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ABSTRACT 

The cyclic compounds RDX and HMX are the most important nitramine energetic 

ingredients commonly used in many applications, including, among others, explosives and rocket 

propellants. In this work, a detailed reaction mechanism was developed for the thermal 

decomposition of nitramines RDX and HMX in the liquid phase using extensive quantum 

mechanics calculations and important reaction pathways were discovered. The reaction mechanism 

was further expanded by investigating the reactions of the intermediate species leading to the 

formation of experimentally observed final decomposition products.  

The comprehensive mechanism was then validated for the case of HMX using synergetic 

application of thermal decomposition experiments and kinetic modeling. CH2O and N2O were 

detected as the major decomposition products at all heating rates considered in the TGA 

(thermogravimetric analysis) experiments and all set temperatures considered in the CRT (confined 

rapid thermolysis) experiments. Other decomposition products that were detected and quantified 

include H2O, NO2, NO, HCN, CO and CO2. A homogeneous liquid-phase reactor model was 

developed to simulate the TGA and CRT experiments. Computational mass loss and species 

evolution profiles were in reasonable agreement with the corresponding experimental results, thus 

validating the comprehensive reaction mechanism. Based on a sensitivity analysis, important 

reactions were identified that lead to the simultaneous formation of CH2O and N2O. Autocatalytic 

prompt oxidation pathway via addition of HONO molecules due to the cage effect and hydrogen 

abstraction via NO2 were found to be the dominant pathways for the decomposition of HMX and 

various intermediates species. 

In addition to the liquid-phase mechanism, the gas phase decomposition mechanism was 

also updated based on a comparative ab-initio study by adding the early ring-opening and hydrogen 
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abstraction reactions along with the reactions of species evolving from the liquid-phase 

decomposition. G4(MP2) method was found to provide most accurate results for enthalpies of 

formation of nitramine species when benchmarked against experimental data as well W1BD 

method. For the calculations of reaction barrier heights using DFT, M06-2X functional was found 

to provide accurate results when benchmarked against G4(MP2) method. Variational effects in the 

transition state were found to be negligible and thermodynamic formulation of the conventional 

transition state theory was used to calculate rate constants with improved tunneling corrections 

using Eckart method.  

Molecular parameters required for the calculations of transport properties during 

combustion modeling were obtained using intermolecular potentials for various organic energetic 

materials. Quantum mechanics calculations were used to parametrize analytical Buckingham 

potentials which were then used to obtain Lennard-Jones collision parameters. Instead of choosing 

a particular bath gas and a combining rule, a novel approach was proposed to obtain the self-

interaction Lennard-Jones parameters using all bath gases and different combining rules via least-

square optimization. A comparative sensitivity analysis was also performed and the temperature 

gradient controlling the burn-rate of RDX was found to be more sensitive to the transport 

parameters than to the reaction rate parameters. 

The detailed liquid- and gas-phase mechanisms along with the thermodynamic and transport 

properties were used in a multiphase combustion model for HMX monopropellant. The pressure 

dependent burn-rate, and temperature and species profiles in liquid and gas phase were obtained. 

The importance of including the liquid phase decomposition in combustion modeling was also 

analyzed. The predicted burn-rate and melt layer thickness are in excellent agreement with the 

experimental values. 
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CHAPTER 1      

INTRODUCTION  

1.1 Background and Motivation 

Nitramine-based energetic materials contain nitro groups chemically bound to other 

nitrogen atoms: N-NO2. Dimethylnitramine, (CH3)2N-NO2, is one of the simplest compounds of 

this type and it is often used as a test species for understanding the combustion of nitramines-based 

energetic materials. Among other nitramines, the cyclic compounds RDX (hexahydro-l,3,5-trinitro-

l,3,5-triazine) and HMX (octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazine), as shown in Figure 1-1, are 

the most important energetic ingredients commonly used in many applications, including, among 

others, explosives and rocket propellants. A large amount of energy and gas is released during the 

combustion of RDX and HMX, and hence they have high values of impetus for gun propellants 

and specific impulse for rocket propellants. They are viewed as environmentally friendly since their 

combustion products are non-toxic and non-corrosive. Due to their relatively low sensitivity to 

accidental ignition and high detonation velocity relative to other explosives, they are also used as 

important energetic ingredients in low vulnerability ammunition. Table 1-1 shows the composition 

of some of the nitramine-based gun propellants [1].  

  

(a) (b) 

Figure 1-1. Molecular structures of (a) RDX and (b) HMX 
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Table 1-1. Composition of some of the nitramine-based gun propellants 

Propellant Ingredients Weight (%) 

M43 

RDX 

Cellulose Acetate Butyrate 

Nitrocellulose (12.6% N) 

Energetic Plasticizer 

Ethyl Centralite 

Total 

76.0 

12.0 

4.0 

7.6 

0.4 

100.0 

XM39 

RDX 

Cellulose Acetate Butyrate 

Nitrocellulose (12.6% N) 

Acetyl Triethyl Citrate 

Ethyl Centralite 

Total 

76.0 

12.0 

4.0 

7.6 

0.4 

100.0 

HMX2 

HMX 

Polydiethylene Glycol Adipate 

Total 

80.0 

20.0 

100.0 

A quantitative understanding of chemical kinetics during thermal decomposition is 

necessary for predictive modeling of ignition, combustion and detonation behavior of explosives 

and solid propellants containing RDX and HMX as ingredients. A general survey and discussion 

of combustion characteristics of various types of solid propellants was presented by Kubota [2]. 

Thermal behavior of RDX and HMX, i.e. physical properties, phase change and associated kinetic 

data, thermal decomposition, ignition, and self-deflagration, was extensively reviewed by Boggs 

[3]. Fifer presented a review of ignition and combustion chemistry including catalysis of nitramine 

propellants [4]. Alexander et al. reviewed the status of our understanding of the chemistry and 

physics of nitramine propellant ignition and combustion, as well as provided a roadmap for 

systematic investigation of nitramine propellants [5]. Recent advances in ignition and combustion 

modeling of various solid propellant ingredients were comprehensively reviewed by Beckstead et 
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al. [6]. Different chemical kinetics mechanisms, as well as combustion models, were summarized, 

and current capabilities and deficiencies of the numerical models were highlighted.  

Extensive investigations on RDX and HMX have focused on structural characterization 

[7ï12], phase transformation [13ï18], thermo-physical properties [19ï21], thermal decomposition 

behavior [22ï28], detonation characteristics [29ï35], as well as burn-rate and gas-phase flame 

structure [36ï42]. During the past few decades, theoretical studies have also become increasingly 

important for predictive modeling of the ignition, combustion and detonation behaviors of these 

energetic materials [43ï49]. A large number of reactive molecular dynamics studies [50ï55] have 

also been performed with a focus on detonation characteristics. 

Most of these studies have investigated the gas-phase or solid-phase decomposition of 

HMX and RDX. However, very little attention has been given to liquid-phase decomposition of 

RDX and HMX relevant to combustion modeling, even though the melt layer has been observed at 

the surface of burning propellants [56]. The liquid-phase decomposition in various combustion 

models [44,46,47] is still represented by a global mechanism [57,58], as shown by reaction (R1) ï 

(R4), which is inadequate for rigorous combustion modeling. The global mechanisms do not 

accurately capture the evolution of various decomposition products from the condensed phase into 

the gas phase above the surface of the burning propellants. This may also lead to inaccuracies in 

the gas-phase combustion mechanisms. Hence, liquid-phase chemical kinetics needs further 

investigation.  

 RDX  3 (H2CN + NO2) (R1) 

 RDX  3 (CH2O + N2O) (R2) 

 HMX  4 (H2CN + NO2) (R3) 

 HMX  4 (CH2O + N2O) (R4) 
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From the studies as reviewed above, it is evident that an important step towards predictive 

modeling of burning characteristics of such a complex, reacting and multi-phase transport system 

is to develop a detailed gas-phase as well as a liquid-phase chemical kinetics mechanism of 

nitramines. In addition to kinetics data, the models of decomposition and combustion of energetic 

materials also require accurate thermodynamics and transport properties such as heats of formation, 

specific heats, coefficients of diffusion, viscosities and thermal conductivities of species. A large 

number of studies has been reported on hydrocarbon combustion modeling, however, there is still 

a dearth of thermodynamic and transport data which can be directly applied to combustion 

modeling of energetic materials. Hence, there is a need to obtain these thermophysical properties 

for energetic materials directly from first principles which can be validated against experimental 

results and give predictive capabilities where experimental data are not available.  

