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Kinetic modelling and reactivity of liquid
nitromethane under detonation
conditions
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Liquid nitromethane (NM) may undergo detonation under accidental stimuli, making kinetic modeling
crucial for assessing the safety risks associatedwith its detonation. This study employs first-principles
molecular dynamics to investigate chemical behavior of nitromethane under high temperature (>2000
K) and pressure (>1 GPa) conditions, revealing five previously unidentified intermediates (CH3NO2H,
CH2NO2H,CH2NOH,CH2ONO2,NOCH2NO2) and establishing a nitromethane chemical kineticmodel
which include 543 elementary reactions and79 species, which is successfully applied in the prediction
of nitromethane detonation characteristics. The calculated detonation pressure (13.5 GPa) and
reaction zone time (46 ns) are in agreement with the experimental values (11.5–12.0 GPa; 50–53 ns).
We also uncover the delayed response mechanism in pure nitromethane detonation. The major
pollutants, many CO (34.8%), and small amount of NH3 (1.7%), HCN (1.0%), etc. in nitromethane
detonation products are found. These findings advance the fundamental understanding of
nitromethane’s detonation reaction kinetics.

Nitromethane (NM) is a widely applied liquid homogeneous fuel, explosive
and solvent. Recently, NMhas gradually attractedwidespread interest as an
alternative or hybrid fuel for internal combustion engines (ICE)1. Mean-
while, NM is also produced in bulk quantities for use as a solvent2.However,
in the process of transportation and storage, under unexpected stimulation,
NM could undergo pyrolysis, combustion, and even detonation3,4, which
causes serious safety and environmental pollution problems. So far, most
studies on the chemical kinetics of NM mainly focus on its pyrolysis and
combustion5,6. The study on the detonation chemical kinetics of NM is still
very limited, and there is no chemical kinetic model that can be used to
predict the detonation performance of NM. In the experiment, only partial
detonation characteristic parameters of explosives can bemeasured, such as
detonation pressure and detonation reaction zone time, etc.7. Still, it is
difficult to directly observe the chemical reaction process in the detonation
reaction zone and the composition of detonation products. It is also
impossible to evaluate the environmental pollution and human health
threats caused by toxic and harmful gases in detonation products.

At present, people have developed many chemical kinetic models of
NM, which are mainly widely used to calculate the pyrolysis and combus-
tion reactions of NM8–12. In 1989, Melius et al.8 constructed a chemical
kineticmodelofNMandused it topredict thepyrolysis reactionofNM.The

temperature and chemical species concentration profile with time and the
reaction path are obtained and analyzed. In 2015, Brequigny et al.9 devel-
oped a more detailed chemical kinetic model to calculate the laminar flame
speed and species concentration of NM combustion, and verified the
accuracy of the model by comparing it with experiments. In 2019, Shrestha
et al.10,11 further updated the existingmodel to include a complete formation
mechanism for NOX pollutants. By comparing with the experiment, their
model achieves the prediction of species concentration inNMpyrolysis and
combustion, and especially improves the ability to predict the emission of
polluting gases in NM pyrolysis and combustion. With the continuous
development of the chemical kineticmodel ofNM, the predictive ability and
the scope of application of themodel are always improving.However, so far,
no chemical kineticmodelhas been reported that canpredict the detonation
performance and detonation product composition of NM.

The free energyminimizationmethod is the onemost commonly used
to predict NM detonation properties and detonation product composition.
Some well-known detonation performance calculation software, such as
Cheetah13 andEXPLO514, aremainly based on the free energyminimization
method to calculate the detonation performance and detonation product
compositionof various explosives. But thesedetonation calculation software
do not include detailed chemical reaction mechanisms. Although the
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detonation characteristic parameters, such as detonation pressure, deto-
nation temperature and detonation velocity calculated by using different
databases or different versions of software are similar, the calculated com-
position of detonation products is quite different15. Therefore, this method
cannot achieve accurate prediction of detonation product composition. The
successful application of the NM chemical kinetic model in predicting the
pollutant emissions in NM pyrolysis and combustion10,11 means that
developing a chemical kineticmodel onNMdetonation, it is also possible to
accurately calculate the detonation chemical reactions ofNMandpredict its
detonation performance as well as the pollutant emissions from detonation
products.

In this paper, the chemical kinetics of the pyrolysis of NM under high
temperature (>2000 K) and pressure (>1 GPa) is studied by using the first-
principles molecular dynamics combined with the quantum chemistry
calculation method, the intermediates and elementary reactions are ana-
lyzed in detail. Five unreported species—CH3NO2H, CH2NO2H,
CH2NOH, CH2ONO2, and NOCH2NO2—are identified, none of which
exist in current state-of-the-art kinetic models. Additionally, 24 previously
unreported elementary reactions are discovered. These five species are
formed via newly identified bimolecular reactions, which play a critical role
in the early-stage chemistry of NM under detonation conditions. Based on
the species and elementary reactions found in theNMpyrolysis simulations,
a NM chemical kinetic model containing 79 species and 543 elementary
reactions is constructed. Under experimental conditions, the NM chemical
kinetic model is employed to simulate the NM pyrolysis, demonstrating
acceptable prediction of species concentration distributions. The same
model is further applied to calculate the NM detonation reaction for
obtaining the detonation pressure, temperature, reaction zone time and
product composition. To verify the calculation result, the interface particle
velocity is experimentally measured, obtaining the detonation pressure and
reaction zone time. The accuracy and applicability of the NM chemical
kinetic model in describing the NM detonation reaction are verified by
comparing the calculated values with the experimental values and other
theoretical calculation values.We also reveal the composition of detonation
products, of which CO is the main polluting gas. This study offers novel
insights into the reactionmechanisms ofNMunder extreme conditions and
establishes a predictive framework for evaluating detonation performance
and pollutant emissions, advancing the assessment of explosive perfor-
mance and environmental impact.

Results and discussion
First-principles molecular dynamics simulation of high-density
NM pyrolysis
The NM with the density of 2.0 g cm−3 pyrolysis under three initial tem-
peratures are simulated. The results show that the main final products are

CO2, N2, H2O, HNCO and NH3, of which the H2O is the most abundant.
Themain intermediates are CHXNOY, CHXONOY, CHXNOYHandCHXN
type molecules and NO2, NO, OH, CH2O, CO, etc., small molecules. By
using the cluster analysis technique, the number of main intermediates and
final products, temperature andpressure at each timestep inpyrolysis can be
obtained. By comparing the pyrolysis of NM at different initial tempera-
tures, it is found that the reaction of NM at different temperatures, and the
compositions of intermediates and final products are similar. The main
difference is that the time at which the reaction reaches equilibrium varies.
The higher the temperature, the faster the reaction can reach the final
equilibrium state.

