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Two stable conformers of gaseous HMX molecules"”
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1.37 A,N—O 8K 1.21~1.24 A5 Tfi Chair 2544 h 25

C—NHEK H}1.43~1.46 A, BT N—NEEK B 1.37 A,
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FEH PRI S AR N—N B 22 Sk 1 el 20 i
fl 1( 3% 1), Boat-boat 14 52 i 43 -+ 45 # B A il %) B
P10 Chairfy % B .0 X Fr k. X F Boat-boat #il
Chair R F 52 1 T f1, C(3)—N(4)—C(1")—N(2")
P Spd oK, HE A 4 Bk 64.7°F1—=11.5° 4 22 24 90°,
PRI, P HMOX R G2 25 1 25 53] 3 22 3R 30 0 X ik 1
T A ES . AN, BT B-HMX BEE AL K e,
BT LA HMX 43 B B 155 2 DL B-HMX T Chair
RWFTEXF G
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Table 1 Geometric parameters of the two stable conformers of HMX"*’
length/A angle/(°) angle/(°)
bond ——  bond ——— bond B —
boat-boat chair boat-boat chair boat-boat chair
C(1)—N(2)/N(2")—C(1") 1.44 1.46  C(1)—N(2)—C(3) 124 124.3  C(1)—N(2)—C(3)—N(4) 105.0 119.1
N(2)—C(3)/N(2")—C(3") 1.45 1.43  N(2)—C(3)—N(4) 110 108.7  N(2)—C(3)—N(4)—C(1") -37.6 =50.1
C(3)—N(4)/C(3")—N(4")  1.47 1.45  C(3)—N(4)—C(1") 120 125.3  C(3)—N(4)—C(1")—N(2") 64.7 -11.5
N(4)—C(1")/N(4")—C(1) 1.45 1.43  N(4)—C(1')—N(2") 113 111.4  C(37)—N(4")—C(1)—N(2) 64.7 11.5
N(2)—N(5)/N(2")—N(5") 1.35 1.37  C(1)—N(2)—N(5) 17 117.3  N(4)—C(1")—N(2")—C(3") =100.7 97.5
N(4)—N(6)/N(4")—N(6')  1.37 1.41  C(3)—N(2)—N(5) 117 117.0  N(4")—C(1)—N(2)—C(3) -100.7 -97.5
N(5)—O(1)/N(5")—0(1") 1.21 1.22 C(3)—N(4)—N(6) 119 1143 N(2)—C(3)—N(4)—N(6) 125.9 111.5
N(5)—O0(2)/N(5")—0(2") 1.24 1.22  C(1")—N(4)—N(6) 119 115.9  N(2')—C(3")—N(4")—N(6") 125.9 -111.5
N(6)—O(3)/N(6')—0O(3") 1.23 1.23 O(1)—N(5)—0(2) 125 128.2  N(4)—C(1")—N(2")—N(5") 75.0 -91.0
N(6)—O(4)/N(6')—0O(4") 1.22 1.22 O(3)—N(6)—0(4) 125 123.9  N(4')—C(1)—N(2)—N(5) 75.0 91

22 HMXS FHEBEESBEFEHER

& HE AR AR 1 22 W AP RO TR R Y g R
Tk, DRI B i A R B F 98 N BE A5 R R o T 4G
F R AE b iR SR A B 5y F R F AR 2. A&
Z W58 N D138 i B T 5 A Y HMX O TR A
G457 F 09 AH X AE L RE B RN AR BE L 3R 2 TR .
Lewis % 1° % FAS [ % B 17 R 2L (DFT) ik ik 7
a- B-F1 8-HMX A, & B a-HMX F1 8-HMX 1 () 43 1
2% ¥ #R A 4k A Boat-boat #) %, 1 B-HMX T ) 1k
Chair# % . AT b T W R O Ak F4 52 455 4 114 AH X
et , K AE 2443272 R (B3LYP) K °F F , Boat-boat #4

