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Fig.1 Molecular structures and supercell models of three derivatives of isowurtzitane
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F1 £-CL-20 TEX 5 BATNIW 1 & 1 2 0k . 45
Table 1  Simulation results of the cell parameters of
&-CL-20, TEX and BATNIW

compound  method a/A b/A c/A P ,
/g-cm

ReaxFF-Ig 8.78  12.47 13.26  2.092
£-CL-20

ReaxFF2018 9.09  12.9 13.73 1.887
(130 K)

Exp!2! 8.79  12.48 13.28  2.084

ReaxFF-Ig 8.85  12.56 13.36  2.045
e-CL-20

ReaxFF2018 9.18  13.04  13.87 1.829
(300 K)

Exp!2®! 8.85  12.57 13.39  2.044

ReaxFF-Ig 6.85  7.66 8.84 1.984
TEX

ReaxFF2018 6.99  7.81 9.01 1.873
(295 K)

Exp'?! 6.85  7.66 8.84 1.987

ReaxFF-Ig 6.83  7.63 8.81 2.006
TEX

ReaxFF2018 6.96  7.78 8.98 1.894
(200 K)

Exp'?’! 6.84  7.64 8.78 2.008

ReaxFF-Ig 21.72 6.06 13.51 1.877
BATNIW

ReaxFF2018 22.59  6.31 14.04 1.670
(296 K)

Exp'®! 21.81  6.09 15.23 1.854

Note: a,b,c are the axis length of single crystal, p is the density of crystal.
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Table 2

tives of isowurtzitane

AT A W A5 1 o B B K 2

The average value of bond order of three deriva-

compound bond bond order standard deviation
C(1)—N(1) 0.894 0.007
C(1)—NI(2) 0.823 0.021
C(2)—N(2) 0.896 0.009
&-CL-20 C(1)—C(1) 1.075 0.029
C(2)—C(2) 1.000 0.017
N(1)—N(3) 0.830 0.003
N(2)—N(4) 0.842 0.008
C(1)—0O 0.912 0.007
C(2)—0O 0.961 0.003
C(1)—N(1) 0.921 0.004
TEX
C(1)—C(1) 1.076 0.005
C(2)—C(2) 0.966 0.006
N(1)—N(3) 0.838 0.004
C(1)—N(2) 0.840 0.014
C(2)—N(2) 0.894 0.010
C(1)—N(1) 0.949 0.003
BATNIW C(1)—C(1) 1.035 0.014
C(2)—C(2) 1.017 0.022
N(1)—C(3) 0.964 0.006
N(2)—N(4) 0.832 0.008
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Table 3 The content of thermal decomposition products of

£-CL-20 at high temperature

number of products

thermal decomposition conditions

N, CO, HO H,
2500 K 5.46 3.21 1.77 0.16
3000 K 5.35 2.84 1.61 0.33
3500 K 5.23 2.51 1.56 0.28
detonation experiment **! 561 3.60  2.31 0.27

Note: Normalized according to the initial number of molecules in supercell.
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Fig.5 N, content curves during thermal decomposition of £-CL-20, TEX and BATNIW
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Fig.6 CO, content curves during thermal decomposition of £-CL-20, TEX and BATNIW
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Fig.7 H,O content curve during thermal decomposition of £-CL-20, TEX and BATNIW
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Fig.8 H, content curve during thermal decomposition of £-CL-20, TEX and BATNIW

F4  £-CL-20 . TEXFI BATNIW 4S5 fiff i 72 f H, #1 H,O 855
# I

Table 4 Final content of H, and H,O during thermal decom-
position of £-CL-20, TEX and BATNIW

final content ratio of H, and H,O

T/K &-CL-20 TEX BATNIW
(=10.96%)" (=42.75%) (~45.42%)

1500 0 0.010 0

2000 0.002 0.032 0.063

2500 0.090 0.264 0.665

3000 0.207 0.317 0.650

3500 0.179 0.364 0.755

Note: 1) Oxygen balance coefficients of three molecules lists in parentheses.

2.2.2 HOMHERE WS

RAEAY 2 Z W (FEE N HNO HNO,
HNO, ) 2 fiff e 28 M 25 4 43 file B By v (8] 724, JE HO2:
JUR A 7 A2 B NO Lo AR ZZ BE AT A= W0 A2 i NO, % it
AR A T P T 4 F N A 3R i, B 1B 9a~9c T L,
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Fig. 9 NO, content curve during thermal decomposition of £-CL-20, TEX and BATNIW

F&5 3000 K& =75 {0 2% e fi 2£ 9 42 s HNO . HONO il
HNO, 1Y 5 4 )5 )i

Table 5 High frequency reaction of three isowurtzitane de-
rivatives to HNO, HONO and HNO, at 3000 K

initial high frequency reaction

molecule products reaction frequency "
HNO H+-+NO-—HNO 0.154

&-CL-20 HONO H-+NO,-—HONO 0.117
HNO, H++NO,»—HNO, 0.071
HNO H++NO+-—HNO 0.103

TEX HONO H++NO,-—HONO 0.172
HNO, H-+NO,-—HNO, 0.028
HNO H++NO-—HNO 0.161

BATNIW HONO H-+NO,-—HONO 0.220
HNO, H-+NO,-—HNO, 0.179

Note: 1) Normalized according to the initial number of moleculars in super-

cell.

