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Scheme 1  Reaction of the title compound
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Table 1 The parameters determined by DSC curves at different heating rates

B/(K-min~') 5 10 15 20

T./K 519.75 526.15 535.35 538.85

T,/K 553.35 564.55 571.85 576.25

AH/(J-g™") 1067 1152 1230 1089

AH,... = (1067 +1152 +1230 +1089) /4 = 1134.50 J/g.
2 AEFEEZXRTH DSC MAEFI NI EREE
Table 2 Thermal decomposition data determined by DSC curves at different heating rates

o Ts/K T,,/K T,s/K T,y/K o T,/K T,,/K T,s/K T,,/K
0.02 512.73 515.28 525.81 529.28 0.52 559.59 567.25 577.11 579.14
0.04 517.66 520.79 531.10 534.48 0.54 560.91 568. 66 578.55 580.49
0.06 521.37 524.99 535.11 538.41 0.56 562.23 570.07 580. 05 581.88
0.08 524.46 528.40 538.43 541.69 0.58 563.55 571.48 581.58 583.27
0.10 527.13 531.47 541.35 544.57 0.60 564.91 572.95 583.15 584.69
0.12 529.52 534.08 543.97 547.09 0.62 566.26 574.42 584.71 586.18
0.14 531.69 536.49 546.31 549.41 0.64 567.71 575. 90 586.35 587.67
0.16 533.77 538.80 548.51 551.54 0.66 569. 15 577.51 587.99 589.15
0.18 535.56 540. 81 550. 56 553.58 0.68 570. 66 579.05 589.77 590.70
0.20 537.35 542.83 552.46 555.42 0.70 572.17 580.72 591.56 592.35
0.22 539.05 544.74 554.32 557.26 0.72 573.78 582.43 593.46 594.00
0.24 540. 66 546.48 556.03 558.98 0.74 575.48 584.24 595.43 595.74
0.26 542.17 548.15 557.175 560.59 0.76 577.17 586.05 597.48 597.59
0.28 543.68 549.83 559.39 562.21 0.78 579.06 588.06 599.72 599.52
0.30 545.12 551.44 560.95 563.76 0.80 581.04 590.07 602. 06 601.56
0.32 546.51 552.98 562.51 565.24 0.82 583.11 592.29 604.63 603. 69
0.34 547.89 554.49 564.00 566.73 0.84 585.38 594.70 607.31 606. 02
0.36 549.28 555.93 565.49 568.15 0.86 587.84 597.21 610.33 608. 54
0.38 550. 60 557.40 566.98 569.57 0.88 590.57 600. 03 613.68 611.25
0.40 551.89 558.81 568.47 570.93 0.90 593.69 603.24 617.48 614.35
0.42 553.18 560. 28 569.89 572.29 0.92 597.08 606. 86 621.73 617.84
0.44 554.50 561.69 571.30 573.71 0.94 601.23 611.08 626.87 621.91
0.46 555.75 563.03 572.79 575.07 0.96 606.42 616.21 633.23 626.95
0.48 557.01 564.44 574.21 576.42 0.98 613.60 623.45 642.40 633.84
0.50 558.33 565.85 575.62 577.78 1.00 629.73 639.43 664.85 649.35

Note: T with the subscript of 5, 10, 15 and 20 is the temperature obtained at the heating rate of 5.0, 10.0, 15.0 and 20.0 K/min,

respectively.

2 JBTE LR 4 DTHREAR(B) T, ORI i BEAE ROV 20 (o ) BT I A 0 AR IRLEE ( T) o F5AS
Al B X RLH) TAEACA Ozawa J5 R, ﬁ%ﬁﬁ%ﬂﬂﬁ%?ﬁ’]#%ﬂ:(ﬁt E, RN E, ~ o B
(B3) . di& 3 AT, 6 W 4350 a 76 0.2 ~ 0.8 2 [ if % 17 B 376 A4 B oK B 07 298 (P X918 H



5 8 1] WSS — PP B & RERDRL s-DUWRRSER 95 BN fifk 3l Ty 2 gk 2z etk 931

150. 90 kJ/mol) , [d i} 5 LA 7., T, {E Fl F Ozawa Fl Kissinger F7 % Hi A9 B0 A1 HL & B0 & 114 0 B2 3
(223) AR EAE 0 A EHBEE , r HKT 0,98, R IIE Rl {5 .