T2 HMX PRI L 5 T B BE & | BE B A0 45 B BR

% I Chair ) 4 Y i 75 9.74 kJ-mol ™, i £ BLYP /K
SR, e B 22N 3.39 Kemol™, WK 2 R
Chakraborty %"/ %£ B3LYP/6-31G (d) /K F 15 £ iy
X —REHR 2 4 10.46 k)-mol™, % B E S RERT, H(H K
8.37 kJ-mol™. Smith""” i & it Jj 35 5 1 45 %] BE i 22
2.6 kj-mol™ o DL 25 B3R OR [R5 7 A5 B
AT BE B AP AE— 2 25 5% (H T A 45 R ¥ K W Chair iy
% It Boat-boat ¥4 % (1 & BE = MK, & S 2# L
% WA, Smith"7FE MP2/6-311G /K- 145 2] 1) 19 Ff
) 5 14 1 b 0 K003 26 BT, Chair ¥ 2 %60 B M O 7, R AT
A

Table 2 Relative energy, energy gap and dipole moment of two stable molecular conformer of HMX

relative energy / kJ-mol™

energy gap /ev  dipole moment/ D

conformation

B3LYP¢ BLYP!®) B3LYP/6-31G(d)!"® MP2/6-311G**L17 MP2/6-311G**117]
boat-boat 9.74 3.39 10.46(8.37) 2.6 3.97 8.41
chair 0 0 0 0 3.78 0
Chinese Journal of Energetic Materials, Vol.27, No.10, 2019 (883-892) A A AL www.energetic-materials.org.cn



HMX 73 T 5 b 1A 45 14 1E fE AT 5% itk

885

2.3 HMX&FRIEEM TR N—NO, W e 1% b S IRy,
T AL B I A3 il HLEE G R LR RN e v R 25 1 N—NO, 1 B 24 & S HMX 23 fif 1) 3 2R 45
REM BHF R B ENES . o0 TR DR AR R AR T Y on( "
B /NS TE B 58 HMX 343 - 1 44 53 fi L 30 2 1 A (y__N-o. *No.
HIMX R HPE R 0 SE R B2 H 55 LR 16 2% 19 o,
B2 4 KR SE TAE# I T4 T 5 ON*(N\]
T HMX 4 3 2 [ 2 O B 4R 1 HMX 43 klNJ N0, +HONO
F ] GE A9 00 4R oy i A0 L H R . a, N—NO, H "o NO,
S4U180 S B S 2 B A Sk SR Y M 2K K 24 40 i 1 5 1 R L '(_‘N NO,
il 5 b, HONO fi g5, il 2f L 37 H & (—CH,) B/ H OZN*L ]_NO ON—l(_N\'l -
. . Ly N—r : o N— 7= 2
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LK , B A% B HONO , B I il T A R S HNO, , it 2 o o
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CH,=NNO, ™ 3 d JF |- C—N BT 2" s e R 2 5 OZN—LF o> by o
AL R, Jf % A C—N BT 2B NONO™ ing B T
42 313 445 X HMX 20 T8 [ 4440 fit L. ) 444 e
VR SRR T R, 45 SR A0), R I i v 2 OM—NW
15 00 i 25 BB AN SRR (], 0 2 SR BP0 0 v 5 R A Z kN_/N—O/N\O
FAE, Hfn Lewis” % F B3LYP/6-311G, p J L it & r\llOZ
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ig.2 ecomposition paths of the HMX molecule
FIN—NO, ) 4 FF 75 19 8 15 B AT 22 Kk, 50 7T g it ol 8 postionp )
TR FH ) b 11 58 [ 356 A 10 it 5 BE A it e S ) 3 HMXBEHEWEEEHE 4L
o MR 3ATH,N—NO, W 20, B 7 il FE i 75 22 1Y
e AL, X — 5 7F Chairfy R BB . Hobh, =4 3.1 BRIK&EH
SEM TR ELS AN T, R4 P iE HMX R (B E ey A LE
F 3 HMX G [6] 53 fifk BE AR 1) fidk 25 e
Table 3 Dissociation energies for different decomposition paths of gaseous HMX
dissociation energy / kJ-mol™
method conformation
a b c d e
BLYP/6-311G,p!7  boat-boat 174.89 179.49 201.25 172.38
B3LYP/6-311G,p'”! boat-boat 169.45 300.41 234.30
B3LYP/cc-pVDZ!®!  boat-boat 166.19 177.53
(189.15¢)
boat-boat (211.71)
(189.95%)
B3LYP/6-31G(d)!"®)
166.52¢
chair 186.61
(194.56 )
218.82°
PBE! chair 164.85 191.63
159.417
237.23% 186.61¢ 191.63
PBEL20-21] chair
218.825 181.59% 169.58
164.01%
PBE!22] boat-boat 137.65
167.36%

