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AREFRT,2,4,5-P0 8244 ¥ DPHX FI DMHT 89 45 #  BAT Sl AR 22 40
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B (T EARR K G 08 B (T, 90 25 DF B3l 22 4k
WF 52 B DPHX A DMHT ¥y B AT R4 i Ak e 1,
 DMHT #2220 T DPHX, —#H W B A i —
AR ST TN S5 AR A i 0 T T

2 SLIGER S

2.1 RKF S

WA TCK S BE A3l R4 R Ak )
UKTE IR , 4y A 2, F DAL B R A AL ) 5 Shm I, w12
B, 2, A-TR FEOR FRE P R R L 3 BT 4k, i B
P T A PR A LBk, BRI E, 206, 43, K
HET R TR AL A R RS R A, 4 A 2, R
[iREN X v | DD e S TR (PN S TR S i
AR A BRA A

A - X-5 BUECTF 5 o S s AN, A R e AR A
FR N W] 5 20 A8 634, EQ UINOX-550 f# ] BRUKER Y
#ir 3 ) 5 PE-2400 BT R 431X, 35 [ Perkins-Elmer X
w2 ] ;DSC-Q2000 A 22 /R s A AN, S5 TA 4] .
2.2 DPHXHI#H &

G £k i Scheme 1 Fi s, Eo A AT R AA 3, 6-3X
(3,5- HI L me)-1,2,4,5 P (BT) S M Sk
[10-11]H B, DPHT Z B SCHER[12] 6 . B & B
DPHT 2.06 g(0.01 mol) fll 50 mL Z, B & A 5

150 mL = FBE b ek i 2 78 °«C. RIEH#
Xt il 3 A% S 1.51 g(0.01 mol) ¥ M3 15 mL Z B
W, A N 2 mL vk R A R R R R A
78 CLAT, 3 WG 1R O o 4 52 1 ik sk & il o, FH &
s 390 22 ok o e, A IS A5 3 340 O i 36 8K 356 ) T
F 5 1-6-(3, 5- FF Ltk g ) -S-PU 8 (DPHX) 1) 21 £ %3
K2.76 g, 77BN T79%.

¥ DPHX [E K85 K 0.34 g(1 mmol) i T 10 mL
NG, L IR R DR R, SRR R 5 R A AL
] FH B I IR B R R T

C,H,NO,TEE M (%) T EAE (M E () C 49.56
(49.11),H 3.83(5.02) ,N 37.17(37.84) . IR(KBr,
yem™):3224(—NH—),3020(—CH,),1608(—C—N—),
1575,1518(—NO,),1483,1422(—C=C—), 1337
(—NO,),952,834(FHH),

2.3 DMHTHI#H &

%[5 DPHX, K 2, 4-— ff 3 K H % 1.96 ¢
(0.01 mol) it A DPHT 9 & BE¥ W T, 43 L3 i 2 mL
VKIS R VEHEAL T, B4 IR AE 78 °CZ2 47,3 h a1k
N, B B AF LR K 3.02 g, PR R LK 78%, K 5K
216~218 °C. ¥ 0.382 g(1 mmol) DMHT [# 14 5 K
BT 10 mLIK CmEr i B 5 IR 218 R 3 KRG
75 B € R b A T B0 A 0 7

