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Abstract: Ab initio molecular dynamics simulations were used to study the decomposition mechanism of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane ( CL-20) crystal, an excellent high energy density cage compound, under extreme conditions. It is found that the initiation and
subsequent decomposition mechanisms of the CL-20 crystal are diverse at different conditions, and CL-20 is sensitive to both high temperature and
pressure. Comparing the numbers of corresponding main products, it is found that the high pressure decelerates the decomposition. While, the ap-
pearance of special intermediates R-C,O (x>2, y>5) indicates that the high pressure makes the decomposition much more complex. Among these
intermediates, C, O is proved to be a high energy density compound.
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1 Introduction

The initial chemical events in the decompositions of con-
densed phase explosives under extreme conditions are very im-
portant to understand their complicated behaviors, to control
their risk during usage and storage, and to develop new high-
energy explosives“'. 2,4,6,8,10,12-hexanitro-2,4,6,8,10,
12-hexaazaisowurtzitane ( CL-20), one of the most powerful
high explosives, has a relatively high ambient temperature
density of 2.04 g - cm™ ™). CL-20 has a high heat of forma-
tion"”) and detonation performance of D=9.6 km - s™' and
p=43 GPa with an isowurzitane cage structure and several nit-
ramine groups'’’. The toxicity and potential carcinogenicity of
CL-20 and its transformation products have led to concern
about its fate in the environment and potential harm to human
health. Major transformation processes of this compound in the
environment occur at moderate but variable rates condi-
tions"®. It is thus very necessary to study the decomposition
mechanisms of CL-20 under extreme conditions.

However, it is difficult to investigate many aspects of their
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reactivity with chemical experimental techniques. Molecular
simulations offer risk-free and relatively accurate ways to study

their behavior. Several studies'®""!

using ab initio molecular
dynamics (AIMD) to study the details of the gas phase unimo-
lecular and bimolecular reaction decompositions of the explo-
sives at realistic reaction temperatures and pressures have seen
tremendous progress in confirming and interpreting experimen-
tal observables. Recently, a computational DFT study''"’ on
the unimolecular decompositions of CL-20 showed that there
are several types of reaction mechanisms for this process: an
N—N bond homolytic cleavage to form the NO, group,
HONO elimination, the breaking of C—C and C—N bonds to
result in ring opening and H-migration. An AIMD study on the
initial chemical events in thermal decomposition of nitramine
explosive CL-20'"*! pointed out that CL-20 has only one dis-
tinct initial reaction channel (the N—NO, bond hemolysis)
during unimolecular decompositions. It did not observe any
HONO elimination reaction, whereas the ring-breaking reac-
tion was followed by the NO, fission. Xue et al.!"! researched
that the ring opening is observed to trigger molecular decay at
all four shock conditions; while the sufficient NO, fission is
observed at shock velocities (U,)=8 km - s and 9 km - s™',
and strongly inhibited at shock velocities (U, =10 km - s™' and
11 km - s7". There is obvious difference among the three re-
searches, so it is necessary to study the initial and subsequent
decomposition mechanisms of CL-20 under extreme conditions
further.

In this work, we performed AIMD simulations to investi-

gate initial decomposition mechanisms and subsequent decom-
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position process for crystalline CL-20 at extreme conditions
(3000 K and 3000 K coupled with 44.5 GPa). These condi-
tions were considered because 44.5 GPa is the initial decom-
position pressure of CL-20 and its combustion flame tempera-
ture is 3000 K. Our purpose is to analyze its decomposition
mechanisms under extreme conditions in detail and discuss the

similarities and differences.

2 Simulations and Computational Method

Our AIMD simulations were performed within the frame-
work of density functional theory''*"*) based on CASTEP

code'"

using norm-conserving pseudopotentials'’’’ and a
plane-wave expansion of the wave functions. The Perdew-
Burke-Ernzerhof '® ( PBE) exchange-correlation function was
employed. A kinetic energy cutoff of 500 eV for the plane
wave expansions was used in the MD simulations and 750 eV
for structural optimization calculating total energy calculations
To correct DFT for the missing van der Waals (vdW) interac-
tion, we used the Grimme (G06)"" and Tkatchenko and
Scheffler (TS) "’ corrections to the PBE functional. We con-
trolled the ionic temperature and pressure using a Nose' ther-
mostat’”"" and an Andersen barostat’*’ | respectively. A time
step of 1.0 fs was used in time integration. Previous studies'*’
reported that a time step of 1.2 fs was used to study the ther-
mal decomposition of PETN. Reciprocal space was sampled
using the G-centered Monkhorst-Pack scheme and only the
gamma point was used for the simulations. The convergence
criteria were 1x107° eV energy differences for solving the elec-
tronic wave function and 1x107* eV force for structural optimi-
zation difference for AIMD simulation. Both the NVT and NPT
ensembles were employed.

