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W58 45 6 fi AR 45 1 5 1 Ak 1 530 85040 4 o0 1 G 5 R
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c. ATO-Na

B 1 k&Y TKX-50 ATZO-1 Fl ATO-Na [ 5. i 45 1
Fig.1 Crystal structures of TKX-50, ATZO-1, and ATO-Na

£1 LAY TKX-50 . ATZO-1 Fl ATO-Na {4 i i35 23 4 K Lo 85

By C—N &K 43 514 0.1336 nm #10.1332 nm ,N—N
B K FE 0.1306 ~0.1351 nm 2 i) , N— N 4 i K [X 5]
BERGTE ATZO-1 19431, I e B4 P 1 15 1> C—N
K43 % 4 0.134 nm 1 0.1342 nm, 8 K 0% K T
TKX-50 43 F Y C—N 4 ; ATZO-1 1) 43 1 PN U 5 35 11
N—N £ K 5 0.1328~0.1336 nm, # K FA 3T, 3t
S N 11 U N = - = N U = G o v
TKX-50;5 — % DU M ER P [ C—N B 35 %6 T 1IE % C— 3
K (01470 nm) , H K T C=N XUk 19 8 K
(0.1270 nm) , Bt BH U FR PN 5 A 19 C—N XU 5 208 N &
PR L F 7= A p-m S B KR TR 21k . TKX-50
B 53 F i N—O # 8 K 43 % 8 0.1317 nm F
0.1408 nm; 1fif ATZO-1 43 F 1 (9 4~ N-O 5 (9 5 K
3 0.1306 A1 1.414 nm , K 2 1 K F TKX-50, it
W] TKX-50 43 F My X FR V25 T ATZO-1 43 F»

M ATO-Na 43, 14 28 N C—N 8K 531
0.1333 nm 1 0.1325 nm,N—N & K 7£ 0.1314 nm~
0.1339 nm Z [i] , 0 HA B 05 (14 05 7 1k (H 2 A0 AU T
B R E A N—O B9 8K 0.271 nm, 3 /N F TKX-50
FIATZO-1, Ud BA A8 0 19 SRR 1 5 00 RUBE TP i —
EREMILY, 558 FRAN—O A —EREN
X 51 .

1bE ¥ TKX-50, ATZO-1 Fil ATO-Na B ¥ 43 5 £
BRI 2 R . A UL, 7E TKX-50 1943 1 v, U 3R Py
H A AT 105.49(12)~110.94(12)° 2 ], 5 1F 4
F1(108°) e KA 22 4y 2.94°, B £ (8] Ji KA 224 5.45°;5
ATZO-1 43t % VO W 28 N B8 4 T 104.81(16)°~
112.16(16)°Z 1A, B A [A] i K 22 4 7.35°; ATO-Na
S F B DU ER N EE A AT 102.27(5)°~114.44(17)°
ZIE] o AR RV T34k X2 T LTI B

Table 1 Comparison of selected bond length for TKX-50, ATZO-1, and ATO-Na (A)

TKX-50 ATZO-1 ATO-Na
bond length bond length bond length
N(1)—C(1) 1.3360(19) N(1)—C(1) 1.340(3) N(1)—C(1) 1.333(2)
N(1)—N(2) 1.3430(19) N(1)—N(2) 1.336(2) N(1)—N(2) 1.339(2)
N(2)—N(3) 1.306(2) N(2)—N(3) 1.328(3) N(2)—N(3) 1.314(2)
N(3)—N(4) 1.3509(19) N(3)—N(4) 1.332(3) N(3)—N(4) 1.329(3)
N(4)—C(1) 1.332(2) N(4)—C(1) 1.342(2) N(4)—C(1) 1.325(3)
O(1)—N(1) 1.3166(16) O(1)—N(1) 1.306(2) O(1)—N(5) 1.271(2)
O(2)—N(5) 1.4081(17) O(2)—N(6) 1.414(3) N(5)—C(1) 1.422(2)
C(1)—C(1) 1.444(3) C(1)—N(5) 1.381(3) N(5)—N(6) 1.253(2)
N(5)—N(5) 1.261(3)
Chinese Journal of Energetic Materials, Vol.28, No.9, 2020 (834-840) & He A A www.energetic—materials.org.cn
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B K m B B0, 5 B MR A B TS i R .
TKX-50 %43 FH  BR PU M3 () 8 N(1)—C(1)—C(1)
J9124.05(18)°, 1 ATZO-1 P4 114w 3R 55 4 0 1) 8 £
N(1)—C(1)—N(5)K121.91(18)°, {8 TKX-50 i
Iy T OB LT ATZO-1 20 T B R AR R
ATO-NaZpF e 34 54 AR B N(1)—C(1)—N(5)
F3126.54(18)°, R {2 i K.

