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1 SEWEH

1.1 RFENEE

KA 2-5-4,6-%-1,3,5-= (1), g EZ,
85% K& Mk, 36% th R , [ 25 45 Mk 2 il R A7 BR A | 5
AR, Adamas, DL B FI B i, 2,4-2 4
Fe-6-EEE-1,3,5-= 6 (2) 1 3,5,7-— 2 %-[1,2,4]
—WIE[4,3-a](1,3,5] = HEEEREL (3) MR E SCHk[ 18]
B, TR AR A SCHR L8 A

X %% : NETZSCH DSC204 F1 Phoenix 2% 7~ 49 4§
= AL, TGA / SDTASS51E [a] 25 #4443 #7 1% , Bruker
AVANCE II 500 MHz # 4 # # 3 4% {1 , ThermoFish-
er NICOLETIS10 41 4} )% i , Bruker SMART APEX I
X5 2% B 5 A5 5, ThermoFisher FLASHSMART JC &

orHT .
1.2 SMEE
&Y 4195 MGL FE L Scheme 1.
NH, NH,
Py SN0 | )\N BICN / HCI
HoN \NJ\CI e HZN)\NJ\N/NH2 %
1 2 "
NH2  NH, NH, N,
N)\N/<N ol el N)\N \, N’N@\',“
HZN)\N)%N’ 2% HZN/KN)%(E’ NN
3 4

Scheme 1  Synthetic route of compound 4

1.3 XWIR’E
1.3.1 2,4- "5 H-6-BHE-1,3,5-ZK(2)WEK
] 100 mL & iE B m AfL& 9 1(3 g,18.6
mmol),85% /KA (2.4 g,40.8 mmol) fl1 37.5 mL 2
B K. B JEAE R IR RN 30 min, B S 1A 1 he
W R ERE CHUOTERUE Y K BRI T8 15 3
k& 2(H@FE K 2.37 ¢,16.8 mmol,90%) .
1.3.2 3,5,7-=Z&#-[1,2,4] =M 3[4,3-a][1,3,5]
SIRHERE (3)ME K
] 50 mLIERE P mAL G 2(2 g,14.2 mmol),
WAL (2.3 g,20.8 mmol),23 mL L& F/KH2.16 g
36% thR, &R N 3 h, #E . KUl g,
KGRI T 2k G 3(H a4k 1.67 g,
7.6 mmol,53%).
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1.3.3 3,5,7-=5#-[1,2,4] =M 3[4,3-a][1,3,5]
SEEME(4)HEK

50 mL [ JE B8 o A fk & % 3(0.203 g,
1 mmol), FLME4R (0.214 g, 1.2 mmol) F1 25 mL F i,
F T RGN 4 b AR 8 R E U e 75 1 3
& 4(H @K 0.1 g,0.42 mmol,42%) . 43t il
B 113.8 °C, IR(KBr,v/cm™) :3390(s) , 3325 (w) ,
3140(s),2747(w),2362(w),1689(w),1673(w),
1626(vs),1526(w),1486(w),1424(m),1324(m),
1216(s) , 1176 (w) , 1124 (w) , 1073 (m) ,986(s) ,
839 (s) , 773 (m) , 720 (w) , 640 (w) , 578 (m) ;
'"H NMR(500 MHz,DMSO-d,,25 °C) §:6.65(s,2H,
NH,) , 7.78 (d, 2H, NH,) , 8.44 (br.s, 2H, NH,) ;
"C NMR (125 MHz, DMSO-d,, 25 °C ) §: 145.1,
150.2, 151.8, 163.6, Anal. calcd for C,H,N,,:
C 20.26,H 2.97,N 76.77;found C 20.34,H 2.89,
N 76.75.
1.4 ZH5MERIE

DT W (SRSl I L A 7/ R N VR W0 A U R
W, T TR UKF 28 25 R L 3~5 d e, ot iE
fn T 38 S XS R B A AT S AR AR R AR B . R
H TG-DSC [W] 25 #4437 A 22 1k & 0 4 09 ke e
TERSTAHT  BOEFHRHE AN 5 °Comin™' (i B2 [H
5 50~400 °C . #| H CrystalExplorer 21 &k 4 i} &
Hirshfeld 2 A48 20 &, Multiwfn 3.8(dev) # {4 1t
B A (RDG)™, VMD 1.9.3 842 1 3+ 43
BrAb &9 4 v i 55 40 BAE R R R Aok B AR
BUKE L EXPLOS B3T3 s M me . Hc i BAM
IR A R IR A 1 - 25 i (30+1) mg, VK R T
i 2 kg, REEELE 20 °C, A X B /N T 80% , I 2 4k
G4 PR

TR AR A S 30 R 4 ot R v o | A O
oA = (B T T e R B I TR R LR
R ) R R R R O S e B R AR 4 AT RN A
2 o TR S B ) B 2 4 i A /DN 5 S 3
P, AN A5 Bl I K S 3, S5 I 4 R N 7E 38 XU P AT
I 3 5 R 8 S O DA S A PR SR B o SRR A
MREERT T B 1 E LI IREE .