The procedure for the AIMD simulations was as follows:.
First, the system was equilibrated at 298.15 K for 5 ps using
NVT. Then, based on this equilibrated system, AIMD simula-
tions were carried out using NVT at 3000 K and using NPT at
3000 K coupled with 44.5 GPa, respectively. The pressure was
applied equally in all directions without any symmetry con-
straint. The simulation time for the AIMD simulations was set
to 40 ps using NVT and 17 ps using NPT.

3 Results and Discussion

Before carrying out the calculations, we applied three dif-
ferent functionals (PBE-TS, PBE-G06, PBE) to relax the bulk
CL-20 at ambient pressure without any constraint. Table 1 lists
the relaxed and experimental cell parameters of CL-20. It is
found that the calculation errors of a, b, ¢, 8, and cell vol-
ume by the PBE-TS are =1.73%, —2.15%, =2.49%, 0.26%,
and -6.65%, compared with the experimental results. The
predicted errors by PBE-G06 are —1.16%, —1.56%, —1.03%,
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0.004%, and —-3.79%, respectively. The computation errors by the
PBE are —7.58%, =7.1%, —6.39%, —0.29%, and -22.38%,
respectively. This indicates that the lattice parameters estimated
by the PBE-G0O6 are much closer to the experimental values
than by the PBE-TS and PBE. Therefore, PBE-G06 was adopted
for subsequent simulations.

Table 1 Comparison of relaxed lattice parameters of CL-20 with ex-

perimental data at ambient conditions

b cell volume
method ao Co B 23
/A /A /A /(°) /A
Expt. 8.85 12.56 13.39 106.82 1424.15
PBE-TS 9.00 12.83 13.72 106.55 1518.81
(=1.73)  (=2.15) (-2.49)  (0.26)  (—-6.65)
PBE-G06 8.95 12.75 13.52 106.82 1478.16
(-1.16) (-1.56) (-1.03)  (0.004) (-3.79)
PBE 9.52 13.45 14.24 107.13 1742.82
(-7.58) (=7.1)  (-6.39) (-0.29) (-22.38)

Note: Values in parentheses correspond to the percentage differences relative

to the experimental data.

3.1 Initial Decomposition Mechanism

Scheme 1 presents the initial decomposition mechanism of
the CL-20 crystal using NVT. It is found that the initial decom-
position steps of the CL-20 molecule in the CL-20 crystal have
two different paths: the C—C cleavage and the C—H bond
breaking. The initial decomposition of the CL-20 crystal was
triggered by the C—H cleavage using NVT. Scheme 2 presents
the initial decomposition mechanisms of the CL-20 crystal
using NPT. It is found that there are three kinds of initial de-
composition mechanisms of the CL-20 molecules. This is much
more complex than that using NVT. The initial decomposition
steps of the CL-20 molecules in the crystal include above-men-
tioned C—C bond breaking, the C—N bond rupture, and the
N—NO, bond cleavage. The probability of the N—NO, bond
cleavage is much higher than that of other two reaction path-
ways. This indicates that the N—NO, bond is much more sen-
sitive using NPT (3000 K coulped with 44.5 GPa) than using
NVT (3000 K). However, the initial decomposition of the
CL-20 crystal was triggered by the C—C cleavage using NPT.
Therefore, the pressure makes the initial reactions of the CL-20
molecule much more complex. Under the two extreme condi-
tions, we did not observe any HONO elimination reaction
during unimolecular decomposition. Different unimolecular
decomposition pathways for other cyclic nitramine explosives
such as dimethylnitramine ( DMNA )P*  RDX'™*7*! = and
HMX 7" “have been theoretically investigated. It was repor-
ted that there are the following three types of decomposition
mechanisms; (1) the N—N bond homolytic cleavage accom-
panied by the elimination of the NO, group, (2) HONO

elimination, and (3) ring-opening reactions. Our findings that the
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initial decomposition steps of CL-20 are the C—N and N—NO,
bond rupture were observed in the unimolecular decomposi-
tions of DMNA, RDX, and HMX"*'7**' Isayev et al.'"?! point-
ed out that the initial step of unimolecular decomposition of
CL-20 at high temperatures (1000-3000 K) is the N—NO,