1.2 Overview of the Dissertation 

Based on the concluded discussion, the objectives of this dissertation are identified and the 

research work is organized into seven chapters. Chapter 1 presents the background and motivation 

for this research. In Chapter 2, a comprehensive chemical kinetics mechanism for liquid-phase 

decomposition of RDX and HMX is developed using quantum mechanics calculations. Important 

reaction pathways for the initiation of decomposition in the liquid phase are identified. The 

mechanism is further expanded and validated for HMX using synergetic application of quantum 

mechanics calculations, chemical kinetic modeling and thermolysis experiments, as described in 

Chapter 3. The species evolving from the liquid-phase decomposition affects the gas-phase 

combustion chemistry. Hence, in Chapter 4, the gas-phase decomposition and combustion 

mechanism for nitramines is updated based on a comparative ab-initio study of thermochemistry 

of species and reactions. Chapter 5 reports the quantum mechanics based intermolecular potentials 

and molecular parameters required for transport property calculation during combustion modeling 
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of various organic energetic materials. Chapter 6 presents the multiphase combustion model for 

HMX monopropellant which utilizes the detailed liquid- and gas-phase chemical kinetics 

mechanisms along with the thermodynamics and transport properties of HMX. Finally, the major 

findings are summarized in Chapter 7 and the recommendations are made for future work.  

The work presented in this dissertation is based on parts from the following publications: 

1. Patidar, L. and Thynell, S.T. Quantum mechanics investigation of initial reaction pathways and 

early ring-opening reactions in thermal decomposition of liquid-phase RDX. Combustion and 

Flame, 178, 2017, pp.7-20, https://doi.org/10.1016/j.combustflame.2016.12.024. (Chapter 2) 

2. Patidar, L., Khichar, M. and Thynell, S.T. Identification of initial decomposition reactions in 

liquid-phase HMX using quantum mechanics calculations. Combustion and Flame, 188, 2018, 

pp.170-179, https://doi.org/10.1016/j.combustflame.2017.09.042. (Chapter 2) 

3. Patidar, L., Khichar, M. and Thynell, S.T. A Comprehensive Mechanism for Liquid-phase 

Decomposition of 1,3,5,7-Tetranitro-1,3,5,7-tetrazoctane (HMX): Thermolysis Experiments 

and Detailed Kinetic Modeling. Combustion and Flame, 212, 2020, pp.67-78, 

https://doi.org/10.1016/j.combustflame.2019.10.025. (Chapter 3) 

4. Patidar, L., Khichar, M. and Thynell, S.T. Intermolecular potential parameters for transport 

property modeling of energetic organic molecules. Combustion and Flame, 200, 2019, pp.232-

241, https://doi.org/10.1016/j.combustflame.2018.11.026. (Chapter 5) 

5. Patidar, L., Khichar, M. and Thynell, S.T. Modeling of HMX Monopropellant Combustion 

with Detailed Condensed-Phase Kinetics. In AIAA Propulsion and Energy 2019 Forum (p. 

4210), https://doi.org/10.2514/6.2019-4210. (Chapter 6) 

https://doi.org/10.1016/j.combustflame.2016.12.024
https://doi.org/10.1016/j.combustflame.2017.09.042
https://doi.org/10.1016/j.combustflame.2018.11.026
https://doi.org/10.2514/6.2019-4210
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CHAPTER 2       

LIQUID -PHASE DECOMPOSITION MECHANISM  OF RDX AND HMX  

2.1 Introduction  

During thermal decomposition of RDX and HMX, various gaseous species, including 

CH2O, N2O, HCN, NO, NO2, CO, CO2, and H2O, evolve from the condensed phase depending on 

the experimental conditions such as heating rate, sample size and environment [22ï25]. These 

products have been identified by rapid-scan/FTIR spectroscopy [22] and triple quadruple mass 

spectrometry [25]. Temporal evolution profiles of gaseous decomposition products of various 

energetic materials have been probed using simultaneous thermogravimetric modulated beam mass 

spectrometry (STMBMS) [26,27] and confined rapid thermolysis (CRT)/FTIR spectroscopy [28]. 

However, due to fast reactions and short-lived intermediates, experimental identification of the 

reaction products and the elementary reactions is quite challenging. Recently, quantum mechanics 

calculations have been performed in many theoretical studies to probe solid-phase and gas-phase 

decomposition of HMX. Based on these studies, various decomposition pathways have been 

proposed [59ï62]. These pathways fall into four categories ï (1) N-NO2 bond dissociation (2) 

HONO elimination (3) concerted symmetric ring fission to three or four methylene nitramine 

molecules, i.e., CH2NNO2, and (4) C-N bond scission of the ring. However, these pathways have 

been investigated for the solid-phase and the gas-phase decomposition only. A brief review of these 

pathways in the solid phase and the gas phase is given below along with their importance in the 

liquid phase as investigated later in this chapter.  

Truong and co-workers [62ï64] performed direct dynamics calculations for the gas-phase 

decomposition of Ŭ-HMX at B3LYP/cc-pVDZ level of theory. Based on the analysis of rate 
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constants calculated using transition state theory, they found that the N-NO2 bond fission is the 

preferred decomposition pathway. Molt et al. [11,12] used high-level ab initio methods to compute 

the geometries and energetic ordering of various conformers of RDX and HMX in the gas phase. 

In a subsequent study [65], they were the first to locate a well-defined transition state for N-NO2 

bond homolysis during gas-phase decomposition of RDX. With a barrier of 41.9 kcal/mol, HONO 

elimination was found to be the dominant initial reaction. The equivalent barrier for N-NO2 

homolysis was 53.9 kcal/mol. However, a recent study [66] on rate constants using variable reaction 

coordinate transition state theory have concluded N-NO2 bond dissociation as the dominant 

pathway in the gas phase. The backward reaction, i.e., radical recombination has negligible barrier. 

Hence, due to the barrierless reverse reaction, this step probably does not play a significant role in 

the liquid phase. 

Decomposition of RDX and HMX from their excited electronic states and related anionic 

species was investigated by Bernstein and co-workers [67ï69]. NO2 and HONO were ruled out as 

sources for NO formation, which indicates that the decomposition mechanism is different in the 

excited states as compared to the ground states. Zhang et al. [70] found that H+ and OH- accelerates 

the decomposition of HMX in the gas phase, however, in the aqueous solution, this is true for OH- 

only. Kuklja and co-workers [71ï74] investigated gas-phase and solid-phase decomposition of ɓ- 

and ŭ-HMX, and observed that N-NO2 bond fission is the dominant pathway in the gas phase. In 

the solid phase, N-NO2 bond fission is also the dominant pathway for ɓ-HMX, however, the 

exothermic HONO elimination channel is found to be more favorable in ŭ-HMX.  

The barrier for the third pathway, i.e., concerted symmetric ring fission in the gas phase is 

59.4 kcal/mol for RDX [60] and 71.8 kcal/mol for HMX [59]. The C-N bond distance at the 

transition state is relatively large, and steric effects in the condensed phase would inhibit this 
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reaction. This physical constraint coupled with relatively large barriers indicates that this pathway 

is very unlikely in the liquid phase.  

In the fourth pathway involving C-N bond scission of the ring, oxygen migration takes 

place from nitro group to the neighboring carbon atom leading to the formation unstable ring 

intermediates. However, the barrier for this reaction in the gas phase is 52.7 kcal/mol for RDX [60] 

and 55.3 kcal/mol for HMX [61]. Hence, we believe RDX and HMX are unlikely to undergo this 

reaction in the liquid phase as well.  

Moreover, the temporal evolution of final products from the experimental study [27] 

indicates early ring-opening reactions due to the presence of carbon-containing species such as 

HCN, CH2O, CO, and CO2. Also, RDX and HMX can decompose via various other pathways as 

evident from the wide variety of decomposition products observed experimentally, such as amides 

[75], which cannot be explained through simple unimolecular reactions. Behrens and Bulusu [27] 

used simultaneous thermogravimetric modulated beam mass spectrometry and isotope scrambling 

experiments to study thermal decomposition of RDX and HMX, and proposed four primary 

reaction pathways for condensed phase decomposition RDX and HMX as discussed below: 

I. The first decomposition pathway is N-N bond dissociation, which results in the formation 

of NO2, CH2N, and methylenenitramine (CH2NNO2) molecules. CH2N reacts with CH2O 

to form amides such as CH3NHCHO whereas NO2 reacts with CH2O to form H2O, CO and 

NO. CH2NNO2 can decompose to HCN and HONO or CH2O and N2O. 

II.  In the second pathway, RDX and HMX undergo HONO elimination and subsequently 

decompose to HCN, HONO, NO, NO2 and H2O via methylenenitramine (CH2NNO2) 

molecule and HONO self-reaction.  
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III.  The third pathway involves displacement reaction where NO2 is replaced by NO leading 

to the formation mono-nitroso analog of RDX and HMX, i.e., 1-nitroso-3,5-dinitro-1,3,5-

triazinane (ONDNTA) and 1-nitroso-3,5,7-trinitro-1,3,5,7-tetrazocane (ONTNTA), which 

further decompose to NO2, N2O, CH2O, and amides. 

IV.  In the fourth pathway, RDX and HMX react with the products of decomposition in 

ñautocatalytic-likeò reactions and produces NO2, N2O, and CH2O.  

