92

i B AT 5K 04

XEHES:1006-9941(2023)01-0092-15

EF1,2,3-=EXENSRLEYMHAREIER

HRl EFR KA

(HEETAFAFESUMT ¥R, TH BR 210094; 2. b EMARBHARATFRA, MAKERAANTZ G N AT TEL

L%, dhE 100074)

m OE:

AICERRT A 20 AL 60 AR LRI 1,2, 3-= e 65 R ARHY 4 Fh 222 )5 UL B I AT T kR L A4S 1) R T -5

H-1,2,3- =M A FREAL S 2) BT REE T, 2, 3- M B I S BRI A Y3 B AS SR R 1,2, 3-SR T R A
Y34)1,2,3- =2 5 A B IRE S RS W o T8I e B AR TR 1, 2, 3- = BEAL S W Y 43 T AN L KOAH L A B A
A543 0T L T2 Wl 3Lt 5 R AA R 1 245 K Xk BB At /K7 DA RSB PRS2 R . RIS, X PERE 2 1Y 1, 2, 3- = e AR AL & W 1 v A R

OMEHERT T IR, AT & F — (U A R BRI 5%

KEEW: 1,2, 3- IR FREAL AW M DT VR A MR SR AR
hESEE: T)55; 0626

MERARET: A

DOI:10.11943/CJEM2022008

0 5 8§

Wl 5 A = B AN W7 R 5 BE B R S5 1) T 5
NG T V2 e % A B (HEDM) o il T X8
RERT RN DA BRI 2R 78 A2 7 Loz i A1z T A v il
IO 25 2 e P P S5 A A A D T A [ A O
ARk DL R TLIC 2 PR 0 HE A AL 4 22 Bl A S 1A
BETE A ORT Y RE A RE BB ST 0 TR R, B 2 g
FERHIE ST N R A B S B A R AR 1 S AR E MR
Jost pry — i R RE R AR

o R R I TLOT A PR D BE AR SR AT LUR L
APEH (1) @ S BB 22 3Rt TR 5 B9 N—N Al
C—N fb =/ LA K 3R 5K 7 g, (Ol A5 450 o 19 5 BE 41
BHEEREAfF I Z e . W H, T8 b N, SRR
TRARTY Z R RS T RERBEUK
(2)55 &V W25 0 o B 28, il i 7 = BT A
+ L, E SR b DY R AE R R A T B AR E 1
Ol M5 RSN AR N RE R TR A T R

Wi B 2022-01-09; f&E H#: 2022-02-07

W % AR B 3 : 2022-10-25

EE R 1m0 P (1969-) , B EmIWFE 61, F 2N F & Bep Ry ik
i AR B SE . e-mail : linxiangyang@njust.edu.cn

FH UL B 43 18] = 8 i S BEFE Ttk — D Tt g fk
AUt e GBI R, RN S, T
i B 25 K W A7 2B DA BB M SR A 5 A, DN X E A
B AL W Y A5 TR RE TR AR EAT PR 00 R4, LU
AR NICRA R BREW T —RINGAERERE NN &
Refb &9, hy 28 W B0AT & BB A4 R o T 1 11 ) e 390
PEUET AT BE , HLA R A R R st TR A A K M v
T E R R TAE & ff U fig i 5 R M X — R BT & 1)
fFt,

TEX Be W e AR B 1,2, 3-= o 3 A
1) AR T, A S i 60.84% , 2 UG 553K 240 kJ-mol™,
F Tl o 5 g A U s s R b O R A,
A 3T LB I A2 0 o T aE AT AT AR A . B
VER S REALS WA B 22,1, 2, 3- = R A A 35 S B
BT B E BT S RS W R KT R R AR
U AR E T i HLIL A 7 22 O N AR 0 e T
(1 FR B8 Al B SR, 55 8 BB A R v B R R E Tk D R
i & g B AR T3 a

