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Abstract
The phase space data produced in molecular dynamics (MD) simulations of many-
atom systems contain complete classical descriptions of the processes determined 
by the force field for the specific initial conditions. The usefulness of the simulation 
results comes from gleaning physically meaningful information from the mass of 
phase space points. This is especially difficult in the case of chemical reactions in 
bulk phases. Determining the major pathways from reactants to products directly 
from MD simulation results and without assuming a given mechanism is particularly 
challenging. We propose the reaction stream method based on the cluster represen-
tation for gases to identify, directly from MD simulations, the sequences of isolated 
reactions that are responsible for progress of the overall chemistry in complex reac-
tions. The goal is to obviate the need for pre-convinced mechanisms to characterize 
the overall chemistry. To illustrate the applicability of the reaction stream method, 
we identify the dominant reaction pathways for the dissociation of H2O2 in MD sim-
ulations with the ReaxFF force field. The significance of rare reaction pathways to 
predict the progress of the evolving chemistry is also studied.

Keywords  Reaction Stream · Reaction Clusters · Combustion Kinetics · Reaction 
Network

Introduction

Many overall reactions involve many species that undergo various kinds of reactions 
at various times over the course of the reaction. Thus, it is tempting to consider them 
to be complex processes; however, given that the driving forces in overall reactions 
can be expected to induce an orderly progression from reactants to products it is per-
haps not appropriate to consider them complex if we wish to ultimately understand 
them better. The objective should be to discover the nature of the order within the 

 *	 Homayoon Rafatijo 
	 rafatijoh@missouri.edu

1	 Department of Chemistry, University of Missouri-Columbia, Columbia, MO 65211‑7600, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-022-02170-5&domain=pdf


1440	 Reaction Kinetics, Mechanisms and Catalysis (2022) 135:1439–1455

1 3

complicated overall chemistry. We present a method for determining the details of 
how overall chemical reactions in bulk gases proceed.

We begin with the idea that complex overall gas-phase reactions proceed via a 
stream comprising various kinds of elementary reactions; and we assume that they 
follow a definite pathway determined by the chemistry given a specific set of physi-
cal conditions. One can think of the stream of reactions as a channel, defined by 
the evolving sequential, branching reactions of mostly highly reactive radicals lead-
ing from reactants to products, that the overall reaction will always follow given the 
same initial and physical conditions. This reaction stream is defined by the chemi-
cal forces, for they cause atoms to trace the same classical trajectory, commonly 
referred to as the minimum energy path, given a specific set of initial conditions.

Determining a precise reaction stream experimentally is not feasible, but molecu-
lar dynamics (MD) is a practical way to simulate the evolving chemistry of an over-
all reaction in bulk gases, and thus illustrate the concept. With MD simulations, one 
would need algorithms to reveal significant information about how the overall chem-
istry proceeds, ideally without human guidance or preconceived notions of what 
occurs in the process. However, an algorithm requires some prior knowledge and 
assumptions about chemical processes being studied in order to target the events 
that are meaningful within the context of the problem of interest. In this respect, we 
establish our reaction stream method upon one general assumption: distinct isolated 
chemical events can be identified in reaction streams.

The idea of reaction stream is that there is for each overall reaction a pathway, 
like a central current of a stream, leading from the reactants to the products. There 
are at least a couple of ways we can characterize and represent the reaction stream. 
It can be considered to be a network of reduced size, illustrated by arborescence 
graphs, for example, that includes only dominant sequences of reactions that are 
responsible for conversion of reactants to products. Alternatively, the reaction 
stream can be described as a lower dimensional sub-manifold in the reaction phase 
space to which all solution trajectories are attracted after a short transient, that is, a 
slow invariant manifold. These two interpretations have been used to reduce reac-
tion mechanisms in master equation models; however, to the best of our knowledge, 
they have not been used to describe the governing chemistry at the atomic level. 
Using either interpretation for our results would, we believe, lead to essentially the 
same picture of the chemistry and conclusions. At this point it is not clear how best 
to describe or represent reactions streams, so this work is an initial step in learning 
more about how the overall processes proceed. We have chosen to use the first of 
these two approaches.

