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(e HONO elimination process is regarded to be an important initial decomposition process of energetic nitramines. Four CL-20
conformers based on the ε-CL-20 were obtained by the optimization at the m062x/cc-pvtz level in this study, and the Transition
State (TS) and Intrinsic Reaction Coordinate (IRC) calculations were carried out at the same level. In addition, the rate coefficients
and activation energy of the HONO elimination process were evaluated using conventional transition state theory (TST) and
canonical variational transition state theory (CVT) with Eckart and small-curvature tunneling (SCT) methods to correct the
transmission coefficients for the quantum tunneling effect.(e calculation results have shown that the HONO elimination process
concerning the nitro groups located on six numbered rings is the hardest to happen, and it seems that the longer distance between
nitro groups and the adjacent hydrogen atom would result in the higher barrier energy; the HONO elimination process is most
likely to happen for the axial positioning of nitro groups located on five numbered rings and most unlikely to happen for the ones
located on six numbered rings; CL-20 II and CL-20 IV conformers are the most unstable one and most stable one concerning the
reaction difficulty of the HONO elimination process.

1. Introduction

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12- hexaazaisowurtzitane
(CL-20 or HNIW), a promising heterocyclic energetic
nitramine, like 1,3,5-trinitroperhydro-1,3,5-triazine (RDX)
and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
(HMX), contains the characteristic N–NO2 functional
groups. Compared to the other energetic nitramines, there
are six N–NO2 groups in a CL-20 molecule which results in
an increase in both density and heat of formation. In ad-
dition, CL-20 has excellent chemical stability, moderate
sensitivity, and smokeless combustion products [1].
(erefore, it is considered to be an ideal ingredient of the
advanced solid propellants, gun power, explosives, and gas-
generating agents [2, 3].

(e decomposition of CL-20 could provide a lot of
valuable information for the ignition, combustion, and
explosion mechanisms of the corresponding energetic ma-
terials [4]. (ere are generally two pathways of thermal

decomposition mechanisms of energetic nitramines, i.e.,
unimolecular reactions and multimolecular reactions.

(e unimolecular pathway mainly refers to the initiated
gas-phase thermolysis, photolysis, and orionization in
molecule beams, while the complex multimolecular reac-
tions in the condensed phase are usually involved for the
multimolecular process. In fact, the decomposition of en-
ergetic nitramines is quite complicated to investigate even
for the unimolecular reactions of simpler RDX and HMX
because of the hundreds of involving elementary reactions
[5–7].

(e initial step is an important issue concerning the
decomposition of energetic nitramines, and it is believed
that NO2 fission (also called N–N bond dissociation),
HONO elimination, concerted ring scission, and ring dis-
sociation along the C–N bond are the most possible path-
ways for the initial step of RDX and HMXmolecules [8–10].
(ere have been several studies about the decomposition of
CL-20, whereas most of them focus on the condensed phase
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which is usually associated with the complex multimolecular
process [11, 12].

(e individual steps are the key issues for the decom-
position mechanisms, and they are generally difficult to be
investigated, especially by the experiments because of the
high reaction rate and heat release. Ab initio calculations
provide an important method to obtain the detailed de-
composition steps of energetic materials, and there are
several studies concerning the CL-20 molecule [13]. For
example, some computational results show that the NO2
fission process of CL-20 is much different from that of RDX
and HMX [14].

(e purposes of this paper are to investigate the pathway
of the HONO elimination process for CL-20 conformers and
obtain the reaction parameters under different temperatures.
(e results may provide valuable information for the de-
composition and combustion mechanisms of CL-20.

2. Computation

(ere are two five-member rings and a six-member ring in
the caged CL-20 molecule, and the six nitro groups are
attached to each of the six bridging nitrogen atoms in the
cage. CL-20 has five crystal polymorphs, denoted as α-, β-,
c-, ε-, and ζ-CL-20 [15–17], and four stable CL-20 con-
formers based on these polymorphs were used in this paper
(Figure 1). (e transition states (TS) of the HONO elimi-
nation reactions were optimized with the verification of the
vibrational analyses by solely an imaginary frequency.
Starting from the TS, the intrinsic reaction coordinates
(IRCs) were searched and confirmed to connect correctly to
the associated reactants and products. (e structural opti-
mizations, energy profiles, IRC, and frequency calculations
were expedited with Gaussian 09 program [18] at them062x/
cc-pvtz level.