X 1,2, 3- =S Re b & W 5 B A
HEr 1,2, 3-= M2 & R84 R 20 45 0 1 4 2 7 1
VLB B 5 e e PR R AT 3R G 253 1 SCHR AR X 350
L AR LR UL B TS Y 1,2, 3- = BB AL S 4 1T
HA WA E T 1,2,3- =R 4 2K FE )y

IR AR 3T i g BTG RV BT 1,2, 3- e ARG il b & W B ST R D). & BB KL, 2023,31(1):92-106.
LIN Xiang-yang, CAO Yu-peng, ZHANG Xi-ya. Research Progress of Energetic Compounds based on 1,2,3-Triazole Frameworks[]]. Chinese Journal of Energetic
Materials (Hanneng Cailiao),2023,31(1):92-106.

Chinese Journal of Energetic Materials, Vol.31, No.1, 2023 (92—106)

Sttt

www.energetic-materials.org.cn



LT 1,2, 3- = B AR AL A W I R

LA AR TR 1,2, 3- S BB AL G W 1 B
B LS HE R, Xk 8 5 RE AL S W i WA SRR
REHEAT T W3, LUY N — 0T IR m A I S RE L &
YA ST TAR SRS %

1 EF123-ZBEHESELED

11 EF1-8E-1,23-ZHEBNSELEDY
1967 4F , Hauptmann 472 DL 2-R-Z — 8 XU R
JEORE (R=XF G A B, X V8 R BE At Y 4R 38 ) L #E HgO
I MnO,PE T il £ 45 31 1-23-1,2,3-= 1k, 2005
A, Kaplan 587 38 T il 45 1-20 361, 2, 3- = M 1 2
TR DL B KRG N EORE, &8P AR & L
BRSO 5 15 A0 TR TR 5, J5 21 RE
FE B 51 J7 A X a7 B DR %O A 1, 2,
3-ZWE R E AR OL A B R, B S R
Scheme 1 /R~
HAN

1.0°C

MnOZ N’/N\N/NHZ
2.75-80 °C

0
NNy + 3NgH N
0 NNH, CHaCN \—/

Scheme 1 133)

WS B A1 -2 -1, 2, 3- = Sl Rl A i T K
BEREATAEY . 2008 4, Shreeve i 831 24 o Ik
1-8 31,2, 3- = M FE S B TR IR K &= T EAThiS k75 3 5
AR T HIEEAZE LAY 1(Scheme 2) , Hdh ik %
FEHN1.80 g-cm™, 1 TAA7E £ 5 19 N—N 8, 2 s
k#7367 kJ-mol™, i iH5 (Cheetah 4.0) 42 Al
MR 20 B3k 2 T 8743 m-sT Hl 33.0 GPa. {H 1 fil #k
Fe o PR 22 R IR A R B2 AN 105 °C, R AR &K 1
50 PR AR B B AN N, 75 B B R B RE R T A
FeE PE R K4

2010 4%, Je O IR A > B 7 1, 1 A1, 2,
3-mmex —HA 8NN A FAHEM SR A, A A
A 68.3%. JEM -2 3E-1,2,3- =k HE LR
R R R R 5 A S SRR (SDCH — 5 [
28 HAR =) 4(Scheme 3) ., 4 Y45 3 FIE K43 51 R
7764 m-s”' i1 25.2 GPa, /3 R iR ik 5] 193 °C. %
A BT R T 22 S & B,
BT A R A N 2 B R T R
S 2O, UEWHZAL A Y B A DGR R
ULl 7 (I SN R R R Sl = S VARG 1B e (U
AR bR

1,3-28 -1, 2, 3- = i PH 5 5 7E 1989 4F 3t
i Tartakovsky 24238 , fib 11 87 5 L H,NOPic iz

