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ARBFFE VL W R 13- 88 3 ICER % 26y J5URE,
28 R IR AL -BUER =20 R, S A B AR e A Sy
B EREE T 5,5 - & -4, 4 -l e k-3,
31,2, 4- =k = B S INER TAGAT, SR UK i v 15
LG Py B, F T XS0 8 B S AT SRRSO HE B 2
WHEAT . 0 T TAGAT B & 1 R etk fig
T VETR, WA T TAGAT MR R T fe, ik — 2 JF
TAGAT 1 i FH B 58 48 T 38 Bl

2 SLIGER S

2.1 RXFEEE

[0 Pt 3N~ =R B <3 S s VL R R 7 S0 N
AR A PR R 51, 3- R SRR iR R o Ay 4, B
AR B 2 IR A AA AN A T I R
B o B ali, 1 5 R AL F B AR AT B2 w5 = s LK
R ER L 100% R N E il

X 2% : Bruker APEX 11 CCD X-f £k B8 5 115 S 5
Fii 1 Mettler Toledo 2 w22 7 4 4 1 #4— #4510 B AL
(TG/DSC 3+) ; %t -+ Bruker 23 & 500 MHZ ¥ % 2L %
A% 5 Hit + Bruker 23 ) 300 MHZ #% 1 4R A% ; FSKM 10
BAM FE 48 B AL ; BFH 12 BAM J 5 J8 U 1 .
2.2 LIgitiE

PLZ R AN T, 3- T FEANER iR 46 8 JFURL , 5638 I
N A 4,47,5,5 -0 F - 3,37-8k-1,2,4-—= (1),
25t A R R A5 5, 57- G K4, 4- RN K
F-3,37-HK-1,2,4-= 8 (2) , 5 AR AL BN I TR R A5
g miE S S &AM EL R R AR AR 5,5 - &
-4, 4 - TR IE-3, 37061, 2,4 - =M = S AT AR
(TAGAT) . EARA WL L Wi Scheme 1 fi7s .

NH,
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Scheme 1 Synthesis of TAGAT

2.2.1 4,4',5,5-W5E-3,3"-B£-1,2,4- =¥ (1) &R
R SCHER 017 [l iy ikl #5158 80 4,47,5,5'-10
AHE-3,37-86-1,2,4-=1 (1),
"HNMR (DMSO-d,, 300 MHz, 25 °C ) §: 5.92,
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5.82; "CNMR (DMSO-d,, 125 MHz, 25 °C ) 6:

155.48, 139.40; IR (v/cm™, 25 °C ) : 3782, 3400,

3341, 3278, 3142, 2348, 1626, 1537, 1478, 1421,

1317,1252,1232,1085,1022,987,935,799,778,

723,678,664,

2.2.2 5,5 -"“RE-4,4-"WHERE3,3-HK-1,2,4-=
ME(2) B & B

MG SCHR (17 [ 18 19 Ty sk il s 15 2 5,5 -2 &
R4, 4 - TR FE 3, 30-HK-1,2,4-=(2)

"HNMR (DMSO-d,, 300 MHz, 25 °C ) §: 8.45;
BCNMR(DMSO-d,,125 MHZz,25 °C)8:149.57,136.82;
IR(y/cm™,25 °C):3434,3214,2715,1688,1515,1440,
1273,1237,1093,1047,997,886,782,705.

2.2.3 TAGAT B9& K

HICTO mLAYEB /KA F] 50 mL ) = H B
BN IR BE T2 60 °CL A 0.572 g(2 mmol) g4k
G 2, G0 T 0 A SR AR BT R 2 RN iR pH=10,
I I 52 R VB 8, Dy 214 8. FRE 0.7 g(4.96 mmol)
A = 2 e IR 198 6 I A3 S VR T, oK 2 R R
T, THR B 3 b 458 1 SO 8 B W 2248 Ui L 5
PRAT L 8, K, 15 B 204 A A .

'"HNMR (DMSO-d,, 300 MHz, 25 °C ) §: 4.42,
5.34,8.54; "CNMR (DMSO-d,, 125 MHz, 25 °C)§:
159.48, 153.72,138.39; IR (v/cm™, 25 °C) : 3455,
3304,3202,1684,1332,1192,1134,998,768,637.