We begin by defining an atomic reaction sequence, based on the cluster represen-
tation for gases, as sequence of isolated reactions that are responsible for conversion 
of reactant species to product species [1]. Previously, we have shown how the cluster 
representation can be used to identify reaction clusters, that is, isolated elementary 
reactions in simulations of bulk gases [2, 3]. Also, we have shown how one can 
compute activation energies for reaction clusters using a generalized Tolman acti-
vation energy concept [4]. Here we use atomic reaction sequences to characterize 
overall reactions, thus obtaining a description of reaction streams. Green et al. [5, 
6] have recently presented a related method based on the idea of mapping [7] in 



1441

1 3

Reaction Kinetics, Mechanisms and Catalysis (2022) 135:1439–1455	

dynamical systems to report physically meaningful sequences of species in an over-
all reaction. They used MD simulation results for hydrogen combustion to periodi-
cally determine to what species each hydrogen and oxygen atom belongs. In Green’s 
model, the determination of species to which an atom belongs were made discreetly 
at regular time intervals; thus the sequence of reactions was not determined. We pick 
where Green and his coworkers left off; our goal here is to explore the elementary 
reactions in an overall reaction, and to describe the process as a definable stream of 
elementary reactions. We illustrate the applicability of the reaction stream method 
using the unimolecular dissociation reaction 10H2O2 → 10H2O + 5O2.

Computational methods

Microcanonical (NVE) MD simulations were carried out using the 2016 ver-
sion of the LAMMPS [8, 9] code with the ReaxFF [10, 11] force field para-
metrized for hydrogen combustion to study the unimolecular dissociation reaction 
10H2O2 → 10H2O + 5O2. Eighteen trajectories were run in a periodic cell of dimen-
sions 12.7 × 12.7 × 12.7 Å3 for density ρ = 275.6 kg m−3.

The initial configurations for equilibration of the NVT ensemble were generated 
using PACKMOL [12]. Ten H2O2 molecules were positioned in the periodic cell 
such that all non-bonding atom–atom distances were at least 2.2 Å. The molecular 
intranuclear distances 0.970 Å and 1.461 Å, respectively, were chosen for the O–H 
and O–O bonds in each H2O2 molecule. The initial configurations were then adjusted 
by using the Polak-Ribiere [13] conjugate-gradient algorithm for energy minimiza-
tion until either the energy or the force criterion 1 × 10−4 or 1 × 10−6 kcal mol−1 Å−1, 
respectively, was satisfied. Atomic velocities were randomly selected from the 
Gaussian distribution for 2100  K and assigned to atoms such that the total linear 
momentum of the system was zero. The trajectories were propagated using the 
velocity-Verlet [14] algorithm with time step 0.1  fs. Equilibration of the system 
was ascertained by observation that the kinetic temperatures consistently fluctuated 
about 2100 K. The translational kinetic temperature reached this value in less than 
1 ps, but the internal modes required up to 30 ps in some simulations. If a reaction 
occurred the equilibration simulation was abandoned. The final states of the equili-
bration simulations were used as the initial states for the production NVE simula-
tions, which were run for 2 ns with time step 0.01 fs. The atomic coordinates and 
velocities were recorded every 0.5 fs.

We used a method based on the concept of reaction clusters applicable to MD 
simulation of bulk gases to identify isolated reactions. The individual clusters are 
conservative systems within the bulk gas. The reaction clusters are defined such that 
sequences of chemical change occurring in isolation are completed, with subsequent 
reactions of any of the participants being considered in the formation of a new reac-
tion cluster. We considered two kinds of reactions: those that are initiated by a bond 
breaking but which can subsequently involve bond formations and those that involve 
only bond formation (radical recombination).

The bond distances were checked every 0.5 fs. The time at which a bond length 
exceeded the cutoff distance was taken as the time tr that a reaction had begun. 
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The bond rupture cutoff distance for each bond was defined as the distance at 
which the bond energy is within 1  kcal  mol−1 of the bond dissociation energy 
predicted by the force field. At tr all the species within interaction ranges of the 
breaking bond were identified using the non-bonding atom–atom cutoff distances 
3.0  Å, 1.8  Å, and 3.5  Å, respectively, for H⋯H, H⋯O, and  O⋯O; which are 
based on ReaxFF. This defines the reaction cluster and the reaction molecularity.

