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Scheme 15 Synthesis of tetranitroamino-substituted bis-1,2,4-triazole and its salts!®?!
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Scheme 17 Derivatives of 4-nitro-5-(5-amino-1,2,4-triazol-3-yl)-2H-1,2, 3-triazolate'*®
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Scheme 18 Unsymmetrical functionalization of bis-1,2,4-triazoles"*”’

IEACF M (+25.1%) , [A BfH# L PERE(D: 9107 m-s™', FLA R v Rl AR TR RE
p: 36.2 GPa)iﬁf%,lﬂtETVEﬁﬁﬁE%ﬂ:*J@iﬁH? 23 N-BREFBEX=ZMALEY
PR KCEF HEDE R . X se g R 2R E B A5 A KM S RE A 5] A2 S BOE GEA R A B
FEE X FRE BEAL S WS vl LA RO b A, i Ak, T N-BE SE 47 B B AR A B9 RO . 2014 4R
K PEBE S A R Shreeve ¥ 52 15481 410 i F IR A6 U 2, 35 B 4 S MR e B8

K C—CHE = Ab & W75 73 454 3R AL, KOH 1E ik, =R & bt 5 3% 3-5-fiF -1,
SRRV, Ak ) 44 .49 .50 A1 51 45 {H Al LLGE i 40 2, 4- =W IR AR LN 2 e FE A A W, E— 2B s Ak
BE1,2,3- RN, 2, 4- M BCE HEAT R X FRE REAL R SIAS T — R E B 4L (Scheme 20) . Hpk
il B XS AR EE = kb A, s B ERE R B . B B PR R B R A A0 2R R RE AR LA R . )

2.2 C—NEZ=ZBLEY w, R ER 97b 1 % B Ik 1.83 grem ™, il ik F
HERFEH C—CE =ML G AN, C—NE T 8966 m-s', 1] 5 RDX (8977 m-s™" )" g 5% | [a] i}

LA YIRS Z . 2016 4R, 17 Kk 24N LA o R R EE 45 B 43 R 10 ) A 360 N

3-fiF -1, 2, 4- = R JEURL , 5 NH, NO, = 9 & 2 I TR TAE SR b, URAUZH B 1 N-E YRR

AR B R AR T, 3 -, 2, 4= Sk b A (103) YA AL (Scheme 21)7 . 331,
89, H:45 5ANIA () = e Al £h I 43 IS B TS 90 2,4-=m 5 AW BRSBTS 99, UL E—
#91(Scheme 19). fli H TSONH, 51L& 91 &I, A AR A AU e 1AL PP A AR A SR
BET N—NH, LAY S, X a&WE k& W 103 1 5 3 A TR 5> ) o 8568 m-s™ Al
AR EE 2G93, ik s T 31.4 GPa, & T AP(D: 6368 m-s™', p: 15.8 GPa) fil

8630 m-s™', [ W S8 S 25 ) BEBEARIE 1 240 N, (D: 7860 m-s™', p: 23.6 GPa) iy /i i AR, [7]
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Scheme 19 Derivatives of C-N bonded bis-1,2,4-triazoles"**’
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THEE Tih(Scheme 22) . LB 107 I &1
TR R R A U R K AR R il 2 ),
20 N,O.T Jo T H 5 35 4 32 90 S S5 1) PG o Pk AN
ARG R B, fb A 4 108e 13RS il R BE SR B T
219 °C,m T RDX(204 °C) 1 # o il B iH 45 %
WKl 8596 m-s™, g Ik T RDX (8748 m-s™') [ 42
O AR T, 546G ) 500405 kJ-mol ) A,
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Synthesis of bis(3-(trinitromethyl)-1H-1,2,4-triazol-1-yl)methane'"’
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112, 85 % L fe 8 g S B R & 11351
Shreeve 5" | J2& 420l FH & 0 152 0 ¥ B 92 5 1k 75
oty =mEREAEw 111, EW113 1
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WA 8433 mesT HE A S 4 ), AL G P 111 B R
Sy R EE IR R T 150 °C, % 3 T 2 0, Hw
KE]T 1.83 geem” AR 8964 m-sT!, {H HfE i K
BEAUA 1.5 ).