However, kinetic data for these reactions are not available. Hence, the elementary reactions 

in the liquid-phase need to be investigated to formulate the detailed chemical kinetics mechanism 

of these nitramines that can explain the experimental observations as discussed above. Due to the 

difficulties in experimental identification of intermediates and elementary reactions in liquid-phase, 

a complementary study using quantum mechanics is performed to identify early ring-opening and 

subsequent reactions during thermal decomposition of RDX and HMX. Various initiation and 

subsequent reactions including the early ring-opening reactions are identified and grouped into 

pathways as proposed by Behrens [27]. Section 2.2 outlines the computational details and the 

results of the computations are presented in section 2.3 followed by concluding remarks in section 

2.4.  

Decomposition reactions identified in this study are used to develop a detailed liquid-phase 

chemical kinetics mechanism of these nitramines. Solid-phase mechanism consisting of solid-solid 

phase transitions and thermal decomposition steps is also very important, however, only liquid-

phase chemical kinetics is investigated in this chapter. The detailed chemical kinetics mechanism 

in the liquid phase, in conjunction with appropriate solid-phase and gas-phase mechanisms, will  be 

used in a three-phase deflagration models to investigate burning characteristics of nitramine 

monopropellants. 
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2.2 Computational Details 

Gaussian 09 quantum chemistry software package is used for carrying out all electronic 

structure calculations [76]. Density functional theory (DFT) with the Becke three-parameter hybrid 

density functional approximation with the LeeïYangïParr correlation functional approximation 

(B3LYP) [77] has been used. The basis set 6-311++G(d,p) is used to optimize the geometries of 

reactants, products, intermediates and transition states. Three implicit solvation models, IEFPCM 

[78], SMD [79] and CPCM [80] along with three solvents ï water (Ů = 78.36), acetonitrile (Ů = 

35.69) and diethyl ether (Ů = 4.24) ï are compared for liquid-phase calculations. Table 2-1 shows 

the results with different combinations of solvation models and solvents for HONO elimination 

reaction of RDX. 

Table 2-1. Comparison of solvation models for HONO elimination reaction of RDX 

Solvation 

model 
Solvent 

ȹHÿf 

(kcal/mol) 

ȹGÿf 

(kcal/mol) 

ȹHr  

(kcal/mol) 

ȹGr  

(kcal/mol) 

IEFPCM  

Water 39.37 38.27 -13.4 -27.3 

Acetonitrile 39.28 38.17 -13.5 -27.5 

Diethyl ether 38.39 37.39 -14.5 -28.3 

SMD 

Water 38.78 38.58 -12.4 -25.3 

Acetonitrile 39.45 39.45 -13.5 -26.7 

Diethyl ether 38.34 37.84 -15.1 -28.9 

CPCM 

Water 36.96 36.91 -15.1 -28.3 

Acetonitrile 39.34 38.20 -13.4 -27.4 

Diethyl ether 38.69 37.55 -14.1 -27.9 

The three solvation models are consistent with each other within ~2.5 kcal/mol for both 

forward barriers (i.e. ȹGÿ
f and ȹH

ÿ
f) as well as enthalpy of reaction ȹHr while the maximum 

difference in Gibbs free energy of reaction ȹGr is ~3.5 kcal/mol. Both SMD and CPCM gives high-
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quality results as compared to IEFPCM. However, SMD is computationally more expensive as 

compared to CPCM. The solvent is treated as a conductor in CPCM and hence it performs better 

with high permittivity solvents [80]. Based on these considerations, CPCM is used for all 

calculations with water as a solvent. The stationary points are identified using the number of 

imaginary frequencies equal to 0 for local minima and equal to 1 for transition state. Intrinsic 

reaction coordinate calculations are performed to verify that the identified transition state indeed 

connects the reactants to expected products. In addition, closed-shell restricted or open-shell 

unrestricted wavefunctions are used depending on spin multiplicity. All thermochemistry 

calculations are performed at the default value of temperature in Gaussian 09 which is 298.15 K. 

Temperature dependence of thermodynamic properties such as Gibbs free energy can be computed 

using solvation models such as SM8T [81] which account for the temperature dependence of free 

energy of solvation. The primary goal of this study is to identify potential pathways and to calculate 

activation barriers for liquid phase decomposition of RDX and HMX. Hence only activation 

barriers (both ȹHÿ
f and ȹG

ÿ
f), enthalpy of reaction ȹHr and Gibbs free energy of reaction ȹGr are 

calculated and discussed. Activation barriers ЎὋɗ obtained from thermochemistry calculations are 

used to compute the rate constants k(T) using the thermodynamic formulation of conventional 

transition state theory [82ï85] given by Eq. (2-1), 

Ὧ  „ †
Ὧ Ὕ

Ὤ ὧ
 Ὡὼὴ

ЎὋɗ

ὙὝ
 (2-1) 

where „ is a symmetry factor [86], †  is a tunneling factor [87,88], Ὧ  is Boltzmannôs 

constant, h is Planckôs constant, ὧ  is the standard state concentration, n is the order of the 

reaction, and ЎὋɗ is the free energy barrier and R is the universal gas constant. 
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2.3 Results and Discussions 

Energy ordering of various conformers of RDX in the gas phase have been computed at 

very accurate ab initio MP2 and CCSD(T) levels by Molt et al. [11] and six geometries ï four chairs 

(AAA, AAE, AEE, and EEE), one boat, and one twist ï were considered. AAE was found to be the 

global minimum, whereas the AAA had one imaginary frequency. With the exception of EEE form, 

all the six geometries considered by Molt et al. [11] in the gas phase are relatively close in energy. 

Since our objective is to choose a starting structure in the liquid-phase for identifying potential 

decomposition pathways, only five conformations of RDX, i.e., three chairs (AAA, AAE, and AEE), 

one boat and one twist, are considered. EEE form, the least stable of all, was not considered. The 

geometries are optimized for liquid-phase at B3LYP/6-311++G(d,p) level of theory with CPCM 

solvation model and water as a solvent, and the energy is calculated at the same level of theory. We 

have found AAA conformer to be the global minimum. In our liquid phase calculations, AAA has 

zero imaginary frequencies and hence is a minimum, but the enthalpy difference between our AAA 

and AAE forms is less than 0.8 kcal/mol. AEE and boat conformers are less stable than AAA 

conformer by 2.3 kcal/mol and 2.9 kcal/mol, respectively where the values represent relative 

enthalpies of the conformers. Twist conformer is also identified as a minimum and is ~3 kcal/mol 

higher in enthalpy than the AAA form. Similar differences in the relative energies of different 

conformers are obtained in the gas phase by various studies [43,89]. Hence, all the subsequent 

calculations are performed in the liquid-phase with AAA conformation of RDX.  

HMX has four crystalline polymorphs: Ŭ, ɓ, ɔ, and ŭ. The ɓ polymorph (chair-like 

conformation) is stable at room temperature while Ŭ, ɔ, and ŭ polymorphs (boat-like conformation) 

are stable at higher temperature ranges [59]. ɔ and ŭ conformations merge to Ŭ conformation in gas 

phase which is the most stable structure at higher temperatures relevant to ignition and combustion 

conditions [62]. Hence, only Ŭ and ɓ conformations of HMX are considered. In our gas-phase 
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calculation at B3LYP/6-311++G(d,p) level, the ɓ form was found to be more stable by 1.8 

kcal/mol (relative enthalpy), however, in the liquid-phase calculations, Ŭ form is found to be 

more stable by 2.1 kcal/mol (relative enthalpy). Hence, all the subsequent calculations are 

performed in the liquid phase with Ŭ conformation of HMX. 

Two existing pathways for gas-phase decomposition of RDX and HMX, i.e., N-NO2 bond 

dissociation and HONO elimination are investigated in the liquid phase and labeled as Pathway 1 

and Pathway 2, respectively. Decomposition of RDX and HMX via formation of mono-nitroso 

analogues and autocatalytic behavior, as observed experimentally by Behrens [27], are also 

examined quantum mechanically in the present study and are labeled as pathways Pathway 3 and 

Pathway 4, respectively. Pathway 5 represents decomposition of RDX and HMX via hydrogen 

abstraction by NO2. Pathways 1 to 5 for the liquid-phase decomposition of RDX and HMX are 

discussed next. 

2.3.1 Pathway 1: N-NO2 bond dissociation 

N-NO2 bond dissociation and subsequent decomposition have been considered a major 

channel in the gas-phase decomposition of RDX and HMX, where molecular mobility is high. Even 

though the cage effect reduces molecular mobility in the liquid phase and the barrier for reverse 

radical recombination to form RDX is low, the possibility of this pathway in the liquid phase cannot 

be ruled out as observed experimentally by Behrens [90]. Major reactions in this pathway are 

thoroughly discussed by Chakraborty et al. [60,61] for the gas phase decomposition. Here we have 

performed liquid phase calculations for this pathway and obtained some additional reactions. The 

numbers above the arrow represent the Gibbs free energy of activation for forward reaction ЎὋɗ 

(in kcal/mol) followed by Gibbs free energy of reaction ЎὋ (in kcal/mol) in parenthesis. Similarly, 
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the number below the arrow represent the enthalpy of activation for forward reaction ЎὌɗ (in 

kcal/mol) followed by enthalpy of reaction ЎὌ  (in kcal/mol) in parenthesis. 