2 #R5ITiE
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51 3 XERE Tk RS N, X AL &
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3,5,7-Z @ H-[1,2,4]=WFF[4,3-al[1,3,5] =8 LM m4 %5 e 3

Yy 4 (77 2z B T RN IR SE IR E A R ek
RS o 1) K2 VE R E) B R 0.5~1 h, 1 AT 58 7E S g
0.5 hJG 7= BN 8%, HILN T dE— 4 & = R, A
TR A 4 1 S BB AT T3 — B4R %K. T
FMEARATE & T R AR R 5 43 i, DR PR RN B[]
XA G W) 4 77 Z S PR SN IR 25 CCAR AR,
TEDCIRE R 4 98 T = 0.5,1,2,3,4,6 hjgfb&
YAy =R G RNFE TR NE T el O A
] AN 0.5 h ZE K %) 3 h if, 7= R 45 2 T 4R i 32 = 4k
SEGEAR ZE 4 h B, SN ARG K W] BN s K R
6 hish, P~ RN PR T; o PN, S K s 7 J) AT A4
EA W) 4073 N 4 h A2 A A R 7 T ik )
B 5 42 % , - JE K Ry B ) X6 7= R LA A 4R

R ALE W A TR [F) SN AT B R

Table 1 Yields of compound 4 under different reaction time
entries time / h yield / %

1 0.5 8

2 1 17

3 2 30

4 3 38

5 4 42

6 6 42

R2 LAY A1 IR LSRR
Table 2 Crystal data details for compound 4

2.2 BN

M AT G W) 4 B SRS R AT XS B
AT, B S AR B L% 2, AR % E 0 1.680 g-cm™
(150 K) ,AE®HA S+ hEWa4)E TR R,
P2, /nZS [AIRE A ST &R 445 F(Z=4) i S
¥l a=6.868 A,b=11.484 A,c=12.092 A,a=y=90°,
B=100.508°,

BT JER TACE W 4 0 fb A HE B 25 4 S
&, WE Ta s LAY 4 A T N(9)—N(10),
N(TO)—N(11),N(11)—N(12),N(12)—N(13),
N(13)—N(9) 1y & &K 7 %4 1.310, 1.319, 1.324,
1.309 A1 1.324 A,N—N# 8K R 1.317 A 78
EL A BB b A ) S T O A R AR
FE{H (HOMA) 2 0.9852, 3% B s 35 07 F PR A0 4f B2
S o

b6 W 4 1 &b A 25 1 HEFR 5 X 8 HEFR, 2 (R
% 3.48 A 1b) , 5 T 4138 B9 BH B T A0l 52 k0
ARER MR N LG 440 L = 4R 2544 1
- HERUR = Y S0 N 45 4 0 LR A T — Rl R e
1 45 0 AR 7 2, 3 45 1 A 4 e PR M R R 1Y
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parameter 4

empirical formula C,H,N,,
formula mass 237.23
temperature / K 150
wavelength / A 1.54178
crystal system monoclinic
space group P2./n

alA 6.8676(4)
b/A 11.4843(7)
c/A 12.0921(7)
a/(°) 90

B/ (°) 100.508(4)
v /() 90

volume / A’ 937.70(10)
Zz 4
D./g-cm™ 1.680

F (000) 488.0

two theta range for

. 10.71 to 127.408
data collection / (°)
index ranges -6< h<7, -13< k<12, -14< <14
reflections collected 4474
1526 [R,,=0.0736, R =0.0685]

1526 /0/166

independent reflections

data / restraints / parameters
Goodness-of-fit on F* 1.021
final R indices[ I> 2sigma(/)] R, = 0.0605, wR, = 0.1556
R indices (all data)
largest diff. peak / hole / e-A™ 0.36 /-0.30

