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Abstract

:

ReaxFF-lg molecular dynamics method was employed to simulate the decomposition processes of IHEM−1 nanoparticles at high temperatures. The findings indicate that the initial decomposition paths of the nanoparticles with different sizes at varying temperatures are similar, where the bimolecular polymerization reaction occurred first. Particle size has little effect on the initial decomposition pathway, whereas there are differences in the numbers of the species during the decomposition and their evolution trends. The formation of the hydroxyl radicals is the dominant decomposition mechanism with the highest reaction frequency. The degradation rate of the IHEM−1 molecules gradually increases with the increasing temperature. The IHEM−1 nanoparticles with smaller sizes exhibit greater decomposition rate constants. The activation energies for the decomposition are lower than the reported experimental values of bulk explosives, which suggests a higher sensitivity.
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1. Introduction


The design and application of insensitive energetic compounds are essential in the fields of defence and civil industry, particularly in nuclear weapons and space exploration, due to the unique application environment. 3,5-Diamino-6-hydroxy-2-oxide-4-nitropyrimidone (IHEM−1) [1] is an ideal compound since it has numerous advantages, including its simple preparation, high yield, high density, low solubility in aqueous solution, and good detonation properties. Considering its comparable safety and synthetic feasibility with 1,3,5-triamino-2,4,6-trinitrobenzene (TATB), as well as its higher energy density, IHEM−1 could be a viable alternative to TATB [1]. Hence, obtaining a credible description of its thermal decomposition kinetics becomes crucial to preventing or controlling the explosion of explosives. Additionally, this research will aid in comprehending the ignition, combustion, and detonation mechanisms [2].



The rapid reaction process of the explosives involves short time scales and complex chemical reaction kinetics. Moreover, the reaction usually occurs under extreme conditions. It proves difficult for existing experimental techniques and traditional simulation methods to ascertain the detailed reaction mechanisms. Hence, this poses a significant challenge to the application and development of the explosives. In previous decades, some researchers experimentally investigated the thermal decomposition properties of the explosives. For example, Khichar et al. [3] investigated the detailed thermal decomposition mechanisms of liquid-phase RDX via FTIR spectrometry, and the results showed that their proposed liquid-phase decomposition mechanisms of RDX-based single-component propellant are applicable to the operating pressure of rocket motors. In recent years, the computational method has become a powerful tool to simulate the decomposition of the explosives. Based on the density-functional tight-binding molecular dynamics (DFTB-MD) method with a multiscale shock technique (MSST), Zhang [4] studied the decomposition mechanisms and hydrogen transfer process of CL-20/TNT cocrystal under shock loading. The results indicated that the increasing volume reduction led to higher temperature and pressure when the system suffered from a stronger shock strength. Zhang et al. [5] simulated the pyrolysis mechanism of RDX via ab initio kinetic calculations. The simulation results show that the decomposition of RDX is mainly through the cleavage of the N-NO2 bond to form RDXR.



The computational complexity of ab initio calculations limits its application to large-scale systems despite the fact that its computational accuracy is relatively high. However, recently, reactive molecular dynamics (RMD) has emerged as a practical approach to simulate the reaction processes of explosives under extreme circumstances on a large scale. Reactive Force Field Molecular Dynamics (ReaxFF-MD) simulations are widely used for evaluating reactivity [6]. This technique enables direct observation of the evolution of chemical reactions at a microscopic level, achieving atomic-level insight at relevant spatial and temporal scales for researchers [7,8,9]. RMD has been successfully used to model the thermal decomposition reactions of 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) [10], 1,3,5 hexanitrohexaazoisovuttzane (CL-20) [11], 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) [12], TATB [13], pentaerythritol tetranitrate (PETN) [14], dihydroxylammonium 5,5′-bistetrazole-1,1′-diolate (TKX-50) [15], and so on. Furthermore, Wang et al. [16] have developed the ReaxFF reactive force field for hydrocarbons and have studied the thermal decomposition of isooctane. More recently, Sultan et al. [17] investigated the thermal decomposition mechanism of CL-20/DNT cocrystal at different high temperatures using ReaxFF-MD simulations. These successes show that the ReaxFF reactive force field can not only afford the computational cost of studying large models but also maintain near-quantum-mechanical accuracy. Liu et al. [18] subsequently refined the ReaxFF force field by addressing long-range interactions to obtain an improved ReaxFF-lg force field, which provides crystal densities that are more close to the experimental data. Recently, numerous researchers have conducted extensive studies on the decomposition of explosives in various states by utilizing RMD with an improved ReaxFF-lg force field [19,20,21,22,23,24].



Understanding the decomposition mechanisms of explosives under extreme conditions is crucial for the design of new high explosives [25]. Before the decomposition, the explosives will undergo changes in molecular and crystal structures and phase transition [6,26,27,28,29,30]. The decomposition mechanisms of the explosives are often affected by molecular stacking patterns, crystal morphology, particle sizes, defects, etc.; therefore, it is very important in terms of the effects of these factors on the decomposition process. Recently, ReaxFF/lg force field MD was used to investigate the effects of particle sizes, crystalline phases, and defects on the decomposition of RDX [31,32,33], nitromethane (NM) [34], 2,2′,4,4′,6,6′-hexanitrostilbene (HNS) [35], composition B melt-cast explosive [36], plastic-bonded explosives (PBXs) [37], and nano ε-CL-20 [38]. These studies have demonstrated the dependability and efficacy of ReaxFF-lg MD in studying the thermal decomposition of energetic materials.



Nanomaterials have attracted much attention in the field of explosives due to their special properties. They have many features such as small size effect, surface effect, quantum size effect, and macroscopic quantum tunnelling effect, which makes them possess unique properties. In order to develop new energetic materials, an in-depth study on the behaviors of nano explosives is needed.



In this work, the thermal decomposition of nano IHEM−1 particles at different temperatures from 2000 to 3500 K was simulated using RMD with the ReaxFF-lg force field. This study explores the initial decomposition pathways, the evolution of intermediates and final products, and reaction kinetics. Additionally, the effects of nanoparticle size on thermal decomposition were examined. This work may contribute to establishing a theoretical comprehension of the decomposition process of nano-explosives.




2. Results and Discussion


2.1. Early Evolution of the IHEM−1 Molecules


Figure 1 depicts the numbers of the IHEM−1 molecules during the initial decomposition stage for the three IHEM−1 nanoparticles at high temperatures with time. As seen in Figure 1a, it is apparent that the reactants decayed to zero in 3.54, 1.885, 1.255, and 0.745 ps for M1 at 2000, 2500, 3000, and 3500 K, respectively. Similarly, Figure 1b shows that the reactants decayed to zero in 4.965, 2.56, 1.485, and 1.15 ps for M2 at the four reaction temperatures, respectively. Likewise, the reactants for M3 decayed to zero in 7.785, 3.765, 1.915, and 1.195 ps at four varying reaction temperatures, respectively. These findings show that the decomposition of the reactants becomes faster and faster as the reaction temperature increases.