To compare the pyrolysis process of NM with different densities, the
pyrolysis of NM with the density of 1.1 g cm−3 at 2000 K is also simulated.
The final products of NM pyrolysis are mainly CO2, N2, H2O and CO.
Among them, CO andH2O are themost abundant. The final product of the
pyrolysis of NM with the density of 1.1 g cm−3 has more CO and less CO2

than that of NMwith the density of 2.0 g cm−3. This indicates that the lower
the density, the more CO and the less CO2 is generated. However, the
reactionpaths at lowdensity andhighdensity are similar, and it ismainly the
frequency of the reaction that is different.

In the following, the pyrolysis of NM with the density of 2.0 g cm−3 at
an initial temperature of 2000 K is taken as an example to analyze the
chemical reaction process. The pyrolysis process of NMwith the density of
2.0 g cm−3 at initial temperatures of 1600 K, and 2400 K, and the pyrolysis
process of NMwith the density of 1.1 g cm−3 at initial temperatures of 2000
K are shown in Figs. S1, S2 and S3 of Supplementary Information 1.

Figure 1a shows the time evolution of temperature and pressure inNM
pyrolysis. Both temperature and pressure began to rise at 10 ps. Until 20 ps,
and both reach equilibrium. In the equilibrium state, the temperature and
pressure are about 3900 K and 22.5 GPa, respectively. The increased tem-
perature indicates that the overall reaction process of NM is exothermic,
while the increased pressure indicates that many small molecular gas pro-
ducts are formed during the reaction.

Figure 1b shows the time evolution of the number of the reactant
CH3NO2 andfinal products CO2,N2,H2O,HNCOandNH3. ForCH3NO2,
at 0–7 ps, its number decreases slowly. At 7–14 ps, its number decreases
rapidly. At 14 ps, its number has closed to 0. The decrease in its number is
attributed to the unimolecular dissociations and bimolecular reactions of
CH3NO2.

For H2O, it appears at 10 ps. At 10–15 ps, its number increases rapidly
and reaches equilibrium.While for CO2, N2, HNCO and NH3, they appear
and increase after 12 ps. Until 25 ps, their number basically remains con-
stant. Among final products, the H2O is the most abundant. This is due to
the number of H atoms in CH3NO2 being the most abundant, while the
number of C atoms and N atoms is relatively low.

Fig. 1 | Time evolution of temperature, pressure and the number of chemical species in pyrolysis of NM with the density of 2.0 g cm−3 at 2000 K. a Temperature and
pressure. b Reactant and final product. The smooth solid line represents the fitted curve, while the lighter-colored polyline denotes the raw data.
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When the CH3NO2 is consumed in large numbers, many inter-
mediates appear. In addition to the smallmolecules, NO2,NO,OH,COand
CH2O, somemolecules containing–CH3,–CH2and–CH2Ogroups are also
observed. Here, in terms of the molecular structures and formulas of these
intermediates, these intermediates can be divided into three types, namely
CHXNOY, CH2ONOY and CHXNOYH (X = 2 or 3; Y = 1 or 2). The
CHXNOY-type include CH3NO, CH2NO and CH2NO2; the CH2ONOY-
type include CH2ONO2; the CHXNOYH-type include CH3NO2H,
CH2NO2H and CH2NOH. Among them, the CH2ONO2, CH3NO2H,
CH2NO2H and CH2NOH are not included in the existing state-of-the-art
model. According to the elementary analysis, the formation of these species
is related to the bimolecular reaction between CHXNOY (including
CH3NO2). In the following, the number distributions of these intermediates
are analyzed.

Figure 2a shows the time evolution of the number of intermediates,
CH3NO, CH2NO, CH2NO2, CH2ONO2, CH3NO2H, CH2NO2H and
CH2NOH. Among them, the CH2NO2 first appears at the early NM pyr-
olysis. Other intermediates appear after 5 ps. But the number of these
intermediates is relatively low, they are consumed completely after 15 ps.
However, in later analysis, these intermediates play key roles in the early
reaction of NM under high temperature and pressure.

Figure 2b shows the time evolution of the number of intermediates,
NO2, OH, NO, CO and CH2O. Among them, the NO2 is the first inter-
mediate. At 0.0–12.5 ps, its number gradually increases and reaches a peak.
At 12.5–15.0 ps, its number decreases to 0. The formation of NO2 is
attributed to the unimolecular dissociation of CH3NO2

(CH3NO2 < = >CH3+NO2). While the OH, NO and CH2O appear after
7.5 ps. At 7.5–15.0 ps, the number of NO and CH2O increases first and
decreases to 0, while the number of OH increases first and remains constant.
The CO appears after 12.0 ps. Its number is always low in the pyrolysis of
NM with a density of 2.0 g cm−3. This indicates that the CO is hard to form
in the pyrolysis of NMunder compressed density. On the contrary, the CO is
easier to form under 1.1 g cm−3 of theoretical density (as seen in Fig. S3
of Supplementary Information 1). That may mean that the higher CO
emissions with NM expansion from maximum compressed density to CJ
density in NM detonation.

In the elementary reaction analysis and reaction snapshot obser-
vation, unreported 24 elementary reactions and five species are found. Of
which, the main formation and consumption paths of these five species
have been found, and are shown in Fig. 3. The species marked in blue are
these unreported five species. These formations of species are mainly
related to the CH3NO2, CH2NO2 and CH2NO. Obviously, these unre-
ported reaction paths are focused on the early reaction stage. After these
species are consumed, the subsequent reaction process is similar to the
existing model.

For analyzing the chemical kinetics of these 24 elementary reactions,
the quantumchemistrymethod is adopted to calculate the reactionpotential
energy surfaces and obtain the Arrhenius rate parameters. In addition, the
Arrhenius rate parameters of unimolecular dissociation of CH3NO2,
CH3NO2 < = > CH3+NO2, under high pressure limit is also calculated for
modifying the rate of this reaction under high pressure. This is due to the
Arrhenius rate parameters of CH3NO2 < = >CH3+NO2 in the existing
model are mainly suitable to describe the combustion and pyrolysis under
atmospheric pressure9 while it can not accurately describe the reaction
under high pressure. To facilitate analysis, the reaction can be divided into
three types, the first is H-abstraction, the second is O-addition and the third
is unimolecular dissociation. These elementary reactions make large con-
tributions to NM pyrolysis under high pressure.

Figure 4 shows themain reaction path and potential energy surfaces of
the high-densityNMpyrolysis reactions. The purple numbers represent the
Gibbs free energy barrier calculated under the B3LYP-D3BJ/Def2-TZVP
level at the 298 K, and the red numbers represent the Gibbs free energy
barrier calculated under the higher precision CCSD(T)/Def2-TZVP level at
the 298 K. By comparison, the Gibbs free energy barrier calculated by
CCSD(T)/Def2-TZVP level is significantly higher than that calculated by
B3LYP-D3BJ/Def2-TZVP level. TheGibbs free energy barrier calculated by
CCSD(T)/Def2-TZVP level is used to analyze chemical reaction kinetics.
The remaining reaction and potential energy surface information is dis-
played in Figs. S4, S5 and S6 of Supplementary Information 1.