The internuclear distances of the species in a reaction cluster were monitored 
beginning 210  fs before tr. For bond-rupture reactions that were followed by a 
bond formation, we considered a bond to be formed when it had undergone four 
inner turning points. When a non-bonding atom–atom distance between two spe-
cies in a reaction cluster exceeded the critical cutoff value the reaction cluster was 
considered to have dissociated and the products were identified.

A production run was begun with the atomic Cartesian coordinates of the final 
state from an equilibration simulation. Atoms, molecules, bonds, and radicals 
were assigned numeric IDs; and the atoms making up each species were tagged 
to its ID. The IDs of the atoms making up each bond in a species were tagged to 
the species ID. The integration was continued with periodic checks of all cova-
lent bond lengths every 0.5 fs until a bond distance exceeded a bond cutoff dis-
tance, then IDs of the species and atoms and the composition of the reaction clus-
ter were recorded. The algorithm returned plots of the internuclear distances as 
functions of time for the species making up the reaction cluster beginning 210 fs 
before the bond rupture, which were used to determine the reaction mechanism.

When a non-bonding atom–atom distance between any two species in a reac-
tion cluster exceeded a critical cutoff value the reaction cluster was considered to 
have dissociated and the constituents were identified. When an individual reac-
tion completed the chemical composition of the entire system was updated with 
all atoms and species were assigned new IDs, which were used in the identifica-
tions of the new clusters and next reaction.

The number of species present in the system as the overall reaction progresses 
was monitored for each simulation. We defined a “reduced” time for each reaction 
as the time at which the reaction occurred divided by the overall course of time 
for the trajectory in which the reaction was detected. The overall trajectory time 
was measured from the beginning of the simulation up until the time the final 
products reach the final equilibrium state. The final equilibrium state was ascer-
tained when the kinetic internal temperatures fluctuated about the target thermo-
dynamic temperature. The reduced time was used so that the results for different 
trajectories can be combined to compute the ensemble average behaviors.

We used the version of the Nudged Elastic Band (NEB) [15] method imple-
mented in LAMMPS to determine the energetics precited by ReaxFF for the 
reactions involving radicals. A minimum of 36 replicas distributed equidistantly 
along the minimum energy path of the reaction was used to perform the NEB 
calculations. For each reaction, the initial and final replicas were selected from an 
actual simulation. Values of the force constants were iteratively changed within 
the interval 1.0 × 10−5 Eh a0

−2 to 1.0 × 10−1 Eh a0
−2 until the force criterion of 

1.0 × 10−5 Eh a0
−1 was met for the saddle points. The NEB calculations did not 

converge for reactions involving (OH)3 and symmetric exchange reactions. The 
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potential energy profiles for other reactions are shown in Fig. 1, which we show 
to define the model we have used, not to predict or represent the real chemis-
try. According to ReaxFF, reaction HO2 + OH → H2O + O2 with classical energy 
barrier of 0.1 kcal  mol−1 relative to the bottom of the RC well and ΔH(0 K) of 
62.92 kcal mol−1 is the most kinetically and thermodynamically favored reaction.

We note that ReaxFF predictions for the energetics of reactions involving radi-
cals are inherently inaccurate. It is not parametrized to account for spin–spin inter-
actions, which is indispensable to characterize the potential energy surface for such 
reactions. But nonetheless, for the purpose of this study we use the ReaxFF force 
field as a tool that, though not reliably accurate, provides the kind of complex chem-
istry we wish to characterize. For example, the barrier height predicted by ReaxFF 
for 2HO2 → H2O2 + O2 is 0.98 kcal  mol−1 lower than that reported by Zhou et  al. 
[16] who characterized the saddle point region of the triplet PES by using CASPT2/
CBS/aug-cc-pVTZ level of the theory.

