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Scheme 1
2.3 AIEE
2.3.1 4-BE3,5-"REMK(2)HMERK
i N R 3,5- ZAKEE -4- 1R (2.37 g,10.00 mmol)
BEfR T 60 mLK B S N A S E AL . B S THIR 2
90 “CJ i 8 h, [ I 45 o Jig [ il 22 =5 itk , A b PR ¥
MW pH A E 2, &4 TR 3 WG , A WL Z
PRI TR W AAE B A AR 1.60 g, IE N 92%.
IRCATR,»/cm™):3582,3497,1623,1497,1448,1330,
1217,833,675;'H NMR(600 MHz,DMSO-d,, 25 °C)
8:6.15(br) ;"°C NMR(150 MHz,DMSO-d,, 25 °C)8:
139.75,135.24,
232 4-BRE3-“HEMMWHBE—KED(3H
AR
FREL 4-F2 56-3, 5- A JEnikmk (0.348 g, 2 mmol)
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Synthetic route of ionic energetic compounds 3—5 based on 3, 5-dinitro-4-oxylpyrazolate anion

BT 20 mLK b B HE TS THIR 2 80 Ca il B S
TN e KA HE. IUBLSE B Ak e R SO 0.5 h,
Wi 5 B 4 A R DR TR 3 0.28 g B AL
1K, 725K 68%. DSC(5 °C-min™'):210.3 °C(dec.);
IRCATR,»/cm™):3450,3402,3335,3310,3271,3044,
2987, 1664, 1560, 1471, 1383, 1355, 1315, 1247,
1208, 1138, 904, 870, 835; 'H NMR (600 MHz,
DMSO-d;, 25 °C)6:6.64 (br);”C NMR(150 MHz,
DMSO-d,, 25 °C )8:143.39, 142.58; Anal. calcd for
C,H,N,O.:C 17.48,H 2.93,N 40.77;found:C 17.52,
H 2.90,N 41.12,
233 4-FEIS-“HEMMERmMEZKEY(4)
B & R
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e ik
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H93%. DSC(5°C-min™):203.7 °C(dec.);IR(ATR,
v/cm™):3592,1718,1653,1503,1396,1276,1215,
977,828,734,505;'"H NMR (600 MHz, DMSO-d,,
25 °C)8:7.25 (br);°C NMR (150 MHz, DMSO-d,,
25 °C ) 6: 157.95, 141.30, 139.13, 139.04; Anal.
caled for C,H,,N,,0,,: C 20.61; H 2.165; N 36.05;
found: C 20.69,H 2.21,N 36.11,
2.3.4 4-BE3-THEMMISFEE-1,2,4- =W
— kB (5)E K

BT S A W) 3 AR, 7 B AR 7 R
$182% . DSC(5 °C-min™"):191.5 °C(dec.);IR(ATR,
v/cm™):3310,3130,1599,1477,1393,1275,1108,
1058,972,870,829,731,893,617;'H NMR(600 MHz,
DMSO-d,, 25 °C)8: 8.81(s,2H),6.71(s) ;’C NMR
(150 MHz, DMSO-d,, 25 °C ) §: 144.52, 140.68,
137.68; Anal. calcd for CH,N,O.:C 23.26;H 2.34;
N 43.41; found: C 23.30,H 2.28,N 43.57,
24 BREFREWIE

WA B 1B R A W) 3~5 43 il S A K T
G uE BB T 25 CCEEE 12 h IE IR IR R T
152037 B Y S A
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0.14 mm FHEAT X 5 e AT 5 52 56 5 Fl (Mo K ST 28
(A=0.71073 nm) , A s 0585 76173 KB, DL o 74
N 2 3.266°<60<26.376°, —-7<h<7,-9<k<9,
=11<I<11, Sl 4 fir 5 04 5486 4, HoHp il 57 A7 3 A
17184~ (R,=0.0250) , ¥ §t 1>20 (1) F) 14154 5 H T
25 A6 I SE FIAE IR o A AR S5 H i R P SHELXS97 Al
SHELXL97 B33k, 4 £ 5 Fourier & BUIR 15 435
AR T o AR SR T 1 A bR K 4% 1) SRS R A
20 B B /N VA 1B IE BB