Figure 4a shows the potential energy surfaces of the four main
H-abstraction reactions. The other six reactions are provided in Fig. S4
of Supplementary Information 1. These H-abstraction reactions can form
the intermediates containing the –OH group, such as identified inter-
mediates, CH3NO2H, CH2NO2H and CH2NOH. The main reactions are
CH3NO2+CH3NO2 = >CH3NO2H+CH2NO2, CH3NO2+CH2NO2

= > CH2NO2+CH2NO2H, CH3NO2+CH3NO= >CH2NO2H +
CH2NOandCH3NO2+CH2NO= >CH2NO2+CH2NOH.Among these
H-abstraction reactions, the bimolecular reaction of CH3NO2+
CH3NO2 = > CH3NO2H+CH2NO2 has the highest free energy barrier of
302.83 kJ mol−1. This suggests that the reaction is kinetically inhibited at low
temperatures. Furthermore, as a bimolecular process, its occurrence
becomes more favorable under elevated temperatures and increased
CH3NO2 concentrations. Some H-abstraction reactions will form the irri-
tant gasHCOOH,which is related toOCHO.TheHCOandCH2O can also
form HCOOH. These reactions have also been revealed in the oxidation of
CH4 and C2H2

16,17. But the importance of CH3NO2H, CH2NO2H and
CH2NOH still needs to be analyzed in detail.

Figure 4b shows the potential energy surfaces of the four main
O-addition reactions. The other six reactions are provided in Fig. S5
of Supplementary Information 1. In these O-addition reactions, many

Fig. 2 | Time evolution of the number of intermediates in pyrolysis of NM with the density of 2.0 g cm−3 at 2000 K. a CHXNOY-, CHXONOY- and CHXNOYH-type
intermediates. b Other small molecular intermediates. The smooth solid line represents the fitted curve, while the lighter-colored polyline denotes the raw data.
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O-containing species are formed.Ofwhich, themain formation reactions of
CH2ONO2 and NOCH2NO2 are CH3NO2+CH2NO2 = > CH2ONO2 +
CH3NO, NOCH2NO2+NO= >CH2ONO2+N2O and so on.

The formation of CH2ONO2 has a lowGibbs free energy barrier and is
exothermic, while the formation of NOCH2NO2 is mainly endothermic. In
addition, in some O-addition reactions, no stable intermediate is formed,
but after O-addition, the molecule is directly decomposed into CH2O, such
as the reaction CH3NO2+CH2NO= >CH3NO+NO+CH2O. These
O-addition reactions mainly oxidize the C atom. Among the 10O-addition
reactions, 8 reactions are exothermic. This indicates most O-addition
reactions are thermodynamically favorable.

Figure 4c shows the potential energy surfaces of the four main unim-
olecular dissociation reactions. Another reaction is provided in Fig. S6
of Supplementary Information 1. These reactions include the dissociations
of four intermediates, CH2ONO2, CH3NO2H, CH2NO2H, and CH2NOH.
In these dissociation reactions, active radicals will be formed, such as OH
and NO2. In terms of potential energy surface, four reactions,
CH3NO2H= >CH3NO+OH, CH2NO2H= >CH2NO+OH and
CH2NOH= >H2CN+OH are endothermic, one reaction, CH2ONO2 = >

CH2O+NO2 is exothermic. In terms of the potential energy surface, the
CH2ONO2 = > CH2O+NO2 is a reaction with zero energy barrier.
Therefore, the reaction is easier to occur and is important to the formationof
pollution gases.

Based on the potential energy surface, theArrhenius rate parameters of
unreported 24 elementary reactions and unimolecular dissociation of
CH3NO2 are calculated under the level of CCSD(T)/Def2-TZVP. Table 1
shows the Arrhenius rate parameters of these 25 elementary reactions.

The initial dissociation reaction (CH3NO2 < = >CH3+NO2) is a key
reaction, and some researchers have determined its rate constant through
both computational and experimental approaches. We also compared the
rate constants we calculated with those in the literature, such as the result of
Zhu et al.18 and Brequigny et al.9 But there are differences between our
calculated rate constant at high pressure limit and their obtained rate
constant, as shown in Fig. S7 of Supplementary Information 1.

This is mainly because this rate constant of Brequigny et al. is obtained
by fitting the experimental data19 within 2000 K and under near-normal
pressure conditions, while this rate constants of Zhu et al. and others are
calculated based on the dissociation energy, which is different from these

Fig. 3 | The main formation and consumption paths of five newfound species.
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ways of calculating the reaction rate constant at high pressure limit using the
Gibbs free energy barrier in this paper.

The NM pyrolysis and detonation simulation based on model
Based on the obtained elementary reactions and chemical species in theNM
pyrolysis simulation, combined with the quantum chemistry method and
rate parameters of the other model, a detailed chemical kinetics model of

NM is constructed, namely the FP-NMmodel. The FP-NMmodel contains
79 species and 543 elementary reactions, and it will be used to calculate the
pyrolysis at near-atmospheric pressure and detonation.

In this paper, theNMpyrolysis is performed in PSR and PFR to obtain
the species concentration profile with temperature.NMdetonation reaction
is calculated in shock tube reactor for obtaining the species concentration,
pressure and temperature with time. In the following, the calculated value

Fig. 4 | The main reactions and their potential energy surface. a H-abstraction
reactions, (b) O-addition reactions, (c) Unimolecular dissociation. The purple
number refers to the ΔGð298 KÞ in the level of B3LYP-D3BJ/Def2-TZVP, the red
number refers to the ΔGð298KÞ in the level of CCSD(T)/Def2-TZVP. Note that the

ΔGð298KÞ of CCSD(T)/Def2-TZVP corresponds to the high-precision electronic
energy from CCSD(T)/Def2-TZVP plus the thermal correction to Gibbs free energy
from B3LYP-D3BJ/Def2-TZVP. When the calculated energy barrier is a negative
value, it is regarded as a zero energy barrier and is marked as 0 in the figure.
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will be compared with the experimental value, the result will be analyzed in
detail.