3 GRS

3.1 TAGATHIHE REMRLEFD

PEIL0.19 mmx0.15 mmx0.12 mm [ TAGAT /%
A, 78 X5 2 2 A AT AN X SR R R AT L #E 170 K
0 T R IS B AT S RO IR S RO R 1~ 4,
12 . it B 0 ] S B A 2 B R R (CCDC %5
4 1956051)

TEA Y TAGAT A& Ry 21 4 o HetR fi 44, ik
ML R A RBE R P2 /e ARG R I E 1 TR,
o M ME RGN & 2 B o B0 I B S 8 A 1 s o1
F2MFE3,

FH RT3 2R3 3 ATAL A B 25 A C(2) —C(2A)
SR U T L — A X RREE R, H C(2) —C(2A)
K 491.443(2) A, C(1)—NO2) By K N 1.347(3) A,
Fe# WL C—C(1.54 A),C—N(1.351 A)§t"7 84
N(9)—N(8) 4K K 1.407(2) A, %5 K 75 = M 3
i N—N(1.47 A)FIN=N(1.25 A) "7 2 Ja] , 3 i3 B
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Table 1 Crystallography data of TAGAT Table 2 Select bond length of TAGAT

crystal TAGAT bond length/A bond length/A
CCDC number 1956051 O(1)—N(7) 1.272(2) N(12)—C(1) 1.347(3)
empirical formula C,H,,N,,0, 0O(2)—N(7) 1.2559(19) N(1)—N(2) 1.413(2)
formula mass 494.47 N(7)—N(8) 1.313(2) N(2)—C(3)  1.326(2)
temperature/K 170 N(8)—N(9) 1.407(2) N(3)—C(3)  1.326(2)
crystal system monoclinic N(9)—C(1) 1.363(2) N(3)—N(4) 1.406(2)
space group P2./c N(9)—C(2) 1.381(2) N(5)—N(6)  1.413(2)
a/A 11.4979(5) N(10)—N(11) 1.400(2) N(5)—C(3) 1.330(2)
b/A 6.3468(2) N(10)—C(1) 1.315(2) C(2)—C(2A)  1.443(2)
c/A 14.0945(5) N(11)—C(2) 1.304(2)

a/(°) 90

B/ (°) 101.7910(10) #3 TAGATHY RS

v/ (%) 90 Table 3 Bond angles of TAGAT

v/ (A3 1006.84(6) bond angle/(°) bond angle/(°)
Vd 2 O(1)—N(7)—0(2) 119.82(14) | N(9—C(1)—N(12) 122.57(17)
D, /g-cm™ 1.631 O(1)—N(7)—N(8) 115.55(13) | N(9)—C(1)—N(10)  110.39(16)
u/ mm 0.136 0(2)—N(7)—N(®8) 124.63(15) | N(10)—C(D—N(12)  127.03(17)
F(000) 516.0 N(7)—N(8)—N(9) 108.47(12) | N(ID—CQ—CQ2A) 126.27(17)
reflections collected 8150 N(8)—N(9)—C(1) 123.73(14) | N(9—C2)—N(11)  109.81(15)
index ranges —14<h<13, ~7<k<7 . —17<I<17 N(8)—N(9)—C(2) 131.07(14) | N(9—C(2—C2A)  123.92(16)
independent reflections 2029 [R,,=0.0490, Ry,.= 0.0441] C()—N9)—C(2) 105.17(14) | N(2—C(3)—N(3)  120.19(17)
GOF on P 1.070 NOD—NI0—C(1)  106.90(14) ||N(2—CB3—N(5)  120.45(16)
final R indices [ 1>2sigma(/)]  R,=0.0413, wR,=0.0899 N(10)—N(11)—C(2) 107.73(14) | N(3)—C(3)—N(5) 119.35(17)
R indices (all data) R,=0.0595, wR,=0.1005 N(D—N(2)—C(3)  118.30(15) | N(6)—N(5)—C(3)  118.24(15)
largest diff. peak / hole [e -A3] 0.20/-0.24 N(4)—N(3)—C(3)  118.50(16)

