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1.1 KFENEE

IR :38% FhR A 70% /i AR , 43 Fr gl , b st )
KAk TR . SRR, s ol VBE R . fkEW
3,6,7- =& K-[1,2,4]=mIF[1,2,4] =Bk (TATOT)
Mk &M 6, 7-— & -3 W & H-[1,2, 4] = If
[1,2,4] = w3 PO me (TATOT-T) 23 5 4R 95 SCrik [ 2 ] 0
[26]#l & & .

1% %% : Bruker Avance Neo 400MHz #% f H: R AL,
TA-DSC Q2000 % 2= 75 49 4 &8 #4L , TGA/SDTA851E
PO 4 BT, FLASH 2000 CHNS/O JC & 43 #r 1% , D8
Venture Photon Il X-5 £k B 54 A7 B , Micromeritics
AccuPyc 1345 E% J¥ 1%, Nicolette iS50 £ #h 631X,
BFH 10 BAM i ifi & & 1L , FSKM 10 BAM JE 4% )&
BEAX .

H2N>\ H2N+ KMnO, .
Y CNN _N _N HCI H,N
7N 3 Y
N H»—NH, —— N H—NH, —>
NJ\N‘ CHeN  N~N J\l\{ N— N
NH, NH, N, |
\N/N
TATOT TATOT-T
Scheme 1  Synthetic route of compounds 1-2
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1.2 AB#MR

&Y 2,2-— w33, 6-— H -7, 7' -l A
F-[1,2,4] =3 (1,2, 4] = (D) MLEY 204
A I 26 UL Scheme 1. B TATOT & fif 76 /K, 1]
TATOT B 7K ¥ W b fin A & B AL B8 1Y &% 5 W 15 21 4k
E W TATOT-T? | B J5 ¥ TATOT-T % it 7F 38% b iR
o o) R e R R B 3 o S A B T A S
1o LB W01 A E AR 1 K ¥ W b AT B e R N, A5 2
TG 2.

TATOT-T B & i K IR 1L & (1.06 g, 10 mmol)
160 °C FHNAE Z M (40 mL) B 5 S A & &AL 4
(2.6 g, 40 mmol) . ke, 1E 0~5 “CF4kZe i+ 4 ho
W OHLER L U8, uE WO A E TATOT(308 mg,2 mmol)
A KB (10 mL) . e Pk 4, 28 0k, K %k +
M, 15 B IR 40 {6 [ AR TATOT-T (409 mg, It F N
91%) . 'H NMR (400 MHz, DMSO-d,, 25 °C)§:
8.90(s,2H), 7.38 (s,2H), 5.90 (s,2H); "C NMR
(101 MHz, DMSO-d,, 25 °C ) §: 159.9, 157.4,
147.5,139.5; IR (KBr,»/cm™) : 3368, 3292, 1661,
1542, 1415, 1160, 1112, 1051, 1007, 876, 843,
745, 666, 634, 575, 469. Anal. calcd for C,H,N,,
(222.17):C 21.62,H 2.72,N 75.65;found C 21.54,
H 2.84, N 75.44,

LG E R TATOT-T(224 mg, 1 mmol)
JINAE] 38% L2 (30 mL)H, in#4 5] 60 °Cfl H 58 &%
fife o RIS FREEZR I 1 1 A R FR ST (157 mg, 1 mmol)
IRV 2 mL, JNEE  7E 60 °C T L HE 3 h, ik,
KB, T A5 208 A ER 163 mg, IR R 56%) .
"H NMR (400 MHz,DMSO-d,,25 °C)8:9.33(s,2H),
7.63(s,2H);""C NMR (101 MHz, DMSO-d,, 25 °C)
8:160.2,154.8,148.4,140.3;IR(KBr,»/cm™):3570,
3351, 3161, 3051, 2556, 1710, 1661, 1611,
1576, 1478, 1463, 1437, 1397, 1295, 1273,
1254, 1176, 1062, 1011, 993, 868, 850, 834,
755, 736, 715, 670, 630, 470, 440. Anal. calcd
for C,H,N,, (440.14) C 21.82, H 1.83, N 76.35;