Synthetic route of T-amino-1,2,3-triazole
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Table 1 Physical properties and thermochemical values of selected 1-amino-1,2,3-triazole based energetic compounds

compd. V/grem™ T2 /C 7. /°C AHY /K)emol™  p”/GPa  v,” /m-sT 1S /) FS® /N OB” / %

104 1.80 - 105 367.0 33.0 8743 - - -

435 1.62 - 194 962.3 25.2 7764 - - -

6% 1.92 - 210 256.1 36.7 8823 1 20 -10.6
7al%¢! 1.83 - 184 468.0 39.9 9406 1 20 -23.3
7b"2¢1 1.80 - 149 531.3 40.7 9426 1 20 -14.4
7¢he] 1.75 - 210 621.6 37.6 9337 5 6 -25.3
7d-2¢! 168 - 185 761.9 32.6 8954 >5 20 -40.9
8a'%®! 1.75 99 178 119.3 30.5 8366 21.5 - -16
8b'"**! 1.69 99 201 577 27.0 7948 3.1 - -28
8cl*®l 1.72 112.2 163 1043 28.9 8187 5.7 - -43
8d"®! 1.86 132.6 152 232 37.3 9082 - - 3.4

10cH*] 1.65 45 185 242.9 29.6 8588 6 180 -39.5
11d"*0! 1.71 50 155 681.8 32.1 8784 3 42 -41.7
11el40! 1.71 210 220 1550.9 31.9 8860 2 14 -69.5
11f40] 1.74 165 185 1755.8 33.6 9013 1 18 -64.6
11g*] 1.71 - 154 766.7 31.5 8800 3 42 -52.6
Note: 1) Calculated density from X-ray measurement or measured by gas pycnometer at 25 °C. 2) Melting point. 3) Thermal decomposition temperature under ni-

trogen gas (DSC, 5 °C-min~"). 4) Calculated molar enthalpy of formation of compound. 5) Detonation pressure. 6) Detonation velocity. 7) Impact sensitivi-

ty. 8) Friction sensitivity. 9) Oxygen balance (OB)

is an index of the deficiency or excess of oxygen in a compound required to convert all C into CO, and

all H into H,O, for the compound with the molecular formula of C.H,N O, OB(%)=1 600L(d-23-b/2)/MWJ.
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13~14d(5 18~19e) b &5 24 Z [0l . ZFR A &gl
G 14d BRI E] T 9022 mesT A5 ¥ 30b
H 4 R B A ) T 30.9 GPa, Higsfb & Wit ok £ 401
1E:8000~9000 m s, i k& = Z £ AR K T 30 GPa.
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Table 2 Physical properties and thermochemical values of selected 1,2, 3-triazole energetic compounds based on diaminomale-

onitrile ring-closure reaction

compd. p"/grem™ T Y/°C T,/ °C AHP/K)-mol™  p¥/GPa v, /m-sT 1S /) FS®/N OB ”/ %
13042 1.69 - 277 801 24.8 8360 2 240 ~74.1
14a"%% 1.62 - 301 591 23.7 8587 >40 >360 -83.6
14b'4] 1.64 - 160 745 27.3 8798 >40 >360 -61.9
14cH4? 1.52 - 289 615 18.4 7785 >40 >360 -91.6
14d" 1.66 - 264 846 26.3 9022 >40 >360 -88.3
18142 1.67 - 246 823 26.0 8277 1 240 -50.6
19a'%% 1.69 - 241 682 28.8 8991 10 >360 -61.9
19b!4?! 1.63 - 182 722 27.0 8561 7 >360 -44.9
19cH*? 1.56 - 244 331 18.6 7659 >40 >360 -74.3
19d'+ 1.63 - 215 928 26.6 8836 >40 >360 -72.7
19el4?) 1.60 - 212 1128 26.7 8726 10 >360 -63.3
2414 2.04 - 131 135 28.3 8715 1 60 -
29144 1.79 - 194 201.1 19.6 7001 3 - -
30a*% 1.63 - 153 402.8 24.4 8178 19 - -
30b'* 1.73 - 181 509.9 30.9 8811 - - -
30cH4Y 1.65 - 210 724.0 27.7 8640 - - -
3214 1.73 83 142 564 30.8 8619 1.3 32 -23.9