XTAE Y4, EECT RSF0.23 mmx0.19 mmx
0.1 mm .t AT X SR AT 5 5255 s FH (Mo K ) i 4k
(A=0.71073 nm) , fA S HEAE% 72173 K, Pl o 7 X
T 2.692°<60<25.366°,-9<h<9,-10<k<10,
—-18<I<18, i 4 fir 5 4 6878 4~ , Ho o il 57 A7 4
32811 (R,,=0.0392) , WL 1>20 (1) Y 2407 A~ 3 H T
S5 R M E FUE IE o & AR 25 4 B R P SHELXS97 Al
SHELXL97 EL#E LM, 4 2 %2 Fourier & R 13 23
AR T DFBIE SR T AR K % 1) RS A
G5 B fe /N IR 1B 1E BB

XFFAAY 5, BT R SF0.25 mmx0.15 mmx
0.10 mm S5 AT X B A 0 5256 ;s - (Mo K) HF 4k
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(A=0.071073 nm) , A=A 75173 KI, Do J7 24T
i, 1L - 3.455°<0<25.412°,-14<h<14,-6<k<5,
=21<1<21, Sl 4 fir 5 4 5382 A4, Ho A il 57 A7 S A
18851 (R,=0.0494) ,#E WL 1>20 (1)1 1427 A~ H T
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4 B e /N A 1 S8
2.5 e
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B 7 1Ak A W) 3=5 (1 A Fa e % o

Fie B8 BAM M 32k B 5, 7E AR DU O AR 1 2 i
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TR G W 0 BB B S — 4R A3,
5- R LR BB B . R BB TR S
JUEER (3) AHARL, A 2 B0 M R 0% S TR o R U BH
T HIGEH R C(4B)—O(6B) K A 1.215(3) A, A F

R ALEY 3~5 1B b A= B

C—O HUEEH C—O MU 2 8] ; C(4B)—N(5B) YKy
1.340(3) A,/ F C—N HLEE I C=N B2 6] (£ 1),
H — W fi O (6B) —C (4B) —N (5B) —N (6B) A
C(4B(b))—C(4B)—N(5B)—N(6B) 437l i —-1.4(4)°

Table 1 Partial crystallographic data of compounds 3=5

Crystals 3-H,0 4-2H,0 5-H,0
Formula C,H,N,O, C4H,,N,,0,, C,H N,O,
Formula weight 224.15 502.31 276.19
Temperature 173(2) K 173(2) K 173(2) K
Crystal system triclinic triclinic monoclinic
Space group P-1 P-1 P21/n
p/g-cm™ 1.752 1.829 1.745

a/A 6.3914(3) 8.0581(5) 12.2261(8)
b/A 7.7981(3) 8.4765(4) 5.0440(4)
c/A 9.2513(5) 15.3898(9) 17.9808(10)
a/(°) 109.184(2) 104.755(2) 90

B/ () 92.620(2) 93.036(2) 108.509(3)
y /() 100.761(2) 114.246(2) 90
Goodness-of-fit on F? 1.041 1.047 1.050

Final R indexes [1>20 (1) ] R,=0.0414, wR,=0.0934
R,=0.0540, wR,=0.1039

2079325

Final R indexes (all data)