CH N O, Y JE R 43 1 (% )« i 5 fH C 43.98

CH,
ﬁ ﬁ / Ho H CH,
NH N—N /
Vak NHNH, P HC%C\ y \ /NQC
— NH,NO _ HC CH CH — —
HN=C + NH,NH,H,0 473 H,NN=C g 2 3 | N—oC C—N |
/C§ / \\ // \ —CH
NH,HCI NHNH,HCI H,C N N—N /C
TAGN BDT H,C
NaNO, CH,COOH | (CH3CH,),0
/CH3 /CHa
C N—=N C N—N N CH,
N oy, 0 =N N
—NHNH, NH,NH,H,0 + N—°C c—N
c~/ N\ / CHAON 2t / \
y C/ \N N— 3 y C/C§N \\N—N// C¢CH
s DPHT * /
BT H,C
|
C N=—=N N=—=CH CH=CH
=< HTé \N c/ \c NH/ \C/ C—NO
78°C CH,COOH - —
OHC—C C—NO, E Ca./ N\ / N\ / 2
\ /7 C,H5O0H 7N —N CH—CH
CH—CH HC DPHX
. /CH3
N=—CH
\ CH=CH e N=— CH=CH
/ \ 78:C CH,COOH HC== "\ / \ / \
OHC—C /C—Noz | N—C C—NH C c—nNo,
N/ 0K b/ N\ / \ 7/
C—CH TN —N C—CH
/ H,C
ON DMHT O,N
Scheme 1 The synthetic routes of DPHX and DMHT
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WKL B PR, oK, SRR B, ThilgE R

(43.88) ,H 3.14(4.71) ,N 36.65(36.28) . IR (KBr,
v/cm™) : 3181 (—NH—) , 2958, 2931 ( —CH,) ,
1572,1535(—NO,), 1481,1409(—C=C—), 1340
(—NO,),952,826( KK H),
2.4 EBEGEEK

P - F1 9 7 3 7R H I 296 (2) K Y SEAT B 04,
(7] B 5% 37 49 A R AT W MORE IF o 43 - 45 R 1Y i T A
SHELXS )7 i B #2350k 15 RS B i R T PP i) 4 L
BNk . H R R 25 1A 1 5Lt BRI B e TR
ok B AR B
2.5 O

2R AL (DSC) 3 Hre i &8 2925 0.38 mg,
Z s A, FHIRE R 55 5,10,15, 20, 25,
30 °C-min™", N,Ji# & 50 mL-min™",

3 #R5WiE

3.1 DPHXMISRELEH N

DPHX I DMHT 4 5 & 45 14 B4 MG 8 45 5 5 T
F 1, KM CCDC 5 41 7l 24 1448033 Fl 1527347,
DPHX B4 S B A AN U S 500N 35 2 3k 3 iR o
DPHX [ 53 - &5 K6 F1 — 4 5 285 44 43 5 os F &1 1 FiE 2,
DPHX I 4 25 ¥ F1 — 2 HE R 454 7 T & 3 MR 4,

R S5 K B R B DPHX B 4 T U
C,H NGO, RS &, 25 R P2,/co BS540 5
JCNAL & A DPHX 43+ &1 AT, DPHX 48+
ST 5 DPHT 14 JF 35 55 56 i 66 28 P I I A 108 3 I g
IEWE 2 — 47 F K G T2 R, BB B N (2) —C(7)
(1.275(8) A) il J2 i 7 (1 XU | 2 Ak A W 9 Bk o s
Femg ", f 2 AT AL, DPHX 43 7~ o U 188 BRIk e BR
A R B L EUREE LU B N(3)—C(8)(1.357(8) A)
14 K 0 R R A T C—N B (1.43 A) L C—N XLk
(1.29 A) N—N B4 (1.45 A)FI N—N X5 (1.25 A)
Kz, R A DPHX A F A — R LR R X
FRILHER R AT A B T3 & o F g e k. 5 —
J7 L L N(9)—N(8)—C(9)—N(6)(165.7(6)°)
N(2)—N(3)—C(8)—N(7)(-0.4(11)°) N(3)—N(2)
—C(7)—C(4)(-179.3(6)°) .C(5)—C(4)—C(7)—
N(2)(=169.1(6)°) &4 T 180°, A I, 34~ DPHX
Iy TP R S

20 LA, DPHX 4 F i RAFE e —Fl 4+
] LB, AT o 1 N AU, B S A SR B9 DPHX 73 -3
14y F VAR N(3)—H(3) - N(4) % H#: Bl — 1>/t
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£1 DPHXH DMHT Y f A S50 50 & 50

