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BHR . IRIE T 4,8-72(2,4,6-=ff3-3,5- 4%
L L) XUk 0 IF: ik e (NADFP) I 58 i 45 ¥ FAE , 55
FRARM T H S NN (DMP) %S A9
) 5L i NADFP - DMF I 38 17 i A1, SR FH BRSO 32 o0 Bt
T AR RS 18R BLAE ) Ry - T i L B T
NADFP [ 4L RE IS 4R 2% 1 6E AL AER % .

1 SLIEE S

1.1 KFI5EE

4H,8H-XUKIH I % (DFP) A1 1,3,5-=44-2, 4,
6- A B IR B S S 1 RUT e SRR L A Ak
WA, =L, " K (25% aq.), A& HF b, =M,
N, N - F 5 R e (DMF), = B8 ST R 2 Ay 43 A 4
VY SRR

K FH S 4 G 3L PR 1L (AV 500 74, Hii -1 BRUKER
2 F) ) XA B A AR OGS AT 4 BT a5 R AR ST
725 e 21 AR Y6 3% AL (NEXUS 870 L, 55 [E By e JE 5 g

¢l
o it BuNH,, CH,Cl, CF,COOH oM
cl cl K.CO, Cu,0 25°C,6h  yN
35°C, 24h :
NO, NO,

Scheme 1 Synthetic route of NADFP

1.3 1-5-2,4,6-=WHE-3,5-_FEFXHEK

$1,3,5-=50-2,4,6-—fiAK(3.165 g, 10 mmol) |
kIR EH (2.76 g,20 mmol) FIE AL F4(0.143 g,1 mmol)
A ZE & e (130 mL) A, F 25 °CF 1) H i i
TABT (3 mL) B B (30 mLBEW . &S
F 35 CFHFER N 24 he 38, w38 T om A =9
CMR(10 mL) , & N4k 2t 6 h 5 i fE 3 koK v .
FHE KK pH (E T 2 3~4, 5 T b 2 B, 2 0K B R
BT S ZE BRIV A R e AR 2T B S AR O AR
AR R 1.28 g, K 46.1%.

'"H NMR (500 MHz, DMSO-d,, 25 °C)é§: 6.98
(d,4H,NH,);"°C NMR(125 MHz,DMSO-d,, 25 °C)
8:137.52, 135.58, 123.19, 122.50.

1.4 NADFPHIA B

¥ DFP(0.83 g, 5 mmol) fl 1-54-2, 4, 6-= T
J-3,5- & K (2.78 g, 10 mmol) % it T 2 W
(20 mL) A, vk 1o Horb G208 i = 2 i (1.21 g,
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NO,

i : )\ /(

L ON N N NO.

NH, EtN, CH,CN : > ( :
25°C,5h ]\

25 F) )R RE S B 2T AR AT A B I s SR FHOT R a3 B
Y (VARIO-EL-3 & , 74 [ ELEMENTAR 2 &) ) X} FE 5 1)
JC B 2 AT A A IO SR XS 4R B AT A AR
(SMART APEX Il B!, B -+ BRUKER 23 &1 ) % £ & 4 B
i 45 1 AT 43 B I SR 25 R 1 R HUX(Q-200
AL SEE TA W) FFAE L (TA 2950 A2, 35 [ Nicolet
N D)X RE S B B RR AT A0 B 5 SR 4 B B AR
By A% E AL (ACCUPYC 11 1345 A1, 25 [H Mi-
cromeritics 23 & ) X AE i B9 B2 BE AT 40 B it SR A
f8 7 SR AL (BFH-10 A1, $E 50 OZM 72w ) S 82 Jik i
AL (FSKM-10 % 3 78 OZM 23 7)) % #E i 18 BL bl & 3
HEAT 3 A
1.2 BRKE%
PL1,3,5-=4-2,4,6-—ff 3 R FRE, 80T 1
BALJE A T IS ) 1-5(-2, 4, 6- =R 5-3,5- & K
KUV 5 DFP W AR 2] H AR B A Y NADFP. & i
2 L Scheme 1,

H
N NN
¢ L Lp
NN N 0
H

HN NO, NN NO, Ny,

HN  NO, N\O’N

NO, NH,

NADFP

12 mmol) , 8 J5 5 N 5 h, B i K ik . o
UE KL — 25 W05 K TR A R A
fn e, U TR A B R SRR K 2.21 g, i
68.2%

'"H NMR (500 MHz, DMSO-d,, 25 °C)é5: 8.48
(s,8H,NH,);"”C NMR(125 MHz,DMSO-d,, 25 °C)
8:122.65,122.88,127.85,143.48,146.02; IR (KBr,
v/em™) : 3367 (m), 3095(s), 1613(s), 1547(s),
1551(s), 1406(m), 1386(s), 1342(s), 1085(m),
941(s),827(s);Anal. calcd for C,(H,N,,O,,:C 29.64;
H 1.24; N 34.57; found C 29.85, H 0.88, N 34.32,
1.5 NADFP-DMF/y 38 R iE 5