AN, TKX-50 43 (1) 1t £ K4 78 180°18 0°Ff
UL B N(2)—N(1)—C(1)—C(1) 179.490(133)°;
N(1)—C(1)—C(1)—N(4) 0.128(247)°;N(1)—
C(1)—C(1)—N(1) 180.0(139)°; L WL ,N(1)5
PROF T B K A —178.8°, BV TKX-50 43 1 N A 4~
DU W IR AR AE — AT . ATZO-1 40 FH, i
A NCT)—C(1)—N(5)—N(5)} 174.036(185)°;
N(5)—C(1)—N(1)—N(2) K 177.755(177)°; 5
TKX-50 43 T4 Eb , ATZO-1 43 116 B A~ DU e 2R v ) £2
T — AR (—N=N—) 5 , R4 1 A 5 T L
BB AME A (—N=N—)J5 , P> U s 35 1 L

x2 LB W TKX-50 ATZO-1 Hl ATO-Na s o 14 35 43 £ S i
Table 2 Selected bond angles for TKX-50, ATZO-1, and ATO-Na

R —Fum b AR kA — o B E M. FFE,
ATO-Na 43 T W5 e 3R i — it £ 5 36 5 1 B K D £
HJ=178.8°, I8 K ARG o HY AT UL, PR A T s 3R
L 4% A 5 A DU e PR A SR T L — N—=N— Al
—N=N(O)— " % 32 W i A T H5¢ 3¢ 1Y - 11 25 4 .

R o, M AR PR B8 & B, TKX-50 B i Ji &% g
fEAEE R+ R A, HEBEEMRE .
O(2)—H(2)---N()[EfEH 2.404 A,N(5)—H(5¢)-*N(1)
Wl K 2.670 A,N(5)—H(5a)--O(1) a4 2.178 A;
O(2)—H(2)---N(1) 8 A 24 144.543°,N(5)—H(5¢)
<N A8 R 162.842° ,N(5)—H(5a)---O(1) 1y
BN 145.962°;N(5)—H(2)---O (1) [A] B il & +
L HANE 4 1.699 A N(5)—H(2) - O(1) & THE Y
AN 140.430°, X2l T IHE F A7 K& —NH
M—OH & 5T M 5y 5B 119 O \H B 5 i
AHEER .

164 W) TKX-50 . ATZO-1 Fl ATO-Na f 5 43 % i
BARmER3IPoA, i TFHEFHRE D HMWELE,

(®)

TKX-50 ATZO-1 ATO-Na
bond angles bond angles bond angles
C(1)—N(1)—N(2) 108.50(13) C(1)—N(1)—N(2) 109.60(17) C(1)—N(1)—N(2) 102.27(15)
N(3)—N(2)—N(1) 106.40(13) N(3)—N(2)—N(1) 104.81(16) N(3)—N(2)—N(1) 110.14(16)
N(2)—N(3)—N(4) 110.94(13) N(2)—N(3)—N(4) 112.16(16) N(2)—N(3)—N(4) 110.23(16)
C(1)—N(4)—N(3) 105.49(12) C(1)—N(4)—N(3) 105.21(17) C(1)—N(4)—N(3) 102.92(16)
N(4)—C(1)—N(1) 108.67(14) N(1)—C(1)—N(4) 108.21(17) N(1)—C(1)—N(4) 114.44(17)
N(1)—C(1)—C(1) 124.05(18) N(1)—C(1)—N(5) 121.91(18) N(1)—C(1)—N(5) 126.54(18)
N(2)—N(1)—0(1) 129.70(13) N(2)—N(1)—0(1) 121.25(16) O(1)—N(5)—C(1) 117.46(17)
H(2)—O0(2)—N(5) 104.1(15) H(2)—0(2)—N(6) 100(3) N(6)—N(5)—C(1) 114.27(17)
N(5)—N(5)—C(1) 113.4(2)
£3 LGP TKX-50 ATZO-1 Fl ATO-Na fi A o (4 35 43 20 ikt 5 i
Table 3 Selected hydrogen bond length for TKX-50, ATZO-1, and ATO-Na A
TKX-50 ATZO-1 ATO-Na
hydrogen bond lengths hydrogen bond lengths hydrogen bond lengths
O(2)—H(2)--N(1) 2.404 0(2)—H(2)---0(1) 1.994 O(3)—H(3B)--Na(1) 2.779
N(5)—H(5¢)--N(1) 2.670 N(6)—H(6c)--N(4) 2.157 O(3)—H(3a)--Na(2) 2.8487
N(5)—H(5a)--O(1) 2.178 N(5)—H(2)--0(2) 2.851 O(4)—H(4a)---Na(1) 2.6479
N(5)—H(2)--0(1) 1.699 N(6)—H(6B)--O(1) 2.749 N(6)—O(1")---Na(2) 2.5718
O(2)—H(2)--N(1) 3.181 N(6)—H(2)--0(1) 3.503 O(2)—H(2a)---Na(1) 2.800
0(2)—H(2)--0(1) 2.593 O(2)—H(2)--N(5) 3.356 O(6)—H(6b)---Na(2) 2.870
N(5)—H(5A)--0O(1) 2.950 N(4)—H(6C)-+-N(6) 2.995 N(6)—H(6B)---N(1) 2.651
CHINESE JOURNAL OF ENERGETIC MATERIALS AR A 2020 % % 28 % H 94 (834-840)
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ATZO-1 143 F [a] IR A7 75 K it 19 &8, SCHPE T 0 R
R, W O(2)—H(2)--O(1) [} 1.994 A, 8
J9158.43°;N(6)—H(6c)-N(4) [ FE ] 2.157 A, 4t
fi M 176.463° 3 N (5) —H (2) -0 (2) 4 [a] 5 N
2.851 A B4 0 129.739°. ATO-Na K45 H o il T4
B FES OK AT . A AFE SRR 1 4 1 N AU R B
TEEMOM AR . W O(3) —H(3B)---Na(1)
(2.779 A4y F A8, 0(3)—H(3a)--Na(2)
] #E Ky 2.8487(276) A,O(4)—H(4a)---Na(1)Ja]iH
H2.6479(219) A,O(5)—H(5b)--Na(1) 8 i A
58.747(1984)°;N(6)—O(1")--Na(2) ¥ i & 14 ,
N(1)--Na(2) Ak 2.5718(17) A,N(2)—Na(1)
] FE K 2.4436(17) A,N(2)—N(1)---Na(2) fi & £
S 133.862(106)° ;43 N Fl 43 [B] 48 i S0 5 1) 47 7F
S 1 1 Ak A3 W HL AT 0 T ) 4 R A e R I 1 RN
Zz—(’2),