Table 1 outlines the time taken for the reactants to decompose to zero for the three models at varying temperatures. As the particle size increases, the decay time increases in the order of M1, M2, and M3. The decay rate of IHEM−1 significantly increases with the increasing temperature. This suggests that the reactivity of IHEM−1 is higher at higher temperatures. In addition, smaller IHEM−1 nanoparticles display higher decay rates during decomposition. These findings correspond with the nanocrystal size effects in RDX established in Zheng’s theoretical studies [39]. Furthermore, Huang’s experiments suggest that a reduction in the average particle size of nano-FOX-7 leads to a very high rate of decomposition [40]. Additionally, our results are in line with the nano size effects in other inorganic nanomaterials [41,42,43].




2.2. Evolution of Total Species


Figure 2 illustrates the evolution of the total species in the decomposition of the three nanoparticles of IHEM−1 at 2000, 2500, 3000, and 3500 K. As illustrated in Figure 2, the total quantity of three species within M1, M2, and M3 increases with the increasing temperature. When the temperature is fixed, increasing nanoparticle diameter leads to an increase in the total number of species in the system. This trend is evident. Additionally, the higher the temperature is, the shorter the time required for total numbers of species to peak. The influence of the nanoparticle’s diameter on the total quantity of the species is more pronounced within the system in comparison to the temperature. The findings indicate that enhancing temperature expedites the breakdown of the IHEM−1 molecules, resulting in an increase in the quantity of products. It is worth noting that at the point where the overall number of the species in the system reaches a maximum, the numbers of the species in the system experience a small decline prior to reaching a specific value. This pattern indicates that the overall numbers of the species in the system also maintain a stable state after reaching equilibrium.




2.3. Initial Decomposition Pathway


To investigate the thermal decomposition mechanisms of the IHEM−1 molecules, we analyzed the trajectory files of M1-M3 using the post-processor developed by Zeng [44]. It is found that the initial decomposition pathways for the three systems are similar at different temperatures, and the differences lie in the numbers of the species produced during decomposition and their evolution trend. The sizes of the IHEM−1 nanoparticles have no effect on the initial decomposition pathway. Therefore, we chose M3 as an illustration to analyze its first 10 ps trajectory file at 3000 K. The simulation results reveal that there are a total of 17 potential decomposition channels during the initial decomposition of M3, as detailed in Table 2. They include intramolecular hydrogen transfer (paths 1 and 2), intermolecular hydrogen transfer (paths 3 and 4), the formation of hydroxyl radicals (path 5), the formation of amino radicals (paths 6 and 8), the formation of nitro radicals (path 7), the formation of hydroxyl radicals (paths 9 and 10), the formation of water molecules (path 11), carbon–nitrogen bond breaking in the ring (paths 12–15), rearrangement of NO2 groups (path 16), and bimolecular polymerization reaction (path 17).



The primary reaction paths were deduced based on the ratios and frequencies of the principal reaction products. There exist five primary reaction mechanisms during the thermal decomposition of M3: The first path is the bimolecular polymerization reaction of the IHEM−1 molecule (Mechanism 1: C4N5O5H5 + C4N5O5H5→C8N10O10H10). The next one is the formation of hydroxyl radicals (Mechanism 2: C4N5O5H5→C4N5O4H4 + OH). The following one is a hydrogen transfer (Mechanism 3: H + NO2→HNO2), a process that produces the third and fourth occurrence of major intermediates, C4N5O5H4 and C4N5O5H6. The C-NO2 bond undergoes homogeneous breakage, subsequently releasing NO2, named Mechanism 4 (C4N5O5H5→C4N4O3H5 + NO2). Finally, Mechanism 5 involves the dissociation of the C-N bond in the ring. The occurrence frequency of the five primary decomposition pathways of IHEM−1 is in the order of Mechanism 1 > Mechanism 2 > Mechanism 3 > Mechanism 4 > Mechanism 5. Next, throughout the decomposition of IHEM−1, the occurrence frequency of the main decomposition products over time will be analyzed to detail the thermal decomposition mechanisms.




2.4. Evolution of Main Intermediates


Figure 3 illustrates the evolution of the numbers of the major intermediate and secondary products during the thermal decomposition of M3. It is found that the appearance of C4N4O5H3 (C4N5O5H5→C4N4O5H3 + NH2) is late and its yield is low, suggesting that the formation of the NH2 group is not the main decomposition mechanism. The primary products C4N5O4H4 and C4N5O5H4 will further decompose to produce secondary products C4N5O4H2 and C4N5O5H3. Meanwhile, by analyzing the trajectory files, it is known that the main intermediates produced by the C-N bond breaking in the ring are CNO2, CNO, and CNO2H, and their related reactions are C4N5O4H2→C3N4O3H2 + CNO, C4N5O5H3→C3N4O3H3 + CNO2, and C4N5O5H5→C3N4O3H4 + CNO2H.



The peak values of the numbers of CNO2, CNO and CNO2H become increasingly large with increasing temperature. The earliest pathway for the formation of water is through the H atom of the amino group in the IHEM−1 molecule attracted by the O atom of the hydroxyl group. NO2 comes mainly from the breaking of the C-NO2 of IHEM−1, and NO comes mainly from the rearrangement of the NO2 group and the further decomposition of the intermediates (-CNO and -CNO2). For most nitro explosives, the frequency of C-NO2 cleavage is higher than that of the -NO2 rearrangement [45], consistent with the conclusions drawn from our simulations. The succeeding primary decomposition process involves the reactions between small molecule products.




2.5. Evolution of Small Molecule Products


Figure 4 shows the evolution of the number of small molecule products produced during the thermal decomposition of the three models. The small molecule products are CO, NO2, and NO, and the free radicals NH2, NH3, OH, HNO2, and H. It can be seen in Figure 4 that the size of the nanoparticle significantly influences the evolution of the number of NH3, whereas the temperature has a minor effect. Additionally, the amount of CO increases as both the temperature and particle size increase. The amount of hydrogen radicals is the least, which were formed by the N-H dissociation of the amino group moiety. The hydrogen radicals continued to be involved in the reaction of paths 1–4 (H + NO2→HNO2, O + H→OH), where HNO2 will further decompose to produce OH and NO. Therefore, the evolution trend of the number of HNO2 in Figure 4 is consistent with that of small radicals OH, NH2, NO, and NO2, which show a trend of increasing to a peak and then decreasing.



In all three systems, OH is the first decomposition product to appear. The nanoparticles of IHEM−1 with larger diameters generate a larger number of OH at higher temperatures. OH originates from two paths: one is the decomposition of the HNO2 radical, and the other is produced by the reaction O + H→OH, which has a large change in the number depending on the temperature and diameter of the nanoparticle. Specifically, at 3500 K, the amount of OH in M1, M2, and M3 at the equilibrium are around 10, 20, and 50, respectively.



Figure 5 illustrates the peak values (bar graphs) and corresponding times (line graphs) of the major products OH, NO2, HONO, and NO during the thermal decomposition of M3. The peak values of the number of NO2 are larger than those of NO when the temperatures are 2000 and 2500 K, whereas the cases are the opposite at 3000 and 3500 K. This may be because there are three production pathways of NO, one is the decomposition of HNO2, the second is through the rearrangement of -NO2, and the third is through the further reaction of -CNO. NO2 mainly comes from the C-NO2 cleavage of the IHEM−1 molecules. Since high temperature promotes the decomposition of the third pathway, more NO was produced at higher temperatures.



