal. The modeled system contains 28351 atoms, and the simulation was performed 

for 250ps13. In addition, Han et al. performed long-time ReaxFF MD simulations of fuel-rich 

combustion for up to 10 ns to explore the initial formation mechanism of soot nanoparticle14. 

Large molecular system and long simulation time can produce complicated MD 

trajectories which contain a great number of reaction events and molecular species. Manual 

analysis of such trajectories is unrealistic, which motivates the development of computational 

algorithms that can analyze these trajectories automatically. Liu et al. has proposed the 

VARxMD (Visualization and Analysis of Reactive Molecular Dynamics) software which can 

analyze and visualize reactions from the atomic coordinates and bond order information from 

the MD trajectory with ReaxFF15. Dontgen et al. also developed the ChemTraYzer 

(Chemical Trajectory Analyzer) software for postprocessing and analyzing of the ReaxFF 

trajectories16. In the preparation of this article, a new method is presented based on 

ChemTraYzer17, which can give more accurate rate constants and construct a skeletal reaction 
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network. Recently, Martínez and co-workers proposed a method called Nebterpolation which 

can discover and refine reaction pathways from the AIMD trajectory3. 

Despite the success of these methods, they are either not easily accessible due to license 

issue, or are not user-friendly, and still require a large amount of human resources to participate 

in the analysis. In this study, a new tool called ReacNetGenerator (Reaction Network Generator) 

was developed. It takes atomic coordinates as the only necessary input, and can automatically 

extract rich information from the trajectory, such as molecular species and reaction events. 

Reaction networks can be constructed based on this information and be interactively explored 

by the user. The paper is organized as follows: the algorithms of ReacNetGenerator is described 

in detail in the next section. In Section 3, the ReacNetGenerator was successfully used to 

uncover the reaction mechanism of the combustion of methane and the 4-component RP-3 jet 

fuel. And finally, a conclusion is given in Section 4.  

2 Computational Methods
2.1 Simulation details

In this work, two fuel oxidation systems were constructed by using the Amorphous Cell 

module in the Materials Studio software package18. One is the methane oxidation system and 

the other is a four-component surrogate model of the RP-3 jet fuel19 (42% n-dodecane, 40% n-

decane, 13% ethylcyclohexane, and 5% p-xylene, as shown in Fig. S1). A specified amount of 

oxygen molecules that can completely oxidize the fuel molecules was added to the system. For 

methane, the simulated system is a 3-dimensional periodic box containing 50 CH4 and 100 O2 

molecules with a bulk density of 0.25g/cm3. For RP-3, the simulated system contains 1606 

molecules and 6490 atoms, and the density is 0.5g/cm3 (Fig. S2). Specific densities were chosen 

to be consistent with the previous studies20, 21 to facilitate the comparison.

Both systems are firstly equilibrated at 298K for 250ps using the Forcite module in 

Materials Studio to get a reasonable initial configuration. Then a 2.5ns MD simulation with 

ReaxFF was performed for each system by using the LAMMPS package22. The parameters of 

Chenoweth et al. (the CHO-2008 parameter set) were employed23. The temperature was set to 

3000 K. The time step was set to 0.1fs, and the coordinates of atoms were recorded every 10fs. 

The NVT ensemble was used for both the equilibration and production run. The Berendsen 

thermostat was used and the damping parameter was set to 100fs. Then the trajectories of entire 

processes were used to analyze in subsequent steps.

2.2 The ReacNetGenerator method
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Figure. 1 The flowchart of the ReacNetGenerator.

The flowchart of the ReacNetGenerator method is shown in Fig. 1, which consists of 

several modules and algorithms. The key input of ReacNetGenerator is the MD trajectory from 

either ReaxFF MD or AIMD simulation, and the bond order information from ReaxFF MD 

simulation can also be an additional input. After reading these input files, the connectivity of 

the atoms in each snapshot is determined firstly from the coordinates and/or bond orders. Then 

the species (including molecules and radicals) are detected according to the atomic connectivity. 