b. Unit cell packing of ATZO-1

2 LA TKX-50 ATZO-1 i (A 45 1 H A7 A6 K i 9 43 [
i

Fig.2 A large number of intermolecular hydrogen bonds ob-
served in crystal packing of TKX-50 and ATZO-1
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4 —N—N—F—N—N(O)— & XF I M ms 4,
EYIEL R 0T

4.1  ANEBEE 7 W M AL, & 4 B9 55 BEF0 £E RS NI

MR 3ATLLAE DO I REES i =G
M, TKX-50 /9 % B2 dic s, 35 8 1 1.918 g-cm ™. M
ATZO-1 [ % B R 1.778 g-cm™, H Al 0L, 8 40 4
(—N=N—) 5] ANALEA G Ak & 20 0 % B
7 A5 L 28 B R W B AIK . 3X AT BB i T TKX-50 H i
A DU e PR S 0% T R T 5 BH B NH,OH T B
OB S AR SRR BT R B, ATZO-1 Rl
ATO-Na i F AU IR L—N—N—FI—N—=N(O)—
R |l LS5 A A e b Al G N 40 TKX-50 Y 25 F9 80%
IR I At 7] 9 %% B #4941 F TKX-50, ATZO-1 Fil ATO-1
B R & 9 63.63% 1 67.74% , ¥ 55 T TKX-50
(59.3% ) ; 1B &V (—N=N—) i 5| AXF T & S F 1 e
2ok Pk, IRREAE — B D4R & L ECE A, i TKX-50
f=27 1 =2 T ATZO-119-24.22,

HARER A S, ATZO-1 B A 721.8 k)-mol ™,
AT TKX-501% 432.6 kj-mol ' $2 T 289.2 kJ-mol ™,
Ui I B Y 51 A BB R KR S A5 Wi A il
DL RE B - E BT B AR, — M NO, ™, ClO, 5 A
H—NO,,—N—NO, S5 HHA 1 Z F G, A ik
— B #1-400~0 kJ-mol™ . H LA WL, DLASHF 5 4 2]
M =A B FE R TR s TG W B Rk, AR
7o g o= M R T 7 i+ A P I A 1 BN
(—N=N—) S LM A (—N=NO)—) 5k} &
etk &M oy Fit i — A EE Tk,
4.2 BRYBESW

R Al R 28 B AN R T B R A5 AR U AR
P K-) 5 FEAE B 15 2 1 TKX-50 . ATZO-1 Fil ATO-1 iy
PR ER R AN 2R 4 PR .