CCDC 2325420

R, =0.0830, wR, = 0.1731

G A, A DL — 2D R RS . B 1c o T afihi oy
AL A W) 4 5 () AR SOAVE o H v R 3R 1
— A N RS S S A 2 i 5 5 A BB IR R
5N ) SR, - = R IR BR L R AN R4
SIVE Ry U 25 1R 5 2 K B L - ] 2B, A PR S
B Z BRIE R T F A, A G 4rh
e N R 57 N o T e R TR W S K
4870, Horp g IR 5 PHES TR R T P RS A 1) -
T, B/ 0 SF T MR 6.89°, BRI 41.21°
(Bl 1d) o ElRXFa RSS2 G o tr R LG9 4
Iy F I AFAE R S BAE R AR TR EY
F AR E Pk B B R IR o iR B . 53 Ah L OF
A5 TR ER 22 8] T S Y o -r SRR AR (b A
Yy LA 5 B HUAURR B
23 HRBEH

K TG-DSC B 4% R b G5 9 4 19 #4081 i
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a. crystal structure

c¢. hydrogen-bonding interactions

1 AL S W 4 0 RS R | = 4k T S RS R R U 0 4%

b. 3D wave-like packing structures and hydrogen

bond networks

Fig.1 Crystal structure, 3D wave-like packing structures and hydrogen bond networks of compound 4

P g5 R mE 2 iR, mE 20 TG E
Wk AE W47 113.8 CHBIREME K HE L HIH
24% , BL AL B Y0 4 10 R UG A i O R L A R
113.8 °C, W o F K& 43 T8 i 18 Ay o v 3 B8 28 15 ik s
TR, Iy IR A A R A A, JF RN, Y R
W AN R T 338 °CZE 393 CCZ A, 2 H L4
 48% , 3= FLhy R J5 BT TR LS E AL A W B
I3 DSC 4 R WL &) 4 17 16— A A A — A4~
W ARG | i B DA 1 38 3 R 118.7 °C, TRl #E 120 °C &
150 CZ [H] I o H IR e | R, R E il iR
UL B B F o A A A S AN E T, S A&
TR BH S - F RO T S AL A 5 AR 1 0 TR
Bk 378.9 °C, & N S5 % 1) & A A W 1 I A R 43
fift o TR R N, AN B AP B 1 AR S AR, S
T PHE 7R FERGE M, 76 113.8 CHF AT LARE E AR 1, R
R A GRS [ BT BHES F H B A EEGR N 2 F A
N W ¢ S R OSSR Y= Nl A e 4
B SRR .
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- B 47
(%
. _Q,M 6.89
e
-
a=e, M
o
&
d. intermolecular angles
8 7100
. 1138°C exo |
e 80
= 4 {60 =
3 =S
3 2 140 2
2
0 4 20
F _3789°C¥

T . : r 0
50 100 150 200 250 300 350 400
temperature / °C

B2 5°C-min" FLGEY 41 TG-DSCHhZk
Fig.2 TG-DSC curves of compound 4 at a heating rate of
5°C-min”
2.4 FHAEERMYLAKE

15 W 4 19 Hirshfeld 2 1 €] F1 — 2 15 S0 70 Hr 45
oy s 3a M 3b s . LG 4 1 Hirshfeld 1
28 B I ARCIR , 1 TGS Y o T A R R L R A
BB B L o LA, 20 68 X4 (32 22 114 43 F [] A
HAE)YIAEFR M A S . Hirshfeld 3 1 ) 3X 7 4~ F7AE
5 2.2 ST AR g — 2, R R N T
b fe A
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a. Hirshfeld surfaces

H-bond

interactions

d.

H..C N...N

24 H N 0.6% 15.49

22| 23 5%

20

1.8 CN

16 6.4%

14

e C..H

1.0
N...C 139

22 H.H N..H 599% i

1 15.9% 31.0%

A 0608101214 1618 2022242628

b. tow-dimensional fingerprint plot

0.05au

Steric effect
interactions

B Van der Waals

interactions
- H-bond
interactions
v interactions -0.05au
c. RDG plot

3 ALEY 410 Hirshfeld i . 4k 45 SUAFIRDG 16 ]

Fig.3 Hirshfeld surfaces, tow-dimensional fingerprint plot and RDG plot of compound 4