FREL 0.05 g 45 f Ji B9 NADFP BE i A S &
DMF, 753 15 i J5 08 5 AN W0 45 BIR B (i Wi . B -
BHEFTFENE T, 20 CFHRELS d, B ERH A
K R PCR S AR 1% L #E 47 285 7 3K S 534

Sttt
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1.6 NADFP #9 #1488 ik

K 28 78 1 4 2 A0 E NADFP /) #4 73 fifk il
JE R P BT A E NADFP g #4026 gt F2 . L B st
59 S F o AUV, TR EE S [ 50~500 °C L R B
0.6 mg, JHEHE 10 C-min”',

L0
HN  NO,
N

HN 0, NO, NH,

Scheme 2

2 #R5WiE

2.1 NADFP-DMF {8 B &M RIEDHT

PEHLR 5F 0.35 mmx0.29 mmX0.16 mm F{J 55
K FH X5 2 PR A AT SR A AT S5 K F# BT o AR AR S5
T SHELXS-97 Ml SHELXL-97 B 2 ¥k fig >0, &
Fourier & Wik Ak 15 AR SR 7o 12 50 5 45 A U o
T [ B My b R AE Bl b, CCDC Y5 : 2207582,
1 TR 9 NADFP - DMF F4 44 235 4 1 it 3 B I
i T 5 A B0 BORS 18 2 85, 32 B R A 43 B R
12k 3 4,

i R 45 K 2r M B, NADFP-DMF B b &,
P2,/czs [AIRE, A SN 5 A 101 NADFP 431 Fil 44
DMF /37, iR % 1.640 g-cm ™, WE 2 F T, %
WG EERNN2)—C(2) K 1.324(3) A,
A TR R A (1.45 A) 50U (1.25 A) K ], W
QIR R AAFAE— B P IR0 . 52 AE M 34
A3, A N(1)—C(1),N(3)—C(3)FIN(5)—C(5)
HIEEK AN R 1.423(2),1.441(2) AFI1.475(2) AL 3%
B COV) 7 BT i s S e M R o WA 3 Y
N(8)—O(8)# K N 1.402(2) A, &K T CHk[ 22 13]%
B BRI LS Y (1.35~1.37 A), 35 HA XUk 0F 3F: il
W BRI IE B2 S B I B 5 O SR REAR . R 3
AL H,C(8)—N(7)—0(8)—N(8)5 C(7)—N(6)
— C(8) —N(7) 8y # % f 75 % & 0.0 (2)° F
=178.4(2)°, B W XU IA Jf: Atk 8 35 3% i b T — A~ F 1
o FR T AR 0 5 7 A A S TR 7 BRSO
A5 000 T S b R B 2 T 1 A R R O T 0, R
C(7)—N(6)—C(6)—C() MM R 71.2(2)°, It
Ab R IR 1 3 A B A 3k 5 R AR R 1) I i A AN T
O(1)—N(1)—C(1)—C(6)F10(3)—N(3)—C(3)—C(2)
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N

N\ /N NO, N, N

OZNAQ N>_<N Q—Noz + 14CH, — HN>_<
T 8
0”

1.7 NADFPHIEBEITE

I F % 1T 1Y % B 2 B (Scheme 2) , 7E B3LYP/
6-311+G** /KT8 T NADFP (1 B A 2R s, R
SR K B K T 25 °CF NADFP (35 B fii
Explo5 v6.02 H % NADFP (k5 s Al R #4755

PON
N
\ /

NH + 2CH, + 6CHNO, + 4CHNH, +2CH,
/\
N

NA 7

Isodesmic reaction used to calculate the enthalpy of formation of NADFP

b. molecular packing diagram
B 1 NADFP- DMF i iy (A 25 g ] 15 i M HE BT (ff e 22 00 1
HERs L (EED)
Fig.1 Crystal structure and packing diagram of NADFP-DMF

(Dashed lines indicate intermolecular hydrogen-bond interac-

tions)

M HL 5% ff1 53 ) D —2.8(3)°Fl=15.8(3)°, W C(1) 1L
L C(3) 7 /i 3 5 2% B 4k o sl B2 O 3k
O(5)—N(5)—C(5)—C(6) HLEL MK 104.3(2)°, 3%
B COS) MMt SR AR FRE . 456 L3CHr
A, C(5) 37 filf F2E A9 Tk 2606 R 6T d5 1, EL il 366 ] 2 A
A R 25 . DR AR I AL A SRS N(5)—C(5)
S R AR O AR, R MR 2
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#1 NADFP-DMF [ b A 4540 B Kok 15 2 8