Note: 1) Calculated density from X-ray measurement or measured by gas pycnometer at 25 °C. 2) Melting point. 3) Thermal decomposition temperature under ni-

trogen gas (DSC, 5 °C-min”'). 4) Calculated molar enthalpy of formation of compound. 5) Detonation pressure. 6) Detonation velocity. 7) Impact sensitivi-

ty. 8) Friction sensitivity. 9) Oxygen balance (OB) is an index of the deficiency or excess of oxygen in a compound required to convert all C into CO, and
all H into H,O, for the compound with the molecular formula of C H,N O, OB(%)=1600[(d-2a-b/2)/M].
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Table 3 Physical properties and thermochemical values of typical 1,2, 3-triazole based energetic compounds prepared through

azide involved cyclization reactions

compd. p"/grem™ T P/C T,7/°C  AH*/k)-mol” p® /GPa vp® /mesT ST/ FS®/N OB” /%
367! 1.66 - 241 460 23.7 8397 10 >360 -84.1
37147 1.56 - 152 846 22.0 7963 3 10 -60.0
38! 1.69 180 188 516 26.3 8251 4 108 -43.9
36b!* 1.70 - 181 773 30.7 9350 25 >360 -73.4
36¢-4% 1.63 188 249 554 24.1 8706 >40 >360 -94.7
36d'+*! 1.63 211 232 350 25.5 8926 >40 >360 -91.9
36e"*" 1.66 203 215 540 30.0 9571 25 >360 -87.4
3744 1.63 - 132 859 27.7 8903 20 360 -69.7
38a"*" 1.62 - 207 463 24.1 8200 >9 >360 -52.2
38b'*! 1.67 142 168 514 27.9 8513 2 >360 -40.9
38c % 1.67 - 220 426 24.4 8340 >20 >360 -52.4
384! 1.67 198 214 532 26.1 8597 10 >360 -62.4
38e-*" 1.65 150 174 748 28.0 8918 8 >360 -61.4
39d'+! 1.63 - 192 1340 25.3 8740 12.5 >360 -85.6
4012 1.87 - 130 226.6 36.9 8876 3.5 - -
4112 1.74 - 122 196.1 30.0 8350 25 - -
4212 1.77 - 149 523.0 32.9 8669 4 - -
43022 1.65 124 - 493.9 26.3 8096 8 - -
4422 1.75 132 141 594.6 33.0 8756 3 - -
4622 1.70 79 - 174.0 28.5 8126 35 - -
4722 1.87 94 190 274.6 36.2 8843 24 - -
49150 1.71 - 241 284.8 26.5 8336 40 - -
50 1.80 - 166 404.4 34.4 8954 16 - -
51b1°! 1.62 165 227 373.3 21.3 7563 >40 - -
51¢°0) 1.63 165 237 390.5 21.9 7626 >40 - -
514" 1.63 160 275 403.1 22.0 7642 >40 - -
52a° 1.85 - 235 576.3 33.9 8884 10 - -
52b'°! 1.85 - 198 581.1 34.5 8930 9 - -
52¢0 1.84 - 191 578.9 34.0 8887 9 - -
5430 1.81 - 251 152.2 32.1 8744 >40 - -
54b'5°! 1.88 - 172 271.9 39.1 9171 - - -
56" 1.88 156 168 59.3 36.2 9067 16 180 -36.5
57151 1.86 - 211 55.6 35.2 8961 24 360 -35.4
58%" 1.80 90 210 1206.9 29.0 8458 28 360 -57.7
56b°'! 1.81 - 207 562.7 32.8 8960 36 360 -43.9
56¢°!! 1.84 - 193 447.2 34.3 8939 32 360 -35.0
56-2b"°'! 1.82 - 190 598.4 34.5 9341 28 300 -49.8
56-2¢"°" 1.84 133 182 362.8 35.4 9125 32 360 -33.9
57-2¢"°" 1.84 149 217 506.0 33.6 8966 33.6 360 -43.4
57-2¢"°" 1.73 - 219 385.8 33.9 8823 33.9 320 -34.0
Note: 1) Calculated density from X-ray measurement or measured by gas pycnometer at 25 °C. 2) Melting point. 3) Thermal decomposition temperature under ni-
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trogen gas (DSC, 5 °C-min™"). 4) Calculated molar enthalpy of formation of compound. 5) Detonation pressure. 6) Detonation velocity. 7) Impact sensitivi-