HNO & & & KA 6. HNO, I % i NO, H#EZF 4
Az, H I E IR T HONO Hi HNO, X ] BE R W -
(1HNO, A B A7 i S A 1, 78 il T R s #6 5 (2)
T NO,JEFEE P, BHATF T NO, 58I Al 345 &
A HNO, 5 (3)NO, T il T AN F& e, xE DL ik 27
AR HNO, .
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F6 3000 KT &-CL-20 . TEX FI BATNIW #7fiff S0 AL ) S 25 0= 9 L s = G 3 T
Table 6 Statistics of nitrogen oxides and their hydrogen abstraction products and pyrazine products during the thermal decom-
position of e-CL-20, TEX and BATNIW at 3000 K

product compound generated time / ps depleted time / ps duration / ps peak time / ps peak value
&-CL-20 0.10 46.60 46.50 0.50 2.413
NO, TEX 0.10 18.95 18.85 0.70 1.180
BATNIW 0.10 16.75 16.65 0.55 1.756
e-CL-20 0.20 16.90 16.70 1.80 0.329
NO, TEX 0.30 8.40 8.10 1.70 0.086
BATNIW 0.30 9.75 7.45 1.20 0.131
e-CL-20 0.20 >200 >200 4.55 0.596
NO TEX 0.20 28.40 28.20 2.90 0.294
BATNIW 0.25 20.00 19.75 2.80 0.452
&-CL-20 0.30 30.70 30.40 1.55 0.129
N,O TEX 0.85 17.60 16.75 5.72 0.022
BATNIW 0.30 11.90 11.60 0.75 0.113
&-CL-20 0.20 12.50 12.30 1.10 0.146
N,O, TEX 0.55 5.95 5.40 1.90 0.028
BATNIW 0.25 5.75 5.50 0.95 0.065
&-CL-20 0.20 9.80 9.60 1.17 0.154
N,O, TEX 0.20 5.00 4.80 1.30 0.047
BATNIW 0.25 4.45 4.20 1.45 0.065
&-CL-20 0.45 198.30 197.85 8.80 0.383
HNO TEX 0.70 36.85 36.15 6.80 0.303
BATNIW 0.50 25.40 24.90 7.25 0.033
&-CL-20 0.20 39.90 39.70 3.4 0.388
HONO TEX 0.25 21.20 20.95 3.05 0.200
BATNIW 0.30 16.65 16.30 1.70 0.357
&-CL-20 0.25 29.55 29.30 3.55 0.263
HNO, TEX 0.55 14.60 14.05 2.47 0.075
BATNIW 0.45 12.40 11.95 2.35 0.202
&e-CL-20 0.25 10.75 10.50 16.50 0.050
C,H,N, TEX 0.40 45.70 45.30 3.35 0.092
BATNIW 0.45 3.65 3.20 1.55 0.030
,” ______ \‘. CO (o)®
i i 3 &
=> L. N\ c —=> u&’&ﬁi”
|
:

TEX 2NO, + CH,ON, ﬂ NO, + CH;,ON;

<= 3

CHO, + CHN, CHO, + CH,ON, 2NO, + CH,ON, + C.HON,
a. pyrazine formation pathways b. glyoxal formation pathways

Bl 10 TEX (ML £ — AR A A2 7m 2 el
Fig.10 Pyrazine and glyoxal formation pathways of TEX

Chinese Journal of Energetic Materials, Vol.32, No.7, 2024 (711-725) A A AL www.energetic-materials.org.cn



S AT 2% e 17 A2 W s T IR A0 A% A 43 T 8 ) 2 R 721
0.16 12 HIC
. 101 . Bl
0.1 3000 K M CL-20 08] N es . « 0IC
0.121 WALy TEX 0.6 g f N ! 4+ NIC
- oAy, BATNIW - R . v B
0.101 | } 0.4 :(#! o X Ve . .
¢ 0.08 \ 021 AT VI VAN
© 006 v'vv‘ 0.0 Byater Bng n /oy 2y “:/l‘”:.l\‘jlli"ll't‘
' \ 0 25 50 75 100 125 150 175 200
0.04 : t/
0021 b a'aMt) f“ *H id e
- ol g Ll g L a. CL-20
1000 10000 100000 1o
tlfs ’ & © an S L S ° oo °
) ] ) ) 08' v ® o eoeoo e LR e ® 00 g0
a. three isowurtzitane derivatives at 3000 K 06 = HC
. L}
ix « 0OC
80 0.4 4 K:! e A NG
70 TEX 3500 K 0.2 - AA‘:A:::::':-]I'.'IrI'"-lr""'l'rI-
001 : : e A R R
o 607 3000 K ‘.XZSOOK 2000K 0 25 50 75 100 125 150 175 200
2 50 Wl A W WA t/ps
g Sht
5 401 % a b. TEX
3 304 IR 12
£ 20- M o 10l +(|-)|§cé
10 AW 'Y 081 ", « NC
[ E— . 0.6 " g et Nea_se e, e%0000%, o
———r - e S e—— ——r—ry 'k\l;". ° ® ®eo oo eo e e
1000 10000 100000 049 why ' am .
tits 0.21 e T Ts ST e SPNRS g S a
b. TEX at different temperature 00 0 25 50 75 100 125 150 175 200
B 11 SR 2Rk Ak B 2 R o B A i 2% tps
c. BATNIW