With bond dissociation enthalpy of 36.7 kcal/mol as shown in reaction (R1), RDX produces 

the radical RDR which readily undergoes ring-opening reaction (R2) to form RDRO. RDRO is 

15.1 kcal/mol less stable than RDR and decomposes via three reactions (R3)-(R5). In the first 

pathway, i.e., reaction (R3), intramolecular hydrogen transfer takes place from carbon to nitrogen 

forming a carbon radical center in intermediate INT176. Decomposition of INT176 occurs through 

INT149 via reactions (R6)-(R7). Through the second pathway, RDRO can also dissociate to 

CH2NCH2NNO2 and CH2NNO2 with barrier and enthalpy of reaction shown by reaction (R4). The 

intermediate CH2NCH2NNO2 decomposes to CH2O, N2O, CH2N, and HONO through the formation 

of a 6-member ring intermediate INT102 via reaction (R8) along with subsequent reactions (R9) 

and (R10). Intramolecular H-transfer also occurs in CH2NCH2NNO2 as shown by reaction (R11) 

which leads to the formation of HCN, CH2N, and HONO via reactions (R12) and (R13).  

 
RDX 

ςρȢχ ςρȢχ
                                               
ựựựựựựựựựựựựựựự
σφȢχ σφȢχ

 

 
RDR 

+   NO2 (R1) 

RDR 

ςφȢτ ρσȢσ
                                            
ựựựựựựựựựựựựựự
ςφȢς ρυȢρ

 

 
RDRO 

 (R2) 
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RDRO 

φȢχ χȢψ
                                           
ựựựựựựựựựựựựựự
τȢφ ψȢς

 

INT176 

 (R3) 

RDRO 

ςςȢπ τȢω
                                            
ựựựựựựựựựựựựựự
ςςȢω ωȢφ

 
 

CH2NCH2NNO2 

+  
CH2NNO2 

(R4) 

RDRO 

σσȢψ ωȢς
                                          
ựựựựựựựựựựựựự
σσȢω ρπȢχ

 

 
RDRO_R 

 (R5) 

INT176 

ρρȢυ ςρȢχ
                                           
ựựựựựựựựựựựựựự
ρςȢτ ρτȢρ

 

INT149 

+  HCN (R6) 

INT149 

ςσȢς πȢω
                                          
ựựựựựựựựựựựựự
ςτȢτ ρτȢπ

 CH2NHNO2  +  CH2NNO2 (R7) 

CH2NCH2NNO2 

ρψȢς ρȢφ
                                          
ựựựựựựựựựựựựự
ρυȢρ ρȢυ

 
 

INT102 

 (R8) 
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INT102 

ρυȢσ τρȢω
                                              
ựựựựựựựựựựựựựựự
ρφȢτ ςψȢω

 

CH2NCH2O 

+  N2O (R9) 

CH2NCH2O 

υȢψ ρφȢχ
                                              
ựựựựựựựựựựựựựựự
φȢσ υȢρ

 CH2N  +  CH2O (R10) 

CH2NCH2NNO2 

ρτȢω ρσȢυ
                                              
ựựựựựựựựựựựựựựự
ρςȢπ ρρȢφ

 
 

HCNCH2NN(OH)O 

 (R11) 

 

HCNCH2NN(OH)O 

σȢχ σφȢς
                                          
ựựựựựựựựựựựựự
τȢφ ςχȢω

 
 

CH2NN(OH)O 

+    

HCN 
(R12) 

 

CH2NN(OH)O 

ωȢω ρτȢτ
                                           
ựựựựựựựựựựựựựự
ρπȢφ ςȢυ

 
 

CH2N  +  trans-HONO 
(R13) 

The third possibility for RDRO decomposition, with a slightly higher barrier, is a 

rearrangement reaction (R5). The rearranged product of this reaction (i.e. RDRO_R) readily 

decomposes to CH2O, N2O, CH2N and CH2NNO2 via reactions (R14) and (R10), both of which are 

thermodynamically highly favorable. 
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RDRO_R 

ρχȢψ υτȢτ
                                         
ựựựựựựựựựựựựự
ρψȢχ σρȢτ

 

CH2NCH2O + 

CH2NNO2 + N2O 

(R14) 

 

HMX 

ςτȢρ ςτȢρ
                                                 
ựựựựựựựựựựựựựựựự
σωȢπ σωȢπ

 

 

HMR 

+  NO2 (R15) 

In HMX, N-N homolytic bond dissociation form NO2 and a radical intermediate HMR, 

which undergoes subsequent reactions. The bond dissociation energy in the gas phase is estimated 

to be about 40 kcal/mol [59,61]. In our liquid-phase calculation, the bond dissociation energy is 

found to be 39.0 kcal/mol as shown by reaction (R15). Based on our study on validation of the 

liquid-phase mechanism for RDX [91], N-NO2 bond dissociation pathway was found to not play 

an important role in the liquid phase. Hence, this pathway was not investigated further for HMX 

decomposition in the liquid phase. 

2.3.2 Pathway 2: HONO elimination 

Because of the close non-bonded contact of H and NO2 in RDX and HMX, H migration 

takes place from carbon to oxygen leading to HONO elimination and formation of the intermediate 

INT175 and INT249 in RDX and HMX respectively. The HONO elimination leads to the formation 

of C-N double bond in INT175, as shown by reaction (R16), causing the neighboring NO2 group 

to reorient from axial position to equatorial position. INT175 undergoes HONO elimination to form 

INT128 via reaction (R17). Similarly, INT128 form 1,3,5 triazine (TAZ) via reaction (R18) through 

another HONO elimination.  
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RDX 

σψȢσ ςχȢσ
                                                  
ựựựựựựựựựựựựựựựự
σωȢτ ρσȢσ

 

 

INT175 

+  trans-HONO (R16) 

 

INT175 

σωȢπ ςτȢω
                                                 
ựựựựựựựựựựựựựựựự
σωȢς ρρȢσ

 

 

INT128 

+  trans-HONO (R17) 

 

INT128 

σςȢπ τςȢω
                                                
ựựựựựựựựựựựựựựự
σρȢψ σπȢψ

 

 

TAZ 

+  trans-HONO (R18) 

In HMX, the non-bonded distance between H on carbon and O on ïNO2 is smaller for 

equatorial NO2 (2.16 Å) as compared to axial NO2 (2.39 Å). Hence, preferential HONO elimination 

occurs in HMX via equatorial NO2 as shown by reaction (R19) as compared to axial NO2 shown 

by reaction (R20). INT249 undergoes three successive HONO eliminations to form INT202 via 

reaction (R21), INT155 via reaction (R22) and INT108 via reaction (R23). 

 

HMX 

τσȢρ ςȢρ
                                          
ựựựựựựựựựựựựự
τσȢφ χȢπ

 

 

INT249a 

+  trans-HONO (R19) 
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HMX 

τφȢχ φȢσ
                                          
ựựựựựựựựựựựựự
τχȢυ χȢφ

 

INT249b 

+  trans-HONO (R20) 

 

INT249a 

τςȢς ςȢσ
                                                 
ựựựựựựựựựựựựựựựự
τςȢπ ωȢυ

 

 

INT202 

+  trans-HONO (R21) 

 

INT202 

τσȢς ςȢφ
                                                
ựựựựựựựựựựựựựựự
τςȢω ρȢσ

 

 

INT155 

+  trans-HONO (R22) 

 

INT155 

σωȢτ ςȢχ
                                                
ựựựựựựựựựựựựựựự
σωȢυ ρȢτ

 

 

INT108 

+  trans-HONO (R23) 

These reactions may play an important role in the liquid phase. However, the experimental 

results indicate the presence of carbon-containing species very early. Hence extensive search is 

carried out for early ring-opening reactions. The decomposition of RDX and HMX begins with 

HONO elimination to form INT175 and INT249 respectively. However, the next step in the 

decomposition does not involve another HONO elimination reaction. Instead, INT175 undergoes 

ring-opening reaction (R24) to form CH2NCHNNO2 and CH2NNO2. The barrier for second HONO 
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elimination from INT175 is 39.0 kcal/mol in the liquid phase whereas the barrier for the ring-

opening reaction of INT175 is 35.8 kcal/mol. Hence it is more likely to undergo ring opening. The 

product of the ring-opening reaction (R24), i.e., CH2NCHNNO2 further decomposes to HONO and 

CH2NCN via HONO elimination reaction (R25). Similarly, CH2NNO2 undergoes HONO 

elimination reaction (R26) to form HCN. 

 
INT175 

συȢψ ψȢψ
                                                
ựựựựựựựựựựựựựựự
σχȢω ςτȢυ

 

 
CH2NCHNNO2 

+   

 

CH2NNO2 

(R24) 

CH2NCHNNO2 

σψȢφ ςφȢσ
                                                 
ựựựựựựựựựựựựựựựự
σψȢχ ρτȢς

 CH2NCN +     trans-HONO (R25) 

CH2NNO2 

ςωȢτ ςψȢρ
                                                 
ựựựựựựựựựựựựựựựự
ςωȢς ςπȢψ

 HCN +     trans-HONO (R26) 

In case of HMX, INT249 undergoes ring-opening reactions (R27) and (R28) with a barrier 

of ~29 kcal/mol. We have investigated various possibilities of ring opening from INT249 and found 

five transition states. Only two ring-opening reactions and subsequent steps are being shown here. 