Note: eq is the equatorial bond. ax is the axial bond. S is the singlet state. T is the triplet state. The value in parentheses is the data that does not contain the single

point energy. The same as below.
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®A HMX T AR 93 fift i 4 1 3 7122 A
Table 4
gaseous HMX

Kinetic data for different decomposition paths of

pre-finger

conformation a b e ref.
factor
log(A/s™") boat-boat 17.33 12.98 [9]
18.97° 14.29 14.85
17.937
log(k/s™") chair [11]
19.45°% 14.11 16.68
13.557
18.98* 14.23% 14.85¢
log(k/s™) chair [20]
17.85% 15.92¢
log(A/s™')  boat-boat 18.00 14.00 [22]
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Fig.3 Packing structures of HMX polymorphs and HMX-based cocrystals

R 6 HMX R0 B RIS 4314 G BE A XTSRS e A AR X B R i
Table 6 RMC, RLE and RTE of three HMX polymorphs!**

polymorphs RMCE / kJ-mol™! RLE / kJ-mol™’ RTE / kJ-mol™'
a-HMX 10.7 0.0 10.7
B-HMX 0.1 6.0 6.1
5-HMX 10.3 8.1 18.4

Note: RMCE is relative molecular configuration energy; RLE is relative lattice energy; RTE is relative total energy.
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CL-20 & &40 M o HARESH ) HMX/Py &4, HMX 43
T HECAR Py o FIR G e —)2, B —)2%, 34
Py 43T i1 6 4~ Boat-boat # 4 f) HMX 4 T [l .
3.2 BUEREM

PR 78 R X 2 1 T 3 A AR B R
S EVEE MR RE S IE W I E R — . HMX
& — R R KR 24, e e ke T H R R RS
(RDX) , H.25 % s PE M 5 80 BS (TNT) #2398 . KEZ5 1Y)
I 2 PR SR 25 A R 2R 1 28 B IR B, A2 o
I BT RE SRR . FE HMX B 4 Fh i 28 B-HMX Y
R B A, M 2 et e . Zhu VY DFT O
W AERFSE — R 5 e BE A AR 25 K 9 SRR L 4R
FH S AT B (BRSO A EE F S . 9 G, HMX DY Fif

FT7  HMX 5 — eIl G Kk 28 1) fi o B

i TP B 43 9 3.62 (B-HMX) , 3.38 (y-HMX) ,
2.42 (a-HMX), 0.021 (6-HMX) , 55 5 & P 18 i (J& i
1) ¥ B>y>a>6 —F .

M HMX 5 H e g 7 45 A 8 3G 4 25
R /N . 7 HMX 5 — 26 3 5 R 24 1) i o R
fH. HrihHMX 53E& 880 7 (R 7 ) BT g s
G 0 2 B 1 o R O R/ T HMX G (LR 78 Jin 34
1 AR KSR 2 v U R Ay F — HOBE R HMX 2 T,
JECRE ) 45 TH X O HMX-I3 L & 4 5 A8l
HMX. HMX 73+ 5 & 68 4+ 2 i 9 2 ml e 220 7
3T B L ) HMX/CL-20"7" 3% 3 5 K 25 0 J
5 HMXAH L&A I W25 5 128 it [ HMX =, A
FAFE XL 7.

[

W

\

Table 7 Impact sensitivity of HMX polymorphs and HMX-based cocrystals
height of 2.5 kg drop hammer 50% explosion / cm'?!
sample sample Hyo / cm!34)
sandpaper no sandpaper
B-HMX 27 37 B-HMX 47
5-HMX - - 5-HMX 27
HMX/DMF 136 127 HMX/T2 >145
HMX/DMA 137 371 HMX/PNox >145
HMX/T2
HMX/BL 208 309 . 27
after phaseseparation
o , HMX/PNox
HMX/NMP 311 320 cm 22 times in 3 explosions . 27
after phaseseparation
HMX/CP 264 no explosion under 320 cm HMX/CL-20 55037

Note: DMA is N, N-dimethylacetamide. BL is y-lactone. NMP is N-methyl-2-pyrrolidone. CP is cyclopentanone. H. is 50% explosion of explosive specimens in im-

pact sensitivity test.