bond hemolysis. This is in agreement with our simulations.
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Scheme 2 Initial decomposition mechanisms of the CL-20 molecules

in the crystal during the NPT simulation

3.2 Subsequent Decomposition Processes

More detailed subsequent decomposition processes after
the initiation of the CL-20 crystal are shown in Scheme 3 and
Scheme 4. It is seen in Scheme 3 that two major distinctive de-
composition channels for the decomposition intermediates of
CL-20 using NVT. These secondary reactions mainly include
two interesting paths: Int1 produced Int1-1 by the breaking of
N—NO, bond. Int1-2 decomposed by the C—N bond cleav-
age to produce two smaller fragments. This is the key step to
produce the branch of the nine-membered heterocycles. After

several reaction steps, it further produced the important frag-

N
e
ment N7 N7". Int2 produced Int2-1 by the C—C bond break-

ing. Int2-1 further decomposed by the N—NO, bond breaking.
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The H atom attacked Int2 to produce Int2-2, which decom-
posed to produce Int2-3 by the C—C bond cleavage and the

cage broke to form tricycle rings. The following reaction main-

ly released NO, to form N N"", which captured the oxygen
atom form the NO, group and open the ring by the C—N bond
cleavage.

It is found in Scheme 4 that there is only one major dis-
tinctive channel for secondary decomposition of the decompo-
sition intermediates of CL-20 using NPT. The three intermedi-
ates INT3, INT4, and INT5 decomposed all through the
N—NO, bond breaking to release NO,. There are five
N—NO, bonds breaking during the decomposition of INT3.
After that, its cage structure collapsed by another C—C bond
breaking to form INT3-2, which formed INT3-3 by the two
C—N bond cleavage. This is the key step for the large ring

i N
. o oot iermedinte of S i
breaking. There is an important intermediate of N” "N”" with
some branches produced during the decomposition. INT4-1
opened the C—N bond to form INT4-2, which produced the

NN

important intermediate of N” N7 with some branches by the

cleavage of series of N—NO, bonds. INT5-1 decomposed by
the breaking of the C—N and C—C bonds to form the impor-

)

the tricycles are broken by the breaking of two C—N bonds to

N

N

tant intermediate of N” N7 with some branches. After that,

form INT5-3 fragment. This reaction is the same of the forma-
tion of INT1-3. However, INT5-3 became a tricycles form by
the formation of a C—N bond again. Finally, INT5-4 is broken
to form two five-membered heterocycles. Therefore, the de-
composition reactions of the CL-20 crystal are sensitive to both

high temperature and high pressure.

3.3 Decomposition Products

Fig. 1 shows the time evolution of the population of key
products during the decomposition of the CL-20 crystal using
NVT. The CL-20 crystal is decomposed quickly at the begin-
ning during the simulation. The first N, is produced at the time
of 800 fs. The concentration of N, increases step by step dur-
ing the whole simulation time, reaching a relatively balance
value of 14 molecules after t=10.05 ps. NO, is released quick-
ly and its number reaches the maximum in a flash of reaction,
but the number of NO, decreases when the products NO and
OH produced. This indicates that some NO, decomposed to
produce NO by capturing the H radicals to form OH fragment.
Finally, NO, vanishes to form other products at about 5 ps. At

the time point when the number of NO, reaches a maximum,
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Fig.1 Time evolution of initial CL-20 molecules and products NO, ,
CO,, NO, OH, and N, during the NPT simulation

NO, is decomposed to produce NO. At 2.5 ps, the number of
NO reaches the peak. NO diappears at about 23 ps. The num-
ber of OH has a similar variation trend with that of NO,. Ac-
cording to the trendline of OH fragment, it can be deduced
that the H radicals are very active. At about 1.55 ps, the first
CO, is produced. Then the number of CO, increases and rea-
ches a maximum of 10 at 10.05 ps. After that, a relative bal-
ance appears thereafter.