R4 TAGAT BN A EE wnk 8 v
Table 4 Hydrogen bond distances(nm) and bond angles for NISA]_@n(sa) ¢ N(1a)  OQ) Nie)

TAGAT

D(D—H) D(D---H) D(D---A)  Z(DHA)
D—H---A

/nm /nm /nm /(°)
N(1)—H(1A)---O(2) 0.91(2) 2.13(2) 3.039(2) 178.2(18)
N(1)—H(1B)---O(1) 0.92(2) 2.23(2) 3.102(2)  158(2)
N(2)—H(2)---N(4) 0.8800 2.3400 2.667(2) 102.00
N(2)—H(2)---N(10) 0.8800 2.0900 2.916(2) 157.00
N(3)—H(3)---O(1) 0.8800 2.1600 2.864(2) 136.00
N(3)—H(3)--:N(6) 0.8800 2.3100 2.650(2)  103.00
N(4)—H(4A)---O(1) 0.90(3) 2.42(3) 3.296(2)  165(2)
N(4)—H(4B)---N(1) 0.89(2) 2.46(2) 3.152(2)  135(2)
N(5)—H(5)---N(1) 0.8800 2.3500 2.672(2)  102.00
N(5)—H(5)---O(1) 0.8800 2.1500 2.911(2)  144.00
N(6)—H(6A)---N(10) 0.92(3) 2.50(2) 3.364(2) 158(2)
N(6)—H(6B)--*N(11) 0.94(3) 2.22(2) 3.154(2)  174(2)
N(12)—H(12)---O(2) 0.88(2) 2.10(2) 2.976(2) 174(2)

il e BR B T B AR IR AEAE L BB 2540 , A A T i T = 193
fEo N(9)—C(2)—C(2A)—N9A)FIN(11)—N(10)—
C(1)—NO12) HLFE A 43 5 & —-180°H1178.72°, 31X ¥t
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Fig.1

TAGAT I i IR 2544
Crystal structure of TAGAT

2 TAGAT i & N 3 L O 26 3208 23 7 1) SRR T D)
Fig.2 Crystal packing map of TAGAT(Dashed lines indicate

intermolecular hydrogen-bond interaction)
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R R B 9 B - Ak TP IR AS

H 1 2 R 3R 4 0% AT 1, 32 b M 25 R AR AE R A
HEVE R BEARIA b R S = 2 SR IICH B 1 NH A
NH,Z 8], B R F =M EA N0 FMNOT1)E =4
FEMTBH 719 NH FINH, 22 8], BR8], =23
WICRH 25 7 P93 =22 18] 5 F7 78 AR 45 TAGAT db ik
AR HHED T 5 SV ) 2% S5 4 A B T8 A
iy AR M WA R T R AR G W SRR
3.2 TAGATHI# 8L

K E K 22 o8 & AL (TG-DSC) #F 58 T
TAGAT iy #A88 E PEfig (N, 40, B i i 0.5 mg, FHil
AR5 C-min"), TG A DSC & tniE 3 frox . W
& 3 AT A, TAGAT By & i 4 fift iR B2 211 °C L 1
231 CH sy ff i R de o A& W I ORI 22 T 4%,
FWZAL B W AE 211~265 CIN &AL T R 51 HL il 43
fift SV . TAGAT HA R Ar e v i T4 4w s
Y25 RDX"(204 °C) .,

14
100{__TG e
0 ﬁr\\ -2 oot 12
?% 80 “ 5 Ve
2 70 ‘\ 632% [ =
2 g | | °3
g ; \ 4 2
= 50 I~ H ‘&':
10| psc MmC | \/75"5"-@%2 =
B N
30 P
50 100 150 ~ 200 250 300 350
temperture / °C

B3 TAGATH TG-DSCliZk(5 °C-min™")
Fig.3 TG-DSC curves of TAGAT (5 °C-min™")