The remaining three ring-opening reactions have forward barriers of 30.1, 31.9 and 39.6 kcal/mol. 

The barrier for second HONO elimination from INT249 to form INT202 is 42.2 kcal/mol in the 

liquid phase whereas the barriers for ring-opening reactions are 29.1 kcal/mol (forming 

INT249_RO1) and 29.9 kcal/mol (forming INT249_RO2). Hence, it is more likely to undergo ring-

opening reaction.  
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INT249 

ςωȢρ ςπȢυ
                                                
ựựựựựựựựựựựựựựự
σπȢπ ρωȢτ

 

 

INT249_RO1 

(R27) 

 

INT249 

ςωȢω ςψȢπ
                                                 
ựựựựựựựựựựựựựựựự
σπȢχ σπȢσ

 

 

INT249_RO2 

(R28) 

 

INT249_RO1 

ςφȢψ χφȢψ
                                                 
ựựựựựựựựựựựựựựựự
ςωȢτ υρȢρ

 

 

INT175 

+ CH2O + 

N2O 
(R29) 

 

INT249_RO2 

ρȢχ υφȢσ
                                                 
ựựựựựựựựựựựựựựựự
σȢω ςψȢπ

 

 

INT148 

+ 

CH2NCHO 

+ N2O 

(R30) 

 

INT148 

πȢρ ςυȢρ
                                                 
ựựựựựựựựựựựựựựựự
πȢπ ρςȢτ

 CH2NNO2 + CH2NNO2 (R31) 
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The ring-opening reaction (R27) leads to scission of the C-N bond of the ring followed by 

oxygen from the ïNO2 group attacking the carbon atom which forms a 10-member ring structure 

INT249_RO1. Formaldehyde and N2O are released from INT249_RO1 via a highly exothermic 

reaction (R29) and ring closure occur forming INT175 (RDX-HONO). Similar oxygen attack occurs 

in INT249_RO2 followed by the release of N2O and CH2NCHO via reaction (R30) along with the 

formation of INT148, which subsequently decomposes to two methylene-nitramine molecules, i.e., 

CH2NNO2 via reaction (R31). 

Since, the ring-opening reactions (R24), (R27) and (R28) have barriers much smaller than 

the barrier for the second HONO elimination reactions, and are followed by thermodynamically 

highly favorable reactions (R25), (R26) and (R29)-(R31), the former reactions are more likely to 

play an important role in liquid-phase decomposition of RDX and HMX. The species formed from 

ring-opening and subsequent reactions, such as CH2NNO2, CH2NCHO, and CH2O, undergo further 

reactions to produce carbon-containing species, such as CO, CO2, HCN, and HNCO observed very 

early in various experimental studies. 

2.3.3 Pathway 3: Mono-nitroso analogs of RDX and HMX  

Once the radical pool is initiated via the first two pathways and the concentration of NO 

and NO2 increases, further decomposition of RDX and HMX can occur through reactions such as 

(R32) ï (R34). These produce ONDNTA and ONTNTA (mono-nitroso analogs of RDX and HMX 

respectively) which have been observed experimentally by Behrens as discussed in the introduction 

section. Similar to their parent nitramines, ONDNTA and ONTNTA can decompose via N-NO2 

homolysis and HONO-elimination pathway including early ring-opening reactions. 
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RDX 

+ NO 

(Displacement 

reaction) 

τπȢς σȢχ
                                              
ựựựựựựựựựựựựựựự
σρȢω ρȢω

 

 

ONDNTA 

+ NO2 (R32) 

HMX 

+ NO 

(Displacement 

reaction) 

τσȢς ςȢφ
                                              
ựựựựựựựựựựựựựựự
σσȢυ πȢω

 

 

ONTNTA 

+ NO2 (R33) 

HMX 

+ HCO 

(Abstraction 

reaction) 

ρωȢρ σȢρ
                                              
ựựựựựựựựựựựựựựự
ψȢω ςȢω

 

 

ONTNTA 

+ OCHO (R34) 

2.3.4 Pathway 4: Autocatalytic prompt oxidation via HONO and ONNO2 addition  

The fate of the HONO formed from HONO-elimination reactions strongly depends on the 

cage effect. The decomposition indeed begins with HONO elimination and forms INT175 (in RDX) 

and INT249 (in HMX). But due to reduced molecular mobility because of the cage effect, HONO 

may not be able to diffuse away from INT175 and INT249. It can react back with these 

intermediates, and the decomposition of the resulting intermediate can compete with the HONO 

elimination pathway. This reaction pathway was proposed for simple ïNO2 containing energetic 

materials such as methylnitrate, methylnitramine and nitroethane by Melius [92] and was termed 

as óprompt oxidationô pathway. Decomposition of RDX and HMX through this pathway in the 

liquid phase is investigated here.  
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In case of RDX, HONO can react with INT175 and produce RDX, i.e., the reverse of the 

HONO elimination reaction (R16). But while reacting with INT175, it can flip around and react 

via reaction (R35) to form INT222 which is an isomer of RDX. But in INT222, there is a swapping 

of nitro group and hydrogen between carbon (fuel) and nitrogen (oxidizer), i.e., nitro gets attached 

to carbon in nitrite form as -ONO while hydrogen gets attached to the nitrogen. This converts RDX 

to a more oxidized form which is thermodynamically more stable by 9.1 kcal/mol as evident by 

reaction (R35). The resulting INT222 readily undergoes ring-opening reaction (R36) with the free 

energy of activation ~10 kcal/mol, which is much lower than other initial steps of decomposition. 

The ring-opened intermediate INT222-RO decomposes to amides such as CH2N(NO2)CH2NHCHO 

and CH2NCH2NHCHO via reactions (R37) and (R38), respectively. Various amides have been 

observed experimentally by Brill et al. [58,93,94].  

 

INT175 

 

+ cis-HONO 

 

φȢω σȢψ
                                        
ựựựựựựựựựựựự
τȢχ ωȢρ

 

 

INT222 

 (R35) 

 

INT222 

ρπȢρ ρυȢρ
                                            
ựựựựựựựựựựựựựự
ρπȢρ ρπȢω

 

 

INT222-RO 

 (R36) 

 

INT222-RO 

ρπȢσ ςυȢφ
                                            
ựựựựựựựựựựựựựự
ρρȢψ ςȢψ

 

 

CH2N(NO2)CH2NHCHO 

+ N2O 

+ NO2 
(R37) 
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CH2N(NO2)CH2NHCHO 

υȢψ ςσȢτ
                                              
ựựựựựựựựựựựựựựự
φȢυ ρπȢυ

 
 

CH2NCH2NHCHO 

+ NO2 (R38) 

In case of HMX, HONO reacts with INT249 and produce INT296 which is an isomer of 

HMX. Again, in INT296, there is a swapping of nitro group and hydrogen between carbon (fuel) 

and nitrogen (oxidizer) similar to that of INT222. This converts HMX to a more oxidized form, 

which is exothermic by 4.1 kcal/mol as evident by reaction (R39). The resulting INT296 readily 

undergoes ring-opening reaction (R40) with the free energy of activation of 8.7 kcal/mol, which is 

much lower than other initial steps of decomposition. The ring-opened intermediate INT296_RO 

decomposes to an intermediate amide INT206 which readily releases NO2 to form INT160 via 

reactions (R41) and (R42). 

INT249 

 

+ cis-HONO 

 

ρυȢς ψȢυ
                                        
ựựựựựựựựựựựự
σȢυ τȢρ

 

 
INT296 

(R39) 

 

INT296 

ψȢχ ρσȢρ
                                            
ựựựựựựựựựựựựựự
ωȢπ ρπȢρ

 

 

INT296_RO 

(R40) 
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INT296_RO 

χȢυ ςψȢς
                                            
ựựựựựựựựựựựựựự
ρπȢπ σσȢψ

 

 

INT206 

+ N2O + NO2 (R41) 

 

INT206 

φȢφ ςψȢς
                                              
ựựựựựựựựựựựựựựự
φȢρ ρυȢυ

 

 

INT160 

+ NO2 (R42) 

The release of N2O and NO2 very early explains the exothermicity observed in the 

experiments. These amides are proposed to form a non-volatile residue (NVR) in slow thermolysis 

experiments of Behrens, or they further decompose to lower-molecular-weight amides, as well as 

HCN, CH2O, and N2O. Similar HONO addition reactions are also possible for intermediates, 

formed from various initial reactions, such as CH2NCHNNO2, CH2NNO2, and CH2NCHO. These 

reactions lead to the formation of CH2O, N2O, HNO, and HNCO, while HONO acts as an 

autocatalytic species.  