As the temperature increases, the time required for the number of the major products OH, NO2, HONO, and NO to reach their peak values gradually decreases, but their peak values become more and more large. It means that the temperature can accelerate the decomposition of the reactants and thus promote the formation of the intermediates. The peak value of the number of HNO2 at 3500 K is slightly smaller than that at 3000 K. It may be speculated that the C-NO2 bond is easier to break at 3500 K, in agreement with previous report that higher temperatures are more conducive to the production of NO2 [46], which reduces the possibility of hydrogen transfer.




2.6. Evolution of Final Products


Figure 6 shows the evolution of the numbers of the final products H2O, CO2, H2 and N2 during the decomposition of the three models at different temperatures. The evolution trends of the numbers of the four final products are consistent: their amounts increase first, then reach their peaks, and finally attain their equilibrium. The amount of H2O, CO2, H2 and N2 in the three systems is in the order of M3 > M2 > M1. Therefore, the larger the nanoparticle’s size is, the larger the numbers of the final products in the system are. As seen in Figure 6a–c, the numbers of H2O in the system increase with the increasing temperature at the early decomposition stage (about before 4.5 ps), but after 4.5 ps, they decrease gradually at 3500 K. This indicates that higher temperatures inhibit the production of H2O. A possible reason is that high temperature promotes the participation of H2O as a reactant in more secondary and intermediate reactions, leading to a slight decrease in the number and eventually reaching an equilibrium. In addition, the higher the temperature is, the greater the promotion effect is. As shown in Figure 6d–f, during 0–40 ps, the amount of CO2 increases with increasing temperature. Afterwards, this evolution trend no longer exists at 3000 and 3500 K. The possible reason is that the effects of the temperature on the total number of species at the equilibrium stage are very small.



The amount of H2O, CO2, H2, and N2 in the three models are in the sequence of N2 > H2O > CO2 > H2. The amount of H2 is smaller compared to CO2, H2O, and N2. The formation rates of H2 are similar for the three systems (Figure 6g–i). At different temperatures, the formation rates of N2 in the three systems are in the order of M3 > M2 > M1 (Figure 6j–l). High temperatures have a significant effect on their formation, and the higher the temperature is, the greater the promotion is. Among all the final products, the number of N2 is the largest, mainly from the secondary reaction of nitrogen dioxide and NO, and its formation mechanism is the reaction of nitrogen dioxide or NO with carbon-containing fragments to produce N2, consistent with the results achieved in previous studies [25].




2.7. Decomposition Reaction Kinetics


In order to further investigate the effects of temperature and particle size on the initial decomposition, we quantitatively measured the instantaneous decomposition rate constants of the IHEM−1 nanoparticles with different sizes at different temperatures. The decay rate constant k can be calculated via the first-order expression (1) [35].


N(t) = N0 · exp[ − k(t − t0)]



(1)




where N0 is the initial amount of reactants, t0 is the onset time of initial decomposition, and k is the initial reaction rate. It can be seen in Table 3 that the decomposition rate of the IHEM−1 nanoparticles gradually accelerates with the increasing temperature during the initial decomposition stage. Therefore, an increase in the temperature accelerates the initial decomposition of the reactants. At the same temperature, it is observed that the system with smaller particle’s size has a higher rate constant (kM1 > kM2 > kM3). This implies that the kinetic decay rate of the IHEM−1 nanoparticles with smaller size is faster.



In order to obtain the pre-exponential factor and activation energy of the decomposition reaction, we fitted linear Equation (2).


ln(k) = ln(A) − Ea/RT



(2)




where A represents the pre-exponential factor, Ea is the activation energy, and R is the ideal gas constant. Figure 7 shows the logarithmic values of the initial decomposition rate (lnk) versus the inverse temperature (1/T) for the three IHEM−1 nanoparticles at different temperatures. The fitted values are also listed in Table 3. The activation energy determined via the simulations represents the apparent activation energy of the decomposition reaction. The obtained activation energies (34–44 kJ·mol−1) are significantly lower than those of bulk explosives (211 kJ·mol−1) [47] and the experimental values of IHEM−1 (220.3 and 219 kJ·mol−1) [1]. This indicates that nanocrystal explosives have significantly high sensitivity, which is also proven in the experimental results [39,40,41,42,43].





3. Computational Methods


All molecular dynamics simulations were conducted using the ReaxFF-lg reactive force field [18], as implemented in the LAMMPS software package (Version: 5 Jun 2019) [48]. OVITO software package (Version: 3.6.0) [49] was employed for crystal visualization. The initial crystal structure of IHEM−1 was taken from the Cambridge Crystallographic Data Centre (CCDC code: 2062676). IHEM−1 possesses an orthorhombic Pcab space group containing eight molecules in a unit cell with lattice vectors of a = 14.16278 Å, b =13.8636 Å, and c = 6.8291 Å. Subsequently, each unit cell was duplicated in all three directions to build a large super cell. Finally, three IHEM−1 nanoparticles were constructed with varying diameters, as shown in Figure 8. The nanoparticles were placed within the simulation box’s center. The three systems comprise 4864 atoms (Model 1, 4.38 nm), 11,476 atoms (Model 2, 5.84 nm), and 38,760 atoms (Model 3, 8.76 nm), respectively. Model 1, Model 2, and Model 3 are shortened as M1, M2, and M3, respectively. Detailed parameters of the three IHEM−1 models are shown in Table 4.



Andersen and Nosé–Hoover thermostats were used to regulate the pressure and temperature, respectively. RMD simulations were conducted over 200 ps using a time step of 0.1 fs. The trajectory files of atoms, molecular species, and their bonds were recorded every 10 fs. Heating was performed at 2000, 2500, 3000, and 3500 K for each system prior to conducting isothermal–isochoric MD (NVT MD) simulations at these temperatures with a damping constant of 10 fs. A bond order of 0.3 was used to determine the formation of chemical bonds [50]. The output files provide detailed information regarding reactants and products. Consequently, the fitting of the kinetic parameters can be achieved using the Arrhenius equation.




4. Conclusions


In this study, the effects of the particle’s size and temperature on the decomposition mechanisms of the IHEM−1 nanoparticles were simulated using the ReaxFF-lg molecular dynamics method. The results show that the initial decomposition pathways of the IHEM−1 molecules are similar for the nanoparticles with different sizes at different temperatures. The bimolecular polymerization reaction is the first step in the decomposition process. There are some differences in the quantity of the species generated during decomposition and its evolution trends, while the size of the nanoparticle does not affect the initial decomposition pathway. The formation of the hydroxyl radicals is the main decomposition mechanism with the highest reaction frequency. The degradation rate of the IHEM−1 molecules gradually rises with the increasing temperature. The IHEM−1 nanoparticles with smaller sizes exhibit greater decomposition rate constants. The activation energies for the decomposition are lower than the reported experimental values of bulk explosives, which suggests a higher sensitivity. Our study uncovers the nano effects on the thermal decomposition of nano-explosives, shedding light on the crucial facets of the decomposition process. These results could provide a valuable reference for the design of new nano-explosives.