~N - N,
NHp NTON Clo, \H NTON
N~ Y Heio L N N—y”
- 4 ’ -
N_ ~No 4 HoN N . 4
BN R Moy L
NN, » jia
=N HN h =N _
HoN N:\\‘E HoN CI0,
-
1 2
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found C 20.94, H 2.11, N 75.26,

a2 096 1K B AEK 1(63 mg,0.14 mmol)
160 CT AR KT (3 mL), SRIGIREEIRI 1:27H
I 70% 14 15 SR IS, I ES 454 30 min, F I WTH AL,
5 I AR R WA = TR T 2 b b g, KBRS, T
ML S8 A E AR 2053 mg, R A 59%) . 'H NMR
(400 MHz, DMSO-d,, 25 °C)8: 9.68 (s,2H),8.26
(s,2H); "C NMR (101 MHz, DMSO-d,, 25 °C)§:
171.3,159.6,149.6,139.7; IR (KBr,»/cm™): 3281,
3098, 1674, 1655, 1546, 1469, 1407, 1284, 1269,
1069, 1002, 835, 758, 736, 665, 621, 444. Anal.
caled for C,H,,C,,N,,0,(640.04): C 14.98, H 1.57,
N 52.43; found C 13.76, H 1.78, N 51.49,
1.3 EREGHDH

R SCHR S5 07 B SE B WIS BEAE O °CF il
20% Eh PR AT I RN o SR AR RN 5 1R, TRt
AW TATOT-T JF AN BB 78 4 1 ff , 76 N A 8 5 R 41 1%
WG WA RN o XN A AT T R,
TATOT-Thn# £ 60 CH AT LIV it 7F 38% tha b . 7
AT I S B RS TS, B AE A A B BN o
1.4 ZH5EgEnik

B SR DL B T OKAE A R B AL A
2B AW R T R B LR AT 219 5
. PEEL0.15 mmx0.09 mmx0.03 mm [ 8§, 1
X-5F 2% B AT A, 72 170 KR R AT 50 i 45 . ik
S5 K6 FH 4 5 fe /D IR IR B OE

PAEREIL  E A AT, FH TA-DSC Q2000
T 2% 7% 13 PN 5 TGA/SDTABS51E #4543 Hr 431
FEALE Y 2 R IR E . THE RN 10 C-min™',
T B I 375 B> 40~400 °C.

JEE IR - 2 BB BAM TR AR o, AH L I 4% 1R
2 (30+1) mg, J&HE i & 5 kg, BT IR E 10~35 °C,
A BE AN KT 80% , M Ak A5 49 2 11 4 o J i 2
PRI

2 #R5WiE

2.1 BRIEEHSH

N T A W S5 R R R XA W 2 1 A
GEM AT TR . LB 2+ 3H,0 19 i 1R 28 a0
Flo NEITFAL LAY 2-3H,0 M kh &H =4
Tk & TR RAEL B G E 4 s 25
T AE170 KN A AR B 9 1.750 g-em ™,
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Table 1 Crystal data and structure parameters for 2-3H,0
parameters 2-3H,0

empirical formula C4H,,N,,,2(ClO,),3(H,0)
formula weight 695.35

temperature / K 170

crystal system monoclinic

space group P2,/n

alA 7.5172(10)

b/A 30.951(4)

c/A 11.9200(15)

a/(°) 90

B/ 107.870(5)

y/(°) 90

volume / A’ 2639.6(6)