HONO also undergoes self-reactions in various combinations of cis- and trans-

configurations, and forms H2O and ONNO2 with a forward free energy barrier of about 20 kcal/mol. 

ONONO can also be formed from the HONO self-reactions but it is readily converted to the more 

stable isomer ONNO2, and can possibly dissociate to NO
-

2
 and NO+ in the liquid phase. In our 

calculations, the formation of ions is not favored, and ONNO2 tend to remain undissociated in 

liquid-phase. In the gas-phase, however, ONNO2 readily dissociates into NO and NO2. 
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trans-HONO 

+          

trans-HONO 

ρψȢυ σȢχ
                                          
ựựựựựựựựựựựựự
χȢφ σȢφ

 

ONNO2 

+     H2O (R43) 

Similar to HONO addition reactions presented in the previous section, C-N double bond in 

INT175 can be attacked by ONNO2 leading to the formation of INT251 via reaction (R44) where 

ïONO is attached to carbon and ïNO is attached to nitrogen. Similar to INT222, INT251 is also a 

more oxidized form and the reaction (R44) is thermodynamically favored by 7.4 kcal/mol. In case 

of HMX, C-N double bond in INT249 can also be attacked by ONNO2 leading to the formation of 

INT325 via reaction (R45). Similar to INT296, INT325 is also a more oxidized form, and reaction 

(R45) is thermodynamically favored by 11.2 kcal/mol. 

 

INT175 

 

+ ONNO2 

 

ςψȢπ υȢχ
                                          
ựựựựựựựựựựựựự
ρυȢτ χȢτ

 

 

INT251 

 (R44) 

 
INT249 

 

+ ONNO2 

 

ςσȢψ ςȢυ
                                          
ựựựựựựựựựựựựự
ρπȢσ ρρȢς

 

 
INT325 

(R45) 

INT251 decomposes via ring-opening reaction (R46) followed by decomposition to amides 

CH2N(NO2)CH2N(NO)CHO and CH2NCH2N(NO)CHO via (R47) and (R48), respectively. In 

INT251 and INT325, the ïC-N- bonds of the carbon having ïONO group on it are very weak. 

INT325 readily undergoes ring-opening reactions (R49) and (R50) with barriers 13.5 kcal/mol and 
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14.6 kcal/mol, respectively. The intermediates produced from ring-opening reactions release NO2, 

N2O, and N2 via highly exothermic reactions (R51) and (R52) along with the formation of amides 

INT235 and INT251. These amides are promptly oxidized by ONNO2 to form CH2NNO2, 

CH2NCHO, CH2O, N2O, NO2, N2 and NO. 

 

INT251 

ρψȢπ ρȢρ
                                        
ựựựựựựựựựựựự
ρχȢς σȢχ

 

 

INT251-RO 

 (R46) 

 
INT251-RO 

ωȢσ ςφȢψ
                                    
ựựựựựựựựựựự
ρρȢψ σȢτ

 

CH2N(NO2)CH2N(NO)C

HO 

+ N2O 

+ NO2 
(R47) 

CH2N(NO2)CH2N(NO)C

HO 

υȢυ ςχȢσ
                                            
ựựựựựựựựựựựựựự
φȢρ ρτȢρ

 

 

CH2NCH2N(NO)CHO 

+ NO2 (R48) 

 

INT325 

ρσȢυ πȢψ
                                        
ựựựựựựựựựựựự
ρςȢψ ρȢφ

 

 

INT325_RO1 

 (R49) 
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INT325 

ρτȢφ χȢτ
                                    
ựựựựựựựựựựự
ρτȢρ τȢπ

 

 
INT325_RO2 

 (R50) 

INT325_RO1 

ρπȢχ ςχȢχ
                                            
ựựựựựựựựựựựựựự
ρςȢυ τȢπ

 

 
INT235 

+ N2O 

+ NO2 
(R51) 

 
INT325_RO2 

φȢυ υπȢς
                                            
ựựựựựựựựựựựựựự
υȢψ ςψȢπ

 

 

INT251 

+ N2 

+ NO2 
(R52) 

ONNO2 can also accelerate the decomposition of the intermediates formed from various 

initiation reactions. The C-N double bonds in the intermediates CH2NCHNNO2, CH2NNO2 and 

CH2NCHO are attacked by ONNO2 via a five-member transition state and an intermediate complex 

is formed where -ONO gets attached to the carbon atom while NO gets attached to the nitrogen 

atom. Subsequently, the C-N bond becomes very weak and breaks apart forming amide group 

>N-C(O)-R. The products formed from these reactions include CO, HNO, HNCO, and HOCN, 

while ONNO2 acts as an autocatalytic species. 
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2.3.5 Pathway 5: Autocatalytic hydrogen abstraction via NO2  

Various radical intermediates, such as NO2, NO, HCO etc., can abstract hydrogen from 

RDX and HMX. Instead of successive HONO elimination to ultimately form TAZ (RDX-3HONO) 

and INT108 (HMX-4HONO), we have found an alternate route to TAZ and INT108 via hydrogen 

abstraction. NO2 readily abstracts a hydrogen atom and forms INT221 (RDX-H) and INT295 (HMX -

H) as shown by reaction (R53) and (R54) respectively. Once a hydrogen is abstracted from the 

carbon, N-NO2 bond on the adjacent nitrogen becomes very weak resulting in the release of NO2 

and formation of C=N. These two-step reactions lead to the same products INT175 and INT249 as 

obtained via first HONO elimination reactions from RDX and HMX respectively. This two-step 

process is repeated successively, suggesting that TAZ and INT108 could be formed. Analogous 

reactions of ONDNTA and ONTNTA were also investigated and found to have similar barriers. 

 

RDX 

 

+ NO2 

 

σπȢψ υȢτ
                                         
ựựựựựựựựựựựựự
ςπȢω χȢπ

 

 

INT221 

+ cis-HONO (R53) 

 

HMX 

 

+ NO2 

 

σφȢτ ρςȢω
                                         
ựựựựựựựựựựựựự
ςυȢω ρυȢπ

 

 

INT295 

+ cis-HONO (R54) 
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2.4 Conclusions 

Based on the liquid-phase calculations presented here and the gas-phase results reported in 

the literature, we believe the major channel for decomposition of RDX and HMX in gas-phase 

could be N-NO2 bond homolysis, however, in liquid phase; these are more likely to begin 

decomposition via HONO elimination. The subsequent ring-opening reactions, prompt oxidation 

reactions and autocatalytic hydrogen abstraction reactions presented here have barriers much lower 

than the successive HONO elimination reactions, and hence these reactions could be very fast. The 

release of N2O and N2 makes these pathways exothermic as well. Additionally, these reactions 

could also play an important role in gas phase. The proposed reactions explain the likely mechanism 

of formation of N2O and CH2O from the same pathway. The regeneration of NO2, HONO and 

ONNO2 also makes the proposed reactions very important and explains the ñautocatalytic-likeò 

reactions observed experimentally. Furthermore, these pathways explain the formation of amides 

observed experimentally. These elementary reactions are used to develop a detailed liquid-phase 

chemical kinetics mechanism of RDX and HMX. The mechanism is validated for HMX using the 

experimental data as discussed in the next chapter. The detailed mechanism will be used in 

combustion models as opposed to global decomposition schemes currently being used.
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CHAPTER 3       

THERMOLYSIS EXPERIMENTS AND KINETIC MODELING OF HMX  

3.1 Introduction  

  The thermal decomposition experiments have been used not only to identify the 

decomposition products and postulate reaction pathways, as discussed in chapter 2, but also to 

obtain global kinetic parameters for the condensed-phase decomposition. Brill and Karpowicz [14] 

used FTIR spectroscopy to obtain Arrhenius parameters for the ɓ-ŭ phase transition in HMX and 

proposed that the breakdown of intermolecular forces controls the rate of thermal decomposition. 

Second-harmonic imaging microscopy was used to investigate the ɓ-ŭ phase transition mechanism 

[15] and develop a kinetic model [16,17]. The kinetics of phase change, thermal ignition, and 

decomposition have been investigated using cook-off studies [29,30]. Using the measured gas 

formation rates from simultaneous thermogravimetric modulated beam mass spectrometry 

experiments of Behrens, kinetic parameters for global decomposition models were obtained and 

applied to slow cookoff in accident scenarios [95,96]. 

The times-to-explosion for HMX-based plastic-bonded explosives calculated by Tarver 

and Tran [32] using a global kinetic model are in reasonable agreement with the experimental 

results [33ï35]. Nonetheless, the times-to-explosion are over-predicted using the global model 

above the liquefaction temperature of HMX, i.e., 553 K, which may be attributed to the inability of 

the model to account for faster autocatalytic decomposition in the liquid phase. Recently, Hobbs et 

al. [97] have successfully modeled the cookoff of HMX-based plastic bonded explosive 

(PBX 9501) using a melt rate accelerator factor at temperatures above melting point. This ad-hoc 

approach is reasonable from an engineering perspective, however, for a fundamental understanding 
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at the molecular level, the detailed liquid-phase mechanism is required to explain faster 

autocatalytic decomposition at higher temperatures.  