Author Contributions


Conceptualization, methodology, and validation, Z.S. and W.Z.; formal analysis, Z.S. and J.J.; writing—original draft preparation, Z.S.; writing—review and editing, supervision, project administration, and funding acquisition, W.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, J.; Feng, Y.; Bo, Y.; Staples, R.J.; Zhang, J.; Shreeve, J.M. One Step Closer to an Ideal Insensitive Energetic Molecule: 3,5-Diamino-6-Hydroxy-2-Oxide-4-Nitropyrimidone and Its Derivatives. J. Am. Chem. Soc. 2021, 143, 12665–12674. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Wang, H.-R.; Zhao, F.-Q.; Xu, S.-Y.; Ju, X.-H. Decomposition Mechanism of 1,3,5-Trinitro-2,4,6-Trinitroaminobenzene under Thermal and Shock Stimuli Using ReaxFF Molecular Dynamics Simulations. Phys. Chem. Chem. Phys. 2023, 25, 3799–3805. [Google Scholar] [CrossRef] [PubMed]

	



Khichar, M.; Patidar, L.; Thynell, S.T. Improvement and Validation of a Detailed Reaction Mechanism for Thermal Decomposition of RDX in Liquid Phase. Combust. Flame 2018, 198, 455–465. [Google Scholar] [CrossRef]

	



Zhang, X.-Q.; Chen, X.-R.; Kaliamurthi, S.; Selvaraj, G.; Ji, G.-F.; Wei, D.-Q. Initial Decomposition of the Co-Crystal of CL-20/TNT: Sensitivity Decrease under Shock Loading. J. Phys. Chem. C 2018, 122, 24270–24278. [Google Scholar] [CrossRef]

	



Zhang, Z.; Ye, L.; Wang, X.; Wu, X.; Gao, W.; Li, J.; Bi, M. Unraveling the Reaction Mechanism on Pyrolysis of 1,3,5-Trinitro-1,3,5-Triazinane (RDX). Combust. Flame 2022, 242, 112220. [Google Scholar] [CrossRef]

	



Zhang, H.-R.; Xue, Z.-H.; Fu, X.; Liu, J.-P.; Qi, X.; Yan, Q.-L. Detailed High Temperature Pyrolysis Mechanisms of Stabilized Hybrid HMX Crystals by Intercalation of 2D Energetic Polymer. Fuel 2022, 324, 124646. [Google Scholar] [CrossRef]

	



Liu, L.; Liu, P.; Hu, S.; He, G. Ab Initio Calculations of the N-N Bond Dissociation for the Gas-Phase RDX and HMX. Sci. Rep. 2017, 7, 40630. [Google Scholar] [CrossRef] [PubMed]

	



Qian, W.; Xue, X.; Liu, J.; Zhang, C. Molecular Forcefield Methods for Describing Energetic Molecular Crystals: A Review. Molecules 2022, 27, 1611. [Google Scholar] [CrossRef]

	



van Duin, A.C.T.; Dasgupta, S.; Lorant, F.; Goddard, W.A. ReaxFF: A Reactive Force Field for Hydrocarbons. J. Phys. Chem. A 2001, 105, 9396–9409. [Google Scholar] [CrossRef]

	



Strachan, A.; Kober, E.M.; Van Duin, A.C.T.; Oxgaard, J.; Goddard, W.A. Thermal Decomposition of RDX from Reactive Molecular Dynamics. J. Chem. Phys. 2005, 122, 054502. [Google Scholar] [CrossRef]

	



Ren, C.; Li, X.; Guo, L. Reaction Mechanisms in the Thermal Decomposition of CL-20 Revealed by ReaxFF Molecular Dynamics Simulations. Acta Phys.-Chim. Sin. 2018, 34, 1151–1162. [Google Scholar] [CrossRef]

	



Wen, Y.; Xue, X.; Zhou, X.; Guo, F.; Long, X.; Zhou, Y.; Li, H.; Zhang, C. Twin Induced Sensitivity Enhancement of HMX versus Shock: A Molecular Reactive Force Field Simulation. J. Phys. Chem. C 2013, 117, 24368–24374. [Google Scholar] [CrossRef]

	



Zhang, L.; Zybin, S.V.; Van Duin, A.C.T.; Dasgupta, S.; Goddard, W.A.; Kober, E.M. Carbon Cluster Formation during Thermal Decomposition of Octahydro-1,3,5,7-Tetranitro-1,3,5,7-Tetrazocine and 1,3,5-Triamino-2,4,6-Trinitrobenzene High Explosives from ReaxFF Reactive Molecular Dynamics Simulations. J. Phys. Chem. A 2009, 113, 10619–10640. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, T.; He, Y. Initial Response of Pentaerythritol Tetranitrate (PETN) under the Coupling Effect of Preheating, Shock and Defect via the Molecular Dynamics Simulations with the Multiscale Shock Technique Method. Molecules 2023, 28, 2911. [Google Scholar] [CrossRef] [PubMed]

	



Yang, K.; Chen, L.; Liu, D.; Lu, J.; Xiao, Y.; Geng, D.; Wu, J. Anisotropic Initial Reaction Mechanism and Sensitivity Characterization of the Layered Crystal Structure Explosive ICM-102 under Shock Loading. J. Phys. Chem. C 2020, 124, 10367–10375. [Google Scholar] [CrossRef]

	



Wang, E.; Ding, J.; Qu, Z.; Han, K. Development of a Reactive Force Field for Hydrocarbons and Application to Iso-Octane Thermal Decomposition. Energy Fuels 2018, 32, 901–907. [Google Scholar] [CrossRef]

	



Sultan, M.; Wu, J.; Haq, I.U.; Mudassar, M.; Yang, L.; Wu, J.; Lu, J.; Chen, L. A Complete Thermal Decomposition Mechanism Study of an Energetic-energetic CL-20/DNT Cocrystal at Different Extreme Temperatures by Using ReaxFF Reactive Molecular Dynamics Simulations. J. Mol. Struct. 2022, 1269, 133691. [Google Scholar] [CrossRef]

	



Liu, L.; Liu, Y.; Zybin, S.V.; Sun, H.; Goddard, W.A. ReaxFF-lg: Correction of the ReaxFF Reactive Force Field for London Dispersion, with Applications to the Equations of State for Energetic Materials. J. Phys. Chem. A 2011, 115, 11016–11022. [Google Scholar] [CrossRef]

	



Wang, F.; Chen, L.; Geng, D.; Wu, J.; Lu, J.; Wang, C. Thermal Decomposition Mechanism of CL-20 at Different Temperatures by ReaxFF Reactive Molecular Dynamics Simulations. J. Phys. Chem. A 2018, 122, 3971–3979. [Google Scholar] [CrossRef]

	



Hai, L.; Xiao, D.; Yuan-Hang, H. Reactive Molecular Dynamics Simulations of Carbon-Containing Clusters Formation during Pyrolysis of TNT. Acta Phys.-Chim. Sin. 2014, 30, 232–240. [Google Scholar] [CrossRef]

	