Results and discussion

While our purpose is to illustrate a method for characterizing reaction streams 
of complex reactions, we have chosen to use a relatively simple overall reaction. 
We have obtained the sequences of individual reactions in the reaction stream 
of the overall reaction 10H2O2 → 10H2O + 5O2 by using a reaction identification 

Fig. 1   ReaxFF predictions of the potential energy profiles of reactions (black) H2O2 + OH → H2O + HO2, 
(blue) 2OH → H2O + O, (green) 2HO2 →  H2O2 + O2, (purple) HO2 + OH  → H2O3, (yellow) 
HO2 + OH → H2O + O2, and (red) 2OH →  H2O2. RC, SP, PC, and P stand for reactant complex, saddle 
point, product complex, and product.
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algorithm. To determine the details of the chemistry in the overall reaction we 
need to determine the sequences of elementary reactions that leads from each 
reactant to each product. Thus, we defined four sets that contain all hydrogen 
atomic reaction sequences; specifically, the four sets contain atomic sequences 
that transmit hydrogen atoms from H2O2 to H2O, from H2O to H2O2, from H2O2 
to another H2O2 (HO′O′H′ → ⋅⋅⋅  → HOOH), and from H2O to another H2O 
(HO′H′  → ⋅⋅⋅  → HOH). This was done by monitoring all hydrogen atoms in the 
system. We used arborescence graphs to depict these sets.

In the arborescence graphs of Fig.  2, the vertices represent different spe-
cies distinguished by color, and a line between two vertices represents a reac-
tion transmitting hydrogen atoms between two vertices. Depending on the set, 
the root vertex is either H2O2 or H2O. Atomic reaction sequences for each set are 
ranked based on their frequency, which are given in Table  1. The frequency of 
an atomic reaction sequence in each set is defined as the ratio of the number of 
times that sequence occurred in the set and the total number of sequences in that 

(a) (b)

(c) (d)

Fig. 2   Dominant atomic reaction sequences for hydrogen atoms in the overall reaction 
10H2O2 → 10H2O + 5O2 that connect (a) a H2O2 molecule to a water molecule, (b) a water molecule to a 
H2O2 molecule, (c) a H2O2 molecule to another H2O2 molecule, and (d) a H2O molecule to another H2O 
molecule. Circular points represent different types of species to which a hydrogen atom belongs after a 
reaction. Lines represent reactions
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set multiplied by 100. In drawing Fig.  2 and making Table  1, we excluded the 
atomic reaction sequences with frequency smaller than 1%. The reactions in the 
sequences listed in Table 1 were identified as the most frequent reactions.

We have determined the contribution of each set to the reaction stream. The 
two sets beginning with the reactant comprise large numbers of reaction sequences 
(~ 60), while those beginning with the product comprise relatively few (< 8), as 
expected. Appendix I contains a complete of list of reactions identified in the simu-
lations. We did not determine if these reactions occurred early, middle, or late in the 
overall reaction.

ReaxFF-based NVE simulations of ten H2O2 molecules at 2100  K predict two 
initial reactions1:

and

with contributions of 67% and 33% to the initial radical production, respectively. 
The most frequent subsequent reactions are

(R1)H2O2

(

+H2O2

)

→ 2OH (12%)

(R2)2H2O2 → H2O + HO2 + OH, (5%)

2OH → H
2
O

2
(4%) (R1−1)

(R3)H2O2 + OH → H2O + HO2 (18%)

(R4)OH + HOO�H�
→ O�H� + HOOH (9%)

(R5)HO2 + OH → H2O + O2 (5%)

(R6)H2O2 + HO2 → H2O + O2 + OH (2%)

(R7)OH + HO�H�
→ O�H� + HOH (15%)

(R8)H2O2 + OH → (OH)3 (3%)

(R9)(OH)3 → H2O + HO2 (2%)

(R10)2HO2 → H2O2 + O2 (5%)

(R11)H�O�O�H + HO2 → H�O�O� + H2O2 (1%)