]2 B0 - HEAR A0 A6 G 4 4 00 B AR A J A P 2
Bt A AR . e s (8 3b) A R o,
N—H Fl H—N A B AR & etk w388 T 54.5%, %
MEERN G 4R ENESE ESEM. F
Bf s N—N A B AR 0 15.4% , 3 78 17 16 52 5 1 75 il AE
M., XTHEY4, m-m R TEELH I N—C
(5.9%) M C—N(6.4%)tHEAVER . &2, Hirshfeld &
T AR 4 Ml A B T Ak ) 0 Bl RCREME . RDG S 8, 5]
(K 3c) W n] DA — ik sE DL b 258, Horp i 46 38R 4y
T SRR, SRR ZES)EZ N o HEBURNE
TRAL AR, 3 S8 Rt 9 43 7 ) AH B AR X 4t o 4403 fig

R3 LB 4RI E BT R T RE

ek 0 AT AL B 3 A ) T AR
2.5 BEMEE

165 4 W AR BT M2k SRR A 3 s . il
EFALE TR AL &9 4 09 5 kS 4 491.5 k) -mol ™,
IR 95 298 K (1 i A& %5 B2 FAE BUAS LG8 F EXPLOS
V6.05.02 & 77 1T B AL & W 4 1Y K R R 5 5 R
7913 m-s' fil 19.6 GPa, H 4 # & T TNT*' 13, 6,
7-=@H-7TH-[1,2,4] =51 (4,3,b]01,2,4] =T
M ER (CLH NGN) ™ &9 41 1S>40 ), FS>360 N,
T RDX(15=7.5 J, FS=120 N)*2' DL F2rdr W, 1k
B4 % — TV TE Y R B S BE A R

Table 3 Physiochemical properties and detonation performances of compound 4

compounds p/gem™ T, /°C AH/K-mol™ D/m-s" p/GPa I1S/) FS/N N content / %
4 1.64 113.8 491.5 7913 19.6 >40.0 >360 76.8
C,H,N N 1.62 120.9 853.8 7791 24.6 >40.0 >360 80.9
TNT!22 1.65 295.0 -59.3 7303 21.3 15.0 353 18.5
RDX!2! 1.80 210.0 70.7 8795 34.9 7.5 120 37.8

Note: p is crystal density at 298 K. T, is decomposition temperature. A ;H is enthalpy of formation. D is detonation velocity. p is detonation pressure. IS is impact sen-

sitivity. FS is friction sensitivity.
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14(16): 2877-2882.
3 gl:gl: i/l’: [10] XU Y, LIN Q, WANG P, et al. Stabilization of the pentazolate
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Synthesis and Charaterization of 3,5,7-Triamino[1,2,4]triazolo[4,3-a][1,3,5]triazine Pentazolate Salt

JIANG Shuai-jie, QIN Ya-qi, XU Yuan-gang, LU Ming, WANG Peng-cheng
(School of Chemistry and Chemical Engineering, Nanjing University of Science and Technology , Nanjing 210094, China)

Abstract: A novel nonmetallic salt, 3,5, 7-triamino[ 1,2, 4 ]triazolo[4,3-al[ 1,3, 5]triazine pentazolate (4), was synthesized
through a metathesis reaction by employing AgN, as precusor with 3,5, 7-triamino[ 1,2,4 Jtriazolo[4,3-a][1,3,5 ]triazine hydro-
chloride. The structural characterization were carried out by X-ray single crystal diffraction, infrared spectroscopy (IR), elemen-
tal analysis (EA), nuclear magnetic resonance (NMR), and thermal decomposition behavior were determined by thermogravi-
metric analysis (TG) and differential scanning calorimetry (DSC). The enthalpy of formation of compound 4 was calculated us-
ing atomization method, the detonation performance was predicted using EXPLOS5, and sensitivity was tested using BAM testing
method. The results show that compound 4 exhibits a monoclinic crystal structure with a crystal density of 1.644 g-cm™ and be-
longs to the P2,/n space group. This compound has a nitrogen content of 77%, a thermal decomposition temperature of
113.8 °C, and an enthalpy of formation of 491.5 kJ-mol™'. Furthermore, its detonation velocity was calculated at 7913 m-s™",
detonation pressure at 19.6 GPa; The impact sensitivities were measured >40 J, and friction sensitivity >360 N.

Key words: pentazole;nitrogen-rich polycyclic compound;energetic ion salt;synthesis;performance
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A novel insensitive energetic ionic salt, 3,5, 7-triamino[ 1,2, 4 ]triazolo[4, 3-a][ 1,3, 5]triazine pentazolate, was synthesized
and characterized. It is the first example of pentazolate salt featuring the triazine ring. This study provides a promising pathway
for future endeavors in the design and synthesis of insensitive energetic salts via increasing large amounts of intermolecular

hydrogen bonds and m-m stacking between molecular rings.
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