250

553

(=3

(=3
T

E/(kJ . mol™")
I
[=}

(=3
(=3
T

50 L L 1 1 1 1

3 R B Ozawa B HIY E,-o L%

Fig.3 E, -a curve by the Ozawa’s method at different heating rates
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Table 3 Calculated values of the main stage of thermal decomposition kinetic parameters

Method B/(K-min~") E,/(kJ-mol ") lg (A/(s7")) r
General integral 5 153.37 12.07 0.9999
10 144.42 11.32 0.9999
15 147.81 11.58 0.9999
20 154.83 12.30 0.9999
Mac Callum-Tanner 5 154.99 12.18 0.9999
10 146.07 11.43 0.9999
15 149.65 11.71 0.9999
20 156.77 12.44 0.9999
atava-Sestak 5 154.51 12.17 0.9999
10 146. 10 11.48 0.9999
15 149.48 11.73 0.9999
20 156.20 12.42 0.9999
Agrawal 5 153.37 12.07 0.9999
10 144.42 11.32 0.9999
15 147. 81 11.57 0.9999
20 154.53 12.29 0.9999

Mean 150.90 11.88

Flynn-Wall-Ozawa 152.65 0.9997
150.29(Te) 0.996 5
Kissinger 151.12 11.95 0.9997

B A Y T BRI XT R 37 S HLEE R R, Hod nT AL R R B U f (@) = (1 - @) ?, 1
ARXEGC(a)=(1-a) ' =1, ¥ f(a) =(1 —a)®,E =150.90 kJ/mol,A =10"% s "fL AT 2 da/dt =
Af(a) e i 135 Co( C,H,N,, ) -4H, O 1 $443 fift SN 14 8h 124 5 R da/de = 1075 x (1 - a)? x
exp( —1.51 x10°/RT) ,

2.3 Cof C4H2N14) 4H,0 B ) 2 0R Y
& HI Micro-DSC I {2 2 X IIF5- Co ( C,H, N, ) -4H, O LEIES I 0
€, =11.36 = 0.10T +3.72 x 107> = 4.11 x 107 T° (1)
J1E A5 5] 298. 15 K R AOFRUEEE R FL3ES h 415,45 1/ (mol -K) o ARIEFFE(1) K372 A% 5 ok
HEHRRR(2) ~ (4), R MATLAB™ #3145 15 3] Co( C,H,N,, ) -4H,0 % F 298. 15 K 7£ 283 ~
353 K3t il N ARG R A A 30T B B BERRBUE . IS as s T4k 4 b
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T

Hy = Hygg 5 = ngs'lscpdT (2)
T
Sy = Ssis = Lgmscp - 77T (3)
T T 1
Cr = G5 = J;()& 15C"dT - TLQ& 150‘) - TdT (4)

%4 Co(C,H,N,,) -4H,0 W AEEE
Table 4 Themodynamic functions of Co(C,H,N,,) -4H,0

/K Hy = Hygg. 15/ (kJ-mol ~1) Sp = Sagg.15/ (kJ-mol =" -K ") Gy = Gagg. 15/ (kJ-mol =)
283 -6.746 5 -0.0232 -0.1757
288 -4.5536 -0.0155 -0.078 8
293 -2.3279 -0.0079 -0.0203
298 -0.068 3 —-0.0002 -0.0000
303 2.2261 0.007 4 -0.0180
308 4.5554 0.0150 -0.074 1
313 6.9191 0.0226 -0.1683
318 9.31611 0.0302 -0.3005
323 11.744 6 0.0378 -0.4706
328 14.2022 0.045 4 -0.6786
333 16.6859 0.0529 -0.9242
338 19.1920 0.060 4 -1.2074
343 21.716 3 0.067 8 -1.5277
348 24.2538 0.0751 -1.8849
353 26.799 0 0.082 4 -2.2787