Figure 5a, b shows the calculated value and experimental value of
species concentration profile with temperature in NM pyrolysis in PSR
(pyrolysis experiment in JSR, calculation in PSR). The experimental value
derives from the result of Yang et al.20 The initial calculation condition is the
same as the experimental condition. The molar fraction of CH3NO2 is
1.00%, themolar fraction of bath gas Ar is 99.00%, the temperature range is
675–1225 K, the pressure is 1 atm. Figure 5d also shows the calculated value
and experimental value of species concentration profile with temperature in
NM pyrolysis in PSR. The experimental value derives from the result of
Shrestha et al.11 The initial calculation condition is the same as the experi-
mental condition. The molar fraction of CH3NO2 is 1.00%, the molar
fraction of bath gas He is 99.00% (here the bath gas He is replaced by bath
gas Ar), the temperature range is 500–1100 K, the pressure is 1.07 bar.
Figure 5e, f shows the calculated value and experimental value of species
concentration profile with temperature in NM pyrolysis in PFR. The
experimental value derives from the result of Shrestha et al.11 The initial
calculation condition is the same as the experimental condition. The molar
fraction of CH3NO2 is 1.00%, the molar fraction of bath gas He is 99.00%
(here the bath gas He is replaced by bath gas Ar), the temperature range is
500–1100 K, the pressure is 1.07 bar. In Fig. 5, the predicted molar fraction
of most species has good agreement with the experimental value. However,
the consistency between the calculated values and the experimental values
shows differences within different temperature ranges. When the tem-
perature is below 1000 K, the predicted value is closer to experimental value,
when the temperature is above 1000 K, the predicted precision is relatively

low. But in general, the model-predicted value matches well with experi-
mental value, the FP-NMmodel can basically describe the pyrolysis kinetics
of NM.

Here, we also analyzed the chemical kinetic causes of these differences
between the calculated value and the experimental value. According to the
ROP analysis (Fig. S8 of Supplementary Information 1), we have found the
main reaction that results in the deviation of calculated and experimental
species concentration of Fig. 5a and 7b at above 1000 K. For CO, the main
reaction is HCO+NO<= >HNO+CO. For H2, the main reaction is
OH+H2 < = >H+H2O. For CH4, the main reactions are
CH3+HNO<= >NO+CH4 and CH4+OH<= >CH3+H2O. For
C2H6, the main reaction is CH3+CH3 (+M) <=> C2H6 (+M). More
detailed analysis can be seen in Fig. S8 of Supplementary Information 1.

While in Fig. 5e, the reason for the discrepancies between calculated
and experimental H2O and CO concentrations is different from the
abovementioned. The key factor is intermediate, HCOOH (Fig. S9 of Sup-
plementary Information 1). The formation path of HCOOH will compete
with that of CO and H2O for HCO and OH. More detailed analysis can be
seen in Fig. S9 of Supplementary Information 1. Building upon the above
analysis, we emphasize the necessity of giving special consideration to these
reactions and related kinetics when refining the kinetic model.

Although some researchers have developed many chemical kinetics
models on NM pyrolysis and combustion8–10,12, these models cannot
describe the NM detonation. Our FP-NMmodel not only can describe the
reaction in NM pyrolysis, but also can describe the reaction in NM deto-
nation. In the following, the FP-NMmodel will be used to predict the NM
detonation performance and pollution gas emissions. To verify the FP-NM

Table 1 | The Arrhenius rate parameter of 25 elementary reactions

Reaction Arrhenius rate parameter

A m Ea Method

CH3NO2 < = >CH3+NO2 3.3 × 107 (1.8 × 1016)a 3.1 (0.0)a 95804.1 (58500)a TS

CH2ONO2 = > CH2O+NO2 1.2 × 1011 0.8 8754.8 VTST

CH3NO2+CH3NO2 = >CH3NO2H+CH2NO2 1.16 × 1011 0.7 88370.4 TS

CH3NO2+CH3NO = >CH3NO2H+CH2NO 8.13 × 109 0.2 62344.1 TS

CH3NO2+CH2NO2 = >CH3NO+CH2ONO2 1.02 × 1012 −0.3 13479.1 TS

CH3NO2+CH2ONO2 = > HCO+NO2+CH3NO2H 9.78 × 1010 1 78671.4 TS

HONO+OCHO = >NO2+HCOOH 1.95 × 102 2.2 −15801.7 VTST

CH3NO2+OCHO = >CH2NO2+HCOOH 9.67 × 1010 0.2 13964.2 TS

CH3NO2+CH2NO2 = >CH2NO2H+CH2NO2 3.89 × 1010 0.2 39491 TS

CH2NO2H+NO2 = > NO+CH2O+HONO 2.78 × 1010 0.2 15316.6 TS

CH2NO2H+N2O = > N2+CH2O+HONO 2.80 × 1010 −0.2 72920 TS

CH3NO2+CH2NO = >CH2NOH+CH2NO2 4.03 × 1010 0.3 37665.5 TS

CH2NO+OCHO = >HCNO+HCOOH 3.16 × 109 0.5 8857.8 TS

CH3NO2H = >CH3NO+OH 1.85 × 1012 2.6 34031.1 TS

CH3NO2+CH2NO = >CH3NO+NO+CH2O 1.55 × 1011 −0.4 37665.5 TS

CH2NO2+NO = >CH2NO+NO2 2.55 × 1010 −0.1 36814.8 TS

CH2NOH+CH3 = > CH3OH+H2CN 5.76 × 109 0.7 26755.1 TS

CH2NO+H2CN = > HCN+CH2NOH 1.64 × 1010 0.2 51507.8 TS

CH2NO+NO2 = >HCNO+HONO 2.21 × 1012 −0.5 49256.9 TS

CH2NO2+NO = >NOCH2NO2 2.48 × 1010 −0.1 20308.2 TS

NOCH2NO2+NO = >N2O+CH2ONO2 6.76 × 1011 0.5 3983.3 TS

CH2NO2H = >CH2NO+OH 8.57 × 1010 1.1 63154.1 TS

CH2NO2+HCO = > OCHO+CH2NO 5.05 × 1011 −0.3 20236.6 TS

NO2+HCO = > OCHO+NO 6.10 × 1011 −0.5 20341.7 TS

CH2NOH = >H2CN+OH 1.06 × 1011 1.1 71553.2 TS
a The rate parameter of reaction CH3NO2 < = >CH3+NO2 at atmospheric pressure is derived from Brequigny’s model9.
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model’s accuracy, the laser interferometrymethod is adopted tomeasure the
interface particle velocity (up) and CJ detonation velocity (DCJ) in NM
detonation. According conversion relationship between interfacial particle
velocity and pressure21, the CJ detonation pressure (PCJ) and reaction zone
time (τCJ) can be obtained. Then the FP-NMmodel is used to calculate the
NMdetonation reaction after shock in the Shock Tube Reactor, and predict

the CJ detonation pressure (PCJ), temperature (TCJ) and reaction zone time
(τCJ). According to theNMreaction calculation under shockbyReed et al.22,
the pressure and temperature can reach about 25 GPa and 2000 K after
shock, respectively. Therefore, the temperature and pressure after shock are
set as 25 GPa and 2000 K, respectively. Finally, the calculated value will be
compared with the experimental value.