Table 1 Crystallographic parameters and refinement data for
DPHX and DMHT

matter DPHX DMHT
empirical formula C,,H;;N,O, C,,H;;N,,O,
formula mass/g-mol™ 339.33 384.34
temperature/K 296(2) 296(2)
crystal system monoclinic monoclinic
space group P2,/c P2,/c

alA 16.941(14) 12.471(10)
b/A 4.669(4) 9.164(7)
c/A 19.91(2) 15.347(12)
a/(°) 90.00 90.00

B/(°) 102.51(16) 99.739(16)
y/(°) 90.00 90.00

V/IA® 1537(2) 1729(2)

z 4 4

D./g-cm™ 1.466 1.477
absorption coefficient/mm™" 0.107 0.114

crystal size/mm
0/(°)

F(000)

h

k

l

reflections collected
independent unique(R;,)
final R, ,wR,[ 1> 20 ()]

goodness-of-fit on F?

0.37%0.31x0.14

2.10-25.10

704

—20<h<12

—5<k<5

—-23<l<22

7204

largest difference peak

and hole/e-A™?

2731(0.0463)
0.0781,0.1831
0.812

0.308,-0.347

0.30%0.23x0.14
1.66-25.10

—23<I<22
8385
3081(0.1890)
0.0744,0.1609
0.885

0.371,-0.336

R 2 DPHX B Hl K AL £

Table 2 Selected bond lengths and bond angles of DPHX

bond length / A bond length / A
N(9)—C(10) 1.308(9) N(9)—NI(8) 1.391(7)
N(4)—C(8) 1.357(8) N(8)—C(12) 1.384(8)
N(8)—C(9) 1.395(8) N(2)—C(7) 1.275(8)
N(7)—C(8) 1.313(8) N(6)—C(9) 1.333(8)
C(10)—C(11) 1.406(10) | N(3)—C(8) 1.357(8)
C(12)—C(11) 1.350(9) C(11)—H(11)  0.9300
bond angle/(°)
C(10)—N(9)—N(8) 104.3(6)
C(12)—N(8)—N(9) 111.9(6)
C(12)—N(8)—C(9) 130.6(6)
C(7)—N(2)—N(3) 114.9(6)
C(8)—N(7)—N(6) 116.7(6)
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ANXFFR 1,2, 4, 5-DU0E 25404 W DPHX FI DMHT B 45 4 L A7 g F1 B 22 4 1 859

PRARZEAE B SR B0 DL 30 Kl i) SR i FE 1 PR
N0 F B WA G TT , WX R 1Y 45 14 BRI 3 43
(VR 3 —A 07 o SE A gl i 1 — AR AR 2548 (&1 3) o
— AR B 2 18] I TR ] 005 53— ) AR i —
Y- S5 A () 3) , R 1) 4 1 45 44 38 1) S B A
EIER TIE S — A BB = e R g5 M (& 4)
F3  DPHX BB A A

Table 3 The bond lengths(A) and bond angles(°) of hydro-
gen bond for DPHX

I d(D—H) d(H--A) LDHA  d(D---A)
/A /A /() /A
N(3)—H(3)-*N(4)" 0.860 2.118 162.54  2.949

Note: i is symmetry code. i=[-x+2,-y+1,-z+1]

B 1 DPHXM5 T4
Fig.1 Molecular structure of DPHX

ra

b

B2 DPHXIW 425ty
Fig.2 One-dimensional structure of DPHX

3 DPHXI - 4E45#) (U b))

Fig.3 Two-dimensional structure of DPHX along the b axis
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B4 DPHXZ 1 HERE
Fig.4 Packing of DPHX molecule
3.2 DMHTH RS

DMHT MBI B A B8 A =i 2 200y ol 5 F
FA4MES5, K5 FE 6535 5 DMHT B 73 1 45 14 Al
—4EZE Y 7 M 8 73 D DMHT B9 — 4 4544 il =
YEER G5 .