(e rate coefficients of the reactions at a temperature
range of 400K∼2500K were evaluated by conventional
transition theory (TST) and canonical variation transition
state theory (CVT) methods by using VKLab package [19],
and the one-dimensional Eckart formula [20] and small-
curvature tunneling correction [21] were employed to
correct the transmission coefficients for the quantum tun-
neling effect. (e Eckart method accounts for the barrier
height by fitting an Eckart potential, and the Schrödinger
equation accounting for tunneling can be solved exactly.
Small-curvature tunneling correction is a semiclassical
multidimensional method to provide accurate transmission
coefficients.

3. Results and Discussions

3.1. Structure of CL-20 Conformers. (e four optimized
conformers of ζ-CL-20 (I), α-CL-20 and c-CL-20 (II), ε-CL-
20 (III), and β-CL-20 (IV) are presented in Figure 1, which
belong to the C2V, C1, C1, and C2 point group, respectively
[22].

Heterocyclic energetic nitramine molecules are usually
identified according to axial (A) or pseudoequatorial posi-
tioning (E) of the nitro groups about the ring [23]. (ere are

six nitro groups in the CL-20 conformer, and four of them
are located on five numbered rings.(ere are four, three, and
two nitro groups occupying axial positions of the five
numbered rings for I, II, III, and IV conformers, and then,
these conformers can be labeled by the nitro group position
relative to the five numbered ring atoms.(erefore, there are
mainly eleven different nitro groups according to the
symmetry of the conformers, resulting in the same number
of HONO elimination process (shown in Figure 1) which
should be studied in this paper.

3.2. Reaction Path of HONO Elimination Processes. IRC
calculation results indicate that each HONO elimination
reactions have one transition state, and the triplet potential
energy surface (PES) of R11 and R12 is shown in Figure 2
which is similar with the other reactions except for the
energy level and molecule structure differences.

IRC results reveal the existence of transition states for all
the reactions, and the energy of transition states is higher
than that of the corresponding reactants and products.
(erefore, the rate coefficients could be calculated by using
TST and CVT methods. In addition, it seems that the re-
action rate of R11 is lower than that of R12 because of the
higher reaction barrier between the transition state and
reactant.

(e results presented in Table 1 show that the HONO
elimination processes are endothermic and nonspontaneous
under room temperature due to the positive enthalpy and
Gibbs free energy of reaction. HONO elimination is difficult
to appear under lower temperature owing to the much
higher energy barrier. (e barrier energy shown in Table 1
also indicates that HONO elimination for the nitro groups
located on six numbered rings is the hardest to happen, and
the pseudoequatorial positioning of nitro groups is sec-
ondary in most cases. It seems that the barrier energy mainly
depends on the distance between nitro groups and the
adjacent hydrogen atom (dNH), and the large distance would
result in the higher barrier energy [24, 25]. (e distance
between the nitro groups located on the five numbered rings
and the adjacent hydrogen atom is significantly affected by
the conformer structure, i.e., relative position of pseudoe-
quatorial and axial positioning of nitro groups, which results
in the barrier energy difference. (erefore, the CL-20 IV
conformer with good symmetry of nitro groups will result in
the similar dNH and, thus, much closer energy barrier of R42
and R43.

3.3. Rate Coefficients of the HONO Elimination Processes.
(ere are three types of nitro groups for the CL-20 con-
formers investigated in this paper, and the rate coefficient
calculation results of the CL-20 II conformer (Figures 3∼5)
are employed to show the rate coefficient differences firstly.

Figure 3 shows that TST and CVT calculations could
obtain the much similar rate coefficients under lower
temperature, and the results are almost unaffected by the
quantum tunneling effect. However, the rate coefficients
obtained by the TST method are higher than those of the
CVT method when the temperature is higher than 900K,
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and the higher the temperature, the more obvious the dif-
ference between the results. (is difference also reveals that
the reaction paths of some molecule may deviate from the
MEPwhich is considered by the CVTmethod.(erefore, the
CVTmethod should be employed under higher temperature
to get the more accurate rate coefficients.

Figure 4 indicates that there is an obvious difference for
the rate coefficients obtained by TST and CVTmethods, and
the results are affected significantly by the quantum tunneling
effect above 400K when the CVT method was employed.
(erefore, it is necessary to use the CVTmethod involved in
the tunneling effect to predict the coefficients of R22.
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Figure 1: Optimized structures and HONO elimination pathway of CL-20 conformers.
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Figure 2: IRC calculations of R11 and R12 reactions.
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(e rate coefficients are almost unaffected by the
quantum tunneling effect which is similar with R21; how-
ever, the rate coefficients obtained with the TSTmethod are

higher than the ones obtained with the CVTmethod for the
same temperature. Generally, the CVT method is more
reliable than the TSTmethod, and the rate coefficients of R23
should be predicted by the CVT method.