However, reactive MD simulation normally contains large-amplitude molecular vibrations and 

collisions, thus it is very rough to use the distance between atoms to judge the existence of 

chemical bonds. Many “noise” molecules that are unstable or even unreasonable in energy or 

structure will be detected from the first step. In their previous works2, 3, Wang et al. filtered 

these noises by using a two-state hidden Markov model (HMM). We also adopted this 

algorithm in the ReacNetGenerator. To facilitate the analysis, all detected species are indexed 

by canonical simplified molecular input line entry specification (SMILES) to guarantee its 

uniqueness. Isomers are also identified among species according to SMILES. Then the path 

and quantity of reactions in the whole trajectory are calculated. With the reaction matrix 

generated, the force-directed algorithm will be used to construct a reaction network. All the 

results including the network, species, and reactions are put in an interactive web page, and the 

user can analyze the local reaction network for any given species by mouse-clicking. Below are 

details of several key procedures:
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2.2.1 Acquisition of species information

An MD trajectory that contains atomic coordinates is the only necessary input of 

ReacNetGenerator. Then the Open Babel software25 will be used to convert the atomic 

coordinates to bond information. In Open Babel, a chemical bond will be assigned to two atoms 

if their distance  satisfies the following criteria:𝑑

                         (1).0.4Å ≤ 𝑑 ≤ 𝑟𝑖 + 𝑟𝑗 +0.45Å

Where  and  are atomic covalent radius of atom i and j. The bond type, bond order, 𝑟𝑖 𝑟𝑗

hybridized center, and aromaticity are then determined by the local bond geometry. The 

periodic boundary condition is considered by slightly modify the source code of Open Babel. 

As a result, ReacNetGenerator can process trajectory from any kind of reactive MD simulation, 

such as AIMD and ReaxFF MD. The using of Open Babel can be skipped if additional bond 

order information is provided by the ReaxFF MD simulation. After the bond information is 

obtained, each snapshot in the trajectory can be treated as an undirected graph. Each atom in 

the snapshot is a node in the graph and each chemical bond can be treated as an edge. Then a 

molecular fragments (species) can be considered as a subgraph. Identifying all species can be 

considered as a graph traversal problem in the graph theory. A general graph traversal algorithm, 

called Depth-first search26, is used in this study. By using this way, all species in a given 

trajectory can be obtained. 

2.2.2 Filtering “noise” by HMM

    As mentioned above, a lot of species detected from the last step are useless for analyzing. 

To accelerate the analysis, the existence of species is firstly converted into 0-1 signals, and a 

two-state HMM3, 27 is adopted in the ReacNetGenerator to smooth the existence signal.

    The HMM model can be described as a transition matrix A, an emission matrix B, and an 

initial state vector π. The raw (existence) signal of a given species can be considered as a visible 

output sequence :𝑂𝑠

                           (2),𝑂𝑠 = {𝑜𝑠
1, 𝑜𝑠

2, ⋯𝑜𝑠
𝑡⋯𝑜𝑠

𝑇}
where the superscript s represents a given species, and the subscript t represents time (or 

the tth frame in the trajectory), there are a total of T frames in the trajectory.  can be any 𝑜𝑠
𝑡

value in set V:

                           (3),𝑉 = {𝑣1 = 1, 𝑣2 = 0}

where 1 means the species exists, and 0 means no. 

Page 5 of 19 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
6 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 R
U

T
G

E
R

S 
ST

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/2
6/

20
19

 2
:4

9:
13

 P
M

. 

View Article Online
DOI: 10.1039/C9CP05091D

https://doi.org/10.1039/c9cp05091d


Similarly, the noise-filtered signal we expect can be considered as the hidden sequence 

 in the HMM:𝐻𝑠

                           (4),𝐻𝑠 = {ℎ𝑠
1, ℎ𝑠

2, ⋯ℎ𝑠
𝑡⋯ℎ𝑠

𝑇}
and  can be any value in set Q:ℎ𝑠

𝑡

                           (5).𝑄 = {𝑞1 = 1, 𝑞2 = 0}

    The mathematical description of A, B, and π is given by

                             (6). { 𝑨 = [𝑎𝑖𝑗]2 × 2
𝑩 = [𝑏𝑗(𝑘)]2 × 2

𝝅 = (𝜋1,𝜋2)

where  is the probability of the transition 𝑎𝑖𝑗 = 𝑃(ℎ𝑠
𝑡 + 1 = 𝑞𝑗│ℎ𝑠

𝑡 = 𝑞𝑖), 𝑖 = 1,2, 𝑗 = 1,2

from state  at  to  at .  is the 𝑞𝑖 𝑡 𝑞𝑗 𝑡 + 1 𝑏𝑗(𝑘) = 𝑃(𝑜𝑠
𝑡 = 𝑣𝑘│ℎ𝑠

𝑡 = 𝑞𝑗), 𝑘 = 1,2, 𝑗 = 1,2

probability of observing  when the hidden state is .  is the start 𝑣𝑘 𝑞𝑗 𝜋𝑖 = 𝑃(ℎ𝑠
1 = 𝑞𝑖), 𝑖 = 1,2