KT B AH HMX ] 46 1 53 fd HL T 00 A 5%, 32 22 02
LT A HMX A5 i L 38 A6 N—NO, 1
2 HNO, R .NONO 19 5344 £k AT C—N 4 11 1y ¢
A5 L AE A R BB 5 P ok DL R R 3 HMX 43
fife A A G IR T o B2 [ AR HMX B0 i i IR R AR £,
SEE AR H B AR A 5 R R Y o8 SRR AR
S LA o DR AR 5 5 3 TR HMX (9 90 1R
P> i LB S5 1, B2 A 6 LR ) A ST AR R X —
[7) AL A AR [ B AR 4 S B 4% 14 LA s A 7 1 A 4L 2%
(1= R 3 2 S <0

i A HMX #4043 i iF 5% JE % 3= & o Onise Sharia
Gpleaomenasmie it 3k HMX S R HEAT T R G 9%, il i %
J£9Z PR PG PBEIZ oK J5 3% (DFT-PBE) i 515 8] T A A
HMX @A (58 22 5 1A DL RS A 2% T8 B B 1) ot 44 ) =
T B 4 R AR (N—NO, iU 2 HNO, # B il &
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NONO I 51 4k (9 3l I “# 808s , iF e 45 3R W . (1)
N—NO, ¥ 54 HMX i #4724 11 32 22 07 55 (2) it
SR BEUE WY B — 3R S B T LSS 0 R )
fiB— 1 IE AR 5 (3) & R S-HMX FLARER B-HMX 43 fi e .
ANk, TG A A AT A B 9T B 4R R C—N
Wr 4L B9 T REPE . BE4b, Zhou %738 1 ReaxFF X
N F7 S AT AS [ S B R BE ) B-HMX R B 78 A [ 3
SR I it B, LA 9 465 SR S« L N 5 B
BRI HMX I B o Az b oe b AEE i T %
A B HMX SR B 5 i, OF 7850 % 8T = Fhw) 46 43
fit L (N—NO, i ¥ 24 HNO, B Bl S 38 1) 24 i)
5 R W R DL N—NO, I Wi 248 &, 9 B AR I\ 7E 4
XAV I B, B B DB 4B ) A7 A T % B B A R A i
M AESE e f iR IF AR B 1l a2 i 52 56 iR
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o Ikt R AR L HMX 43 fiff 2 2 B 1) — ol 15 5L
Ge 512U A ¥4 -5 AR 45 L)y 75 (SCC-DFTB) i 5%
TR whi ik 4 4 F B-HMX B4 it ok 78, & PRAEAR o
o P E 8km - s I, N—NO, 19 1 2478 91 Uk 43 it b o
F= 5 Hb AL 5 T AE (R o U RE A5 R (10 kmesT! Al
11 km-s™), B8 C—H 1% W7 24 7 L 00 i b o5
B A7, Wen %50 i ReaxFF /13745 & MSST Jr ik,
BLAEL T 58 26 HMX & 0 FILAE 76 22 4 1 HMX S IR FE AN
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DL b [ AH HMX B #8707 45 51 345k /T 31 i A
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(1) Z % HMX ' Chair # £ (1) B-HMX 1£ # 4
P F e M EaE SR £ 1i% ; Boat-boat ¥ 4 11y 8-HM X Ji&
JEIR R . R HMX Y AR 2 0F 58 A B F f B 4 78
B-HMX, T it Z X Ho g = F i AL 5l 4 T B9 BE5E o B

Chinese Journal of Energetic Materials, Vol.27, No.10, 2019 (883-892)

I, o y-F S-HMX L 1] BB A7 76 AR K 14 52 A A {8, X
PEAT B ABE 58 85 2 00 X £ 0 B HMX ) B g A
W H o

(2)HMX AJ 3 2o e 4 e 28 5 AR 45 4, I 43 F 7K
STy B T 2 e DA A A R I LR 2 i R Ak
XFHMX 2L e 25 i i 5%, B TR T 0 & SRR
FIVER I T, AR R 58 36, T BT HMX 3 Y
A AR 7 sCRJE ML ER AT ER A ST, by il £ T &
e 058 HMX 08 70 Rl 1 2 e A 4

(3) IR ZWFIT 2 W N—NO, B 2 8L 75 HMX 8953
i G E S A, o HMX B R R £, N
7] 2% 14 1 1 4 g e Rz AL D 26 B, HMX & 44 b1 B 7E 55
Tk = R B A AE BB B A R R R . FRE B HMX
{14 3 g AL 1) B e T LA 2 Fy R 2k 2K AE B
U HMX 9 53 i AL ] e F AR A5 400 2% 1 1 15
RT3 7 1, DR O A 7 O O o 8 DL T 5 ik A
J T NS 1 T ]

S5 3k :

[1] Choi C S, Boutin H P. A study of the crystal structure of B-cy-
clotetramethylene tetranitramine by neutron diffraction[]J]. Ac-
ta Crystallographica, 1970, 26(9): 1235-1240.