V4 4

density (calculated) / g-cm™ 1.750

f(000) 1416.0

crystal size / mm? 0.150 X 0.090 % 0.030
goodness-of-fit on F* 1.040

final R indexes [I>=20 (1) ] R,=0.0719, wR,=0.2068

N TR A 2 R E M XA W 2 19 A iR
LERUEAT THESE . ALE W 2 B9 T E 1a B,
P AN DU W R 5B BR R 4R A 4 ) C (1) —N(5) Al
C(8)—N19) K 43510 1.381 AF11.368 A, JE#L
WOR A K . A E N(12)—NI13) B BE B N
1.254 A, 4b T8 B0 A9 N—N & F1 N—N 8t > | , £ B
TP BR R AR 2 A AT R A SR BN . BB 1b
A DL L A W 2 11 it A S RS 0 S P T 8 174 M LA
2, 401 1 = SRR AR R = 47 A KA 5 R A 4 Ak T
[ —F1i 2, HZ IR 3.421 A, R BIL&8 2 7 LU
3 b T A 2 [ A W LA SR . T e TR L PR
DU e B 5 R B S Ak T[] — S 1 b, A H A 2B A
T B B ER AT B0 B AT 9.1 0° Ry S 1 2 AR, i T A DY e
AL BRI 2a T A oA 14.31°7 iR T 1Y
g RS T4 B AR B — s E . B2 s
Y208 B SN 2 B, I 2 ] R B AR TR — 2,
B A9 2 0 4 44y F 22 J8) 38 1 05 A B 1R P O B A —
A, K R R YRR A5 R T DL AR TR B R
FEE

HT T AL Y A XA 2 1 &
T L A CESP) MEAT TR 58 o Ak & W B9 g 3] 1
T E T FEAL S T RS . A 2 1
HL 3 1B 3a [T i, I HA far 43 A AR R X8R i R ol
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a. molecular structure diagram of compound 2 b. layered accumulation diagram of compound 2
_ NN
- CIo, N
2 =NH HoN N i/
HN N N Ne A 2 No 2Noy A
[, 77N N/<N)\NH2 ﬁ/\)/
_ HN=y =\
Clo, H,N
2a

2a 2
c. dihedral angle measurements of structural formula

B A S 20970 75K ERZ AR SRR I A& 10 2 A Ak 4 2a 25 4 X0 — i ff 0 4k ]
Fig.1 Molecular structure diagram, layered accumulation diagram of compound 2 and dihedral angle measurements of structur-

al formulas for compounds 2 and 2a

B2 LAY 20 R 4 A

Fig.2 Hydrogen bond network formed by compound 2

£ N 7 2 S . S s O PSR R TN/ A S SO S {1 SO T o < o € 1 B N S e S U Y 1 D T
TR TR AL E W S A AR T — BT, 87.23 keal -mol™, Bt H far S 2 A T 7E P AN i R AR
ESP R B K, 1R 3% 1E WL 7 78 00 IX 04 Al g vp £ 22 0], 25 -88.02 keal - mol™ 5 Ifil 76 B0 U M 34 422 1) AL A
ESHE S MEE . mE3a T LEM LEW2 W 2ah", Bk T # L # Ol 98.25 keal -mol™,
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WAL S W R IE F i o3 A BN R, AT B A B
e YRR EE o TR, A S 2 BRI O H fer BOE R )
ACE W A AR IR

H T WRTEARE Y 2 (953 1 TRV AH EAE T L 5 1 Crys-
tal Exploer {4 XL &9 2 #4750 45 BIAL G 9 2 1
Hirshfeld % 1 730 A1 ¥ (& 3b) . 72 &I 3b 21 (2 &8 43
R T2 BA s A B AR R i R oy T2
[i] 5 A 55 A0 FAE T 100 21 68 DXl 32 2040 A7 78 2 L | g
Y g B B 3T, 3 2 Pl T 3k 4 5 A v i) & D 5 A 4R

-88.02

ESP kcal-mol’
90.00

45.00

) 0.00
-45.00
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a. electrostatic potential diagram of the molecular surface