2020 4%, Piercey %53 i HL fL 2% O ik LA 3, 4,
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-3, 3 A A-R-1,2,4-= 8 (115) . FESEIERE L, %
PRV X AE R R AR RSk 59 115 %ﬂ?ﬂc/—‘%
116, Il % T — R 51 8 T 4k (Scheme 24), X 2
*%ﬂ%{sﬁﬂlﬁﬁn#é@% TERE, L HEMLEDY
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Scheme 22 Synthesis of 5,5’-amino-3,3"-azo-1H-1,2,4-triazole and its salts
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Scheme 24 Synthesis of 4,4'-dinitrimino-5,5'-diamino-3,3’azo-bis-1,2, 4-triazole and its salts'
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Scheme 26 Synthesis of nitrogen-rich salts based on poly- LB REAL Y 1,2,4-=(126) 15 2 eq. fiff Jk itk sk £ 15

amino substituted N,N’-azo-1,2, 4-triazole'*’

HMX(9187 m-s™)!* ', BLAk, i 48 5 7 1h i J Bi i 5
Fomfi(265~301 s) o X SEZ5 LRI N, N/ -l (- =k &
A SR B RE AR A i 2

Wt C—C C—N Be sk %A 5 55 o WA
SRR R T MR TR GRS, HE R

KL, WA 2 eqo NHCL AR T —R501,2,4- =
I 1) 22 fiF SE ke 7 B 1k & W (Scheme 27) . b &Y
128 R PR Mk, LA o i IR 8 309 °C
AL 127 W) 3% 90 3 4l 48 o 9% B >40 ), B8 452 )k
JE>360 N. IAh, 11525 R Bk 2L b 45 ) (7848~

8052 m-s )[R E T TNT(7304 m-s™) By fag

1WA G Wb BE

Table 1 Energetic properties of selected bitriazole compounds

compound I1S/) FS/N AH,/K-mol™ T,/ °C p/g-cm™ D/m-s"! p/ GPa ref.
52b 15 324 413 228 1.80 8915 34.2 24
52c >40 >360 213 217 1.90 9087 39.0 24
52f >40 >360 812 207 1.78 8919 32.8 24
57 40 360 440 271 1.83 8677 31.8 26
64e 35 360 923 296 1.82 9191 31.0 28
64f 30 360 1674 200 1.71 8977 29.0 28
68b 10 120 889 208 1.89 9609 42.4 29
78c 28 300 598 190 1.82 9341 34.5 32
97b 10 360 358 186 1.83 8966 35.4 35
118d 25 >360 - 187 1.83 9452 33.6 39
125b >40 >360 1230 239 1.77 9432 39.1 41
RDX 7 120 80 205 1.81 8748 349 26
HMX 7 120 105 280 1.90 9320 39.5 26

Note: IS is the impact sensitivity; FSis the friction sensitivity; A;H" is heat of formation; T, is decomposition temperature; p is the density measured by gas pycnom-

eter (25 °C); D is calculated detonation velocity; p is calculated detonation pressure; the density of 64e is recalculated from low temperature X-ray density

(Prog=pr/ (14, (298=T ) ; &, =1.5%107* K™").

M A I ) 2 s (R 6 ) 5 2 R IR kg — 2 SE D
A = e B, 2 = s R b e 2 20 SR R 1 R R Tk

PL3,5- R LML Y, 4 ) 5 IR A =
R FENNER S g AT LAAS 2 2 Ak A9 133 F & 34k
A9 131(Scheme 28)“7 ' fb4-%) 133 1] F— 2L 9 il
el e R S 134, B 5 E A E T — &
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Scheme 28 Synthesis of pyrazol-bridged energetic compounds"*’~**
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SEEREM R B TR MR AL S W 139 BN R BE AL B W >80 ), BE R >360 N, [F] I H A B I e & 1k
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Scheme 29 Synthesis of nitro-pyrazol-bridged energetic compounds'*”’
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Derivatives of 3-amino-4-(5-amino-1, 2, 4-tri-

52-53]