Wen, Y.; Xue, X.; Long, X.; Zhang, C. Cluster Evolution at Early Stages of 1,3,5-Triamino-2,4,6-Trinitrobenzene under Various Heating Conditions: A Molecular Reactive Force Field Study. J. Phys. Chem. A 2016, 120, 3929–3937. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Qiao, Z.; Dai, X.; Zhang, K.; Li, M.; Pei, G.; Wen, Y. Effects of Different Types of Defects on Ignition Mechanisms in Shocked β-Cyclotetramethylene Tetranitramine Crystals: A Molecular Dynamics Study Based on ReaxFF-lg Force Field. J. Appl. Phys. 2019, 125, 195101. [Google Scholar] [CrossRef]

	



Wang, F.; Chen, L.; Geng, D.; Lu, J.; Wu, J. Effect of Density on the Thermal Decomposition Mechanism of ε-CL-20: A ReaxFF Reactive Molecular Dynamics Simulation Study. Phys. Chem. Chem. Phys. 2018, 20, 22600–22609. [Google Scholar] [CrossRef] [PubMed]

	



Du, L.; Jin, S.; Nie, P.; She, C.; Wang, J. Initial Decomposition Mechanism of 3-Nitro-1,2,4-Triazol-5-One (NTO) under Shock Loading: ReaxFF Parameterization and Molecular Dynamic Study. Molecules 2021, 26, 4808. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Z.-J.; Li, H.; Zhu, W. Reactive Molecular Dynamics Simulations on the Decomposition Process of 1,3,5-Trinitro-1,3,5-Triazine Crystal under High Temperatures and Pressure. J. Mol. Model. 2023, 29, 292. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Wu, Y.; Wang, X.; Huang, F.; Huang, X.; Wen, Y. Shock-Induced Energy Localization and Reaction Growth Considering Chemical-Inclusions Effects for Crystalline Explosives. Def. Technol. 2023, S2214914723000405. [Google Scholar] [CrossRef]

	



Badran, H.M.; Eid, K.M.; Ammar, H.Y. A DFT Study on the Effect of the External Electric Field on Ammonia Interaction with Boron Nitride Nano-Cage. J. Phys. Chem. Solids 2020, 141, 109399. [Google Scholar] [CrossRef]

	



Hu, F.; Wang, L.; Liu, Y.; Hessien, M.M.; Azab, I.H.E.; Jing, S.; Elnaggar, A.Y.; El-Bahy, S.M.; Huang, M.; Zhang, R. Molecular Dynamics Simulation and Experimental Study of 3,5-Difluoro-2,4,6-Trinitroanisole/2,4,6,8,10,12-Hexanitrohexaazaisowurtzitane Mixed Components. Adv. Compos. Hybrid Mater. 2022, 5, 1307–1318. [Google Scholar] [CrossRef]

	



Yang, M.; Liao, C.; Tang, C.; Xu, S.; Li, H.; Huang, Z. The Auto-Ignition Behaviors of HMX/NC/NG Stimulated by Heating in a Rapid Compression Machine. Fuel 2021, 288, 119693. [Google Scholar] [CrossRef]

	



Yuan, J.; Liu, J.; Zhou, Y.; Zhang, Y.; Cen, K. Thermal Decomposition and Combustion Characteristics of Al/AP/HTPB Propellant. J. Therm. Anal. Calorim. 2021, 143, 3935–3944. [Google Scholar] [CrossRef]

	



Xue, X.; Wen, Y.; Long, X.; Li, J.; Zhang, C. Influence of Dislocations on the Shock Sensitivity of RDX: Molecular Dynamics Simulations by Reactive Force Field. J. Phys. Chem. C 2015, 119, 13735–13742. [Google Scholar] [CrossRef]

	



Wang, N.; Peng, J.; Pang, A.; He, T.; Du, F.; Jaramillo-Botero, A. Thermodynamic Simulation of the RDX–Aluminum Interface Using ReaxFF Molecular Dynamics. J. Phys. Chem. C 2017, 121, 14597–14610. [Google Scholar] [CrossRef]

	



Zhong, K.; Liu, J.; Wang, L.; Zhang, C. Influence of Atmospheres on the Initial Thermal Decomposition of 1,3,5-Trinitro-1,3,5-Triazinane: Reactive Molecular Dynamics Simulation. J. Phys. Chem. C 2019, 123, 1483–1493. [Google Scholar] [CrossRef]

	



Larentzos, J.P.; Rice, B.M. Transferable Reactive Force Fields: Extensions of ReaxFF-lg to Nitromethane. J. Phys. Chem. A 2017, 121, 2001–2013. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Wang, H.; Wang, F.; Geng, D.; Wu, J.; Lu, J. Thermal Decomposition Mechanism of 2,2′,4,4′,6,6′-Hexanitrostilbene by ReaxFF Reactive Molecular Dynamics Simulations. J. Phys. Chem. C 2018, 122, 19309–19318. [Google Scholar] [CrossRef]

	



Meng, J.; Zhang, S.; Gou, R.; Chen, Y.; Li, Y.; Chen, M.; Li, Z. The Thermal Decomposition Process of Composition B by ReaxFF/lg Force Field. J. Mol. Model. 2020, 26, 245. [Google Scholar] [CrossRef]

	



Lan, Q.; Zhang, H.; Ni, Y.; Chen, J.; Wang, H. Thermal Decomposition Mechanisms of LLM-105/HTPB Plastic-Bonded Explosive: ReaxFF-lg Molecular Dynamics Simulations. J. Energetic Mater. 2023, 41, 269–290. [Google Scholar] [CrossRef]

	



Han, Q.; Zhu, W. Effect of Particle Size on the Thermal Decomposition of Nano ε-CL-20 by ReaxFF-lg Molecular Dynamics Simulations. Chem. Phys. Lett. 2020, 761, 138067. [Google Scholar] [CrossRef]

	



Zheng, K.; Wen, Y.; Huang, B.; Wang, J.; Chen, J.; Xie, G.; Lv, G.; Liu, J.; Qiao, Z.; Yang, G. The Solid Phase Thermal Decomposition and Nanocrystal Effect of Hexahydro-1,3,5-Trinitro-1,3,5-Triazine (RDX) via ReaxFF Large-Scale Molecular Dynamics Simulation. Phys. Chem. Chem. Phys. 2019, 21, 17240–17252. [Google Scholar] [CrossRef]

	



Huang, B.; Qiao, Z.; Nie, F.; Cao, M.; Su, J.; Huang, H.; Hu, C. Fabrication of FOX-7 Quasi-Three-Dimensional Grids of One-Dimensional Nanostructures via a Spray Freeze-Drying Technique and Size-Dependence of Thermal Properties. J. Hazard. Mater. 2010, 184, 561–566. [Google Scholar] [CrossRef]

	



Yang, G.; Nie, F.; Huang, H.; Zhao, L.; Pang, W. Preparation and Characterization of Nano-TATB Explosive. Propellants Explos. Pyrotech. 2006, 31, 390–394. [Google Scholar] [CrossRef]

	



Yang, G.; Nie, F.; Li, J.; Guo, Q.; Qiao, Z. Preparation and Characterization of Nano-NTO Explosive. J. Energetic Mater. 2007, 25, 35–47. [Google Scholar] [CrossRef]