3.3 TAGATHE B K 7 L6

SE X IR BE S G Tz N T R O AR & A
TE— 72 25 BUR BR BRI 4 FE 7 Bt s ) A9 28 Ak B . SR A
& 4 8 28 0.5 mg 1Y 5k 25 (B/KNO,) il A %%
PG 2 8 (IR B2 9 12,6 wb) B sk 25 19 4] 7

Steel Block——

Sample ——*

Wire

4 RBESI R BN

Fig.4 lllustrationofthecircuitschematicofcombutionexperiment
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BRI 6 mg BTN ZG & i hn PR %
22(24 ARSI FRZERTE] 110 ms) ok o ik 5
SRR B L 7 T L R K T R A R B R R
J bt AR fR G i 2k BPAS 2 p-efi 2k . AL RS
g Mk ALy AR (NG ) B EL 8 F 342 5 7,

R5 TAGATHING I AR B L 1 45
Table 5 Experimental results of constant volume combus-
tion of TAGAT and NG

Prnax pressurization  average pressurization
sample . B

/ MPa time / ws rate / GPa+-ms™!
TAGAT 6.38 230 0.275
NG 3.12 450 0.088

B BEM R BRI 43 fif 3 R 5 8 45 S 6 R I R R
A TR R be i Rl e A K R AR R
Az A0 R B 1 T EEARAE . AR SRR 5 T, A-B B
JE TAGAT () p-t i 2 , TAGAT 233 230 psa , FHE &=
Pos=6.38 MPa, ¥ # JI [ # % 25 0.275 GPa-ms™',
A-CBLENG Y p-t il 28 ,NG &3 450 ps )i, FHE =
Pun=3-12 MPa, F- ¥ 7} R # %4 0.088 GPa-ms™, 5
SR A A A NG A, TAGAT R B8 )5 il e KR A
NG .65, FTEHEFRENGH 35, it
53, TAGAT HA7 5 i 0 9 4R A= Bl 6E I Rk e vk
fE , FTAE N W TE I AR R R A

10
8 TAGAT
—NG
g 6
® 4
2
8 2
=5 —_—
0
2
0.00 0.05 0.10 0.15 0.20

time / ms
5 REPEIIK T SE A TAGAT 1 p-tili 26 3¢ &
Fig.5 The p-t relationship of TAGAT and nitroguanidine(NG)
during combustion

3.4 TAGATHRESEEMR

JTBFSE 5,5 - 4,47 - RS-, 2,
4-= g = A HE N ER (TAGAT) W9 4 ke, = T
Born-Harber fig & 1§ ¥ HL #2Y | #] H Gaussian 09 F¢
Fe 220 o HL b v FBE R AR RS BE AT T dE— 2 R EX-
PLO5(V6.02) 2 J7 % Hogk 22 M RE UE A7 7 W00, 45
W6, f£25 CIHERKMHT, A H BAM fiE o 2%
{SCFT BAM JEE 482 Jgk B2 TG , X TAGAT B 8 7 Jd& 3 %
S Xt
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JE PR AT, S5 R LR 6. N T S G S REM
BEHL A, [ BB TNT . RDX B AH X PERE %1 T % 6.

&6 UL TAGAT AL A 1218.5 kJ-mol ™,
18 K 8795 m-sT 4R N 28.44 GPa. it K
924.9 L-kg™', TAGAT (48 i & B2 Oy 32 ), BEH U2 K
F360 N, W] WL, Hg 2 e 5 1L 48 & AR A B RDX A
ML T INT AL T TNT AIRDX,

F®6 TAGAT 5 RDX . TNT [l it 15 8 B VR B X L
Table 6 Comparison of the detonation and sensitivity prop-
erties of TAGAT, RDX and TNT

AH, D p % IS FS
compound - - - -
/g-cm™ /kJ-mol™" /m-s" /GPa /L-kg' /] /N
TAGAT 1.63 1218.5 8795 28.4 9249 32 >360
RDX 1.81 70.3 8795 349 - 7.4 120
TNT 1.65 =55.5 6881 195 - 15 353
4 it