2.4 Co(C,H,N,,) 4H,0 g4
2.4.1 é] i]n;\i \ﬁ%/ﬂ'— (Ts,\m‘) Eﬂﬂiﬁﬁﬁ’q’:/ﬁ%f“( SADT )IE > 27]’H‘Z:IEJ}}‘/J]]1 KFFEE’J%JE’J Te, pfﬁ
FRAZIK(S) 3155 B0 BFRYIETR T Ty :
Toeorri = T, 0oy + 1B +mﬁ2 i=1~4 (5)
K, n flom N EE BIE Tour =T, FT LIAR B Ty FH TPOQ IGIEH Toypr =509. 69 K,Tpo =539.45 K,
2.4.2 HIBEXEW RS E(T,) A 5 JGBE (Tyy) T, M Ty (6) 12155 227,
E, —\/E: —4E RT,,.,
TlJt-O(urpr) = — \/ : 2R o—lorst) (6)
K, Y ECE o, T HL T RS B HARIE G SR L T, 524 EBUCE o, T BT o i BI AT A5 2140 K R
TTITO
# Bk Ozawa {5 RN Ey (E 1 Ty T ARATTFE(6) 11, 715515 2 BTATz &5 380 T, F Ty 5351
>} 556. 31 Fl1524.93 K,
2.4.3 @A ERAR (tyy) AR E PP BE PRSP A ) S R
BRI AR AT 77 1 A AR F g A KJJJ'JM?%ME&[:I:,mﬁﬁ%%ﬁﬁ%%o T R B N
K(7) ~(9) Fws.

CP% = QAexp( - E/RT)f(a) (7)

(o (" Cexp(E/RT)
t = fdt = J;O —QAf(a) dT (8)
o = 7: %’dT (9)

W€, =11.36 0. 10T +3.72 x 10 *1* = 4. 11 x 10" T° | E = £, = 151. 12 x 10° J/mol, A = A, =
107570 = AH, =1134.50 J/g, T =T, =556.31 K, T, = Ty =509.69 K.f(a) = (1 ~a)® fRALL 4
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A New Energetic Material-Tetrazine Cobalt Salt .
Synthesis, Thermal Decomposition
Kinetics and Thermal Safety

YANG Jin“, LIU Qing”, REN Yinghui® , ZHANG Xianbo*, MA Haixia“,
XU Kangzhen’, ZHAO Fengqi’, HU Rongzu’
(“School of Chemical Engineering Northwest University ,Xi'an 710069 , China ;
* Science and Technology on Combustion and Explosion Laboratory

Xi'an Modern Chemisiry Research Institute ,Xi'an 710065 , China )

Abstract Tetrazine compounds have great applications in energetic materials field, which is attributed to its
high energy, insensitivity, high burning rate, low pressure and good thermal stability properties. However,
they have disadvantages of low density and thermal stability. To enhance the low properties of tetrazine
compounds, a series of the tetrazine derivatives have atiracted considerable attention. 3,6-Bis(1-H-1,2,3,4-
tetrazole-5-amino ) -1 ,2 ,4 ,5-tetrazine ( BTATz ), as a high-nitrogen energetic material, has good catalytic
performance and application prospect. Therefore, we synthesized 1,2 ,4,5-tetrazine (s-tetrazine) cobalt salt
with potassium salt of BTATz and cobalt nitrate in an aqueous solution. Its structure was characterized with
elemental analysis, Fourier transform infrared spectrometer ( FTIR) and inductively coupled plasma mass
spectrometry ( ICP-MS ). Its chemical formula is Co(C,H,N,,) 4H,0. The thermal behavior and thermal
decomposition reaction kinetics were also investigated with differential scanning calorimetric( DSC) and thermal
eravimetric-differential thermal gravimetric ( TG-DTG ) methods. The self-accelerating decomposition
temperature ( T, ;) , thermal ignition temperature ( Ty, ) , critical temperature of thermal explosion( 7T, ) and
the adiabatic time-to-explosion ( t,,,, ) were calculated as the important parameters to estimate the thermal
safety, and the value were 509. 69 K, 556. 31 K, 524.93 K and 88. 40 s, respectively. The adiabatic time-to-
explosion is longer than those of Ca salt, Mg salt and Sr salt and the exothermic capacity is higher than that of
its ligand BTATz. Therefore, it is expected to be a good combustion catalyst.
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