MR R m R e . KR — R 17 7k 2 2]
WFIE T — FR G e B A 0 B RE AL i e - k2R

T e M BL (Scheme 34) . 4-% Fk-3-BE M F 3L vk 5
3-CAHE-3-W R LN IR &1 6 12 38 Kk A= 3 46 6 I
’%U3-ﬁ%-4-(5-&ﬁ§&ﬂi‘a%-1 2, 4- = -3-38 ) Ik A
166, #F — 25 i 1k 15 2 i e B A8 A5 Bk 5 167,
a‘ééﬂtc%ﬁ167a%ﬂ:@a%)ﬂ(%};167f2%utt’.ﬁc#w%sx
fE(D: 8868~8897 m+s™', p: 30.1~35.8 GPa) filif
E@?ﬁfﬁ!ﬁiﬁf(ls- 20~30 ), [F I, XoF B 488 o] 8 o 4= i

o B AT S SR R T A EL T BRI I A RN B = g 3R
ﬂ:A% K W] = s 0 EL A R R 1T, A R T 4y
PR e 5 R i 3L 10 L = % B, AT X — &R 1wk
M- = 5 R A5 2 B A T B A DL AURR B G 2
FEURR 1) &5 51 Ry 15 11 R 1 Bt % 2 R A B AL T 53 1) S
% A5 1 o

At B TR A il B R D 35 i ok i -4
iR ol JRORE 5 T S R R 46 B 1 il 4 T Rkt AW
168, ML FI AT EHME T AT —FRH & T
(Scheme 35), B T {5k 169d LIAM, o B Fih A0
POy i R B B 3 240 °C, W ¥ B T RDX (T,:
204 °C) WY 4 ff IR B o AR ifE BAM JE 45 5 28 525 -6 1Y)
i i B A 16~40 ) Z 0], BE 828 7E 200~360 N 2
], ¥ 1 RDX(IS: 7.4 ), FS: 120 N) B Ry fi s> |
A AR B AE A Hirshfeld 2T 4 AT 4 £ W, Z 45 T
I - = R B A e ) ST TG 8 R e ) L ik S B T
P EH FEE N mom AH AR A EER X R

A A AL www.energetic—materials.org.cn



=R AR AL S W B ST R 501
o NO,
NH: o i, o HN/N\ OEt N o
H2N>_2=NH EtO OEt ‘H2N>_27N 1.100% HNO3, H,S0, OZN—N>_2:N
2. NH3 or 50% NH,OH
I\ I\ TR /A
0 0o 0 167
166
2NH,0H® 2 NH4@
a b
® HN_ NH, HN_ NH
M = NH, HaN 1.AgN03lz. MCl
@ NH, ©NH, ®, )\N/ \ NO2
c d > NH, N €]
i AV o M e
NH O,N—N =N
wl Y N
DNH, N I\ ®
e NN 2M
0
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Table 2 Energetic properties of selected oxadiazole-triazole compounds
compound I1S/) FS/N AH,/ k)-mol™ T,/ °C p/lg-cm™ D/m-s™ p/GPa ref.
158 20 280 525 163 1.85 9025 36.0 48
159b >40 >360 519 178 1.85 9060 35.8 49
161a >40 >360 246 204 1.82 8897 31.9 49
161b >40 >360 616 209 1.83 9045 34.9 49
164 23 300 500 191 1.86 9152 37.1 49
167a 20 >360 156 190 1.85 8897 35.8 50
173b 20 280 736 226 1.76 9114 35.8 52
182b 20 324 429 232 1.78 9018 31.5 53
RDX 7 120 80 205 1.81 8748 34.9 26
HMX 7 120 105 280 1.90 9320 39.5 26
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Scheme 38 Synthesis of alkyl-bridged tetrazole-triazoles **
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LIU Yang, CHEN Ya-hong, GOU Rui-jun, ZHANG Shu-hai
(School of Environment and Safety Engineering ; North University of China, Taiyuan 030051, China)

Abstract: Triazole-based energetic compound is a new class of energetic materials with the features of high heat of formation,
high nitrogen content and good thermal stability. In this paper, the latest research achievements on synthesis of more than 40 se-
ries of energetic compounds based on mono-triazole, bis-triazole, pyrazole-triazole, oxadiazole-triazole and tetrazole-triazole
were reviewed, and the performances of some compounds were introduced in detail. It is showed that designing new
triazole-based energetic compounds based on structure-performance relationship and balancing energy and safety are the effec-
tive strategy to develop high energy and insensitive energetic compounds. On this basis, design and synthesis of cage
triazole-based energetic compounds are the promising developing direction. The application study of existing triazole-based ener-
getic compounds with outstanding overall performance is proposed.

Key words: triazoles;synthesis;energetic materials; performances;review

CLC number: TJ55; 062 DOI: 10.11943/CJEM2022131

(Tidhi: % )

Document code: A

CHINESE JOURNAL OF ENERGETIC MATERIALS 2 A

o
Il

A 2023 % £ 31 4% H 54 (485-507)