1  The percentage for each reaction was calculated as the ratio of the number of times the reaction was 
detected in all simulations and the total number of reactions identified multiplied by 100.
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Fig.  2a illustrates the arborescence graphs for the atomic reaction sequences 
transmitting hydrogen atoms from H2O2 molecules to water molecules that consti-
tute 1% or more of all the sequences in the H2O2 →  ⋅⋅⋅ →  H2O set. The transmission 
of hydrogen atoms from reactants to products predominatly occurs via sequences of 
one or two reactions.The frequencies of occurrence of reaction sequences given in 
Table 1; these sequences cumulatively constitute 83% of the H2O2 →  ⋅⋅⋅ →  H2O set. 
The most frequent reaction, which constitutes 24% of the H2O2 →  ⋅⋅⋅ →  H2O set, is 
reaction R3.

“Rare” atomic reaction sequences that individually constitute less than 1% of all 
reaction sequences in the H2O2 →  ⋅⋅⋅ →  H2O set cumulatively constitute 18% of 
the overall reaction stream. Table 2 provides a complete list of those sequences. We 
have excluded rare sequences in drawing the arborescence graph of Fig. 2a; how-
ever, including them would be necessary for a full description of the reaction stream. 
A more extensive sampling of the overall reaction could reveal more rare sequences 
not listed in Table 2.

The simulation results show that accurate characterization of transient behaviors, 
such as, ignition delay time, in an overall reaction is contingent on identifying both 
the initial reaction and rare sequences. The kinetic temperature of an isolated system 
steadily increases before a sudden jump, which signals an ignition event [17]. Fig. 3 
shows the evolution of kinetic temperature from the beginning of the simulation 
until the time a final equilibrium state was reached for four trajectories. For three 
of the trajectories (shown in red, purple, and green) reaction R1 was the initial reac-
tion, while for the trajectory shown in blue reaction R2 produced the first radical.

Progress of chemistry in the disequilibrium region of the thermodynamics phase 
space depends on reactions of radicals, and as such different initial reactions sig-
nificantly alter the overall chemistry, as expected. Fig.  3 shows that trajectories 
in which R1 is the initial reaction reached the final equilibrium more rapidly than 
when R3 is the initial reaction. Differently put, trajectories in which the chemistry 
begins with reaction R1 have shorter ignition time than that begins with reaction 
R3. More important though, Fig. 3 shows that trajectories in which chemistry began 
by reaction R1—but differ in their atomic reaction sequences—qualitatively exhibit 
similar ignition behavior. Comparing sequences in the H2O2 →  ⋅⋅⋅ →  H2O set for 
these trajectories shows that about fifty percent of atomic reaction sequences are the 
same; see Table 3. The set H2O2 →  ⋅⋅⋅ →  H2O in each trajectory contains unique 
rare sequences that cumulatively amount to between 20 and 30% of the set. There-
fore, excluding rare atomic reaction sequences renders parametrized kinetic models 
attempting to predict complex chemical processes inaccurate, although such models 
may be able to describe the chemistry “qualitatively.”

Fig. 2a shows that there is in fact a pathway leading from reactants to products, 
which is controlled by dynamics within non-equilibrium thermodynamic conditions. 
However, the dynamics is predominantly chaotic. This is because the time required 
for completion of an atomic reaction sequence (that is, the time required for a hydro-
gen atom to transmit from a H2O2 molecule to a water molecule in the arborescence 
graph in Fig. 2a) varies from one hydrogen atom to another. For example, consider 

(R12)2H2O2 → (OH)3 + OH (2%)
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sequences R1-R7 and R1-R3 that constitutes 14% and 13% of the H2O2 →  ⋅⋅⋅ → H2O 
set, respectively (see Table 1). Fig. 4 shows the distributions of time gaps between 
the two reactions making up these sequences. The average time gap between reac-
tions R1 and R7 is 3.1 ps smaller than that between R1 and R3, indicating that com-
pletion of the sequence R1-R7 is more sensitive to the lifetime of the OH radicals 
produced by reaction R1. Furthermore, according to Fig.  4, in presence of equal 
number of H2O2 and H2O molecules, a nascent OH radical produced by reaction 
R1 is twice more likely to participate in reaction R7 within 3 ps of its production 
than does it in reaction R3. Note that since the classical barrier height for reaction 
R3 is 0.5 kcal mol−1 relative to the bottom of the RC well (see Fig. 1), almost every 
bimolecular collision between OH radicals and H2O2 molecules has enough kinetic 
energy (~ RT) under the thermodynamic condition of the system to surmount the 
barrier. Therefore, the difference in the barrier heights of reactions R3 and R7 is not 
the reason for the difference in the time gaps between their occuances in sequences 
R1-R7 and R1-R3.

