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Scheme1 Preparation route of metal salts based on the

1-(1H-1,2,4-triazole-3-yl)-1H-tetrazole

1-C1TH-1, 2, 4-=W-3-38 ) -1 H-PU g g1 L (1-1)
IR (KBr, »v/cm™) : 3556, 3455, 3321, 3135, 1771,
1668,1536,1507,1456,1384,1263,1195,1063,1023,
989,974, MS(ESI-) : m/z=137.04, Anal.calcd for
C 20.10%,H 3.35%,N 54.72%; found: C 20.31%,
H 3.26%,N 54.69%.

1-C1TH-1, 2, 4-= 13356 ) -1 H-PU wg gl 6 (1-2)
IR (KBr, »/cm™) : 3372, 3149, 3095, 1700, 1554,
1527, 1511, 1453, 1385, 1335, 1203, 1175, 1054,
1099, 997, 725, MS (ESI-) : m/ z=137.04. Anal.
caled for C 18.45%,H 3.08%,N 50.23%3; Found:C
18.22% ,H 3.16%,N 50.29%.

1-CTH-1, 2, 4-— W-3-36 ) -1 H-PU e g1 L (1-3)
IR (KBr, »/cm™) : 3439, 3372, 3303, 3139, 3100,
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3043, 2986, 1718, 1680, 1550, 1531, , 1502, 1457,
1377,1317,1261,1249,1197, 1126, 1102, 1043,
984,971, MS(ESI-) : m/z=137.04. Anal.calcd for
C 17.05%,H 2.84% ,N 46.40%; found :C 17.22%,
H 2.80% ,N 46.69%:.

T-CTH-1, 2, 4-= #3358 ) -1 H-PU 4 Hn #h (1-4) -
IR (KBr, »/cm™) : 3405, 3157, 2958, 2652, 2096,
1646,1629,1559,1524,1399,1260,1190,1135,1102,
1052,1002,987,970,861, MS(ESI-) : m/z=137.04,
Anal. caled for C 15.03%, H 1.67%, N 40.90%;
found:C 15.12%,H 1.74% ,N 41.22%.

T-C1H-1, 2, 4-= #3354 ) -1 H-PY w46 £h (1-5)
IR (KBr, »/cm™) : 3535, 3098, 2946, 2863, 2711,
1734,1654,1554,1519,1498,1403,1372,1255,1245,
1199,1104,1048,1008,990,978,914,870, MS(ESI-):
m/z=137.04, Anal.calcd for C 12.54%,H 1.39%,,
N 34.15%; found:C 12.21% ,H 1.56% ,N 34.50%:.

1-C1H-1,2,4-=m-3-58 ) -1 H-PU e 85 8 (1-6) :
IR (KBr, v/cm™) : 3495, 3423, 3225, 3130, 2513,
1693, 1636, 1525, 1500, 1442, 1400, 1384, 1334,
1271,1259,1191,1116,1044,991,870,,MS(ESI-) :
m/z=137.04, Anal.calcd for C 16.34%,H 4.54%,
N 44.48%; found:C 16.54% ,H 4.65% ,N 44.40%.

1-C1H-1, 2, 4-= #-3-3 ) -1 H-JY g 45 L (1-7) -
IR (KBr, »/cm™) : 3416, 3138, 2986, 2916, 2729,
1880, 1644, 1552, 1530, 1509, 1488, 1457, 1377,
1325,1283,1271,1198,1179,1091,1063,1018,997,
920,830, MS(ESI-) : m/z=137.04, Anal.calcd for
C 16.42% ,H 4.11% ,N 44.71% ; found:C 16.49,
H 4.06,N 44.98%.
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Table 1 Crystallographic data of metal salts based on the 1-(1H-1,2,4-triazole-3-yl)-1H-tetrazole

compound 1-1 1-4 1-5 1-6 1-7

empirical formula C,H(LiN,O, C,H,RbN,O C,H,CsN,O CH,MgN,, Oy C¢H,;CaN,, 0,
space group P-1 P-1 Pbca P121 P121/cl

a /A 7.1420(8) 7.2323(6) 14.651(4) 8.4498(17) 13.564(3)

b /A 7.7322(8) 7.6162(7) 6.8438(17) 7.0313(14) 6.6883(13)
c/A 7.7569(9) 7.6654(7) 16.066(4) 16.406(3) 20.290(4)
a/(°) 80.504(2) 84.237(2) 90.00 90.00 90.00