6 060810121416182022242628

c. two-dimensional fingerprinting

Gy Z Y B S A BAE R BIR .. ARG 211
TR AE (E 3o, AT AR E SRR TZ
Ii] S A B AR (H—O . O—H . H—N fil N—H #{ &
ERH) . B 3d s ,N—H M O—HMEAEHSE T
57.4%, AR e . XIEW TS 200 F
ZIEAFAE R Z 1) A A BAE i SR TR A
14 %% Ji ARG e M LA 25 S /R, SR A B A A
BB Z AR mE R , Witk A9 2 BA B
1% B

b. Hirshfeld surface diagram
8.8%

d. proportion of interatomic interactions

3 LB 2057 R L Hirshfeld 32 P 4k 45 20181 1R T 18] AH G4 Y L4

Fig.3 Electrostatic potential diagram of the molecular surface, Hirshfeld surface diagram, two-dimensional fingerprinting and

the proportion of interatomic interactions of compound 2

2.2 BOMBUERES
RG22 R b BE 7R R AU BT L T
M A 10 °C-min™, 5B B A Z i 2 400 CHY 4%
TR AL A8 2 7 DSC M TG #i 4, 45 A& 4 TR .
M E 4 (1 DSC i1 £ 7T LAF i, #E 200~250 CHAE Y
2 7 TE IR B I | 3% B K A ) I IR B DX ] P PR
BB A i o 38 T DSC Y B 2k 5 A 35 AL 1R 1)
AT B A A, 15 B4 A W 2 04 i 240 il TR EE
232.6 °C,IE(HIEE N 238 C, XKW THhAEW2HA
R AR E M X 5E Y 2 19 RILYE B IR 254 K
S UM BRI — 2 M AR SCE . B 4 TG il 2k )
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° exo
- 238.0 °C I 60
T6 2
2287 °C -50
80- g
B L
” s
5 60+ 130 =
s =
[1+]
42 2326 °C (€0 2
110
201 psc
‘ )
0

50 100 150 200 250 300 350 400
temperature / °C

4 fLBEW 20 DSCHITG Mk
Fig.4 DSC and TG curves of compound 2
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T, AE 228~240 Cli] , fb & %) 2 19 0 &L 1 k
82.5% , 55 AL AW 2 (0 3 4L AT AHE BT, 1% 00 72 o
A 2 1 D0 v - B RBE B 1 2R 8 % AR T i
2.3 EMEEESW

N TS 2 M EAL AR kS 2 5%
GroEZy = R (TNT) R E A (RDX) Y PERE 1T
XA a5 Rk 2 s . R 20T A bS5 210
AN i UL BE S 232.6 °C, A T RDX (204 °C) 5 TNT
(295 °C)Z 8], UEH] 7659 2 A R A4F i 3R e 1 .
PRI R AR T R R IR T A
2R E, N 1.87 geem T TNT(p=1.65 g-cm ™)
FIRDX(p=1.81 g-cm ™), HImAXPC=3 V, V..
(Voo AT FAREL, Vo o b AR BO T80 45 1k 5 9 2
[ A HE TR AR (PC) R 72.64% o TNT (4 f 14 HE %K

F®2 AW 2, TNTOO R RDX () #A M 5
Table 2 Physicochemical properties of 2, TNT?® and RDX!**!

RN T71.15% . XAEH T A9 2 B B 5 R HE
WA LGP HE B A8 e B NI B h
B e

J TGRS Y 2 W R SR PR RR A8 R R R PR
TR B3LYP S0 TR BIL A 2 19 A4 ks AR A
THAR AR S S %% B2 4 EXPLOS (V6.05.02) 5k
PR T G Y 2 18 22 MR RE R BS AR 35 BAM A i
TSR3 0 52 5 20 Ak 9 2 A J8 o TR R B 4 IR KA
R 2PN . BT ARG S EN—NE L5 2
FAT B AR G 353 1020.12 kJ-mol ™ 54 i Jg s Al
JEE 488 G 43 ) R 40 ) R 360 N, JE 51 H 4 J8%6 i e 2 B
YR R TR 23 91 8373 m-+ s F129.05 GPa, JE 3
RAFmstene. 28 LTk k&9 2 R RmkE
PEFT R A7 Re s MR, BA 1R S K 24 1 F A I

compound T,/°C p/g-cm™ PC/ % AH, / kJ-mol™ vy /mes p/GPa I1S/) FS/N
2 232.6 1.87 72.64 1020.12 8373 29.05 40 360
TNTH 295 1.65 71.15 -67.0 6821 19.4 15 358
RDX'2¢] 204 1.81 76.68 86.3 8748 34.9 7 120