Fig. 5 | The predicted and experimental species molar fractions for nitromethane
pyrolysis. a, b The NM pyrolysis in PSR. The experimental data from Yang et al.20.
c, d The NM pyrolysis in PSR. The experimental data from Shrestha et al.11 e, f The

NMpyrolysis in PFR. The experimental data from Shrestha et al.11 The resident time
in PSR and PFR reactor is all 2.0 s.
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In this paper, two sets of particle velocitymeasurement experiments are
carried out. Figure 6 shows the experimentally interface particle velocity
curves ofNM/LiF for two sets of experiments.TheCJpoint is approximately
determined based on the inflection point in particle velocity profiles,
yieldingmeasured reaction zone time of 50 ns and 53 ns for the two parallel
experiments. The measured detonation velocities (DCJ) are 6110 and
6120m s−1, respectively. Then, according to the conversion equation21, the
detonation pressures (PCJ) are obtained as 12.0 and 11.5 GPa, respectively.

Figure 7a, b shows the species molar fraction profile and temperature,
and pressure profile with time, respectively. In terms of species molar
fraction profile, at about 46 ns, the chemical species basically reach chemical
and thermodynamic equilibrium, so this point is identified as the CJ point.
The reaction zone time (τCJ) is 46 ns. In terms of temperature and pressure
profile, at about 46 ns, the detonation pressure (PCJ), temperature (TCJ) are
3985 K and 13.5 GPa, respectively. Of which, the predicted reaction zone
time (τCJ) and detonation pressure (PCJ) match well with the above
experimentallymeasured values. In the calculated pressure and temperature
profile, an interesting phenomenon can be found a slow change zone of 6 ns
before the profile changes rapidly. In the experimental measurement of
Sheffield et al.7, they have found that the particle velocity curve of pure liquid
NM has a slow change zone of about 4 ns before a rapid decline, which is
close to the results of our calculation. According to the analysis, in Fig. 7a,

within the slow change zone of 6 ns, the CH3NO2 has been consumed to
about 30%. This indicates that the early reaction is slow and the gas emis-
sions are relatively less, which induces the pressure and temperature change
slowly. Therefore, the initial reactant consumption rate determines the
delayed response time of pure NM.

Furthermore, several detonation characteristic quantities obtained by
calculation and experiment in this paper are compared with the existing
detonation calculation software Cheetah and the experimental results of
other researchers7,15,23–30, as shown in Table 2. The experimental and cal-
culated PCJ, TCJ, τCJ and DCJ obtained in this paper are in good agreement
with most of the experimental and calculated results. This also means that
our FP-NM model has good accuracy in predicting the NM explosive
detonation performance.

However, due to the composition of detonation products, it cannot be
accurately measured in detonation experiments, so only the calculated
results of the FP-NM model are presented and compared with the calcu-
lation results of Cheetah15. The mass fraction of the main detonation pro-
duct calculated by the FP-NM model and the mass fraction of the main
detonation product calculated by Cheetah based on three different combi-
nations of equations of state&databases are presented inTable 2.According
to the calculation results in Table 2, NM of 1.000 g will produce CO of
0.348 g, NH3 of 0.017 g, CH2O of 0.003 g, HCOOH of 0.003 g and HCN of
0.010 g. It can be seen that the detonation product mass fraction calculated
by the FP-NM model is close to the result calculated by Cheetah based on
JCZ3&SNL, but is quite different from those calculatedbyCheetah based on
BKW&LLNL and BKW&SNL. Specifically, compared with the calculation
result of the FP-NM model, H2O formation is overestimated and CO for-
mation is underestimated in the calculation by Cheetah based on
BKW&LLNL.However,CO2 formation is overestimated andCOformation
is underestimated in the calculation byCheetah based on BKW&SNL.Only
themass fractions ofN2obtainedby thesemethods are relatively close,while
themass fractions of the calculated detonationproducts aremainly different
in CO2, CO and H2O.

The above analysis shows that there is always a deviation between the
results of the FP-NM model and those of Cheetah in terms of detonation
product composition. This is mainly because the chemical reaction process
is not considered in the calculation of Cheetah, and there are still large
uncertainties in the prediction of detonation product composition. There-
fore, the free energy minimization method cannot achieve an accurate
prediction of detonation product composition. In contrast, the FP-NM
model considers a variety of chemical species and chemical reaction pro-
cesses. In addition, the FP-NM model can already accurately predict the
concentration distribution of each species in the NM thermal decomposi-
tion. Therefore, the FP-NMmodel for the prediction of the composition of
detonation products will be more accurate.

Fig. 6 | The experimental particle velocity profile at the interface of NM/LiF.
These are two sets of parallel experiments.

Fig. 7 | The calculated temperature, pressure and species concentration profile by using FP-NM model. a Species concentration. b Temperature and pressure.
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In the NM detonation, the FP-NM model can not only calculate the
characteristic parameters of NM detonation, but also predict the compo-
sition of NM detonation products, so as to obtain the emission of polluting
gases caused by NM detonation. According to the calculation results in
Table 2, among all of the polluting gases, the mass fraction of CO is the
largest. This indicates that CO is the most harmful pollutant gas to human
health and the environment in NM detonation. Through reaction path
analysis and species generation rate analysis, it is found that CO formation
mainly depends on a chain reaction process, which can be expressed as:
CH2ONO2/CH2OH/CH3O→CH2O→HCO→CO. In this chain reac-
tion, CH2ONO2, as a newly identified species, is also important for CO
formation.

Accurate prediction of detonation chemical reactions using FP-NM
models depends on an accurate reactionmechanism. Compared with other
chemical kinetics models, the chemical species and elementary reactions in
the FP-NM model are obtained based on first-principles molecular
dynamics simulations. And FP-NM model contains newly identified five
species and 24 reactions, of which four species (CH3NO2H, CH2NO2H,
CH2ONO2, CH2NOH) and related reactions have a large contribution to
the NM detonation reaction process. By calculating the ROP in the NM
detonation reaction, the ROP profile of CH3NO2H, CH2NO2H, CH2ONO2

and CH2NOH can be obtained, as shown in Fig. 8. A positive ROP value
means that the species is formed, and a negative ROP value means that the
species is consumed.

Figure 8a shows the ROP profile of CH3NO2H with time. Two reac-
tions play key roles in the formation and consumption of CH3NO2H.
Specifically, CH3NO2+CH3NO2 = > CH3NO2H+CH2NO2 is important
to the formation of CH3NO2H, this reaction is also one of the initial reac-
tions. While CH3NO2H= >CH3NO+OH has an important contribution
to the consumption of CH3NO2H. This indicates that the CH3NO2H is
mainly decomposed into OH radical.

Figure 8b shows the ROP profile of CH2NO2H with time. Two reac-
tions play key roles in the formation and consumption of CH2NO2H.

Specifically, CH3NO2+CH2NO2 = > CH2NO2H+CH2NO2 has a large
contribution to the formation of CH2NO2H, while CH2NO2H= >
CH2NO+OH has a large contribution to the consumption of CH2NO2H,
and it is also mainly decomposed into OH radical.