BI(°) 63.4710(10) 86.226(2) 90.00 103.73(3) 102.29(3)
y/(°) 83.865(2) 63.6890(10) 90.00 90.00 90.00

V/A3 377.74(7) 188.2(6) 1610.9(7) 946.9(3) 1798.5(7)

z 2 1 8 2 4

D./g-cm™ 1.575 2.114 2.350 1.546 1.619
p/mm! 0.129 0.133 4.562 0.165 0.416

F(000) 184 280 1056 460 912

T/K 298(2) 298(2) 298(2) 153(2) 298(2)

0/(°) 2.67-25.02 2.993-27.975 2.54-25.01 3.049-27.494 2.0546-27.4700
H -8-8 -8-8 -17-11 -10-10 -17-17

K -9-9 -8-9 -8-7 -9-7 -8-8

L -9-8 -7-9 -18-19 -17-21 -26-26
reflection measured 1297 1303 1413 2135 3574
independent reflection 1001 1136 1094 1984 4088

rint 0.0417 0.0361 0.0353 0.0330 0.0705
parameters 118 109 110 133 253

R, (I>20(1)) 0.1277 0.0442 0.0235 0.0452 0.0956
wWR,(I>20 (1)) 0.3251 0.1145 0.0517 0.0991 0.1802

R,(all data) 0.1395, 0.0497 0.0368 0.0498 0.1110
wR,(all data) 0.3608 0.1169 0.0577 0.1017 0.1881

resd. dens. /e+ A3 -0.576-0.952 -0.978-0.854 -0.374-0.651 -0.269-0.202 -0.500-0.907
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Fig.1 The molecular structures of metal salts based on the 1-(1H-1,2,4-triazole-3-yl)-1H-tetrazole
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Fig.2 The packing diagrams of metal salts based on the 1-(1H-1,2,4-triazole-3-yl)-1H-tetrazole
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Fig.3 DSC curves of metal salts based on the 1-(1H-1, 2,
4-triazole-3-yl)-1H-tetrazole
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Table 2
different heating rates of metal salts based on the 1-(1H-1,2,

Peak temperatures of the first exothermic stage at

4-triazole-3-yl)-1H-tetrazole

T,/ C

compound
5/°C-min" 10/°C-min' 15/°C-min' 20/°C-min’

1-1 258.0 264.2 269.5 276.2
1-2 217.5 2221 228.3 236.9
1-3 192.5 197.4 203.5 209.8
1-4 170.5 177.2 183.4 188.9
1-5 146.0 151.2 158.6 162.7
1-6 196.2 200.8 206.3 211.9
1-7 231.7 236.8 241.6 247.9

Note: T, is exothermic decomposition temperature.

HE 4 2% 2 v AN [) 3 232 1 i B 0 3R 540 5 7 e
4 JE AR Y I Sy i NS Ak BE E, (R Kissinger Al
Ozawa-Doyle i P Jy 2 1545 2136 16 68 OV B (6
MR AT F AL TS B 3R S5 3 2= S 800 T 3R
3. MR 3AHLAE1-(1H-1,2,4-=M8-3-5E) -1 H-PY mk
B 4@ i e &1 -1 8 RIS kg s
(177.5 kJ-mol™),1 =5 BFRMIEALRERAR(112.9 k)-mol™),
UL A1 -1 A R R b a % 1-511
PR M 22 45 R 5 DSClIR 25 3 — 3,
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Table 3 The kinetic parameters of metal salts based on the
1-(1H-1,2,4-triazole-3-yl) -1 H-tetrazole