R4 DMHT I HE Ao FA
Table 4 Selected bond lengths and bond angles of DMHT

bond length /A | bond length / A
N(3)—C(7) 1.283(7) N(7)—N(8) 1.337(6)
N(4)—C(8) 1.371(7) N(8)—C(8) 1.335(7)
N(5)—N(6) 1.320(6) N(9)—N(10)  1.386(6)
N(5)—C(8) 1.364(7) N(9)—C(9) 1.402(7)
N(6)—C(9) 1.343(7) N(10)—C(12)  1.334(7)
N(7)—C(9) 1.317(7) C(10)—C(11)  1.362(8)
C(11)—C(12)  1.389(8) C(12)—C(13)  1.494(8)
bond angles / (°)
C(10)—N(7)—N(8) 117.9(5)
C(12)—N(10)—N(9) 104.5(5)
C(1)—C(2)—C(3) 119.3(6)
N(8)—C(8)—N(5) 125.8(6)
N(7)—C(9)—N(6) 125.9(6)
C(11)—C(12)—C(13) 129.0(6)
N(5)—C(8)—N(4) 114.7(6)

=5 DMHT M &R 1Y H < Fi M
Table 5
bond for DMHT

The bond lengths and bond angles of hydrogen

Dt de(DfH) de-nA) £DHA dﬁ(D---A)
/A /A /() /A

N(4)—H(4)---N(10)" 0.86 2.141 169.05  2.990

N(4)—H(4)---N(6)" 0.86 2.624 119.18  3.135

Note: ii is symmetry code. ii=[-x,y+1/2,-z+1/2]

o
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860 BT BN S SRR T
. Py B2 DPHX 2t — Vil 5 A B T4 T e K-F 4
0(5)

'0(10) N(7)

L2 L ,
' . 0(3) %
04) ©

5 DMHT# 5T 45H
Fig.5 Molecular structure of DMHT

6 DMHT i — 4451
Fig.6 One-dimensional structure of DMHT

7 DMHT i — 4k 25k
Fig.7 Two-dimensional structure of DMHT

El8 DMHT 1 HyHER
Fig.8 Packing of DMHT molecule

a1 45 4 23 BT R B, DMHT 5 DPHX &5 A AL,
AR Z A A T2 B BURIEAR TR, DMHT 73 545 44y vh
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/NG5 R BTN A PO DMHT 20 . |1 & 5 Al A1,
DMHT 43 T J& il i DPHT 5 2, 4- 7 ff & 2 I B I 7
H WL — 2 FRIE R N(3)=C(7)(1.283(7) A) A 4#15
FRy. mEATLIEDR, 5 DPHXEL, DMHT 4
DU 15 A 1 LG e A 1% e 2 | 2R R ) Y TR AR A
T C—N Hu  C—=N WU N—N FAEE I N—N N5 4
KU 2 E] B RS DMHT 20 7y — A ki 4L 48
&,

I A A N 1% FH % A U0 B D g B | AU T it
Mg R KRS A S, (05 DPHX K [F] 1) )& , DMHT
ST O(2)—N(1)—C(3)—C(2) 5 AN
1.8(11)°,1 O(2)—N(2)—C(5)—C(4) [ 1 5% ff W
9 35.7(10)°, Ui B DPHX F i 2 4 F DMHT, H.
SRR A TR i RTINS /1 7 w51 N S R VA SR 4
DMHT 43 F [ 22 LA 6 TR 1 28 LHERUE 20, X A28
SCHE R 7 A DMHT 43 F 6] e DPHX £ B % —
Pl &UHE W adili ), AR B DMHT 43 F 3l ad 4 [
HEN(4)—H(4)-N(10)"HIN(4)—H(4)---N(6)"i%
P2 W — 4 B 25 4, FLAR K B AR 3R 5 TR, X R R
I BT TLOCH A . — 4EE 2 18] 0 o A
FE AR AL Ty A H AR R B 4k 254, i 7, 4k
T 22 (] 38 2o 78 48 07 8 AR % TR TR HE AR 25 A, B
DMHT iy = 4EfE L2548, WKl 8. 4> DMHT 43+
() SR B 2 T DPHX, I 45 DMHT 43 1 HE A1
F) B i 5 %, T DMHT 43 F 1 %5 B 22 0% = T DPHX.
3.3 DPHXFI DMHTH S BIT AR DB HE