Reverse sequences are responsible for transmitting hydrogen atoms in water mol-
ecules back to a H2O2 molecules; these are illustrated in Fig.  2b. There are three 
major reverse sequences for hydrogen atoms. The frequencies corresponding to the 
pathways illustrated in Fig. 2b are given in Table 1. Less than 4% of all hydrogen 
atomic sequences are those in which a hydrogen atom goes from a water molecule 
to a H2O2 molecule. This is to be expected because the potential energy profile 
for reactions involving reacting water molecules have significantly higher barrier 
heights than that involving reacting H2O2 molecules. For example, the barrier height 
to reaction R3 relative to the bottom of the well is 0.5 kcal mol−1 while that for the 
backward reaction is 26.2 kcal mol−1; see Fig. 1.

Symmetric exchange reactions such as OH + HOO′H′ → O′H′ + HOOH (R4), 
OH + HO′H′ → O′H′ + HOH (R7), and H′O′O′H + HO2 → H′O′O′ + H2O2 (R11) 
occur frequently (~ 25% of all reactions identified) as the overall reaction pro-
gresses. Symmetric exchange reactions result from collisions between hot mol-
ecules (H2O2 or H2O) with kinetic energy higher than the average kinetic energy 
of the system and cold radicals (OH or HO2) with kinetic energies lower than the 
average kinetic energy of the system. The outcomes of these reactions are ener-
getically stabilized molecules (H2O2 or H2O) without changing the total kinetic 
energy of the system. Since the total kinetic energy and the composition of sys-
tem remains unaffected by symmetric exchange reactions, these reactions indicate 
the tendency of a chemical system to preserve its global thermodynamic state. In 
other words, by replacing hot H2O2 molecules with energetically stabilized H2O2 
molecules, symmetric exchange reactions hamper the progress of the system 
toward completion. We note that the kinetic energies of product radicals of these 
reactions (OH or HO2) are higher than that of their reactant radicals. However, 
since nascent radicals with energies lower than the average energy of the system 
can promote chemical reactions, the increase in the energy of these radicals has 
less significant effect on the progress of overall reaction than the decrease in the 
energy of H2O2 molecules produced by symmetric exchange reactions, such as, 
R4.
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We also identified atomic reaction sequences that do not change the composition 
of the system. Fig. 2c illustrates atomic reaction sequences that transmit a hydrogen 
atom in a H2O2 molecule to another H2O2 molecule. Similarly, Fig.  2d illustrates 
those that transmit a hydrogen atom in a H2O molecule to another H2O molecule. 
Comparing Fig. 2c and d, it follows that atomic reaction sequences in set HO′O′H′ →  
⋅⋅⋅ →  HOOH have more variety than that of set HO′H′ →  ⋅⋅⋅ →  HOH. The frequen-
cies corresponding to the pathways illustrated in Fig. 2c and d are given in Table 1. 
These two sets of atomic reaction sequences constitute 34% of the reaction stream, 
indicating their importance in the evolution of the overall reaction.