Kissinger Ozawa

compound E/k)-mol™ In(A/s™") Ry Ey/k)smol™ Ry

1-1 177.5 15.11 -0.9771 177.5 -0.9792
1-2 133.0 11.99 -0.9417 134.4 -0.9480
1-3 137.5 13.29 -0.9666 138.3 -0.9700
1-4 120.2 11.97 -0.9880 121.5 -0.9894
1-5 112.9 11.93 -0.9789 114.2 -0.9813
1-6 154.9 15.15 -0.9697 154.8 -0.9726
1-7 176.6 16.17 -0.9695 176.0 -0.9722

Note: E is apparent activation energy. A, is pre-exponential factor. R is mo-

lar gas constant.

th £ 3 Wl 1 F) H Kissinger il Ozawa-Doyle i
Py B B 1-1~1-7 96 AL BE 45 5, IR i ] 73 1
I FE L TR Arrhenius T2 ¢
1-1: Ink=15.11-177.5x10°/(RT)

1-2: Ink=11.99-133.7x10*/(RT)

1-3: Ink=13.29-137.9x10*/(RT)

1-4. Ink=11.97-120.9x10°/(RT) (1)
1-5: Ink=11.93-113.6x10°/(RT)

1-6: Ink=15.15-154.9x10°/(RT)

1-7: Ink=16.17-176.3x10°/(RT)
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]34 ) A O 5 55 o

A B PR R I BUIR R 2 280 T
Fearp R EAH,1-(TH-1,2,4-= 1358 ) -1 H-PY m:
4 T R R 5 KR i SR B VB BRI TE 162.3~262.0 °C, K W
REBEEEN L 2R, HP 110 T, k& Hh
262.0 °C,1-5 % T, i fk h 162.3 °C, KL &l
FMRARYHEF M 1-1>1-7>1-2>1-6>1-3>1-4>1-5,

o SR, A 1-(0H-1, 2, 4-=
M -3 -3 ) -1 H- DU e 4 JE R 1 AHPRT A GTY Ry IEEL, A
BT i B AR B A W ARG B T A D S A
REVE T & E Mo R BF AHTRT A G {8 8K, Ul 1]
Yy J5 W VAT T A G i JUT A A S RE B, AE [R]— Ah A
A R R AR e XS T 1-(TH-1,2,4-=
W -3k ) -1 H-DY e 4 T R, BRGER E ME  E BR
1-1>1-7>1-6>1-2>1-3>1-4>1-5,
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Table 4 The critical temperatures of thermal explosion and
thermodynamic parameters of metal salts based on the
1-(1H-1,2,4-triazole-3-yl)-1H-tetrazole

AS* AH" AG”

d T,/C T./C
compound T, / b JJemol K/ kJ-mol! / kJ-mol

1-1 248.6  262.0 —-123.94 173.16 237.83
1-2 213.7  229.3 -149.30 128.95 201.64
1-3 189.8  203.5 -138.08 133.65 197.57
1-4 163.5 177.4  —148.56 116.57 181.44
1-5 148.5 162.3 -148.61 109.39 172.05
1-6 193.3 205.6  —122.67 151.02 208.24
1-7 224.5 236.8 —-114.73 172.46 229.56

Note: T, is exothermic decomposition peak temperature. T, is critical tem-
perature for thermal explosion. AS™ is activation entropy. AH" is activa-

tion enthalpy; AG” is activation Gibbs free energy.

3.3 BRIt

% M Gaussian 03 3 4 11 5 1-(1H-1, 2, 4-=
W3- ) -1 H-DY g JE BRI A RS, R B3LYP/
6-31+G"J7 ik HEAT 4 F 1 45 K4 A Ak I S 43 BT, B
fig iR FH MP2/6-311++G Jr ge b 47157 i A
St AL e g Y AR /D SO R
AH’(ionic salt,298 K)=AH/(cation,298 K)+

AH/(anion,298 K)=AH, (2)