S

DPHX 7E 10 °C-min™ Fifi # % T 19 DSC (il 2 n
L9 TR . M9 Hml LUFE A DU 3 i B2 0 16 Y
DPHX HAFTE — A~ S RO B 1200 3R B B g 3

21 Yoro 218.06°C ——DMHT
201 —DPHX

. +—220.25°C
1 216.71°C o
ol Jk R asze

5 217.10°C
100 150 200 250 T3/0°0C 350 400 450 500

heat flow / W-g”!
s 3

[,

B9 DPHXHIDMHTZE10 C-min™ FHi 3 F Y DSC i £k
Fig.9 DSC curves of DPHX and DMHT at a heating rate of
10 °C-min™'
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AREFRT,2,4,5-P0 8244 ¥ DPHX FI DMHT 89 45 #  BAT Sl AR 22 40 861

218.06 °C, AN AR E N 216.71 °C, AR Q
#727.30)-g7"

F£ 0~ 500 °C, DMHT I #453fiff 53 W) S = 4> 5 7
IEAL VB — A R BB B VB A R AR A Y B
DMHT 7E 217.10 °CHf Je 4 6 4R J5 T I PRl 43 fide |
U P 72 220.25 °C L AMER I TR 2 217.38 °C, 73 i i
MoE QN 528.5 ). g, B AN AR Y B0 IR 2
415.29 °C, SMEE 46 43 i B2 52 363.29 °C, v iE &
565.1)-g™", H. DMHT iy #A52 & B 0% & T DPHX, X 7]

et T [R5 2 09 SURE A B /E A4 & T DMHT
PR EME G

X 6% T DPHX F DMHTEAR Al FHE # HE BT
18 125 Z 40, B s A& WD ATES 6] TR 3R R B Ah 4
M T2 Ozawa" " i 2 iH 843 2] 19 WG L 58 ; £ 2
b & WA AN 6] T R R 1 IR T, 4 Kissinger'” J7
FEIT A5 3 19 R WG AL BE 5 Eo, W24k & W 7R 8 THIR
%R i IR T, 4 Ozawa J #2355 15 21 1 & W I
1LHE -

&6 DPHXHI DMHTEARFFHRE R BTt TR T 1532111 3] )14 54
Table 6 Thedetermined kinetic parameters of DPHX and DMHT from the T, and T, at various heating rates

'7°C-min" T./°C Eoe / KJemol™ 1o, T, /°C E./ kJ-mol™! log(A/s™") re /E(Iij-mol” Top
DPHX
5 202.16 210.09
10 216.71 218.06
15 221.71 132.97 0.967 224.37 176.20 16.91 0.989 175.35 0.990
20 222.42 224.93
25 225.42 227.23
30 226.69 229.73
DMHT
5 210.91 214.93
10 216.38 220.25
15 221.75 235.19 0.979 224.49 229.29 22.53 0.999 225.88 0.999
20 222.96 226.39
25 223.47 228.47
30 224.29 230.31

M6 LLAE M TR T, 3545 8] DPHX 1
PG AL B A 2288 1 40 kJ-mol ™, ULBH DPHX 7E 4>
T3 fifp ok R o BT R 04 AR O3 A HL B AT BB RS — B,
DMHT AN 5] 5 16 1153 1 3R WL T A6 BE AH 22 48 K, Ui ]
DMHT 7£ 4 43 fif 2o 72 vh e 388 4 19 B 43 ik I 24 AR [)
DMHT (1) i% 1k BE = T DPHX, % Ml L , DMHT #
DPHXXE T 43 f#

3.4 AZREMWR

0 3 i T BE Toaor PR KOUR BE T B BRI K
Il S4B T, % T PF B % BE ARG e e B
B, BEA TR CT) L (2) . (3) ] LAy Bl
] DPHX Al DMHT [ Toupr, To Al T, Hrh SMfE R 46
O3 R BE (T,o) 5 A0k 06 TR B2 ( T,0) J2 48 7 2 (3) 7
TH 3 R B—0 B I HUE 5 a F1 b Sk 8 80 B, T i
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HLCominT's B, Eo, 7002 P AMIE RS B 85 B2 T, e 3
T, Ozawa ¥ 315 44 21 19 R W& AL BE k) - mol™ 3t
BRI THT.