probability for state .𝑞𝑖

The next task is to find the most likely hidden sequence  (called Viterbi path) that can 𝐻𝑠

produce the observation sequence : 𝑂𝑠

                       (7),𝑉𝑖𝑡𝑒𝑟𝑏𝑖 𝑝𝑎𝑡ℎ = max
𝐻𝑠

𝑃(𝐻𝑠,𝑂𝑠)

where

     (8).𝑃(𝐻𝑠,𝑂𝑠) = 𝑃(ℎ𝑠
1 = 𝑞𝑖)∏𝑇

𝑡 = 1𝑃(ℎ𝑠
𝑡 = 𝑞𝑗│ℎ𝑠

𝑡 ― 1 = 𝑞𝑖)𝑃(𝑜𝑠
𝑡 = 𝑣𝑘│ℎ𝑠

𝑡 = 𝑞𝑗)
In order to obtain the Viterbi path, a dynamic programming algorithm called the Viterbi 

algorithm28, which has been widely used in telecom decoding, deep-space communications, 

speech recognition, and bioinformatics is employed.

    Note that , , and  are respectively 𝑃(ℎ𝑠
𝑡 = 𝑞𝑗│ℎ𝑠

𝑡 ― 1 = 𝑞𝑖) 𝑃(𝑜𝑠
𝑡 = 𝑣𝑘│ℎ𝑠

𝑡 = 𝑞𝑗) 𝑃(ℎ𝑠
1 = 𝑞𝑖)

values of A, B, and π, so the Viterbi path is determined by the parameters of the HMM model. 

Choosing smaller values in the off-diagonal of A will force the sequence  to have fewer 𝐻𝑠

transitions. Choosing larger values in the off-diagonal of B will allow the  to deviate more 𝐻𝑠

often from the . Both changes can increase the filtering ability of the HMM model.𝑂𝑠

In ReacNetGenerator, the initial state  will not influence the filtering ability of the HMM 

model. For A and B, one can randomly select parts of the trajectory of several species for 

manual analysis and labeling the noise signals. Then the maximum likelihood estimation 

method can be used to calculate their matrix elements: 

                        (9).𝑎𝑖𝑗 =
𝛼𝑖𝑗

∑
𝑗𝛼𝑖𝑗

,𝑖 = 1, 2; 𝑗 = 1, 2
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Where ij is the frequency at which the signal transition (  to ) from time t to t+t (t 𝑞𝑖 𝑞𝑗

is the time interval in the trajectory.)

    Similarly,

                     (10).𝑏𝑗(𝑘) =
𝑗𝑘

∑
𝑘𝑗𝑘

,𝑗 = 1, 2; 𝑘 = 1, 2

Where ij is the frequency of  is observed form the state .𝑣𝑘 𝑞𝑗

In addition, users may use some off-the-shelf theory to estimate HMM parameters from 

the original trajectory, such as the Baum-Welch algorithm29. However, it must be pointed out 

that none of these methods give the perfect parameters for the HMM model. This is because 

we cannot get the species information in the trajectory in advance, and it is even less likely to 

mark every noise signal. A better strategy is to perform multiple rounds of analysis and 

gradually reduce the filtering power of the HMM model. The skeletal reaction mechanism in 

which the major species participate is obtained first and then the more detailed local reaction 

network can be analyzed for the species of interest.

The default HMM parameters in ReacNetGenerator are consistent with the previous study3, 

where

                        (11).{𝐀 = (0.999 0.001
0.001 0.999)

𝐁 = (0.6 0.4
0.4 0.6)

𝝅 = (0.5, 0.5)

The parameters are further verified by combining manual analysis and the maximum 

likelihood estimation. Usually, only signals with a lifetime shorter than 100 fs are filtered out. 

In our simulation, the atomic coordinates are saved every 10fs. This setting is widely adopted 

by MD simulations with ReaxFF, while AIMD usually uses smaller time intervals to store 

coordinates. Therefore, we think the default HMM parameters are a good starting point for 

analysis.