Figure 8c shows the ROP profile of CH2ONO2 with time. Two reac-
tions play key roles in the formation and consumption of CH2ONO2.
Specifically, CH3NO2+CH2NO2 = > CH3NO+CH2ONO2 contributes to
the formation of CH2ONO2. While CH2ONO2 = > CH2O+NO2 plays a
key role in the consumption of CH2ONO2, it is decomposed into pollution
gases, CH2O and NO2.

Figure 8d shows theROPprofile ofCH2NOHwith time.Two reactions
play key roles in the formation and consumption of CH2NOH. Specifically,
CH3NO2+CH2NO= >CH2NOH+CH2NO2 contributes to the forma-
tion of CH2NOH. While CH2NOH= >H2CN+OH contributes to the
consumption of CH2NOH, forming OH radical.

According to the ROP analysis of these four species, CH3NO2H,
CH2NO2H, CH2NOHandCH2ONO2 are formed by bimolecular reactions
which occur before 10 ns. And CH3NO2H, CH2NO2H, CH2ONO2 and
CH2NOH are mainly decomposed into OH radicals, and CH2ONO2 is
mainly decomposed into CH2O and NO2 in the NM detonation reaction
process.

The number of these four species in the detonation reaction is small,
which is due to these species will be consumed quickly at the same time of
formation. Therefore, in the ROP profile, it can be shown that their for-
mation and consumption are in the same period, and they have a certain
contribution to the early reaction of NM detonation. The formation and
consumption of these four species are consistent with the results of first-
principles molecular dynamics simulations.

Further, the effect of these four species on the detonation reaction of
NM is analyzed. Removing both the four species and the related reactions
from the FP-NMmodel and then calculating the NM detonation reaction
process. Figure 9 is a comparisonof thepressure curves calculated by theFP-
NMmodel and the FP-NMmodel without these four species. In Fig. 9, the

Table 2 | The calculated and experimental value of CJ detonation characteristic quantity

CJ detonation characteristic
quantity

Cal. in
this work

Expt. in
this work

Cheetah
BKW&LLNL data

Cheetah
BKW&SNL data

Cheetah
JCZ3&SNL data

Expt. from other
studies

PCJ/GPa 13.5 12.0, 11.5 11.4a 13.2a 11.7a 12.6–13.1b,
12.5c,13.0 d, 12.6e

TCJ/K 3985 – 3666a 3626a 3442a 3430f

τCJ/ns 46 50,53 – – – 50g,h,6i, 100–150j

DCJ/km s−1 – 6.12, 6.11 – – – 6.18–6.34b,
6.30c,d,6.28c,e

g(H2O)/g(NM) 0.259 – 0.412a 0.190a 0.253a –

g(CO)/g(NM) 0.348 – 0.164a 0.032a 0.247a –

g(CO2)/g(NM) 0.116 – 0.087a 0.402a 0.183a –

g(N2)/g(NM) 0.207 – 0.229a 0.256a 0.210a –

g(H2)/g(NM) 0.015 – – 0.003a 0.008a –

g(NH3)/g(NM) 0.017 – – 0.025a 0.023a –

g(HCOOH)/g(NM) 0.003 – – 0.056a 0.031a –

g(CH2O)/g(NM) 0.003 – – – – –

g(HCN)/g(NM) 0.010 – – – – –

aRef. 15; bRef. 24; cRef. 25; dRef. 26. eRef. 23; f Ref. 27; gRef. 7; hRef. 28; i Ref. 29; j Ref. 30.BKW&LLNLdata representBKWequationof state andLosAlamosNational Laboratorydatabase. BKW&SNL
data represent BKW equation of state and Sandia National Laboratory data base. JCZ3&SNL data represent JCZ3 equation of state and Sandia National Laboratory data base.
aRef. 15.
bRef. 24.
cRef. 25.
dRef. 26.
eRef. 23.
fRef. 27.
gRef. 7.
hRef. 28.
iRef. 29.
jRef. 30.
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pressure calculatedby the FP-NMmodelwithout these four speciesneeds to
go through a slowly changing region of 9 ns, while the pressure calculated by
the FP-NM model only needs to go through a slowly changing region of
6 ns. Figure 9 shows the pressure, temperature and species concentration

profilewith time in theNMdetonation reaction calculatedusing theFP-NM
modelwithout these four species, respectively. But the calculatedPCJ and τCJ
by these two models are basically consistent. This indicates that these four
species and related reactions mainly affect the early detonation chemical
reaction process, and hardly affect the CJ point of the reaction. It is also
shown in first-principles molecular dynamics simulation that these species
are all formed by bimolecular reactions in the reaction. It follows that
bimolecular reactions are important in reactions under high temperature
andhighpressure conditions, and thesebimolecular reactionswill accelerate
the early chemical reaction of detonation, thereby affecting the rate of
change of system pressure and temperature with time.

In the experimental particle velocitymeasurement by Sheffield et al.7, it
has been found that there is a slow change zone of particle velocity in the
early reaction, and the reaction zone time is about 4 ns. Therefore, the slow
change zone of 9 ns calculated by the FP-NM model without these four
species is significantly too wide and deviates greatly from the experimental
measurement. This further indicates that the newly revealed species and
reactions play an important role in the early detonation chemical
reaction of NM.

Finally, to further analyze the specific influence of the newly identified
reactionson thedetonationofNM,we calculated the temperature sensitivity
coefficients of these reactions in the Closed Homogeneous Reactor under
initial conditions of 25 GPa and 2000 K (consistent with the initial tem-
perature and pressure settings used in the detonation reaction calculations
forNM). For comparative reference, the temperature sensitivity coefficients
of the typical initial reaction (CH3NO2 < = >CH3+NO2) are also listed.
Figure 10 presents the temperature sensitivity coefficients of both the initial

Fig. 8 | The calculated ROP for four newfound species on NM detonation reaction. (a) CH3NO2H, (b) CH2NO2H, (c) CH2ONO2, (d) CH2NOH.

Fig. 9 | Comparison of calculated pressure of the model with/without the four
identified species.
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and newly identified reactions, where a positive value indicates that the
reaction promotes heat release, while a negative value signifies an inhibitory
effect on heat release. Only reactions with temperature sensitivity coeffi-
cients greater than 0.001 are displayed in Fig. 10.

The results reveal that two reactions exhibit notably large positive
temperature sensitivity coefficients: one is the initial reaction
CH3NO2 < = > CH3+NO2, and the other is the bimolecular reaction
CH3NO2+CH2NO2 = >CH3NO+CH2ONO2. This indicates that both
reactions play a significant role in the detonation of NM. In contrast, the
other six reactions show relatively lower temperature sensitivity coefficients
compared to these two. Among them, five have positive coefficients, while
one exhibits a negative coefficient, suggesting that these six reactions also
exert a limited butmeasurable influence on the detonation reaction kinetics
of NM. The above analysis indicates that among all the newly identified
reactions, reaction CH3NO2+CH2NO2 = > CH3NO+CH2ONO2 con-
tributes the most to the detonation of NM.