Teorp = TeOorpO + aB,‘ + bB’Z ,i =1~6 (‘I )
TSADT = Teo (2)
E()eor()p - \/Eéemop - 4EoemopRTeOmp0
Tbeorbp = R (3)

7 0T LAE R DU R AT A 0 Toaor s Too X
T, {H /NI 2 DMHT>DPHX , 3% % Bl DMHT f #4
GAVERRRAT . MRAESCHER(9 ], DPHT I Ty T A T,
{8 4% %14 136.90, 144.30,165.19 °C, AH Lk DPHX I
DMHT #1487y, 56 B DPHT 55 A1 Rz 14 85 Jz 07 J A A% 1Y)
DPHX.DMHT A B4 iy #e a1k
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Table 7 Temperature parameters of DPHX and DMHT in the process of thermal decomposition
compound T,/ °C T/ C Eoe / kJ-mol™ Eop /' KJ-mol™ Toanr / °C T,/ °C Ty / C
DPHX 191.83 202.54 132.97 175.35 191.83 206.20 213.78
DMHT 203.91 209.45 235.19 225.88 203.91 212.24 218.34
Journal of Energetic Materials (Hanneng Cailiao) , 2003, 11
4 #Zig (4): 231-235.
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DMHT 73 F i i E 8 2 T DPHX, B I — & &
R T DMHT 4> T3 B

(2) X A b AL & 0 09 A5 g A5 o #EAT IR ST, A B

M Kissinger ¥ it 5 15 #| DMHT B9 £ W 1% 1k 68 >
229.29 kJ-mol™, % DPHX(176.20 kJ-mol™) & . X}
DPHX Fl DMHT (4 #4421 S8 Ty o T, B T, BEAT
WA 45 R R W DMHT 1Y Topr. T A T, ¥ F
DPHX, DMHT #8224 P T DPHX, X 0] fE 2 i T
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Structure, Thermal Behavior and Thermal Safety of Asymmetric 1,2,4,5-Tetrazine Compounds DPHX and
DMHT

ZENG Tian, HAN Xue, CHEN Xiang, ZHANG Cong, GUO Zhao-qi, MA Hai-xia
(School of Chemical Engineering , Northwest University , Xi'an 710069, China)

Abstract: To seek forasymmetric 1, 2, 4, 5-tetrazine energetic compounds with good properties, 3-(p-nitrobenzyl methy-
lene)-6-(3, 5-dimethylpyrazol-1-yl) hydrazone-s-tetrazine (DPHX) and 3-(m-dintrobenzyl methylene)-6-(3, 5-dimethylpyr-
azol-1-yl) hydrazone-s-tetrazine (DMHT) were synthesized, and their single crystals were cultrivate and their structures were
characterized by EA, IR and X-ray single crystal diffraction. The thermal decomposition behaviorand thermal decomposition ki-
netics of DPHX and DMHT were studied by differential scanning calorimeter(DSC). Their apparent activation energies were cal-
culated by Kissinger’s method. The thermal safety of DPHX and DMHT was studied by the results of thermal decomposition ki-
netics. Results show that both of them are monoclinic with space group P2,/c. The apparent activation energies of the two com-
pounds are 176.20 and 229.29 kJ-mol™, respectively. The self-accelerating decomposition temperature ( Ty,,,) , thermal ignition
temperature (T,.) and critical temperature of thermal explosion(T,,) are 191.83, 206.20°C and 213.78 °C for DPHX, respective-
ly, and T,,,=203.91 °C, T,,=212.24 °C, T,,=218.34 °C for DMHT, respectively. Therefore, DMHT is more stable than DPHX
and has higher thermal safety.

Key words: 1,2,4,5-tetrazine derivatives;crystal structure;thermal behavior;thermal safety
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