A, AH E FRE B 3R 8 A AS B8, 1T DL & Jenkins
SR A X)X B n, B0, 19 BUE 5
SR T MR X B -, % T B 8 BUE Ol 3, %
FLWZ 7B FEE RS W TAELEZ T E 7
WAE R 60 X B Upor A AlA% S8, W] LA IR (4)
HERE,
AH,=U,or+[ p(n,/2-2)+q(n/2-2) IRT (3)
Upor=Y (/M) 1/3+8 (4)
A M BB FEp, WEE ,g-cm™, R4y
18 R SCHRE

ok bR A B T VR T AR A R A3 4 T 0 A RS
GIFR5,1-(1H-1,2,4-=m-3-FL ) -1 H-PYme 4 g £h 1)
TG ] 16.73~1264.9 k)-mol™', HI EXPLOS 3
BT IX b 4 JE R 0 8 0 ME AR L AR B U [ E 6846~
7921 m-s R EVERIAE 13.2~17.1 GPa, HH 1-51
o R AR i v (JR 33,7921 m-s' 48K, 16.3 GPa),
ATRERH T 1-5 M Z ML Z5 T8 B T 3D 454, X Ff
R RS A B TR s G Y RE R PERT .
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1-C1H-1,2,4-— M358 ) -1 H- P8 e 4 Jw £ 1) i o
RS S SR R 25 SR L K 6. Fh 36 6 B¥E A 01, 42 ) £k
1=1 R 1-4~1-7 (4 7 SR BE Y K T 40 ), BE IR 1
KT 360 N, ¥y & T4l & e b kL

R5 1-(1H-1,2,4-=me-3-38) -1 H-PUm G Ja i B ERE S HL
Table 5 Energetic properties of metal salts based on the
1-(1H-1,2,4-triazole-3-yl)-1H-tetrazole

Ty p AH; D p
Compound

/°C /g-cm™ /kJ-mol™" /m-sT" /GPa
1-1 258.0 1.575 398 7649 17.3
1-4 170.5 2.114 16.73 7137 13.2
1-5 146.0 2.350 3.95 7921 16.3
1-6 196.2 1.546 1264.9 7152 17.1
1-7 231.7 1.619 867.56 6846 15.0

Note: 1) T, is exothermic decomposition temperature; 2)p is density; 3)
AH, is heat of formation; 4) D isdetonation velocity; 5) p is detona-

tion pressure.

F6 1-(1H-1,2,4-=-3-3) -1 H-PU g 4 & 5 )48 ol AL S 2
JRK R R 2 R

Table 6 Sensitivities of metal salts based on the 1-(1H-1,2,
4-triazole-3-yl)-1H-tetrazole

compound IS /) FS/N
1-1 >40 >360
1-2 >40 >360
1-3 >40 >360
1-4 >40 >360
1-5 >40 >360
1-6 >40 >360
1-7 >40 >360

Note: IS is impact sensitivity. FS is friction sensitivity. Test condition: 5 kg

drop hammer.
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Synthesis and Properties of C—N linked Azole-based High-Nitrogen Energetic Compound : Metal Salts Based
on the 1-(1H-1,2,4-Triazole-3-yl) -1 H-tetrazole

WU Le, HE Piao, MElI Hao-zheng, ZHANG Jian-guo
(State Key Laboratory of Explosion Science and Technology , Beijing Institute of Technology  Beijing 100081, China)

Abstract: Seven metal salts based on the 1-(1H-1, 2, 4-triazole-3-yl)-1H-tetrazole were synthesized firstly by using the reaction
with related hydroxide or carbonate. They are characterized by using EA, IR, NMR technologies. And X-ray single crystals of five
metal salts were obtained. The thermal stability of the metal salts was studied by DSC. Most of them have good thermal stability
after the water molecular was lost, and the decomposition temperature of lithium salts is highest with a value of 258 °C. The en-
thalpy of formation was calculated by the isometric reaction method. The enthalpy of formation of two metal salts are higher than
1000 kJ-mol™. The detonation performance was estimated by using EXPLO5 software, and the impact sensitivity and friction sen-
sitivity were tested. The results show that these metal salt are insensitive energetic materials.

Key words: 1-(1H-1,2,4-triazole-3-yl)-1H-tetrazole ; metal salts; crystal structure ;thermal stability ; detonation performance
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