Conclusions
In this paper, the pyrolysis of NM under high temperature and pressure is
simulated based on the first-principles molecular dynamics method. In
combinationwith quantum chemistrymethods, the chemical kineticmodel
of NM explosives that can accurately calculate pyrolysis and detonation
reactions has been developed. The model contains 79 species and 543 ele-
mentary reactions. The accuracy and applicability of the model are verified
by numerical simulation and experimental comparison. Specific conclu-
sions are as follows:
1. Based on the first-principles molecular dynamics simulation, unre-

ported five species, CH3NO2H, CH2NO2H, CH2NOH, CH2ONO2,
NOCH2NO2 and 24 reactions are revealed. These species are all
formed by bimolecular reactions, which will accelerate the rate of NM
in the early detonation reaction, resulting in a faster release of energy.

2. By combining the first-principles molecular dynamics and quantum
chemistry methods, we constructed a chemical kinetic model
containing 79 species and 543 elementary reactions, and used the
model to calculate the pyrolysis and detonation reactions of NM. The
mechanism of the delayed response of pure NM in the early stage of
detonation is revealed.

3. The CJ detonation reaction zone time, CJ detonation pressure and CJ
detonation temperature are successfully predicted by using FP-NM
model. The accuracy and applicability of the model are verified by
comparing the calculated values of the model with the experimental
values and the theoretical values calculated by the detonation
parameter calculation software.

4. The composition of CJ detonation products is obtained by calculation
by using FP-NMmodel, among which CO and H2O are the two most
abundant products. The main polluting gases in detonation products
are CO, and a small amount of HCN, NH3, CH2O, HCOOH, etc.

This study provides novel insights into the pyrolysis and detonation
reaction mechanism of NM, lays a foundation for the construction of
chemical kinetic models and performance prediction of explosives, and
provides a way for the assessment of air pollution and human health risks
caused by the emission of explosive detonation products.

Methods
Computational method
In this paper,NMmodel constructionand reactionperformance calculation
are mainly performed through three steps. The first step is to obtain the
elementary reaction and the chemical species by the first-principles mole-
cular dynamics (FPMD)method. The second step is to obtain theArrhenius
rate parameters of the elementary reaction and the thermodynamic para-
meters of the chemical species through quantum chemistry calculation. The
third step is to integrate the elementary reaction, chemical species, Arrhe-
nius rate parameters and thermodynamic parameters to form Model files,
and use the constructed chemical kinetics model to calculate the pyrolysis
and detonation performance of the explosive31. Figure 11 shows the sche-
matic diagram of the calculation process. The calculation method of each
step is shown as follows.

The density functional theory (DFT)-based FPMD method is used to
simulate the chemical reaction of HEDMs in the HASEM software
package16,17,31–35. The generalized gradient approximation (GGA) is used for
the exchange-correlation function in the Perdew–Burke–Ernzerhof (PBE)
form.Dynamics are basedon theBorn–Oppenheimer (BO)approximation.
In the BO approximation, themotion of an atom is divided into themotion
of the nucleus and the motion of the electrons. The electronic structure is
solved by DFT-based quantum chemical calculations. The motion of the
atomic nucleus is solved by MD simulations. The combination of DFT
calculations based on BO approximation and MD simulations is known as
the FPMD (or ab initio MD)method. The van derWaals interaction of the
C-H-N-O system is well considered in HASEM by constructing a set of
pseudopotentials and pseudoatomic orbital basis specialized for molecular
systems consisting of C/H/N/O elements. In the simulation, we used the
Perdew–Burke–Ernzerhof (PBE) exchange-correlation function36. The PBE
exchange-correlation function used in HASEM has good accuracy in
describing the interaction of C-H-N-O complexes, the interaction between
some complexes even reaches the accuracy of the CCSD method33. Mean-
while, the DZP basis set is used, which is a choice made considering the
number of atoms (350 atoms) to be simulated to ensure a balance between
efficiency and accuracy. The specific step method will be shown below.

The simulation of NM pyrolysis. First, the computational model with
the density of 1.1 g cm−3 and 2.0 g cm−3 is constructed, respectively. Both
models contain 50 NM molecules, 350 atoms in total. 1.1 g cm−3 corre-
sponds to the density of NM at room temperature, and 2.0 g cm−3 corre-
sponds to the maximum compression density of NM after shock15,37.

Then the two computational models are relaxed at 298 K under the
NVT ensemble to obtain the stable computational model at room tem-
perature. Further, the stable computational model with the density of
2.0 g cm−3 is relaxed at constant temperatures of 1600, 2000, and 2400 K
under the NVT ensemble, and the stable computational model with the
density of 1.1 g cm−3 is relaxed at constant temperatures of 2000Kunder the
NVT ensemble. The temperature is controlled using a Nosé-Hoover
thermostat38 so that the NM basically reaches thermodynamic equilibrium

Fig. 10 | The temperature sensitivity coefficient of initial and part of identified
reactions.
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at the set temperature and does not decompose. And this makes sure the
temperature at the initial stage of the reaction canbe kept stable at a constant
temperature to avoid large oscillations in temperature under the NVE
ensemble. Finally, the pyrolysis of the NM computational model with the
density of 2.0 g cm−3 at initial temperatures of 1600, 2000, and 2400 K is
simulated under the NVE ensemble, respectively. Meanwhile, the pyrolysis
of NM computational model with the density of 1.1 g cm−3 at initial tem-
peratures of 2000 K is also simulated under the NVE ensemble.

The cut-off energy set in the simulation is 1000 eV, and the energy
convergence criterion is 1.0 × 10-4eV. The time step and total simulation
time are set to 0.2 fs and 20–55 ps, respectively. The initial temperature and
simulation time settings are inversely proportional.

In this work, the three-parameter Arrhenius equation is used to
describe the reaction rate constant k of an elementary reaction, as follows:

k ¼ ATme�Ea=RT ð1Þ

where A is the pre-exponential factor andm is the temperature coefficient.
The Ea is the energy barrier of the elementary reaction. For a bimolecular
reaction, the unit of A is cm3mol−1 s−1. For an unimolecular reaction, the
unit of A is s−1. The unit of Ea is J mol−1.