	



Fathollahi, M.; Mohammadi, B.; Mohammadi, J. Kinetic Investigation on Thermal Decomposition of Hexahydro-1,3,5-Trinitro-1,3,5-Triazine (RDX) Nanoparticles. Fuel 2013, 104, 95–100. [Google Scholar] [CrossRef]

	



Zeng, J.; Cao, L.; Chin, C.-H.; Ren, H.; Zhang, J.Z.H.; Zhu, T. ReacNetGenerator: An Automatic Reaction Network Generator for Reactive Molecular Dynamics Simulations. Phys. Chem. Chem. Phys. 2020, 22, 683–691. [Google Scholar] [CrossRef] [PubMed]

	



Ji, J.; Zhu, W. Thermal Decomposition Mechanisms of Benzotrifuroxan:2,4,6-Trinitrotoluene Cocrystal Using Quantum Molecular Dynamics Simulations. Chem. Phys. Lett. 2021, 778, 138820. [Google Scholar] [CrossRef]

	



Zhu, S.; Yang, W.; Gan, Q.; Cheng, N.; Feng, C. Early Thermal Decay of Energetic Hydrogen- and Nitro-Free Furoxan Compounds: The Case of DNTF and BTF. Phys. Chem. Chem. Phys. 2022, 24, 1520–1531. [Google Scholar] [CrossRef]

	



Tang, Y.; He, C.; Imler, G.H.; Parrish, D.A.; Shreeve, J.M. Aminonitro Groups Surrounding a Fused Pyrazolotriazine Ring: A Superior Thermally Stable and Insensitive Energetic Material. ACS Appl. Energy Mater. 2019, 2, 2263–2267. [Google Scholar] [CrossRef]

	



Thompson, A.P.; Aktulga, H.M.; Berger, R.; Bolintineanu, D.S.; Brown, W.M.; Crozier, P.S.; In ’T Veld, P.J.; Kohlmeyer, A.; Moore, S.G.; Nguyen, T.D.; et al. LAMMPS—A Flexible Simulation Tool for Particle-Based Materials Modeling at the Atomic, Meso, and Continuum Scales. Comput. Phys. Commun. 2022, 271, 108171. [Google Scholar] [CrossRef]

	



Stukowski, A. Visualization and Analysis of Atomistic Simulation Data with OVITO–the Open Visualization Tool. Model. Simul. Mater. Sci. Eng. 2010, 18, 015012. [Google Scholar] [CrossRef]

	



Strachan, A.; Van Duin, A.C.T.; Chakraborty, D.; Dasgupta, S.; Goddard, W.A. Shock Waves in High-Energy Materials: The Initial Chemical Events in Nitramine RDX. Phys. Rev. Lett. 2003, 91, 098301. [Google Scholar] [CrossRef]








[image: Molecules 29 00056 g001] 





Figure 1. Evolution of the numbers of the IHEM−1 molecules in the M1 (a), M2 (b), and M3 (c) systems during the initial decomposition stages of the three models at different temperatures. 
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Figure 2. Evolution of the numbers of the total species in the decomposition for the three models at 2000 K (a), 2500 K (b), 3000 K (c), and 3500 K (d). 
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Figure 3. Evolution of the numbers of the main intermediates in the decomposition of Model 3 at 2000 K (a), 2500 K (b), 3000 K (c), and 3500 K (d). 
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Figure 4. Evolution of the numbers of small molecule products during the decomposition of the three models at different temperatures. 
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Figure 5. Peak values (column chart) and corresponding occurrence time (line chart) for the numbers of OH, NO2, HONO, and NO in the decomposition of M3 at different temperatures. 
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Figure 6. Evolution of the numbers of the final products H2O (a–c), CO2 (d–f), H2 (g–i), and N2 (j–l) in the decomposition for the three models at different temperatures. 
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Figure 7. Logarithm of the initial decomposition rate (lnk) against the inverse temperature (1/T) for the three models at different temperatures. 
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Figure 8. Schematic of molecular structure, unit cell structure and three nanoparticles of IHEM−1. 
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Table 1. Decay time (t, ps) to zero of the reactants in the decomposition of the three models at different temperatures.
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	T (K)
	Model 1
	Model 2
	Model 3





	2000
	3.54
	4.96
	7.785



	2500
	1.885
	2.56
	3.765



	3000
	1.255
	1.485
	1.915



	3500
	0.745
	1.15
	1.195










 





Table 2. Detailed initial reaction pathways in the decomposition of the three models at different temperatures. The cyan, white, blue and red spheres stand for C, H, N, and O atoms, respectively.
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	Path No.
	Type
	Reactant
	Product





	Path 1
	Intramolecular H transfer
	[image: Molecules 29 00056 i001]
	[image: Molecules 29 00056 i002]



	Path 2
	Intramolecular H transfer
	[image: Molecules 29 00056 i003]
	[image: Molecules 29 00056 i004]



	Path 3
	Intermolecular H transfer
	[image: Molecules 29 00056 i005]
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	Path 4
	Intermolecular H transfer
	[image: Molecules 29 00056 i007]
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	Path 5
	Small moleculeformation (OH)
	[image: Molecules 29 00056 i009]
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	Path 6
	Small moleculeFormation (NH2)
	[image: Molecules 29 00056 i011]
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	Path 7
	Small moleculeformation (NO2)
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	Path 8
	Small moleculeformation (NH2)
	[image: Molecules 29 00056 i015]
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	Path 9
	Small moleculeformation (H)
	[image: Molecules 29 00056 i017]
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	Path 10
	Small moleculeformation (H)
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	Path 11
	Small moleculeformation (H2O)
	[image: Molecules 29 00056 i021]
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	Path 12
	Ring breakage (C-N)
	[image: Molecules 29 00056 i023]
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	Path 13
	Ring breakage (C-N)
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	Path 14
	Ring breakage (C-N)
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	Path 15
	Ring breakage (C-N)
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	Path 16
	Rearrangement of –NO2
	[image: Molecules 29 00056 i031]
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	Path 17
	Bimolecular polymerization
	[image: Molecules 29 00056 i033]
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Table 3. Activation energies (Ea, kJ·mol−1), pre-exponential factors (lnA, ps−1), and rate constants (k, ps−1) for the decomposition reactions of the three models at different temperatures.
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	T (K)
	kM1/ps−1
	kM2/ps−1
	kM3/ps−1





	2100
	4.44
	3.52
	2.70



	2400
	6.92
	5.95
	4.26



	2700
	9.66
	7.91
	6.11



	3000
	12.51
	8.36
	8.27



	Ea (kJ·mol−1)
	40.03
	34.81
	43.06



	lnA (ps−1)
	3.88
	3.40
	3.56










 





Table 4. Detailed parameters of the three IHEM−1 models.
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	Model
	Atoms
	Molecules
	Length of Box (Å)
	Particle Diameter (nm)





	1
	4864
	256
	43.883
	4.38



	2
	11,476
	604
	58.511
	5.84



	3
	38,760
	2040
	87.767
	8.76
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
14

(sd) oy,

12

450

S o v v a o
)

z

)

z

S

X

g'

iz

5 _—

S 2o g 9299 29 9 °
g2 888823 8R
Faada =

syudwISeay Jo JdquInN

3000 3500

2500

2000

T (K)





media/file27.png





media/file43.png





media/file18.png





media/file44.png





media/file26.png





media/file12.jpg
26 81x+3.88 R =099 ~419x+ 340 R = 096
2
24 Ly
20
2 =
<
Ere
* Model 1 14] * Model2
16 N
12
14
025 030 03 0 0ds 050 025 030 035 0w ods 0%
1000/T (K™) 1000/T (K™)
22 =-5.18x +3.56 R’ =0.994|
20
- 18
£
3
F 14
2] = Model3
10
025 030 03 0 0k 050

1000/T (K™)






media/file14.jpg
C atom: cyan sphere

H atom: white sphere
< O atom: red sphere.