In addition, Figures 2∼5 also suggests the rate coefficient
increases obviously with the decrease of temperature, and
the reactions generally do not happen when the temperature
is less than 700K due to the lower reaction rate coefficients.
(e rate coefficients of the reactions are close under high
temperature (104.05 s− 1, 105.45 s− 1, and 105.82 s− 1 for R21, R22,
and R23 at 2500K); however, there is much difference under
low temperature (10− 16.67 s− 1, 10− 1.82 s− 1, and 10− 7.76 s− 1 for
R21, R22, and R23 at 400K) when the CVT/SCTmethod was
employed. Generally, R22 has the highest rate coefficients
and R21 has the lowest rate coefficient which is consistent
with the results of energy barriers.

In this study, the two-parameter Arrhenius expression
k � Ae− (Ea/RT) was used to fitting the reaction rate curves
obtained by the CVT/SCTmethod, and the results are shown
in Table 2.

As shown in Table 2, the highest HONO elimination
activation energy (Ea) of the nitro groups located on six
numbered rings also confirms the difficulty of the reactions
for all the CL-20 conformers, and the lowest Ea of the axial
positioning of nitro groups also means the reactions are the
easiest to happen. In addition, the Ea of R22 and R23 is
43.14 kJ/mol and 92.52 kJ/mol which are much lower than
the ones of the other reaction, and the HONO elimination
process is most likely to happen for the Cl-20 II conformer.

ε-CL-20 is the most stable crystal form which corre-
sponds to the CL-20 III conformer; however, the most stable
conformer is CL-20 IV when the lowest HONO elimination
activation energy for each conformer is compared. Our
previous study [26] showed that the activation energy for
NO2 fission of CL-20 conformers is in the 171.40 kJ/
mol∼219.85 kJ/mol range, which is lower than that for
HONO elimination obviously (248.03 kJ/mol∼291.05 kJ/
mol), and the difference is more obvious for the rate

Table 1: Some information of the reactions.

Reaction Energy barrier (kJ/mol) △H (kJ/mol) △G (kJ/mol)
R11 869.80 195.92 143.67
R12 845.60 162.35 112.16
R21 281.64 229.69 171.94
R22 238.47 136.05 81.99
R23 274.22 171.52 116.95
R31 317.37 232.71 171.25
R32 240.31 108.07 53.35
R33 348.49 177.13 120.63
R41 291.08 238.42 178.61
R42 284.76 168.99 113.88
R43 283.65 180.25 123.63
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Figure 3: Forward rate coefficient of R21.
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Figure 4: Forward rate coefficient of R22.
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Figure 5: Forward rate coefficient of R23.
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coefficient, meaning the much harder HONO elimination
reactions. In fact, although the activation energy of HONO
elimination decomposition in CL-20 crystal (104 kJ/mol [27])
is lower than the one in the conformer, the reactions are hard
to be observed due to the significant influence of the inter-
molecular effect.(erefore, the calculation results make more
sense to the decomposition mechanisms of the CL-20 con-
former in the case of solutions and gas-phase combustion.

4. Conclusions

According to the results presented in this paper, the fol-
lowing conclusions can be made:

(1) HONO elimination of the CL-20 conformer has a sole
transition state. (e activation energy of the reactions
is consistent with the corresponding energy barrier,
and both of them can be employed to evaluate the
reaction difficulty. (e CVT method with SCT cor-
recting the transmission coefficients should be used to
obtain the more reliable rate coefficients.

(2) (eHONO elimination process concerning the nitro
groups located on six numbered rings is the hardest
to happen, and the pseudoequatorial positioning of
nitro groups is secondary in most cases. It seems that
the longer distance between nitro groups and the
adjacent hydrogen atom (dNH) would result in the
higher barrier energy.

(3) (e HONO elimination process is most likely to
happen for the axial positioning of nitro groups
located on five numbered rings, followed by the
pseudoequatorial ones, and the HONO elimination
process is difficult to happen for the nitro groups
located on six numbered rings.

(4) (e HONO elimination process is easy to carry out for
the CL-20 II conformer due to the much lower activity
energy, especially for R22 (only 43.14 kJ/mol). (e CL-
20 IV conformer is the most stable one concerning the
difficulty of the HONO elimination reaction.
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