[2] BREM . JEZ5"E ML de st et BT R 2 A, 2006.

OU Yu-xiang. Frying pharmacy [M]. Beijing: Beijing Institute
of Technology Press, 2006.

[3] Cady H H, Larson A C, Cromer D T. The crystal structure of
a-HMX and a refinement of the structure of B-HMX[]]. Acta
Crystallographica, 1963, 16(7): 617-623.

[4] Cobbledick R E, Small R W H. The crystal structure of the
§-form of 1, 3,5, 7-tetranitro-1, 3, 5, 7-tetraazacyclooctane
(8-HMX) : erratum [J]. Acta Crystallographica, 1975, 31
(1):332.

[5] Main P, Cobbledick R E, Small R W H. Structure of the fourth
form of 1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetraazacyclooctane
(y-HMX) , 2C,HgN, O, - 0.5H,0 [J]. Acta Crystallographica,
1985, 41(9): 1351-1354.

[6] Lewis ] P, Sewell T D, Evans R B, et al. Electronic structure
calculation of the structures and energies of the three pure
polymorphic forms of crystalline HMX[J]. Journal of Physical
Chemistry B, 2000, 104(5): 1009-1013.

[7] Lewis ) P, Glaesemann K R, VanOpdorp K, et al. Ab initio cal-
culations of reactive pathways for a-octahydro- 1,3,5, 7-tetra-
nitro-1, 3, 5, 7-tetrazocine (a-HMX) [J]. Journal of Physical
Chemistry A, 2000, 104(48): 11384-11389.

[8] Lyman J L, Liau Y C, Brand H V. Thermochemical functions
for gas-phase, 1, 3,5, 7-tetranitro-1, 3, 5, 7-tetraazacyclooc-
tane (HMX) , its condensed phases, and its larger reaction
products[)]. Combustion & Flame, 2002, 130(3): 185-203.

[9] Zhang S W, Nguyen H N, Truong T N. Theoretical study of
mechanisms, thermodynamics, and kinetics of the decomposi-
tion of gas-phase a-HMX (Octahydro-1, 3,5, 7-tetranitro-1, 3,
5, 7-tetrazocine) [J]. Journal of Physical Chemistry B, 2003,

Sttt

www.energetic-materials.org.cn



HMX 73 T 5 b 1A 45 14 1E fE AT 5% itk

891

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

107(16): 2981-2989.
Cobos C J. DFT study of the thermochemistry of gas-phase 1,
3,5, 7-tetranitro-1, 3, 5, 7-tetraazacyclooctane (B-HMX) [J].
Journal of Molecular Structure: theochem, 2005, 714(2=3):
147-152.

Sharia O, Kuklja M M. Ab initio kinetics of gas phase decom-
position reactions[J]. Journal of Physical Chemistry A, 2010,
114(48): 12656-12661.

Manaa M R, Fried L E, Melius C F, et al. Decomposition of
HMX at extreme conditions: a molecular dynamics simulation
[J]. Journal of Physical Chemistry A, 2002, 106(39): 9024—
9029.

HAKZE, SRBE, AR, S5 PRI T DU A CHMOXO 45 04 A0 5T Y
DFTHF5E[)]. A2 244, 2002, 15(1): 41-45.

XIAO Ji-jun, ZHANG Wei, YANG Dong, et al. DFT study on
the structure and properties
(HMX) [J]. Chinese Journal of Chemical Physics, 2002, 15
(1): 41-45.

MR, R TAE, AR, AF L BRORHER B ) ) ML F 5T
Mooy, iR B S MR D] & e R, 2012, 20(5) ¢
514-527.