A concern with the HMM approach is that it might filter out actual reaction events which 

are rare. However, when faced with the trajectory that contains thousands of species and 

nanosecond lengths, users are more concerned with the main reaction mechanisms. While the 

HMM method can greatly reduce the complexity of the trajectory analysis. In the future study, 

we will introduce energy criteria to validate whether there is a reaction and combine the 

machine learning methods to make the analysis results more accurate.

2.2.3 Construction of the reaction network 
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To construct a reaction network, each kind of species should be treated as a node in the 

network. Therefore, all detected species are indexed by canonical SMILES30 to guarantee its 

uniqueness. Isomers are also identified according to SMILES codes. In order to improve the 

accuracy and efficiency of isomer recognition, the VF2 algorithm31 is also provided. VF2 is a 

depth-first backtracking algorithm that is widely used to solve the subgraph isomorphism 

problem. After filtering out noises, the reaction paths and the number of intermolecular 

reactions can be calculated. A reaction matrix can be generated as

                   (12),𝐑 = [𝑟𝑖𝑗], 𝑖 = 1,2,…,𝑁;𝑗 = 1,2,…,𝑁

where  is the number of reactions from species  to . Finally, with the reaction matrix, 𝑟𝑖𝑗 𝑠𝑖 𝑠𝑗

a reaction network can be constructed. Here the NetworkX package32 is used to make a graph 

which indicates the reactions between species. Fruchterman-Reingold force-directed 

algorithm33 is used to make the layout of nodes relate to the number of reactions, which can 

ensure that the graph is more legible and easy to read. The distance of two species in the network, 

the color and thickness of the line connected them are determined by the number of reactions 

between them, making the reaction network more intuitive. 

Here three options are offered: a) showing the reaction network formed by top N (an 

integer given by the user, 20 by default) species which have the most reactions; b) showing the 

reaction network starting with reactants and contains N species which have the most reactions 

with them; c) showing the reaction network formed by top N species which contain specific 

elements and have the most reactions. 

It must be noted that the reaction network shown in this way is only one of the basic 

outputs of ReacNetGenerator, and users can get more detailed information. As mentions above, 

the reaction network along with all species and reactions will be shown on an interactive web 

page. A filter is provided to the user to study reactions that involve specific species. In addition, 

when the user clicks on any of the species, ReacNetGenerator will show the top 5 species which 

have the most reaction with it. If the user double clicks on a species, it will be temporarily 

hidden. Therefore, with simple mouse-clicking, users can explore the reactions of any species 

they are interested in and build a corresponding reaction network. The user can save the network 

as a picture for further analysis or presentation at any time during the analysis.

3 Results and Discussion

3.1 Identify reaction pathways and noise filtering

The input of the ReacNetGenerator is the trajectory from a reactive MD simulation. The 

trajectory contains many individual reaction events, but in the beginning, we don’t know when 

the reaction occurred and which atoms participated in the reaction. Thus, the first task is to 
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identify and extract these reaction events from the MD trajectory. However, as mentioned 

above, it is very rough to use the distance between atoms to judge the existence of chemical 

bonds as reactive MD trajectories usually contain large-amplitude molecular vibrations and 

collisions. Therefore, the hidden Markov model is employed to filter out the "noise" from the 

trajectory and make it easier to analyze. Fig. 2 shows two examples of the HMM filtering 

process. As can be seen, the propyl radical appears very frequently during certain periods of 

the trajectory, but only occasionally appear in other time periods, the HMM signal accurately 

reflect its existence. On the other hand, the HOHOOH radical is more like a water molecule 

and a hydrogen peroxide closely contact with each other by collision, its signal is very sparse 

and the lifetime is very short, so the HMM successfully filtered it out. 

   

Figure 2. Existence signals of two species processed by the hidden Markov model.

After the HMM process, the connectivity of all atoms is tracked to detect all reaction 

events in the trajectory. 

3.2 Analysis of the MD trajectory of methane combustion.

    As the first example, we analyzed a ReaxFF MD trajectory of methane combustion 

reactions. Fig. 3 and Fig. S3 show the time evolution of the number of important reactants, 

intermediates and products observed during the simulation. After about 500ps, several species 

such as CH2O, H2O, CH3OH, CO, CO2, and CH3OOH were formed. The main reactions 

completed after about 1.5ns. The number of reactants and main products almost maintained 

constant. Then the trajectory was processed by the ReacNetGenerator. Depending on the needs 

of the user, species with specific elements can be selected for analysis, such as analysis of 

reactions between all carbon-containing species. The output of ReacNetGenerator consists of 

three parts: a reaction network, the list of all species, and the list of reactions between species. 
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All of the information is contained in an interactive web page, making the results clearer and 

more intuitive.