(1) Ph & B AN 13- 50 F WA 2 15 0 J0RE, 7
2 KA - -R R = 45 115 TAGAT. SR HIBR IR &
A E TAGAT (B 5 o X-5F 2k B0 S A B 4 B i
KW TAGAT 4> FJE T RS &R, P2, /c 25 [ BE, 7F
170 K F AR BE 21,631 g-em™. HEFUA 7R Hfh
Ji A AR A T AR R

(2) TG-DSC 255 %M , TAGAT £ 211~265 °CHf
FE— AR AS (1) H I | 7L 3 0 L TAGAT & AR TRl
FUor i RO, HAT R i s e 1k

(3) BB Ie L, TAGAT 1Y fie K <R N
1 6.38 MPa, /& NG(3.98 MPa) ¥ 1.6 1%, “F- ¥4 it <k
F N 0.275 GPa-ms™', J& NG (0.088 GPa-ms™) f) 3
Yo SEsG AR KEEFAO NGHI L, TAGAT A 5
i e SR A BCRE T VR e 1 BE TR A T TR IR
2R R

(4) TAGAT (7 # i #8795 m-s™ B2 1k &
28.4 GPa A& M 924.9 L-kg ™', HAEE B 5L 48
TREA R RDX AR Y, /& T INT. B M2 Rk,
TAGAT Ry 5 JR 5 0 32 ), BE SRR K T 360 NLIE T
T4 S Be MR TNT HIRDX , A2 — i Vs 78 (14 357 750 i J &
AEM L
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Crystal Structure and Detonation Performance of 5,5'-Diamino-4,4’-dinitroamino-3,3’-bi-1,2,4-triazole
Triaminoguanidinium Salt (TAGAT)

XUE Yu-bing, CHENG Guang-bin, YANG Hong-wei
(School of Chemical Engineering , Nanjing University of Science and Technology , Nanjing 210094, China)

Abstract: With 1.3-diaminoguanidine hydrochloride and oxalic acid as starting materials, an insensitive energetic salt of 5,5'-di-
amino-4, 4’-dinitroamino-3, 3'-bi-1, 2, 4-triazole triaminoguanidinium salt (TAGAT) was synthesized by cyclization, nitration
and salt formation reactions. The single crystal sample of TAGAT was obtained from water by cooling method and the detailed
crystal structure was characterized by X-ray diffraction analysis. Results showed that TAGAT crystallizes in the monoclinic space
group P2,/c with cell parameters of a=11.4979(5) A, b=6.3468(2) A, ¢=14.0945(5) A, B=101.7910(10)°, V=1006.84(6) A*,
Z=2, 1=0.136 mm™', F(000)=516.0 and its crystal density was 1.631 g-cm™ at 170 K. Thermal behaviors of TAGAT were inves-
tigated through TG-DSC method, indicating an onset decomposition temperature of 211 °C. Constant-volume combustion experi-
ment showed that the maximum gas-generating pressure of TAGAT was 6.38 MPa and the average pressure-up rates of TAGAT
was 0.275 GPa-ms™". Based on Born-Harber Energy Cycle, the Gaussian 09 program was applied to calculate the standard gener-
ation enthalpy of TAGAT as 1218.5 kJ-mol™". The detonation parameters of TAGAT were calculated with the EXPLO5 (V6.02)
program, leading to a calculated detonation velocity of 8795 m-s™, a calculated detonation pressure of 28.4 GPa and a calculat-
ed gas volume of 924.9 L-kg™'. Sensitivities toward impact and friction were determined through BAM sensitivity testers, exhibit-
ing that the impact sensitivity of TAGAT was 32 J and the friction sensitivity of TAGAT was greater than 360 N.

Key words: 5,5'-diamino-4, 4’-dinitroamino-3, 3'-bi-1, 2, 4-triazole triaminoguanidinium salt; crystal structure; thermal proper-
ties; constant-volume combustion

CLC number: TJ55; O64 Document code: A DOI: 10.11943/CJEM2019304

(Tidhi: T#F)

CHINESE JOURNAL OF ENERGETIC MATERIALS > A

o
Il

M 2020 % % 28% H7H (638-643)