To get the values ofA andm, we calculate the reaction rate constant k at
different temperatures according to the Eyring equation

k ¼ kBT
h

e�ΔG≠
f ðTÞ=RT ð2Þ

where the ΔG≠
f ðTÞ is Gibbs free energy barrier, the unit is J mol−1; kB is

Boltzmann’s constant (1.380649 × 10-23 J K−1); h is Planck’s constant
(6.62606957 × 10−34 J s); T is temperature and R is gas constant
(8.314 J mol−1 K-1). Using the fitting technique, combining Eqs. (1) and (2),
the parameter A andm can be obtained. The ΔG≠

f ðTÞ can be calculated by
the following formula:

ΔG≠
f Tð Þ ¼ G TSð Þ � G reactantð Þ ð3Þ

In this paper, the chemical kinetics parameter is calculated by using the
quantum chemical method in Gaussian 1639 and Kisthelp40 software. All
molecular structures and transition states are optimized under the level of
B3LYP-D3BJ/Def2-TZVP, then the thermal correction Gibbs free energy is
obtained. The B3LYP functional combined with the Def2-TZVP41 basis set,
is widely applicable to molecules containing C–H–N–O elements42. With
the incorporation of the D3BJ43 dispersion correction term, it effectively
accounts for dispersion interactions, ensuring both accuracy in geometric
structure optimization and high computational efficiency. While the high-
precision electronic energy is calculated at the level of CCSD(T)/Def2-

TZVP. The CCSD(T) method is universally recognized as the “gold stan-
dard” for energy calculations and is typically the preferred choice for
obtaining high-accuracy electronic energies. However, due to its low effi-
ciency in geometry optimization and significant memory demands, it is
generally unsuitable for molecular structure optimization44,45. Finally, the
high-precisionGibbs free energy can be obtained by combining the thermal
correction Gibbs free energy of B3LYP-D3BJ/Def2-TZVP level with high-
precision electronic energy of CCSD(T)/Def2-TZVP level.

For a reaction satisfying the transition state theory (TST), the reaction
rate constant k at different temperatures can be obtained by calculating the
Gibbs free energy barrier ΔG≠

f Tð Þ at different temperatures in combination
with Eq. (2). According to k at different temperatures, Eq. (1) can befitted to
obtain the Arrhenius rate parameter, which refers to the temperature
coefficient m of the pre-exponential factor A.

The conventional TSTapproach is primarily suitable for reactionswith
high energy barriers. However, when the reaction barrier is relatively low
(typically <5 kcal mol−1), quantum effects (such as tunneling) and zero-
point energy corrections become significant, leading to potential under-
estimation of reaction rates by classical TST. In such cases, the variational
transition state theory (VTST) method is employed for more accurate rate
constant calculations46. The core of VTST is to determine the best transition
state on the reaction path by the variational method. Even if the free energy
barrier is near zero, VTST can still accurately describe the reaction path and
kinetics. For the rate calculation satisfying the VTST, the calculation results
obtained in Gaussian 16 are imported into Kisthelp40 for Arrhenius rate
parameter calculation.

Based on the elementary reaction, the Arrhenius parameters of the
elementary reaction, the chemical species and the thermodynamic para-
meters of species, a detailed chemical kinetic model of NM can be con-
structed. The thermodynamic parameters of species and the Arrhenius
parameters of the reactions are calculated by the quantum chemistry
method, while other existing species, elementary reactions and related
parameters are directly referred from Brequigny et al.9, Gao et al.12 and the
developed FP-CH4 model16 by our previous work. In the following discus-
sion, we call the NM detailed chemical kinetic models as FP-NM model.

The FP-NM model is used to calculate the NM pyrolysis and deto-
nation reaction under conditions of the same experiment in Chemkin Pro
software47 for predicting the performance of NM in pyrolysis and detona-
tion. The Perfectly Stirred Reactor (PSR) and Plug Flow Reactor (PFR) are
used to calculate the pyrolysis reaction for obtaining the species con-
centration profile. The Shock Tube Reactor is used to calculate the deto-
nation reaction of NM for obtaining the CJ detonation pressure (PCJ),
temperature (TCJ), reaction zone time (τCJ), etc., detonation characteristic
parameters and detonation product composition. Then these calculation
values will be comparedwith experimental values to verify the accuracy and
applicability of the FP-NM model.

Fig. 11 | Schematic diagram of the research route.
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Experimental method
In this paper, the interface particle velocity between liquid nitromethane
(NM) explosive and window is measured by the laser interferometry
method21,23. Figure 12a is the principle of the test system. The test system
consists of detonator, loading explosive, liquid nitromethane explosive,
trigger probe, LiF transparent window, pulse-forming network, optical
fiber probe, all-fiber interferometric velocimetry system and oscilloscope.
Liquid nitromethane is placed in a polymethyl methacrylate (PMMA)
tube with an inner diameter of 25mm and a length of 40mm. The lower
end of the PMMA tube is mounted with a LiF window, and the surface of
the LiF window in contact with NM is plated with an aluminum film with
a thickness of 600 nm. The edges of the LiF window are sealed with epoxy
glue to prevent liquid leakage. Two Polytetrafluoroethylene (PTFE)
splints and bolts are used to fix the PMMA tube, window as well as the
probe holder. Figure 12b shows the photo of the testing device. During
the experiment, the detonator initiates the loading explosive, and the
explosive is loaded to produce a detonation wave to detonate the NM. A
trigger probe is installed between the loading explosive and the NM.
When the detonation wave reaches the position of the trigger probe,
due to the conductivity of the detonation wave, causing short circuit so
that the pulse forms a network to output the pulse signal, and the
oscilloscope is triggered to start recording the laser interference signal.
Then, the interference signal is transformed to obtain the interface
particle velocity between the NM and the window. At the same time,
according to the time signal given by the trigger probe (t0) and the time of
interface particle velocity jump (t1), the propagation time of the deto-
nation wave in NM can be obtained, and the detonation velocity of
nitromethane can be estimated by further combining the length of the
explosive column.

In the experiment, the loading explosive is an RDX-based explosive
(RDX/binder = 95/5). The density of NM is 1.1 g cm−3. The focal length of
the fiber probe is 70mm, and the laser wavelength used in the test is
1550 nm. The oscilloscope simulation bandwidth is 12.5 GHz, the sampling
frequency is up to 40 GS s−1, and the recording time interval used in the
experiment is 40 ps.

Data availability
The data that support the conclusions of this study are available in the paper
and the Supplementary files or from the corresponding author on reason-
able request. Additional result, discussion and figure are provided in Sup-
plementary Information 1. The atomic position coordinates of the initial
and final states of first-principles molecular dynamics are provided in
Supplementary Data 1, the atomic coordinates of optimized molecular
structure and transition state are provided in Supplementary Data 2, the
Model Files, including kinetics and thermodynamic data, are provided in
Supplementary Data 3.

Abbreviation
FPMD first-principles molecular dynamics
A pre-exponential factor
NM nitromethane
m temperature coefficient
PCJ CJ detonation pressure
ΔG≠

f ðTÞ Gibbs free energy barrier
TCJ CJ detonation temperature
k rate constant
τCJ detonation reaction zone time
PSR perfectly stirred reactor
DCJ CJ detonation velocity
PFR plug flow reactor
DFT density functional theory
JFR jet stirred reactor
TST transition state theory
RDX cyclotrimethylenetrinitramine
VTST variational transition state theory
up particle velocity
Ea activation energy barrier
CJ Chapman-Jouguet theory
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