 
Figure 3. The number of important reactants, products, and intermediates evolved with simulation time.

Figure 4. The reaction network formed by the top 20 species which contain carbon and have the most 

reactions in the trajectory of the methane oxidation. Species are shown in blue spheres, and chemical 

reactions are indicated using colored arrows. The closer of the spheres, the thicker of the line, the 

redder of the color indicates the more reactions between species.

Page 10 of 19Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
6 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 R
U

T
G

E
R

S 
ST

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/2
6/

20
19

 2
:4

9:
13

 P
M

. 

View Article Online
DOI: 10.1039/C9CP05091D

https://doi.org/10.1039/c9cp05091d


    

Fig. 4 shows one such representation of a reaction network derived from the 

ReacNetGenerator based on the trajectory of methane oxidation. In the analysis, only the 

species which contain carbon were considered. In the reaction network, each species is 

represented by a blue sphere. The colored arrows linked the species represent the reactions 

between them, the closer of the sphere, the thicker of the line, the redder of the color indicates 

the more reactions between species. One can find a number of reaction paths from methane to 

carbon dioxide from Fig. 4, which are highly consistent with the previous work20, in which the 

reactive MD simulation was performed under similar conditions and the manual analysis was 

used. 

Figure 5. Reaction paths from methane to carbon dioxide derived from ReacNetGenerator.

    In addition, if we are interested mainly in a particular species, we can map out the local 

reaction network of closely related compounds (namely, the species that appear on either side 

of chemical equations that lead to the species of interest) by the mouse clicking (Video S1). 

Focusing on specific species also allows us to trace the reaction pathways that lead from the 

starting molecules. Formaldehyde is a key intermediate that participates in the oxidation of 
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methane. Fig. 5 shows several reaction paths from CH4 to CO and CO2 obtained by interactive 

mouse clicking. In one path, CH4  •CH3  CH3O•  CH2OH  H2CO  HCO•  CO, the 

methyl radical (•CH3) is oxidized to the formaldehyde, which then loses a hydrogen atom to 

form the formyl (HCO•) radical. The formyl radical can subsequently lose a hydrogen atom via 

collisional dissociation or reaction with molecular oxygen, thereby forming the carbon 

monoxide (CO). As can be seen, formaldehyde and CH3O• are among the most highly 

connected compounds in the reaction network, participating in more than 10 reactions with 

other species. These highly connected compounds have in common the ability to take part in 

several different reaction types. For example, formaldehyde is found to participate in proton 

transfer, nucleophilic addition and dihydrogen reactions. These findings are consistent with the 

previous study20 and experiments34, but ReacNetGenerator is more intuitive and saves a lot of 

time than manual analysis.

        
3.3 Analysis of the MD trajectory of RP-3 combustion. 

As a second example, the ReacNetGenerator was used to analyze the trajectory of the 

combustion of a four-component surrogate model of the RP-3 jet fuel. 

Figure 6. The change in the number of species during the MD simulation.

Fig. 6 shows the change in the number of species during the MD simulation. For such a 

medium-sized system, the number of species in some snapshots has exceeded 2,400. Manual 

extraction of reaction events from tens of thousands of snapshots has been an almost impossible 

task, thus automated methods must be developed. At the same time, the introduction of “noise” 

filtering is also very necessary.
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Fig. 7 depicts reaction networks of RP-3 with and without the HMM filter, respectively. 

For each situation, 20 species participated in the most reactions are taken to construct the 

network. As can be seen, the network without HMM is relatively simple, mainly composed of 

“reversed motions” between two species. For example, the reaction path between species 5 and 

6, 9 and 10 only reflect the forming and breaking of a double bond. In addition, species 11 is 

more like a close connection formed by the temporary collision of a water molecule and a CO2. 

In contrast, the HMM filtered most of the “noise” species, which makes the network more 

reasonable, and contains more useful information. 
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Figure 7. The reaction network for a 2.5ns reactive MD simulation of 4-compont RP-3 oxidation with 

ReaxFF. The left panel is the network without HMM filtering and the right one is the network with HMM.
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Figure 8. Reaction routes of RP-3 derived from ReacNetGenerator, which is modified slightly. 

For the sake of clarity, the name of the reactants instead of their 2D diagrams are used. When using 

ReacNetGenerator, users can easily zoom the web page which contains the analysis results, all pictures 

on the web page are vector graphics to ensure clarity.