XIAO He-ming, ZHU Wei-hua, Xiao Ji-jun, et al. Theoretical
study on sensitivity of energetic materials

of cyclotetramethyltetramine

from molecules,
crystals to composites[J]. Chinese Journal of Energetic Materi-
als(Hanneng Cailiao) 2012, 20(5): 514-527.

FEU, BRW AR, W, 5 ORI T B B-HMX
TEMI L) ] RIEZ A, 2007, 30(2): 21-25.

WANG Ai-ying, CHEN Shu-sen, LI Li-jie, et al. Comparison
of different quantization methods for calculating B-HMX mo-
lecular structure [J]. Chinese Journalof Explosives & Prop,
2007, 30(2): 21-25.

Chakraborty D, Muller R P, Dasgupta S, et al. Mechanism for
unimolecular decomposition of HMX(1,3,5,7-Tetranitro-1,3,
5, 7-tetrazocine) , an ab initio study [J]. Journal of Physical
Chemistry A, 2001,105(8):1302-1314.

Smith G D, Bharadwaj R K. Quantum chemistry based force
field for simulations of HMX[J]. Journal of Physical Chemistry
B, 1999, 103(18):3570-3575.

Jr R B, Bulusu S. Thermal decomposition of energetic materi-
als. 2. Deuterium isotope effects and isotopic scrambling in
condensed-phase decomposition of octahydro-1,3,5,7-tetrani-
tro-1, 3, 5, 7-tetrazocine [J]. Journal of Physical Chemistry,
1991, 95(15): 5838-5845.

Shaw R, Walker F E. Estimated kinetics and thermochemistry
of some initial unimolecular reaction in the thermal decompo-
sition of 1, 3,5, 7- tetranitro-1, 3, 5, 7-tetrazaacyclootane in
the gas phase [J]. Journal of Physical Chemistry, 1977, 81
(25): 2572-2576.

Sharia O,

mechanisms in gaseous and crystalline molecular materials:

Kuklja M M. Modeling thermal decomposition

application to B-HMX [J]. Journal of Physical Chemistry B,
2011, 115(44): 12677-126886.

Sharia O, Kuklja M M.Rapid materials degradation induced by
surfaces and voids: ab initio modeling of B-octatetramethylene
tetranitramine [J].Journal of Physical ChemistrySociety, 2012,
134(28): 11815-11820.

ShariaO, Tsyshevsky R, Kuklja M M. Surface-accelerated de-
composition of 8-HMX [J1. Journal of Physical Chemistry Let-

CHINESE JOURNAL OF ENERGETIC MATERIALS

[23]

[24]

[27]

[28]

[29]

[34]

[38]

S

ters, 2013, 4(5): 730-734.

Shen J P, Duan X H, Luo Q P, et al. Preparation and charac-
terization of a novel cocrystal explosive[)]. Crystal Growth &
Design, 2011, 11(5):1759-1765.

Levinthal M L. Propellant made with cocrystals of cyclotetra-
methylenetetranitramine and ammonium perchlorate: US,
US4086110[P]. 1978, 4, 25.

TRocHE, AEERE, BT . 1 WU E (AP) 5 BT 4T 4 (HMX) 3
AP TERERESE ()], HEHEROR , 1986, 7(5): 62-67.

XU Wen-ying, XIONG Jin-an, JING Bao-yuan. Study on the
properties of ammonium perchlorate (AP) and octato (HMX)
eutectic[J]. Journal of Propulsion Technology, 1986, 7(5) :
62-67.

Haller T M, Rheingold A L, Brill T B. The structure of the com-
plex between octahydro-1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazo-
cine (HMX) and N, N-dimethylformamide (DMF) [J]. Acta
Crystallographica, 2010, 39(11): 1559-1563.

Lenchitz C, Velicky R. A thermochemical investigation of the
complex formed by cyclotetramethylenetetranitramine (HMX)
and dimethylformamide(DMF)[R]. 435690: 1964.

Haller T M, Rheingold A L, Brill T B. Structure of the 1/1 com-
plex between octahydro-1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazo-
cine (HMX) , C,HyN,O,, and N-methyl-2-pyrrolidinone
(NMP) , CsH,NOL[]]. Acta Crystallographica, 1985, 41(6) :
963-965.

Lin H, Zhu S G, Zhang L, et al. Synthesis and first principles
investigation of HMX/NMP cocrystal explosive [J]. Journal of
Energetic Materials, 2013, 31(4): 261-272.