In addition to cook-off models, various combustion models, as reviewed by Beckstead et 

al. [6] have been formulated to study ignition [49] and deflagration [44,46,47] of HMX. These 

models analyze the combustion wave structure in three regions (solid phase, melt layer and gas 

phase) by solving the equations for the conservation for mass, momentum, energy, and species. In 

the solid phase, ɓ-HMX to ŭ-HMX phase transition is modeled. Other solid-phase decomposition 

reactions are assumed not to occur in these combustion models. A detailed reaction mechanism, 

originally developed by Melius [98,99], refined by Yetter et al. [100], and further updated by 

Chakraborty et al. [101] is used in the gas phase. The melt layer is either ignored or modeled by a 

semi-global mechanism consisting of two global decomposition pathways and one secondary 

exothermic reaction, as developed by Brill [57]. Kinetic parameters for the N-NO2 pathway were 

obtained based on experimental measurements of Dimethylnitramine (DMNA) decomposition. 

This was followed by kinetic modeling to match the experimentally observed N2O/NO2 

concentration ratio to obtain the Arrhenius parameters for the second global decomposition 

pathway. Thynell et al. [58] modeled the T-jump/FTIR spectroscopy experiment and modified the 

Arrhenius parameters for the global reactions of RDX to match the experimental results.  

However, these global mechanisms cannot explain the formation of myriad of species 

observed during decomposition of RDX and HMX. We want to know the species that are evolving 

from the liquid melt layer into the gas phase during three-phase combustion of nitramine 

monopropellants. These species determine the gas-phase combustion chemistry which in turn 

dictates the overall flame structure including the burning rate. A detailed liquid-phase mechanism 

was developed in chapter 2 to replace the currently used global mechanism. This is the major 

difference between our approach which involves reversible, elementary reactions, and the previous 
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studies on combustion modeling of HMX, which uses a few global, irreversible reactions. However, 

the detailed liquid-phase mechanism needs to be validated before it can be used in the multiphase 

combustion model for nitramine homogeneous monopropellants. 

In this chapter, we demonstrate synergetic application of quantum mechanics calculations, 

chemical kinetic modeling and thermolysis experiments to expand and validate a comprehensive 

mechanism for liquid-phase decomposition of energetic materials consisting of elementary 

reactions. HMX is chosen as the representative energetic material but the methodology is applicable 

to other energetic materials as well. The first objective is to quantify species evolution rates during 

thermal decomposition of HMX using FTIR spectroscopy for low heating rates using TGA 

(thermogravimetric analysis) setup and for high heating rates using CRT (confined rapid 

thermolysis) setup. The second objective is to further expand and validate the HMX initiation 

mechanism presented in chapter 2. Subsequently, the detailed chemical kinetic mechanism in the 

liquid phase validated here will  be used in three-phase deflagration models along with appropriate 

solid-phase and gas-phase mechanisms to predict the combustion behavior of HMX.    

3.2 Experimental details 

3.2.1 Slow thermolysis: TGA-FTIR setup 

The TGA technique in conjunction with FTIR spectroscopy is used to study thermal 

decomposition of HMX for low heating rates as shown by the schematic in Figure 3-1. HMX 

samples of 1 mg mass were placed in aluminum crucibles and decomposed in a Netzsch STA 449 

F5 Jupiter TGA/DSC apparatus coupled to a Bruker Vertex 80 FTIR spectrometer. Non-isothermal 

decomposition of HMX from 30 to 320 °C was investigated for four heating rates: 5, 10, 15, and 

20 K/min. The decomposition products were transferred to the TGA-FTIR gas cell via a 2 m long 

Teflon capillary tube with an internal diameter of 2 mm, maintained at 230°C. The transfer of 
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species was facilitated by pure nitrogen as the purge gas having a flow rate of 70 ml/min. A 

temperature of 200 °C was maintained inside the FTIR gas cell. The transmission spectra were 

recorded with a temporal resolution of 0.144 seconds and at a spectral resolution of 2 cm-1 within 

3750ï600 cm-1 spectral range.  

 

Figure 3-1. Schematic of the thermogravimetric cell and the FTIR gas cell.  

3.2.2 Fast thermolysis: CRT-FTIR setup 

The thermal decomposition of HMX for high heating rates is investigated experimentally 

using CRT-FTIR setup described in detail by Chowdhury and Thynell [102] and is not repeated 

here. HMX samples of mass 2 mg are sandwiched between two parallel surfaces with a gap of 

about 300 µm and rapidly heated to a set temperature using PID-controlled cartridge heaters 

achieving a heating rate of about 2000 K/s. The liquid-phase decomposition products evolving from 

the sample mix with the purge gas N2 and the gaseous mixture is sampled by a modulated beam 

from the Bruker Vertex 80 FTIR spectrometer. The FTIR spectra are recorded in near real-time 

with a time resolution of 0.144 seconds and at a spectral resolution of 2 cm-1 within 3750ï600 cm-1 
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spectral range. The decomposition of HMX is investigated above its melting point at four set 

temperatures: 290, 300, 310, and 320°C. The schematic of the CRT setup is shown in Figure 3-2.  

 

Figure 3-2. Schematic of the CRT setup with condensed- and gas-phase control volumes. 

3.3 Data reduction 

Using the two experimental setups described above, 4000 and 400 spectra were recorded 

with a corresponding measurement period of about 10 min and 1 min for slow and fast thermolysis, 

respectively. For each acquired transmittance spectrum, the concentrations of species were 

determined using a data-reduction model developed by Mallery and Thynell [40]. A brief summary 

is given here. In the theoretical model, the species concentrations are obtained from the measured 

spectral transmittance assuming that Beerôs law is applicable. The measured transmittance is given 

by the convolution of the true transmittance with the instrument line shape, which corrects for the 

finite resolution of the instrument [103]. The overlapping of the absorption bands and the line 

intensities of rovibrational transitions of various molecules within the gas-phase region determines 

the true transmittance. These spectroscopic properties of the gas-phase species including CH2O, 

N2O, CO2, CO, H2O, HCN, NO2, and NO are taken from the HITRAN database [104].  

The data reduction model utilizes a nonlinear, least-squares method to determine the 

concentration of species in the gas-phase region. The input data to the model include the measured 
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spectral transmittances, the path length, the gas-phase temperature, and the total pressure. Then, 

the model iteratively fit s the theoretical spectral transmittance to the measured spectral 

transmittance until the squared error converges to within 0.01%. This gives the relative 

concentrations of CO, CO2, HCN, H2O, N2O, NO, NO2 and CH2O in the gas-phase region. By 

repeating the procedure for all spectra, the variation of mole fractions of species in the gas-phase 

region with time is obtained. Spectral ranges for the gas-phase species, obtained from the NIST 

webbook [105] are given in Table 3-1.  

Table 3-1. Wavenumber Ranges Used in Data-Reduction Model 

Molecule 
Spectral range 

(cm-1) 

Molecules with 

overlapping bands 
Comments 

CO 2000-2150 - - 

CO2 2275-2400 - - 

CH2O 2675-3100 NO2 - 

H2O 3600-3750 CO2 CO2 combinations bands are very small 

HCN 3200-3400 - - 

NO 1800-1950 H2O Only band tail of CH2O overlaps 

NO2 1565-1655 H2O Only band tail of CH2O overlaps 

N2O 2150-2250 - CO is ignored (weak absorber) 

3.4 Computational details  

3.4.1 Quantum mechanics calculations 

The initiation mechanism developed in our previous study [106], as described in chapter 2, 

was further expanded and a comprehensive reaction mechanism was developed. The details of the 

quantum mechanics calculations are same as mentioned in section 2.2. Additional reactions of 

larger intermediates were added which eventually form simple final products observed 
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experimentally. The comprehensive reaction mechanism includes 109 species and 157 elementary 

reactions and is given as Appendix A. 

3.5 Detailed kinetic modeling for validation of the mechanism 

3.5.1 Analysis of the liquid-phase region 

The mass of various species in the decomposing liquid-phase HMX changes due to 

chemical production and consumption, as well as vaporization. Hence, the conservation of mass of 

liquid-phase species, for i = 1 to ὔ, leads to a set of equations written as Eq. (3-1). A detailed 

derivation is given in Appendix B. 

Ὠὣȟ
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Here ὣȟ is the mass fraction, ȟ is the net production rate and ὓὡ is the molecular 

weight of species i in the liquid phase. ” is the temperature dependent density and is assumed to 

be that of the liquid HMX taken from the molecular dynamics study of Smith and Bhardwaj 

[107,108]. The rate of liquid-to-gas conversion of species i via vaporization is modeled as 

άȟ  = Ὧ ȟ άȟ, where Ὧ ȟ is the corresponding rate constant, which can be modeled 

via the Arrhenius equation and άȟ is the mass of the species i in the liquid phase. ὔ  is the number 

of species evolving from the liquid phase to the gas phase and ὔ is the number of species in the 

liquid phase. The net rate constant Ὧ  for an elementary reaction is given by Eq. (3-2),  

ρ

Ὧ
 
ρ

Ὧ

ρ

Ὧ
 (3-2) 

where Ὧ  is the kinetics-based rate constant given by Eq. (2-1) and Ὧ  is the diffusion-based 

rate constant as described in detail in our previous work [91]. The temperature dependent viscosity 
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of the liquid required for calculating the diffusion-based rate constant is assumed to be the viscosity 

of liquid HMX obtained from the molecular dynamics study of Bedrov et al. [108].  