ty. 8) Friction sensitivity. 9) Oxygen balance (OB) is an index of the deficiency or excess of oxygen in a compound required to convert all C into CO, and

all H into H,O, for the compound with the molecular formula of C.H,N O, OB(%)=1 600L(d-2a-b/2)/MwJ.
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Scheme 20 Synthetic route of compounds 63-64"""
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Table 4 Physical properties and thermochemical values of selected fused cyclic energetic compounds constructed with 1, 2,

3-triazole

compd. p" /g-em™ 7.7/ °C 7,7/ C H, %/ k)-mol™ p¥/GPa vy ®/m-sT 1S7/) FS®/N OB/ %
60'%% 1.815 - 194 537.4 30.3 8792 30 360 -
61b"° 1.772 - 137 282.7 28.0 8607 20 >360 -

61c* 1.800 - 160 625.0 33.6 9385 25 >360 -

63> 1.67 - 365 361 18.2 7426 >40 >360 -

64 1.94 - 242 223 32.5 8845 36 348 -

66¢°°! 1.74 - 202 255.5 27.7 8442 20 360 -

69'%° 1.83 - 166 782.0 32.3 8912 2 10 -

70:%¢1 1.81 - 256 415.8 28.4 8623 30 360 -

Note: 1) Calculated density from X-ray measurement or measured by gas pycnometer at 25 °C. 2) Melting point. 3) Thermal decomposition temperature under ni-

-1

trogen gas (DSC, 5 °C-min

). 4) Calculated molar enthalpy of formation of compound. 5) Detonation pressure. 6) Detonation velocity. 7) Impact sensitivi-

ty. 8) Friction sensitivity. 9) Oxygen balance (OB) is an index of the deficiency or excess of oxygen in a compound required to convert all C into CO, and

all H into H,0O, for the compound with the molecular formula of C.H,N O, OB(%)=1 GOOL(d-Za-b/Z)/MWJ.
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Research Progress of Energetic Compounds based on 1,2,3-Triazole Frameworks

LIN Xiang-yang', CAO Yu-peng’, ZHANG Xi-ya'
(1. School of Chemistry and Chemical Engineering ; Nanjing University of Science and Technology , Nanjing 210094, China; 2. Beijing Institute of Aerospace
Testing Technology , Beijing Key Laboratory of Research and Application for Arospace Green Propellants , Beijing 100074, China)

Abstract: This review focused on the four major construction methods of 1, 2, 3-triazole energetic materials and corresponding
research progress since the 1960s, including: I . energetic compounds constructed based on 1-amino-1,2, 3-triazole; Il . ener-
getic compounds constructed based on dicyano substituted 1,2, 3-triazole; Ill. 1,2, 3-triazole based energetic compounds pre-
pared through azide involved cyclization reaction; IV. fused polycyclic energetic compounds built from 1,2, 3-triazole. By ana-
lyzing the relationship between the molecular structure and energetic properties of several representative 1,2,3-triazole based en-
ergetic compounds, the influence of molecular structures on their energetic performances and stabilities could be profoundly
clarified. Meanwhile, the potential application values of the mentioned high-performance 1, 2, 3-triazole based energetic com-
pounds, such as their application prospects of main explosives, heat-resistant explosives and lead-free primary explosive, were
discussed, providing a reference for the design and development of next-generation high energy density materials (HEDMs).

Key words: 1,2,3-triazole;energetic compound;construction method;synthesis;detonation performance
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