Fig.2 displays the time evolution of the population of key
products during the decomposition of the CL-20 crystal using
NPT. The number of main product N, increases gradually,
reaching a relative balance value of 14 molecules at t=4.8 ps.
Then it gets a balance thereafter. At the beginning of the de-
composition, NO, increases quickly and reaches a maximum
at about 0.5 ps. Then it decreases quickly but does not vanish
during the whole reaction. NO increases accompanied by the
decrease of NO, interestingly, it is seen in Fig.2 that the varia-
tion trend line for the number of OH keeps level during about
12 ps. This suggests that there is a balance between the forma-
tion and decay of OH at this extreme condition. At about 1 ps,
CO, is produced and then increases, and reaches a balance,
after about 10 ps. Although the main decomposition products
are similar at these two extreme conditions, at the case of
3000 K coupled with 44.5 GPa is more complex than at
3000 K.

number of fragments

time / ps

Fig.2 Time evolution of initial CL-20 molecules and products of NO, ,
CO,, NO, OH, and N, during the NPT simulation
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Using NPT, one of important products is R-C.O (x>2,
y>5) during the decomposition of the CL-20 crystal. C, O,
clusters have attacked a new interest in the intense search for
efficient, safe, and environment-friendly high energy density
materials (HEDM) , which can be used in propellants or ex-
plosives' >/, Fig.3 displays the total number of R-C,O, during
the decomposition stage of the CL-20 crystal as a function of
time at 3000 K coupled with 44.5 GPa. While the product
R-C,O, has not been observed in the decomposition at
3000 K. This also shows that the decomposition is much more
complex at 3000 K coupled with 44.5 GPa than at 3000 K. At
about 7.5 ps, the number of R-C O, reaches a maximum. The

trendline of the number of R-C O is stable after 7.5 ps.

total number of C,Q,
2L
]

0 ¥ T ¥ T : T
5 10 15
time / ps

Fig.3 Time evolution of total number of the intermediate R-C,O,. The

black thick trendline corresponds to the actual concentration data

Fig.4 compares the concentrations of the main decompo-
sition products of the CL-20 crystal using NVT and using NPT
as a function of time. It is found that the decomposition major
products are the same using NVT and using NPT. The variation
trends of the concentrations of corresponding main products
are the same at two conditions. This obviously demonstrates
that the decomposition mechanisms are sensitive to both the
temperature and pressure. However, the concentrations of cor-
responding products using NPT are less than those using NVT.

So the high pressure decelerates the decomposition.

20r CH
T A bttt O
0 1 n 1 "
o 12 M et
g 0
g 12
= 0
2 12
é 6
2 18
8
0
3
ol —— 3000K 44.5GPa
0 4 8 12 16
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Fig.4 Comparison of time evolution of initial CL-20 molecules and products
NO,, CO,, N,, NO, and OH during the decomposition of the CL-20 crystal
using NVT and using NPT. Red and black thick trend lines correspond to the

actual concentration data using NVT and using NPT, respectively
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4 Conclusions

In summary, we have performed AIMD simulations to un-
derstand the detailed and molecular-level information on the
initial and following decomposition of high energy density ma-
terial CL-20 under two extreme conditions. The results indicate
that different reaction conditions led to different decomposition
mechanisms of the CL-20 crystal.

(1) The initial decompositions of the CL-20 crystal using
NVT and using NPT (3000 K and 3000 K coupled with
44.5 GPa) were triggered by the C—H cleavage and the C—C
rupture, respectively. The subsequent decompositions mainly
have two interesting paths using NVT and only one major dis-
tinctive channel using NPT. This indicates that the decomposi-
tion of the CL-20 crystal is sensitive to both high temperature
and high pressure.

(2) The number of corresponding major products using
NPT is smaller than those using NVT. This demonstrates that
the high pressure decelerates the decomposition of CL-20.

Our theoretical studies provide a new insight into under-
standing coupling effects of the temperature and pressure on
the initiation mechanisms and subsequent chemical decompo-

sitions of cage explosives.
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ERNLEHNEFTEZARBIREGHT CL-20 B3 fEHLIE

oL R R, A14

(1. AFREIAFMIFR, LA @E 210094; 2. R THEZR, LA @7 211167)

W OE: sHAKRR Ik W —Fh o R A W) (CL-20) 7ER BR AR T B9 20 i MLBEL . &5 2R R 768 Wl 9 2% A T, CL-20
4 A R LB S0 A o R AN AR ) 5 3R Y CL-20 %of oy i v AR AR SRR o X HO AR B 2% 1F T 2228 7 0 10 50 Tk B v 2 00 ) 1 e S
BOBERR o (HR 7R TR RS & R I 2 A2 R-CLO (Xx>2, y>5) v (B A SCRE R A g TR AT 3 Mt S A 2% o 76 R-C, O, (x>2, y>5) 1
A k&8 C,O0, EAWIEL R —FM e B ELEY.

X WKB T3 1% ANEER AR R ML (CL-20) 5 40 R A
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