Lin H, Zhu S G, Li H Z, et al. Structure and detonation perfor-
mance of a novel HMX/LLM-105 cocrystal explosive[]]. Jour-
nal of Physical Organic Chemistry, 2013, 26(11): 898-907.
LiH, An C, Guo W, et al. Preparation and performance of na-
no HMX/TNT co-crystals[J]. Propellants Explosives Pyrotech-
nics, 2015, 40(5): 652-658.

Li Y X, Chen S S, Ren F D. Theoretical insights into the struc-
tures and mechanical properties of HMX/NQ cocrystal explo-
sives and their complexes, and the influence of molecular ra-
tios on their bonding energiesl]]. Journal of Molecular Model-
ing, 2015, 21(9): 245-257.

Lin H, Zhu S G, Li H Z, et al. Synthesis, characterization,
AIM and NBO analysis of HMX/DMI cocrystal explosive []].
Journal of Molecular Structure, 2013, 1048(11): 339-348.
Landenberger K B, Matzger A J. Cocrystals of 1,3,5, 7-tetrani-
tro-1, 3, 5, 7-tetrazacyclooctane (HMX) [J]. Crystal Growth &
Design, 2012, 12(12): 3603-3609.

Levakova | V, Korobko A P, Krasheninnikov S V, et al. Crystal
and molecular structure of a complex between 1,3,5, 7-tetra-
nitro-1,3,5,7-tetraa zacyclooctane and 2, 4-dinitro-2, 4-diaza-
pentanel J]. Kristallografiya, 1996,41(6): 963-965.

Bolton O, Simke L R, Pagoria P F, et al. High power explo-
sive with good sensitivity: a 2: 1 cocrystal of CL-20/HMX[J].
Crystal Growth & Design, 2012, 12(9): 4311-4314.

Gao B, Wang D, Zhang J, et al. Facile, continuous and
large-scale synthesis of CL-20/HMX nano co-crystals with
high-performance by ultrasonic spray-assisted electrostatic ad-
sorption method[J]. Journal of Materials Chemistry A, 2014, 2
(47):19969-19974.

Liu Z, Wu Q, Zhu W, et al. Insights into the roles of two con-

2019 % %27 % %104 (883-892)



892 OO, BRI, 31
stituents CL-20 and HMX in the CL-20: HMX cocrystal at high initial decomposition of condensed-phase B-HMX under shock
pressure: A DFT-D study [J]. Rsc Advances, 2015, 5(43) : loadings via molecular dynamics simulations in conjunction
34216-34225. with multiscale shock techniquel]]. Journal of Physical Chem-

[39] QiuH, Patel R B, Damavarapu R S, et al. Nanoscale 2CL-20- istry B, 2014, 118(29): 8691-8699.

HMX high explosive cocrystal synthesized by bead milling[]]. [50] Wen Y, Xue X, Zhou X, et al. Twin induced sensitivity en-
Crystengcomm, 2015, 17(22): 4080-4083. hancement of HMX versus shock: a molecular reactive force

[40] Sun'S, Zhang H, Liu Y, et al. Transitions from separately crys- field simulation [J]. Journal of Physical Chemistry C, 2013,
talized CL-20 and HMX to CL-20/HMX cocrystal based on sol- 117(46): 24368-24374.
vent medial J]. Crystal Growth & Design, 2018, 18: 77-84. [51] He Z H, Chen J, Ji G F, et al.Dynamic responses and initial

[41] MaY, Zhang A, Zhang C, et al. Crystal packing of low-sensi- decomposition under shock loading: a dftb calculation com-
tivity high-energy explosives [J]. Crystal Growth & Design, bined with msst method forB-HMX with molecular vacancy|[]].
2014, 14(9): 6101-6114. Journal of Physical Chemistry B,2015,119(33):10673-10681.