3.5.2 Analysis of the gas-phase region  

The smaller molecular weight species formed during the decomposition of HMX including 

CH2O, N2O, NO2, NO, HONO, HCN, H2O, CO2, and CO desorb from the liquid phase and evolve 

into the gas phase. These decomposition products mix rapidly with the purge gas N2 and evolve 

into a relatively cooler region. Hence, they are assumed not to undergo further reactions in the gas 

phase. The concentration gradient within the gas phase region is also assumed to be negligible. 

Since the pressure and the temperature in the gas-phase control volume remain almost constant, the 

total number of moles in the gas phase remains conserved. The conservation of mass of species i 

in the gas-phase control volume based on molar analysis is shown in Eq. (3-3). The conservation 

of mass for the purge gas via molar balance is given by Eq. (3-4). A detailed derivation is given in 

Appendix B. 
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Here ὢȟ is the mole fraction of species i in the gas phase and ὢ  is the mole fraction of the purge 

gas in the gas phase. Ὑ  is the universal gas constant, Ὕ, ὖ, and ὠ are the temperature, pressure, 

and volume of the gas-phase region. ά  is the mass of the liquid phase, ὔ  is the number of species 

in the gas phase, ὓὡ  and ά  represents the molecular weight and the flow rate of the purge gas.  
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3.5.3 Temperature profiles of the sample in liquid-phase  

In the case of TGA experiments, the temperature profile is defined by the heating rate. In 

the case of CRT experiments, the temperature profile is approximated based on the measurement 

of heating rates by a 25ɛm K-type thermocouple with an inert sample [28], as shown in Figure 3-3, 

for a set temperature of 573 K. The fitted exponential function to reproduce the temperature 

variation obtained experimentally is given by Eq. (3-5), 

Ὕ Ὕ Ὕ Ὕ ÅØÐςυὸȢ (3-5) 

where Ὕ  is set temperature, Ὕ is the initial sample temperature, and t is the time in seconds.  

 

Figure 3-3. Temperature profiles in the CRT setup for a set temperature of 573 K. 

Since the temperature profiles for both types of experiments are known, the energy 

equation is not needed. The temperature and pressure in the gas-phase control volume are assumed 

as 200 °C and 1 atm respectively. By employing the comprehensive reaction mechanism, the initial 

value problem defined by first-order differential equations (3-1), (3-3) and (3-4) is numerically 

integrated. The mass fraction of HMX in the liquid phase and the mole fraction of the purge gas in 
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the gas phase are taken as unity at the start of the simulation. With these initial conditions, the 

solution of the initial value problem gives the species mass fraction profiles in the liquid phase and 

mole fraction profiles in the gas phase. 

3.6 Experimental results  

3.6.1 TGA and DSC data 

The TGA curves for the four heating rates are given in Figure 3-4(a) and the corresponding 

DSC curves are given in Figure 3-4(b). These results are the average of three repeatable 

experiments with similar sample masses. The ɓ-HMX to ŭ-HMX phase transformation is observed 

at around 190 °C as indicated by a slight endothermic peak in the DSC data as shown by Figure 

3-5. As the temperature is further increased above 260 °C, the mass loss starts very slowly. On 

further heating, the melting of the sample is observed at 280°C as revealed by the endothermic 

peaks in Figure 3-4(b). These endothermic peaks shift to a slightly higher temperature at higher 

heating rates due to heat transfer limitations. Hence, 280°C is taken as the approximate melting 

temperature of HMX. 

 The melting of the sample is immediately followed by rapid mass loss and exothermic 

decomposition as shown by the TGA and DSC data. At 5 K/min, approximately 20% of the initial 

sample mass sublimates before the melting temperature of 280°C. At 10, 15 and 20 K/min, the 

corresponding values are approximately 8%, 5%, and 3% respectively. At low heating rates, the 

mass loss starts to occur at a lower temperature because more time is available for the sample to 

undergo sublimation and possibly solid-phase decomposition. At higher heating rates, the sample 

temperature reaches the liquefaction temperature of 280°C relatively quickly before any substantial 

sublimation and solid-phase decomposition could occur. Exothermicity of the decomposition is 

observed to increase with the heating rate as revealed in the DSC curves in Figure 3-4(b). Hence, 
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these TGA and DSC results suggest that the decomposition of HMX occurs predominantly in the 

liquid phase. 

 

Figure 3-4. (a) TGA data and (b) DSC data. 

 

Figure 3-5. DSC data for two experimental runs at 15 K/min. Inset shows the endothermic peaks 

around 190 ÁC corresponding to ɓ-HMX to ŭ-HMX phase transformation. 
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3.6.2 Species evolution 

Figure 3-6(a) shows a single transmittance spectrum in the case of TGA experiments for a 

heating rate of 20 K/min and a sample temperature of 285°C. For CRT experiments, a single 

transmittance spectrum is shown in Figure 3-6(b) which was obtained for a set temperature of 

300°C at t = 10.08 s. Various decomposition products identified in earlier studies [24,109], 

including CH2O, N2O, NO2, NO, HCN, H2O, CO2, and CO, can be observed in the spectrum 

recorded in the present study. Signal intensities of the absorption bands of CO and NO are weak 

due to small permanent dipole moments.  

 

Figure 3-6. FTIR spectrum of the evolved gases (a) TGA setup (heating rate = 20 K/min and 

temperature = 285°C) and (b) CRT setup (Tset = 300°C and t = 10.08 s). 

In addition to these species, thermal decomposition products in the gas phase may include 

other similar molecules. Here, temporal evolution profiles were obtained for only these eight 

species using the data reduction model previously described. 
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3.6.3 Effect of heating rate in TGA experiments 

Species evolution profiles, obtained from FTIR spectroscopy and shown in Figure 3-7, 

reveal that CH2O and N2O are major decomposition products followed by H2O, HCN, NO2, NO, 

CO2 and CO in smaller concentrations. The rates of evolution of N2O and CH2O are considerably 

higher compared to other species. The rapid evolution of species is observed only after the 

temperature reaches 280°C for all heating rates as shown in Figure 3-7. This indicates that the mass 

loss before melting of the sample mainly consists of sublimating HMX which condenses out in the 

transfer tube maintained at the maximum possible temperature of 230°C. At 5 K/min, the evolution 

of species ends with the complete mass loss at around 285°C since more time is available for the 

sample to decompose at lower temperatures just after liquefaction. As the heating rate is increased, 

temperature increases relatively quickly and hence the species evolution continues until a higher 

temperature is reached as revealed by the stretched profiles in Figure 3-7 (b) ï (d). 

3.6.4 Effect of set temperature in CRT experiments 

In the CRT apparatus, the optical path length is not known with certainty. Hence, in the 

data reduction model, the path length is assumed to be 1 cm, which renders the concentration 

profiles as relative. Due to these reasons, the trend of relative mole fractions of species is compared 

unlike the absolute values used in TGA experiments where the path length is known exactly as 

12.3 cm. Species evolution profiles for four set temperatures investigated in this study, as obtained 

from FTIR spectroscopy, are shown in Figure 3-8. It is again observed that CH2O and N2O are the 

major decomposition products followed by H2O, CO2, NO2, NO, HCN and CO. Significant 

fluctuations are observed in the mole fraction profile of H2O which are attributed to the difficulty 

in resolving the fine line structure of H2O. 
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(a) (b) 

  

(c) (d) 

Figure 3-7. Variation of species mole fractions in the gas phase with temperature during HMX 

decomposition in TGA-FTIR setup (a) 5 K/min, (b) 10 K/min, (c) 15 K/min and (d) 20 K/min. 

For high heating rate experiments in CRT-FTIR setup, N2O and CH2O evolve at a much 

higher rate compared to other species. On increasing the set temperature, the decomposition rate 

increases as evident by a shift in the peaks of mole fraction profiles. At higher set temperatures, the 

relative mole fraction of NO2 is slightly higher indicating a shift towards high-temperature reaction 

pathways. NO2 is also consumed very quickly which indicates that it participates in secondary 



46 
 

reactions. Maximum levels of CO2 and NO occur later in the decomposition process, which reveal 

that they are formed from secondary reactions. However, CH2O and N2O remain the major 

decomposition products at all set temperatures investigated in the present study. 

  

(a) (b) 

  

(c) (d) 

Figure 3-8. Species mole fractions profiles in the gas phase during HMX decomposition in CRT-

FTIR setup at a set temperature of (a) 290°C, (b) 300°C, (c) 310°C and (d) 320°C. 


































































































































































































































