Note: T, is decomposition temperature (onset).p is density measured by gas pycnometer at 25 °C. PC is packing coefficient calculated by the formula PC=3 Vv V. "

mol * cell

AH, is heat of formation. v, is detonation velocity (calculated with EXPLO5 v6.05). p is detonation pressure (calculated with EXPLO5 v6.05). IS is impact

sensitivity. FS is friction sensitivity.

3 &t

WF5E LA TATOT-T SRy JEORE, il FH R 2 A1 = i 12 0 i
TR MBI A8 T E R SRLAD,
T v SR 1 R N AR B AR A W 2, FF 4 R AR
6 2 B AR 25 R A3 fig RN BEAL A B A5 A A, AR
2NN 4.

(BB 2 1 S R HE R 2R AR =X, B BH B
T 22 [ 38 2o SR A B A M R T U
L LB R o 3 b M R R S I 2% 25 R AR A 2
HATTRE S5 M BRI o bGP0 ks T B iy
Z LRSI N 1.750 geem™, A M 4
5T

()2 HA B E W% E(1.87 grecm™) (&
T PR 2 M (T,=232.6 °C) AR AR JEE (IS 40 );
FS: 360 N) Il R 4f i RE i M BB (v,: 8373 m-s™'; p:
29.05 GPa)., k& W2 I RIF 28 A thae, A2
VE Jy— Fh i B 5 BE M B AT AL B9 2 B & R
AR A B R B A S W B T — AR T R B
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Synthesis and Properties of Nitrogen-rich Polycyclic Energetic lonic Salts

WANG Zhe, YIN Ping, PANG Si-ping
(School of Materials Science and Engineering s Beijing Institute of Technology s Beijing 100081, China)

Abstract: A coupling reaction using hydrochloric acid and potassium permanganate as oxidizing agents was carried out to syn-
thesize compound 1 from the polyamino fused heterocyclic compound 5-(6, 7-diamino-3-imino-3H-[1, 2, 4 ]triazolo[ 4, 3-b]
[1,2,4]triazolo-2(7H)-yl)tetrazole. Subsequent displacement reaction in perchloric acid gave the perchlorate 2. The structure
and thermal performance of compound 2 were characterized by X-ray single crystal diffraction, Fourier Infrared spectroscopy,
Nuclear Magnetic Resonance, elemental analysis, differential scanning calorimetry (DSC) and thermogravimetry analysis (TG).
Additionally, the heat of formation was computed using Gaussian software, and the detonation properties of compound 2 were
calculated using EXPLOS5 software. The results showed that compound 2 crystallizes in the monoclinic crystal system, possessing
a crystal density of 1.750 g-cm™ with four molecules per unit cell. The onset thermal decomposition temperature of compound 2

is 232.6 °C, its theoretical detonation velocity and pressure are 8373 m-s™'

and 29.05 GPa, respectively. Remarkably, com-
pound 2 exhibited insensitivity to external mechanical stimuli, evidenced by an impact sensitivity of 40 J and a friction sensitivity
of 360 N, indicative of its robust performance overall.

Key words: nitrogen-rich energetic compound;azo bridging;tetrazoles;fused rings;stability

CLC number: T)55;064 Document code: A DOI: 10.11943/CJEM2024056

Grant support: National Natural Science Foundation of China (No. 22075023)

Chinese Journal of Energetic Materials, Vol.32, No.6, 2024 (623-630) A A AL www.energetic-materials.org.cn