CCDC

R,=0.0392, wR,=0.0786
R,=0.0647, wR,=0.0875
2079326

R,=0.0421, wR,=0.0893
R,=0.0642, wR,=0.0986
2079327

®2 EW I~ HEK
Table 2 Selected bond lengths of compound 3-5

Compound 3 Compound 4 Compound 5
bond bond length/A bond bond length/A bond bond length/A
C(1)—N(2) 1.375(3) C(1A)—N(2A) 1.362(3) C(1)—N(2) 1.376(3)
C(1)—N(3) 1.389(3) C(1A)—NI(3A) 1.401(3) C(1)—N(3) 1.401(3)
C(1)—C(2) 1.422(3) C(1A)—C(2A) 1.406(3) C(1)—C(2) 1.411(3)
C(2)—0(3) 1.262(2) C(2A)—O(3A) 1.283(3) C(2)—0(3) 1.268(3)
C(2)—C(3) 1.434(3) C(2A)—C(3A) 1.430(3) C(2)—C(3) 1.426(3)
C(3)—N(1) 1.365(3) C(3A)—N(1A) 1.348(3) C(3)—N(1) 1.368(3)
C(3)—N(4) 1.411(3) C(3A)—N(4A) 1.411(3) C(3)—N(4) 1.414(3)
N(1)—N(2) 1.310(2) C(4A)—O(6A) 1.219(3) C(4)—N(6) 1.311(3)
N(2)—H(2) 0.904(16) C(4A)—N(5A) 1.342(3) C(4)—N(7) 1.337(3)
N(3)—0(2) 1.241(2) C(4A)—C(4A) 1.528(4)2 C(4)—H(4) 0.9500
N(3)—0O(1) 1.245(2) N(TA)—N(2A) 1.318(3) C(5)—N(5) 1.305(3)
N(4)—0O(5) 1.234(2) N(2A)—H(2A) 0.865(18) C(5)—N(7) 1.361(3)
N(4)—O(4) 1.239(2) N(3A)—O(2A) 1.230(2) N(1)—N(2) 1.314(3)
N(5)—N(6) 1.445(3) N(3A)—O(1A) 1.257(2) N(3)—0O(1) 1.238(2)
N(4A)—O(4A) 1.233(2) N(3)—0(2) 1.245(2)
N(4A) —O(5A) 1.240(2) N(4)—O(4) 1.232(3)
N(5A)— N(6A) 1.421(3) N(4)—O(5) 1.240(3)
N(5)—N(6) 1.372(3)
N(7)—N(8) 1.418(3)
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NBY, 0t), il /5 e ',' \
’ (]
NG 0B) ,Q('gf on e \ \
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Fig.1 Crystal molecular structure(a), packing diagram(b)

M\w& "

and hydrogen bonding interactions surrounding with hydra-

zinium cation (c¢) of compound 3

(@)

B2 WA EAS T a5 1E (a) F i HEFRE (b)
Fig.2 Crystal molecular structure(a) and packing diagram
(b) of compound 4
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4-F2 HE-3, 5-T i S e 4-5 JE-1, 2, 4- = £

(5) B9 43 45 14 F1 53 78 & I v i HE B 23 ) 7R T 8] 3a

A 3b. % B T RALG W BT 4-20 21, 2,

S TS 4L -3, 5l S nH ik B S Tl X 41
. HBIES T C(2)—O3) K 9 1.268(3) A, =3

(1] 45 4 55 JiF R (3) AL I JfF 3k (4) AR BL, o 52 9 1 R 4

®3 LAY 3P EREN
Table 3 Hydrogen bonds of hydrazinium 3, 5-dinitro-4-oxyl-

pyrazolate 3

d(D-H) d(H--A) d(D--A) <(DHA)

/A /A /A /(°)
N(2)—H(2)---O(6) 0.90(3) 1.72(3) 2.621(2) 173(2)
N(5)—H(5A)---N(1) 0.91(3) 2.01(3) 2.905(2) 165(2)
N(5)—H(5B)---O(3) 0.91(3) 1.87(3) 2.759(2) 167(2)
N(5)—H(5B)---O(4) 0.91(3) 2.43(3) 2.812(2) 105.2(19)’
N(5)—H(5C)---O(4) 0.90(2) 2.43(3) 3.170(2) 138.7(18)
N(5)—H(5C)---O(5) 0.90(2) 2.45(2) 3.171(2) 137(2)’
O(6)—H(6A)---O(2) 0.81(3) 2.53(3) 2.913(2) 111(2)
O(6)—H(6A)---O(3) 0.81(3) 2.05(3) 2.841(2) 168(2)’
O(6)—H(6B)--*N(6) 0.82(2) 2.10(2) 2.914(3) 172(3)
N(6)—H(6C)---O(2) 0.88(3) 2.52(3) 3.081(2) 123(2)
N(6)—H(6C)---O(5) 0.88(3) 2.52(3) 3.201(3) 135(2)’
N(6)—H(6D)---O(1) 0.87(3) 2.37(3) 3.133(2) 146(2)
N(6)—H(6D)---O(4) 0.87(3) 2.45(3) 3.023(3) 124(2)’

D—H--A

Note: i: 1/2-x, -1/2+y, 1/2-z; ii: 1/2-x, 1/2+y, 1/2-z; iii: 1/2+x, 5/2-y, 1/
2+z; iv: 3/2-x, -1/2+y, 1/2-z.