Fig. 3   The evolution of kinetic temperature from the beginning of simulation up until the time final equi-
librium state was reached for four trajectories in the reaction overall reaction 10H2O2 → 10H2O + 5O2. 
The progress of overall chemistry toward final equilibrium state largely depends on the initial reaction. 
Two different initial reactions were identified: reactions R2 (blue) and R1 (red, purple, green). Atomic 
reaction sequences for set H2O2 → ⋅⋅⋅ → H2O for red, purple, and green trajectories are given in Table 3, 
showing that the difference between trajectories regarding rare sequences does not qualitatively affect the 
progress of chemistry

Table 3   Atomic reaction sequences (ARS) in set H2O2 →  ⋅⋅⋅ →  H2O for the red, green, and purple tra-
jectories in Fig. 3

Red elpruPneerG
ARSc Frequencyb ARS Frequencyb ARS Frequencyb

R3 35% R3 21% R3 24% 
R1-R3 20% R1-R7 25% R1-R3 19% 
R1-R7 10% R4-R3 11% R1-R7 9.5% 

R6 10% R1-R3 7% R3-R5 9.5% 
R3-R6 5% R6 7% R1-R5 4.7% 

R3-R35 5% R11-R6 4% R34 9.5% 
R12-R3 5% R12-R9 4% R20-R44 9.5% 

R20-R48-R5 5% R30-R7 4% R1-R45 9.5% 
R12-R8-1-R7 5% R4-R5 4% R20-R44-R14-1-R3 4.7% 

R3-R25-1-R29 4%   
R30-R14-1R7 4%   

R4-R15-R15-1-R5 4%   
R3-R15-R15-1-R7 4%   

--------------------------------------
a  Rare sequences are shown in color
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The concept of reaction clusters in MD simulations can be further used to com-
pute the rate of progress of the overall reaction. The objective here is to compute the 
rate of reaction directly from MD simulation without consideration of a particular 
reaction mechanism. We introduce the reactants consumption parameter (RCP) as a 
measure of the deviation of composition from the initial composition of the system 
as a function of time. For example, consider a unimolecular reaction A → Products 
with a the initial number of A, then the RCP as a function of time is 

 where A(t) is the number of species A at time t. At each instant of time, RCP has a 
value between zero and unity, where zero indicates that no reactant species is pre-
sent in the system and unity indicates that only reactant species are present. A reac-
tion progress index (RPI) at any instant of time t can be defined as unity minus the 
RCP(t); that is,

Evolution of the RPI describes the overall rate of progress of the system toward 
its final equilibrium state.

For each trajectory, we plotted the curves of the total number of species and RPI 
during the course of the overall reaction against the reduced time. Frames (a) and 
(b) of Fig. 5 show, respectively, the evolutions of the average total number of spe-
cies and the average RPI for 18 ensembles of 10H2O2 → 10H2O + 5O2 reactions. The 
data in frame (b) that shows RPI, was fitted (red curve) with a sigmoidal function, 
which is,

(1)RCP(t) =
A(t)

a
,

(2)RPI(t) = 1 − RCP(t)

(3)RPI(t) = d −
c

(1 + exp(a × t − b))
,

0

0.2

0.4

0.6

0.8

1

1.5 4.5 7.5 10.5 13.5 16.5 19.5 22.5

noitalupoP

Time gap (ps)

R1R3
R1R7

Fig. 4   The distributions of time gaps for two sequences of length two. Both sequences begin 
with the dissociation of a H2O2 molecule (R1) to produce OH. The results shown in blue are for 
H2O2 + OH → H2O + HO2 (R3) and those in red for OH + HO′H′ → O′H′ + HOH (R7). These two 
sequences were observed equally frequently in the system; see Table 1. The average time gap between 
the two sequential reactions in R1-R7 sequence is 3.1 ps lower than that in R1-R3 sequence
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Here fit parameters a, b, c, and d are given in the caption of Fig. 5. While we did 
not carry out MD simulations under different initial thermodynamic conditions, it 
is reasonable to expect that these parameters depend on initial conditions. Note that 
parameter a determines the rate of progress of the overall chemistry toward the final 
equilibrium, which is computed directly from MD simulations.

Conclusions

We used reaction cluster construct to develop the reaction stream method for simu-
lations of overall complex reactions. We showed that the reaction stream method 
reveals the atomic-level details of and the dominant pathways for complex chemistry 
starting with reactants, passing through many intermediates, to the final products 
for various conditions (pressure, temperature, relative concentrations). The reaction 
stream method obviates the need for assumed mechanisms to predict the evolution 
of the chemistry in complex reactive systems. We illustrated the applicability of 
the method by identifying all sequences of isolated reactions transmitting hydrogen 
atoms from H2O2 molecules to water molecules for reaction 10H2O2 → 10H2O + 5O2 
for a given thermodynamic condition.