Several reaction paths in the trajectory are detected on the result-containing web page by 

mouse-clicking and are shown in Fig. 8. The distribution of reactants and products during the 

MD simulation is shown in Fig. S4. Referring to these two figures, one can find that the first 

hydrocarbon to decompose was the n-dodecane, which underwent homolytic bond cleavage to 

form the ethene and ethenyl radical species. The second hydrocarbon to decompose was the n-

decane, which underwent homolytic bond cleavage to form the allyl and pentyl radical species. 

The third one was the ethylcyclohexane, which underwent homolytic bond cleavage to form 

the ethylene and ethenyl radical species. Several previous studies35,36,37,38 indicate that under 

high-temperature conditions the decomposition pathway may be more important than hydrogen 

abstraction, which is consistent with the current results. 

Hydrogen dissociation is also observed from the methyl group of p-xylene to form 

hydroperoxyl and xylyl radicals. The methyl group of toluene was found to react with O2, which 

is consistent with the previous study39. p-Xylene was the last hydrocarbon to react in this 

simulation, the activation was facilitated by a hydroperoxy radical, which results in the 

formation of 4-methylbenzyl and a CH3Ph(OH)CH2 radical. Since this system was relatively 

rich in hydrocarbons, the initiation reactions observed involve both decomposition and 
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reactions with radicals in the system instead of direct oxidation of the hydrocarbons by 

molecular oxygen as observed in the lean fuel cases.   

    Fig. S5 shows that the amount of ethylene increases rapidly at the beginning of the 

trajectory and then slowly decreases, corresponding to the rapid consumption of long-chain 

alkanes (Fig. S4). At the same time, the number of formaldehydes also keep increasing until 

about 700ps, and then slowly decreased. These trends are consistent with experimental 

observations.40 According to Fig. 8, ethylene is the highest connected compound in the reaction 

network, participating in more than 10 reactions with other species. Ethylene is then oxidized 

to formaldehyde, which then loses a hydrogen atom to form formyl radical and it can 

subsequently lose a hydrogen atom via collisional dissociation or reaction with molecular 

oxygen, thereby forming carbon monoxide or carbon dioxide.     

4. Conclusions

In this study, the ReacNetGenerator method was developed to automatically process the 

trajectory of the reactive MD simulations, uncovering the detailed reaction events. This method 

has a huge advantage in efficiency compared to manual analysis and can be particularly useful 

for large molecular systems. Compared with existing methods, ReacNetGenerator has the 

following characteristics and advantages: 

Firstly, ReacNetGenerator is open-source and can be obtained and modified freely 

(https://github.com/tongzhugroup/reacnetgenerator). Secondly, an MD trajectory that contains 

atomic coordinates is the only necessary input, which makes the ReacNetGenerator not only 

suitable for MD simulations based on reactive force fields but also for AIMD simulations. 

Thirdly, ReacNetGenerator employed the HMM algorithm to filter out unreal species caused 

by “reversed motions” and instantaneous collisions. In using this way, real reactions in the 

simulation are highlighted and the analysis time is obviously saved. Next, all the analysis results 

are put on an interactive web page that is easy to use. Users can use the mouse clicking to 

carefully analyze the local reaction network of any given species. Finally, ReacNetGenerator 

supports parallel computing. A lot of optimizations in its speed and memory usage were 

performed, including data compressing and C bindings, so it is very efficient and can be used 

to analyze large trajectories.

Combined with relatively macroscopic data, such as the evolution of the number of 

species over time, the method was successfully used in the analysis of the MD trajectories of 

the oxidation of methane and a 4-component RP-3 fuel, and the results were highly consistent 

with previous theoretical studies and experimental measurements.
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Further improvements to the ReacNetGenerator method will focus on two aspects: Firstly, 

the function of calculating the reaction rate statistically will be included. Secondly, although 

the HMM can filter out the "noise" species in the trajectory, there are still some false positive 

reactions, and the HMM may also filter out some important intermediates. We will introduce 

energy criteria to validate whether there is a reaction and combine the machine learning 

methods to make the analysis results more accurate. Related research is ongoing in our 

laboratory.   

    Although no perfect, we believe that the current version of ReacNetGenerator can already 

assist the analysis of complex reactive MD trajectories and contribute to our understanding of 

reaction mechanisms in the area of combustion, catalysis, and astrochemistry.  
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