N atom: blue sphere
IHEM-1 molecule IHEM-1 unitcell

Model 1 (d=4.38 nm) Model 2 (d

84 om) Model 3 (d = 8.76 nm)





media/file35.png





media/file28.png





media/file5.png
Number of components

Number of components

’:C4N504H4 = CNOH ——CN;OH, ——CNOH; —— N, Oy H,,

CNOH, ==CNOMH, ===CNO, ===CNO  =———CNOH

400

350 -

300 -
250 -
200 -

150 +

504 |

() -

1004 |

;C4N504H4 —CN;OHg ——CNLOGH, ——CNOH; —— N, Oy Hy,

CNOH, ===CN,OH, ===CNO, ===CNO  =—=CNOH

400

350 -

300 -

250:
200:
150:
100:

504 1)

() -

o 1 2 3 4 5 6 7T 8 9

Time (ps)
(c)

Number of components

Number of components

;(74[‘504“4 = CNOsHg = C,NO;H, ———CN,OsH; ——CyN; Oy Hy,

CNOMH, =——=CNOH, =—=CNO, =—=—=CNO  =———CNOH
400 —
350 250
1 / 200
300 - -
2 50 o 100
: S0
200 -
150 -
100 -
50 -
O i ] L L} L] L I L] L] 1 L]
0 1 2 3 4 5 6 7 8 9 10
Time (ps)
(b)
CNOH, == C NOH, == C NOH, =C,N,0H,; —— N, 0,H,,
;(;NJ).,HZ e CNOHy ===CNO,  ===(NO = =——=CNOH
400
. T =3500 K
350
300
250 -
200 -
150 -
100 -
504 |
0 - i






media/file19.png





media/file45.png





media/file36.png





nav.xhtml


  molecules-29-00056


  
    		
      molecules-29-00056
    


  




  





media/file11.png
4500
© 1 M1 —2000 K
= 4000+ ——2500 K
& 3500 ——3000 K
=] 1 o0 — 3500 K
g 30004 .
Q. 2500
E 20004 =
© 1 =
:-u) ]500-‘ 1o
E ]OUO- 5: 2 4 L3 ] m 12 14 3 8 0
= 1 / )
7 500+
(.] - T i T - T - T g T - T - T - T v L -
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
(a)
900
o M1 ——2000 K
= 8001 ——2500 K
2 7004 ——3000 K
=) — 3500 K
g 6004
-~
O 5004 «
C ] -
c bl ]
.E 300 - .
E 200- / 2 4 0o H 1w 12 14 16 1= 0
2 100
0- L] - L] - L] - L] - L] - L] - L] - L] - L] - 1
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
800
M1 —2000 K
,1; 700 - —2500 K
S 600- — 300K
= " ——3500 K
£ 5004 «
~l S0
= 4004
t.s 30
o 300 - "
m m
gzou. 104 e 8 10 12 4 16 18
Z 0l /
Z. 100+
e e e
0' T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
5000
45004 M1 ——2000 K
— 2500 K
40001 ——3000 K
3500 - 3500 K
3000 -
L

Number of N, molecule
(e

2 4 & B I0 12 14 16 18 B

20 40 60 80 100 120 140 160 180 200
Time (ps)

4500

= 4000 —— 2500 K
2 3500] ——3000 K
=) 1 ——3500 K
£ 3000
Q, 25004 ..
E 20004
c ] h 2 4 & ] mn 12 14 16 18 0
E 150()-‘ /
g 1000+ ——]
Z 5004
0+
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
900 2000 K
2 800 M2 S
< 1. 2500 K
S 700 .| —3000K
= ———3500 K
E 600{
\ B 100 4
O 5001
O
;.5 400 + -~ e—"
h 300- i -’i l‘! L3 1‘0 12 I‘l Irﬂ'- 1‘8 n
o /
o
S 2004
2 100 -
(] T T T T T T Ll L] T
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
(e)
800
) M2 ——2000 K
= %7 ——2500 K
S 6004 . 3000 K
= ——3500 K
g s004 "
~ 0
= 4004
h El
=]
s 300- 1 4 ] & L LU - E U [T R
"E 200 -
-
Z  100-
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
5000
o 45001 M2 ——2000 K
% o] - ——2500 K
g 7 L. ——3000 K
= 35009 ] ——3500 K
E 3000 )
e ]
Z 25004 ™
t L 2iH) 4
s 2(}0() -': 2 4 & L] 1L 12 14 s 18 o
2 1500+ /
g
-
Vs

0
0

20 40 60 80 100 120 140 160 180 200
Time (ps)

(k)

=
=
[*]
=
=)
£
-
~l
s
S
)
o)
= —2000 K
g 1000 ——2500 K
Z 500 ——3000 K
0 T4 6 & M 1 14 16 I8 » 3500 K
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
(c)
900
¥
~ 8004
5
S 700+
= _
S 600-
1
Qo 500+ ﬂ
8 400 4
)
= 300+
= _ —2000 K
7 100+ —~ | ——3000K
0 T4 6 & W 12 14 16 1% 11_3500K
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
800
1 M3
@ 7004
= .
& 600-
E E
500 -
~ I —2000 K
E 400 - / ——2500K
=) 1 = 3000 K
= 3007 : ——3500 K
a L -
S 2004
= L
Z 1004
0 ] L Ll 1 L] T 1 ] L]
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
(1)
5000
1 M3
o 4500
S 4000 1
2 L
S 35001
£ 3000-
e~ )
Z. 2500
‘s 1
s 2()00-.
= 15004 ——2000K
E 1000 —— 2500 K
Z <00 ——3000 K
: i . 1] " 17 " 113 " 1 350“K
0+

0 20 40 60 80 100 120 140 160 180 200

Time (ps)

1





media/file41.png





media/file37.png





media/file10.jpg
[ —
LPEEHEBELE

Time ) Time )
@ C]
HeE i:
o] iz
g1 £
H - 5
i 14
= i
e oo iy
@ () ®
i == 141 == iz
i i He
e o= . i
ey Temimmee  ihemaeee
(8 () )

e =B

Time o

m






media/file24.png





media/file3.png
—_—
3
"

S
|
]
=
1

n =)
] ja
= =
I

Number of total specie
Lo
o
=

—_ 2 o
) = ]
o= = =
IR TR |

=
L.