[42] Liu G R, Gou R J, Li H Z, et al. Polymorphism of energetic [52] Xue X, Ma Y, Zeng Q, et al. Initial decay mechanism of the
materials: a comprehensive study of m olecular conformers, heated CL-20/HMX cocrystal: a case of the cocrystal mediat-
crystal packing and the dominance of their energetics ingov- ing the thermal stability of the two pure components[]]. Jour-
erning the most stable polymorph [J]. Crystal Growth & De- nal of Physical Chemistry C, 2017, 121(9): 4899-4908.
sign, 2018, 18(7): 4174-4186. [53] fA, Zeut®s, FEM, 45 . HMX [ o9 3B L B o5 dolt s 285 79 R i

[43] SPIEAN, B IELG2AMR M ] LRt A2 Tolk ik Ak, 2011, K BE X oy e R ORE W R ()], R A ORE, 2011, 19(6) :
SHU Yuan-jie, HUO Ji-chuan. Introduction to fried medicine 632-636.

[M]. Beijing: Chemical Industry Press, 2011. XU Rong, LI Hong-zhen, KANG Bin, et al. Effect of internal

[44] Zhu W, Xiao J, Ji G, et al. First-principles study of the four porosity, defect type and particle size of HMX crystal on
polymorphs of crystalline octahydro-1, 3,5, 7-tetranitro-1, 3,5, shock wave sensitivity[]]. Chinese Journal of Energetic Materi-
7- tetrazocine[)]. Journal of Physical Chemistry B, 2007, 111 als( Hanneng Cailiao) 2011, 19(6): 632-636.
(44):12715-12722. [54] Peng Q, Rahul, Wang G, et al. Predicting elastic properties of

[45] Kuklja M M, Tsyshevsky R V, Sharia O. Effect of polar surfac- B-HMX from first-principles calculations[]]. Journal of Physical
es on decomposition of molecular materials[J]. Journal of the Chemistry B, 2015, 119(18): 5896-5903.

American Chemical Society, 2014, 136(38):13289-13302. [55] Long Y, Chen J. A systematic study of the reaction kinetics for

[46] Sharia O, Kuklja M M. Surface-enhanced decomposition kinet- HMX [J]. Journal of Physical Chemistry A, 2015, 119(18) :
ics of molecular materials illustrated with cyclotetramethylene- 4073-4082.
tetranitraminel[)]. Journal of Physical Chemistry C, 2012, 116 [56] Cui HL, Ji G F, Chen X R, et al. First-principles study of
(20): 11077-11081. high-pressure behavior of solid B-HMXL[J]. Journal of Physical

[47] Zhou T T, Huang F L. Effects of defects on thermal decomposi- Chemistry A, 2010, 114(2):1082-1092.

tion of HMX via ReaxFF molecular dynamics simulations []].
Journal of Physical Chemistry B, 2011, 115(2): 278-287.

Glascoe E A, Zaug )] M, Burnham A K. Pressure-dependent de-

composition kinetics of the energetic material HMX up to 3.6

[48] Ge N N, Wei YK, Ji G F, et al. Initial Decomposition of the GPa[)]l. Journal of Physical Chemistry A, 2009, 113 (48) :
Condensed-Phase B-HMX under Shock Waves: Molecular Dy- 13548-13555.
namics Simulations [J]. Journal of Physical Chemistry B, [58] Zhang C Y,Li Y Z,Xiong Y, et al. Acid and alkali effects on the
2012, 116(46): 13696-13704. decomposition of hmx molecule: acomputational study[J]. Jour-
[49] Ge N N, Wei Y K, Song Z F, et al. Anisotropic responses and nal of Physical Chemistry A, 2011, 115(43): 11971-11978.

Review on Structural Properties of HMX Molecules and Crystals

TIAN Bei-bei'’, CHEN Li-zhen’, ZHANG Chao-yang'
(1. Institute of Chemical Materials, China Academy of Engineering Physics, Mianyang 621999, China; 2. School of Chemical Engineering and Technology ,
North University of China, Taiyuan 030051, China)

Abstract: Octogen(HMX) is one of the most widely used energetic materials. Research progress in the two molecular conforma-
tion structures, electronic structure properties and molecular thermal stability of HMX and the stacking structure and thermal
stability of HMX-based crystals were reviewed. The essential difference between the conformational stability of HMX and the ther-
mal stability of HMX-based crystals were analyzed from the molecular angle and crystal packing structure. The kinetic and ther-
modynamic data of different decomposition mechanisms were compared. It is considered that the future research should focus on
exploring the transformation mechanism and thermodynamic properties of each crystal form of HMX, preparing new HMX
cocrystals and understanding the formation mechanism,and establishing more accurate simulation calculation method for HMX.
Key words: Octogen(HMX) ;molecular structure;crystal structure ;thermal stability
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