0(2)

”\Qy S

0(6)E 0(4)

0(5)

; gfﬂ" }éﬁ}ﬂ;{y}ﬁ{
fg ﬂ” }}3{
M};} ﬁffﬁ{@g

3 AbE W5 Ak AT A5 H FE Ca) A B HE AR (b)
Fig.3 Crystal molecular structure(a) and packing diagram(b)

of compound 5
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B ME . 4= L1, 2, 4-= R B B T4k kg rh
N(7)—N(8) R EEK H 1.418(3) A, H T /1 N(6)—
C(4)—N(7)—N(8) FIN(5)—C(5)—N(7)—N(8) 43
F179.5(2)°H=179.6(2)°, KHIHE FH AL =
L N SN e o TR O e S e N Sl T B
o % REE T AR K& 1) N—H---O 1 O—H---N
HLHR () SRR ), BH B8 — s 2R 55 B - o A il il 5
HLRL B N(6)—H(6A)--O(3)FIN(6)—H(6A) O
(4) Lk Je A H 7Y iy SR FH C(4)—H(4)---O(5),C(4)
— H(4)---0(4),C(5)—H(5)---O(2),C(4)—H(4c)---O
(DA C(5)—H(5) - O(2) & 5 A FI#e 2t & R 25 1 h
152 2% 1 = 4 IR 2544 (181 3b) .
3.2 EEERIE
3.2.1 SRR

TERSA T (50 mL-min™) , 5 75 Bl 50~
300 °C, JHEEH 5 °C-min™', iXFE 24 0.3~0.5 mg,

URE Ly 48010 B8 2 308 1 25 1 R XS B E BB LS
3~5 Y IMMEREUE AT A 5T, H DSC-TG 45 R W& 4 s .
WE 4a s, MR (3) 7E RS- i B 7E 86.4 C43 i
FLEE K IR G R 2 T3 W R AL I AR AR S R T 2
AR B 4% o i, B HA — O i 1 210.3 °C. Il
A I U TR QA5 IR I R DN 3 WA o 4 fidh R RE P
R, R R RS 77.65%, B EER (4) ) A
94.7 °CI 45 oK, SR 5 16 A 28 Ty WA Ak 1 4R A8
b AR T [ A B PO O3 i, H R — AR ) fi 0
203.7 °C, Kk HHIEF) 82.65%, 4-FH-1,2,4-=mh
(5) 7F 52 # ik B b 78 100.1 °C & B 2= 45 & K, 18
140.5 Clsfb , & DM L fE . BlJS 7E 191.5 CH #2
P, A — AR #1915 )CLRFH R R
57.5%. Xt =i a W, v LLE B BEER (3) IR
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Fig.4 DSC-TG curves of compounds 3—5

3.2.2 ML R E N E

b A ¥ 3~5 11 45 o JE 3 RS 45 R 3 2 K 4 BAM
P o I 38 325 00 5 - 245 B (30+1) mg, 9% 4 R 2 kg,
3~5 1 48 o Jk B R EE 458K 43 51 36 0,360 N(3) 5
36 J,360 N(4);36J,360 N(5), HJEEE ST RDX

(5 B Ry 7.4 )5 PR REEE Ry 120 N AT TNT (43 i Jgk
JE k15 )5 BEERIERIE Jy 353 NI

3.2.3 BERMREEN

FIH Gaussian09 F& 7" 1 454 77 2 (Scheme 2) ,
JF#TF Born-Haber fig G IR WL 318 T8 F %
REALB W) 3~5 MY AE LS L 439012 9.23(3),-392.36(4),
213.95(5) kJ-mol™o i — DA 4 BEIE BADLRT 15 19 25 i
Je A& B SN 8 BE L R Kamlet-Jacobs #2101
HpE g rERe 25 R R4, R AT LG 3~5 1942
WA 7797~8285 m-s™ RN 26.46~29.95 GPa,iL &
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T TINT(HEH N 6881 m-s', BEJE N 19.5 GPa).,
/N_NH N—NH
OQN/%NOQ + 2CH4 - / / + 2CH3N02
0~ -