H T HE ARG N B B T TKX-50 H A Y 78 45 5 1Y
e A fif HLEL A v A R R AR (D=9314 m+s™",
p=39.94 GPa) . ffi 8 (—N=—N—) = % 1k {5 &
(—N=N(O)—) B4k /Y X P m Bt 1 42 A 7% i XL DY g
b ) B A T e 1 A R LR T 42 R 3 A R g £k
G EA RENE R, ATZO-1(D=9009 m-s™', p=
35.74 GPa) fll ATO-1(D=8823 m-s™', p=34.05 GPa)
AR B S5 1 RE A T TKX-50, R L [ B DA FR b 0 PR 7
Bt 44, BX U1, 1 - AR B B T R R R R
e, N 30 LLFE ], TKX-50 145 % 1 Bk 5 HMX
&g
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F4 TKX-50.ATZO-1.ATO-1 Fl— L% UL & R

62 4y 1 4 1 B

Table 4 Properties of TKX-50, ATZO-1, ATO-1 and traditional high energy density materials

compound. formula N/% OB T,/ °C p/g-cm™? HOF/kJ-mol™  D/m-s™" p/GPa
TKX-50 C,HyN,, O, 59.3 -27.10 221 1.918 432.6 9314 39.94
ATZO-1 C,HgN,,0, 63.63 —24.22 190 1.778 721.8 9009 35.74

ATO-1 C,HgN,,0O, 67.74 -32.26 - 1.759 696.3 8823 34.05

TNTI20] C,HN,O 18.50 —-74.01 295 1.65 95.3 7455 23.2

RDX!21 C,HNO, 37.84 -21.62 207 1.806 83.8 8830 35.9

HMX!22] C,HgN;Oy 37.84 -21.62 287 1.905 105 9144 39.2

Note: Formula is molecular formula; N is nitrogen content; OB is CO, oxygen balance; T, is decomposition temperature; p is density; HOF is heat of the forma-

tion; D is detonation velocity; p is detonation pressure (GPa).

(D=9144 m-s"',p=39.2 GPa)#l4 , ATO-1 K85 3% 1
fit 5 RDX (D=8830 m-s', p=35.9 GPa) #i 4 ,
ATZO-1 WA T W3 2Z (8]

5 452

BT T = 5L TR (R 556 45 7 =X 1% XL D e 3 235 ) 5
fiE 20 T 30 1Y & R 45+ Fn B AL P RE

(1) TKX-50 f4 XY ik 3R 25 4 o Ry 5%, HH 2 7
AR 5 1 SRR T PR, A3 B B e Y A AR
JE VAR 55 VR RE , XU DY i 3R D) BV (—N—N—) il 41
A A (—N=NCO)—) hifif T I & W 45 ), fifi FL
A i BEAR

(2) A (—N—N—) A A (—N—N(O)—)
I 235 0 XL DY e Ak A5 W) AE — 2 R BE T K Y e Ak
Yy A

(3) T B 0% 09 45 0 AR s 1Y % RE XY i
RO A AL B W TKX-50 EL A 7 4 45 8 08 T 8%
5 (D=9314 m-s™",p=39.94 GPa).

(4) DL A& 8 (—N=N—) Fl & 1k 18 & g
(—N=N(O)—) Bt 45ty XL 4 W B &5 F ATZO-F
ATO-FLA 4 8 0 20 1 A i A8 B, AL S
RE = 1 3h iy B B B AR 38 2 B AR S KA 3, mT LA
VE B H AL 0 5 e B 1 R 1Y B B 7 e AR s )
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estimation for complex ionic salts from density measurements

Effects of Three Types of Molecular Connection on Crystal Structures and Energetic Properties of
Bis-tetrazolium Compounds

LIN Qiu-han, LI Xin, WANG Peng-cheng. LU Ming
(School of Chemical Engineering » Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: The crystal data of dihydroxylammonium 5, 5’-bistetrazole-1, 1’-diolate (TKX-50) , dihydroxylammonium azotetra-
zole-1,1’-diolate (ATZO-1), and sodium 5, 5'-azotetrazole-5-oxide pentahydrate (ATO-Na) were analyzed and compared. The
effects of the introduction of —N=—=N-— and —N=—=N(O)— into the structure of bis-tetrazolium molecules was summarized from
the micro-level. Results show that the bistetrazole linked from two tetrazolium rings directly has the densest structure among
three compounds, the symmetrical and compact structure further make it own the highest crystal density. Based on the
Born-Haber cycle and the Hess law, the heat of formation for TKX-50, ATZO-1 and dihydroxylammonium 5, 5'-azotetra-
zole-5-axide (ATO-1) were calculated. According to the Kamlet Jacobs formula (K-J equation), detonation parameters of these
three compounds were also obtained. By comparison, it could be found that both the introduction of —N—N— and —N—N(O)—
bonds can increase the enthalpy of formation for compounds to a certain extent. However, due to the apparent density difference
in three crystals, TKX-50 still holds the highest detonation value.

Key words: bistetrazole;diazotization;N-oxide;crystal structure ;detonation performance
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