The reaction stream method reveals information about the frequencies of reac-
tions occurring in different stages (equilibrium, disequilibrium, and nonequilibrium) 
of a reactive system. As such, it guides experimentalists in the development of more 
efficient use of existing fuels by promoting sequences of reactions responsible for 
conversion of reactants into products. Of course, results given by the reaction stream 
method can only be considered to be authentic for a model system with the potential 
energy profile described by the reactive force field used.

(a) (b)

Fig. 5   The evolution of (a) the average total number of species and (b) the reaction progress index, RPI, 
both were averaged over 18 ensembles of 10H2O2 →  10H2O + 5O2 reactions. The horizontal axis is the 
reduced time obtained for each reaction by dividing the time at which the reaction occurred divided by 
the overall course of time for the trajectory to reach its final equilibrium. The RPI data was fitted (red 
curve) with the sigmoid expression, Eq. 3. Parameters of the fit are d = 1.147, c = 1.090, a = 7.681, and 
b = 5.666. The R2 value for the fit is 0.99
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Finally, with this study, we communicated that the evolution of the overall chem-
istry in a unimolecular dissociation is described by a sigmoidal function. We noted 
that sigmoid function is a natural solution and characteristic of any one-dimensional 
dynamical system, such as combustion.

Appendix I NVE reaction stream results for thermal dissociation 
of H2O2

We performed 20 simulations of 10 H2O2 molecules in a box of 12.7 × 12.7 × 12.7 
Å3 with periodic boundary conditions for NVE ensemble using the ReaxFF force 
field. The reaction identification algorithm identified the folowing reactions.

R1 H2O2 → 2OH
R2 2H2O2 → H2O + HO2 + OH
R3 H2O2 + OH  →  H2O + HO2

R4 H2O2 + OH  →  H2O2 + OH
R5 HO2 + OH  →  H2O + O2

R6 H2O2 + HO2  →  H2O + O2 + OH
R7 H2O + OH  →  H2O + OH
R8 OH + H2O2  →  (OH)3

R9 (OH)3  →  H2O + HO2

R10 2HO2  →  H2O + O2

R11 HO2 + H2O2 →  H2O2 + HO2

R12 2H2O2 → (OH)3 + OH
R13 H2O2 + HO2 → H3O4

R14 O2 + OH → HO3

R15 HO2 + OH → H2O3

R16 H + H2O → H3O
R17 H + HO3 → H2O3``
R18 HO2 + O2 → HO2 + O2

R19 HO2 + OH → HO2 + OH
R20 H2O2 + HO2 → H2O3 + OH
R21 H + OH + H2O → 2H2O
R22 H + 2H2O2  →  H2O + (OH)3

R23 H + H2O2 → H2O + OH
R24 H2O3 → HO2 + OH
R25 HO2 → H + O2

R26 (OH)3 + OH → H2O3 + H2O
R27 H2 + OH → H2O + H
R28 H2O + H → H2 + OH
R29 H + H2O → H + H2O
R30 O2 + H2O2 → HO3 + OH
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R31 H2O + HO2 → H + O2 + H2O
R32 H3O2 → H2O + OH
R33 2 H2O2 → H3O2 + HO2

R34 O + H2O2 → O2 + H2O
R35 HO3 + HO2 → H2O + 2O2

R36 H2O2 + HO2 → H2 + O2 + HO2

R37 HO3 + OH → HO3 + OH
R38 HO3 + H2 → (OH)3

R39 H2 + OH → H3O
R40 2HO2 → 2OH + O2

R41 (OH)3 + H2O2 → H2O + HO2 + H2O2

R42 H + HO2 → 2OH
R43 O3 → O2 + O
R44 H2O3 + OH → H2O + HO3

R45 2OH → H2O + O
R46 H2O + O → (OH)2

R47 (OH)2 + O2 → O3 + H2O
R48 H2O3 + HO2 → HO2 + H2O3
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