Scheme 2 Isodemic reaction for computing the HOF

4 i

(1) LA 3, 5- i Bk -4-T5mk mg Shy JEOR), 28 K i v
R ER = RN AT AR SRR T A 1D
JEER (3) (FEEEER (4) i 4-5 31,2, 4- =k £ (5) .
IR REEER R TR 3R T =R AR, S REEN
P-1, R E R 1.752 g-cm ™48 T =R R, %[0
BER P-1, SR N 1.829 g-cm ;5 )8 T ARG &,
23 [HEN P2, /n, A B 1.745 g-cm ™,
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Table 4 Physiochemical properties and detonation parameters of compounds 3-5

compound T,V °C density?/ g-cm™  AH_ >/ kJ-mol™ IS/ ) FS*/ N DY/ m-s” P’/ GPa
3 210.3 1.75 12.56 36 360 8288 29.96

4 203.7 1.81 -389.03 36 360 7988 28.40

5 191.5 1.73 217.28 36 360 7758 26.06
TNTL®! 290 1.65 -31.7 15 353 6881 19.5
RDX!18 210 1.82 86.3 7.4 120 8750 34.0

Note: 1) thermal decomposition temperature(DSC, 5 °C+-min™', peak); 2) density measured by gas pycnometer; 3) enthalpy of formation (calculated value) ; 4)

impact sensitivity; 5) friction sensitivity; 6) calculated detonation velocity via Kamlet-Jacobs equation; 7) calculated detonation pressure via Kamlet-Jacobs

equation.

(2)RJH DSC-TG B HBFFE 1 H A2 Ve L i
ff R BE A 191.5~210.3 °C, H v ik i B o3 i T R
210.3 °C, & U4 i IR e 1
(3) 4% HEBAM MU 45 1, 52 ) Ho 4 5 S By 36,
JEE PRI R 360 N, HLARER B 457 L TNT AT RDX &l gk
(4) BET AR B S 4 B FH] Kamlet-Jacobs
TR T T AT R e Iﬂi%ﬁ%iijb 7758~
8288 m-s™ MEJE N 26.06~29.96 GPa, it = T TNT.
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Synthesis, Crystal Structure and Properties of lonic Energetic Compounds Based on 4-Hydroxyl-3,5-
dinitropyrazolate Anion

WU Bo', JIANG Xiu-e', HU Ping*, DU Hui-ying', LIU Rui-kai’, GAO Zhan-yu*

(1. State Key Laboratory of Environment-friendly Energy Materials, Southwest University of Science and Technology, Mianyang 621010, China; 2. School of
Materials Science and Engineering , Southwest University of Science and Technology , Mianyang 621010, China)

Abstract: 4-Hydroxy-3, 5-dinitropyrazole(H-DNOP, 2) was synthesized from 3, 5-dinitro4-bromopyrazole(1) by hydrolysis and
neutralization reaction. Three kinds of ionic energetic compounds (3-5) of DNOP were designed and synthesized by using its
acidity. The structures of compounds 3—5 were characterized by FT-IR, NMR spectrum, elemental analysis as well as single-crys-
tal X-ray diffraction, and their thermal stabilities were investigated by differential scanning calorimetry and thermogravimetry
(DSC-TG). The maximum decomposition temperature of hydrazine salt (3) was T,=210.3 °C. The impact sensitivity and friction
sensitivity were measured by BAM method, while the detonation parameters were predicted based on the isodesmic reactions
and the Kamlet-Jacobs equation. The results show that the measured impact sensitivity and friction sensitivity of the threecom -
pounds 3=5 are all 36 J and 360 N, which are less sensitive than those of TNT(1S=15 J,FS$=353 N) and RDX(IS=7.4 J,FS=120 N).
The theoretical detonation velocities of the three compounds are 7758-8288 m-s™', and the detonation pressures are 26.06—
29.96 GPa, respectively.

Key words: energetic compound;4-hydroxyl-3,5-dinitropyrazolate;crystal structure;thermal decompositionsmechanical sensitivity
CLC number: TJ55; O64 Document code: A DOI: 10.11943/CJEM2021113

(i & #)

o
I

Chinese Journal of Energetic Materials, Vol.29, No.8, 2021 (713-720) o A A A www.energetic-materials.org.cn