2000 K

0 20 40 60 80
Time (ps)

100 120 140 160 180 200

Number of total species
[y 4+
= =

]
=
1

=
[

—— M1l
—— M2
—— M3

3000 K

0 20 40 60 80

100 120 140 160 180 200
Time (ps)

(b)
w 700 - —— M1
12 . __Mz
2 600 - — M3
2 |
wn
— 500 -
E »
= 400 -
[
= .
w 300 =
w .
o)
£ 200 -
= '
Z. 100 -
0_‘ 2500 K
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
(d)
@ 7004 — M1
'E Mz
S 600 M3
=
wn
= 500+
=
= 400 -
-
e
= 300 -
(=]
i ]
£ 200 -
-
Z. 100 4
0_‘ 3500 K

0 20 40 60 80 100 120 140 160 180 200
Time (ps)





media/file42.png





media/file38.png





media/file25.png





media/file0.jpg
Number of IHEM-1

0.

Number of IHEM-1
H

00 o5 To T

Time (ps)

@

3

Number of IHEM-1

55 00 05 10 15
© 00K ——Fited

- B0K ——Fied

© 00K —— Fitted
0K ——Fitted
s

AR
“Time (ps)

[C]

BT
- sk
BT
- WK

M

20 25 30 35 40 45 50
Time (ps)

(b)






media/file30.png





media/file13.png
2.6 y =—4.81x + 3.88 R2=0.998 y =—4.19x + 3.40 R*=0.966
] 2.2-
2.4- - "
- 2.0-
2.2- o !
- e 1.8 -
2.0 @ . -
o v .6-
1.8 =
. = Model 1 1.4 = Model 2
1.6 - - .
- 1.2
14 . r . r . T . T . T . T . r . r . r . T
025 030 035 040 045 050 025 030 035 040 045 050
1000/T (K™ 1000/T (K™)
2.2- y =—5.18x + 3.56 R*=0.994
2.0-
!—I< 1.8'
7 ) .
j_E: 1.6
Q f
= 1.4
12] = Model3
1.0
025 030 035 040 045 0.50

1000/T (K





media/file31.png





media/file48.png





media/file39.png





media/file9.png
HONO  NO |

~ OH I NO,

450

T T 1
o o O
) - )
oS NN o 0 N @\

— T 111
o o o O
v O N

1 1
S S
- S
<3 @\ o —_—

SJUDWIGRIAJ JO JaqUINN

2500 3000 3500

2000

T (K)





media/file22.png





media/file23.png





media/file40.png





media/file15.png
C atom: cyan sphere
H atom: white sphere
O atom: red sphere
N atom: blue sphere

IHEM-1 molecule IHEM-1 unitcell

Model 1 (d = 4.38 nm) Model 2 (d = 5.84 nm) Model 3 (d = 8.76 nm)





media/file32.png





media/file49.png





media/file2.jpg
R RN

Number of total specie:
H

H

H

H

g

H

g

p

Number of total species

3

W] 0.
-
—m| o
5
2 s0.
E a0
£ 0.
2
2 200,
H
Z 1w
2000 K| o 2500K
020 40 60 80 100 120 140 160 150 200 20 40 60 80 100 120 130 160 150 200
Time (ps) Time (ps)
—m
-
—
3000 K 4 3500K
20 40 60 80 100 120 140 160 150 200 § 20 40 60 S0 100 130 130 160 150 200

Time (ps)






media/file46.png





media/file6.jpg
2500 K

Timeton

[

‘Number of compancats
¥

Time ()

h Time () h

Timetps)

Time ()

Time ()

; Timetp)

Model 1

¥ 558

Time () N

Model 2

Time ()

Model 3





media/file29.png





media/file1.png
Number of IHEM-1

600 .
250J - 2000 K —— Fitted _ — Fitted
' - 2500 K —— Fitted 2' 500 —— Fitted
200411 ¢ 00K —Fited | & Fitted
+ 3500 K —— Fitted — — Fitted
150 - o
S 300
|} 2
1004 2
" M1 g 2007 M2
=
50 - Z 100 -
0- — O-I - 1 v 1 - 1 - |} - | | - | ] - T - 1 - 1 -
00 0. _ _ . s 30 35 00 05 1.0 1.5 2.q 2.5 3.0 3.5 40 45 5.0
Time (ps)
(b)
— 1800 2000 K ——— Fitted
. - 2500 K — Fitted
EISOO . 3000K —— Fitted
E 1200 v 3500 K — Fitted
-
]
= 900
=P
]
£ 600- M3
- l
Z 300 -
0- | | | | | | | ] | ] | ] | |

0 1 2 3 4 5 6 7 8
Time (ps)

(c)





media/file16.png





media/file20.png





media/file50.png





media/file7.png
Number of components

/ th )
“Wﬂ.ﬂhf

0 20 40 60 80 100 I20 140 160 180 200

Time(ps)

Number of components

0 20 40 60 80 100 120 140 160 180 200

Time(ps)
3000 K
a0l - “ A
|y m.
gso- ' m..«:.m:,a‘;?f#“f*“@
5
3
£
-
4

0 20 40 60 80 100 120 140 160 180 200

Time(ps)
3500 K
140
< 120+ “
=
g
100 - .
=
Q- m \. ,, l 1 .‘“MW
E sl RSN
Q 4 & L] 1
——C0 ——NO, —NH, ——NH,
% 60 - ——O0H ——NO ——HNO, — 1
S
o
-1
£
-
4

0 20 40 60 80 100 120 140 160 180 200
Time(ps)

Model 1

Number of components

240 - o
ot ’k
’ h
- 40 f"-,-‘\ "‘ 3
160 % mww"'* "'."LAMP'._
1201 " o —No, — N, —m,
——OH ——NO ——HNO, —H
80

H
(=)

Number of components

1 2 ) 6 % 10]

——C0 ——NO, ——NH, ——NH,
~——OH ——NO ——HNO, —H

(= 4 & wn (=2}
(=3 S (=1 =] (=3
(=1 = [=] o (=1
A L A L

=
o
1

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time (ps) Time (ps)
240 - 160 b an
3 120 3
500 4
g 2004 g
- :
£ 160+ 2 400+
=" :
:: 120 - '  —co —NO,"—NH,K —NHI," :_’ 3001 ‘ . ' . r ' )
1) ~OH ——NO ——HNO, —H ) A - R
- - ~——OH ——NO ——HNO, —H
o 80+ 5 2001
E E
= 40 = 1001
z. Z
0 L] L) L] T L] L) L) L] L] L) L] Ll = T
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time (ps) Time (ps)
240 4 o8
ﬁ 120 $ 500_
S 200{ g
- -
n- ]60" ™ n- 400“
= :
: 120 + ’ —col—No,‘—.\'u, —NHI,“ : 3001 .
= —OH ——NO ——HNO, —H = T Ty =l L
.- ——OH ——NO ——HNO, —H
S 80- o 200+
E E
E 40 = 100
Z .
0 0
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time (ps) Time (ps)
600
240
Z £ 5004
5 200+ g
= g
2 160+ &, 400
- :
< 120 ’ ’ —co —no, —NH ' —NHI" © 300+
o 4 2 3 L—
15) ~