Fig. 11

isowurtzitane derivatives at 3000 K and the glyoxal content

The change curve of glyoxal contents in three

curve of TEX thermal decomposition at different temperatures
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HVERE. ML Z T, e-CL-20 H#E i H/C F1 N/C )5
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Fig.12 H/C, O/C and N/C atomic ratio curves of clusters of

three isowurtzitane derivatives at 3000 K

R7SER P RIFE M ECR KA S5 KA T B R AR TR
Table 7

and duration of clusters in each system

Maximum number, maximum molecular weight

maximum  maximum duration
compound /K number molecular weight / ps
1500 4 1368 >200
2000 2 1468 >200
e-CL-20 2500 2 1771 60.75
3000 2 1340 23.98
3500 1 1331 6.30
1500 5 1141 >200
2000 5 1942 >200
TEX 2500 2 4030 >200
3000 2 9257 >200
3500 2 7339 >200
1500 4 1727 >200
2000 1 1749 >200
BATNIW 2500 1 3060 >200
3000 1 5314 >200
3500 1 4569 >200
A et At 2024 % H 324 H7H (711-725)
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Table 8 Thermal decomposition rates of three isowurtzitane

derivatives
M 2R, SRATAS R R A8 SO 3 R ko X6 fiff 3 R ) reaction rate k, / ps-'
., T N 4 5, T/K
XECIn(k,) 5 1000/ T AT & ERLA 15 200G fLEE E,o £-CL-20 TEX BATNIW
Bl & & 2 300 77 2 a8 X T B R AR A el 2 e 2000 8.08 0.62 9.02
NS PR 22 N B R R 22 0 S UL A G v 2500 11.67 3.31 14.72
B 52, %4 2000~3500 K3 FELECHE AT LG 0BT o 3000 13.49 7.26 17.58
M & 13 AT LA Y, 3 R SR 28 e AT A= W 16 AL BE O 48 &5 B 3500 13.63 10.13 18.71
<o ——2000K— — ~2000K (iited) | >0
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Fig.13 The molecular number variation curves of three isowurtzitane derivatives with time and the linear fitting equations of re-

action rate
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Molecular Dynamics Simulation on the High Temperature Thermal Decomposition of Derivatives of
Isowurtzitane

GAN Qiang, ZHANG Wen-bo, WANG Ya-jun, LIANG Lin, REN Shu, LI Gen, HE Jia-jun, FENG Chang-gen
(State Key Laboratory of Explosion Science and Safety Protection , Beijing Institute of Technology, Beijing 100081, China)

Abstract: Isowurtzitane derivatives are currently one of the most potential cage energetic compounds.In order to systematically
study the high temperature thermal decomposition law of isowoodsane derivatives and clarify their detonation mechanism, in
this work, the thermal decomposition properties of hexanitrohexaazaisowurtzitane (e-CL-20) , 4, 10-dinitro-2, 6, 8, 12-tetra-
oxa-4, 10-diaztetracyclododecane (TEX) and 4, 10-diazomethyl-2, 6, 8, 12-tetranitrohexaazaisowurzane (BATNIW) under high
temperature (1500-3500 K) were studied by molecular dynamic simulations with ReaxFF-Ig reactive force field and molecular
dynamics method. The results show that the denitro and ring opening are the main initial reactions of &-CL-20, TEX and
BATNIW, in which the ring opening mainly occurs at the C—N bonds or C—O bonds of the five membered rings. Among the de-
composition products, the yields of CO, and H, change significantly under different temperature, while content of N, are similar
at temperature higher than 3000 K. The decomposition of BATNIW produced N, with the highest reaction rate and the maximum
yield. During the thermal decomposition of TEX, clusters could easily be produced, and glyoxal could be regarded as its charac-
teristic product. The order of thermal decomposition activation energy of the three derivatives is TEX > BATNIW > ¢-CL-20,
which suggests TEX shows the best stability. This work preliminarily reveals the relationship between the molecular structure and
thermal decomposition of three isowurtzitane derivatives.

Key words: energetic isowurtzitanes; hexanitrohexaazaisowurtzitane ; thermal decomposition; molecular dynamics; ReaxFF-Ig Re-
active force field

CLC number: T)55;064 Document code: A DOI: 10.11943/CJEM2024063
Grant support: National Natural Science Foundation of China (No. 22275018), Project of State Key Laboratory of Explosion Sci-
ence and Technology of Beijing Institute of Technology (No. QNKT20-04)

(Sidhi: % #)

CHINESE JOURNAL OF ENERGETIC MATERIALS 2 A

o
Il

M 2024 % H32% H7H (711-725)