Table 1 Crystal data and structure refinement parameters for

NADFP-DMF

parameters results
empirical formula C, H,,N,O,4
formula weight 397.29

T/K 296 (2)
A/nm 0.071073

crystal system Monoclinic

space group P2./c

a/A 7.854 (3)
b/A 18.466 (6)
c/A 11.093 (3)
al/(°) 90

BI(°) 90.725 (5)
y/(°) 90

V/nm’ 1.6086 (8)
z 4
D./g-cm™ 1.640
w/mm™' 0.142
F(000) 816
goodness-of-fit on F 1.037

final R indices (1>20(1))
R indices (all data)

R, =0.0429, wR,=0.1192
R,=0.0519, wR,=0.1265
largest diff. peak and hole/e.nm™ 326 and =332

F2 NADFP-DMF [y F:ZHE K
Table 2 Selected bond lengths for NADFP - DMF

bond length/A bond length/A
N(1)—0O(1) 1.234(2) N(8)—C(7) 1.293(3)
N(1)—0(2) 1.244(2) N(8)—O(8) 1.402(2)
N(1)—C(1) 1.423(2) C(1)—C(6) 1.423(3)
N(3)—C(3) 1.441(2) C(7)—C(8) 1.428(3)
N(5)—C(5) 1.475(2) N(9)—C(11) 1.305(3)
N(2)—C(2) 1.324(3) N(9)—C(10) 1.459(3)
N(6)—C(7) 1.398(2) Oo(7)—C(11) 1.212(3)
N(6)—C(6) 1.440(2) N(2)—H(2A)  0.860

% 3 NADFP-DMF 1 3 Z 4 R 4% f

Table 3 Selected bond angles and torsion angles for NADFP-DMF
bond angle/(°) | bond angle/(°)
O(1)—N(1)—0(2) 119.10(16) || C(8)—N(7)—O(8)—N(8) 0.0(2)
O(1)—N(1)—C(1) 120.63(16) || C(7)—N(6)—C(8)—N(7) —178.4(2)
N(2)—C(2)—C(1) 120.96(17) ||O(1)—N(1)—C(1)—C(6) -2.8(3)
C(1)—C(6)—N(6) 123.06(16) || N(1)—C(1)—C(2)—N(2) -2.2(3)
C(8)—N(7)—0(8) 104.51(15) || C(6)—C(1)—C(2)—C(3) -3.8(3)
N(8)—O(8)—N(7) 111.07(14) || O(5)—N(5)—C(5)—C(6) 104.3(2)
N(6)—C(7)—C(8) 123.32(17) || O(3)—N(3)—C(3)—C(2) -15.8(3)
C(6)—C(1)—C(2) 119.18(16) || C(7)—N(6)—C(6)—C(1) 71.2(2)
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NADFP«DMF [ 53 ¥ ] & 8 B9 91 T 3K 4. A
AT LIFE 1, AR 59 NADFP #l DMF 43 1 Z IRl £ 75 2
Pl Uk . — & DMF B 3E B (19 &5 NADFP (1% C1) {3 fil§
JE F I R SR (C(11)—H(11)---0(2)), HE K
H92.576 A; )& DMF HI 5 YA 5 NADFP 1 C(3) 1%
filf B by S8 i & (C(10)—H(10C) - 0(4)),
HEEK R 2.720 Ao LI E S I NADFP fil DMF
T BB AR Y BT RR Y E)E AL . A
NADFP 73 Z [A] 0 47 7E — 5 1Y 55 S BEAE HT(N(2)—
H(2B)-O(6) MIN(2)—H(2A)---0(2)) , & T &
AR 25 K 1) R 1

&4 NADFP-DMF (i &0 H < R 6 £
Table 4 Bond lengths and bond angels of hydrogen bond
for NADFP-DMF

d(D—H) d(H—A) /DHA d(D—A)
D—H—A . . .

/A /A /(°) /A
C(11)—H(11)---0(2) 0.93 2.576 159.37 3.462
C(10)—H(10C)---O(4) 0.96 2.720 132.08 3.438
N(2)—H(2B)---O(6) 0.86 2.855 143.48 3.583
N(2)—H(2A)--0O(2) 0.86 2.963 124.19  3.519

2.2 Hirshfeld RE SRR E S

i/ CrystalExplorer17.5 ¥4, R H Hirshfeld [
O3B Ko — 445 80 &2 % NADFP-DMF 4t NADFP
1953 F /53 F RE L D 34T T A58 45 R LI 2.
l 2a B 7w , Hirshfeld 2 1 i) 5 € FET £ X 38k 43 5046 3%
BRI B2 il 7 RN A i i b, R 2b AT A
e 35 g W i 2 A — X 28 A AR FOIR X 8k,
BH 43 1~ ) 775 38 U O+ H AH B4R 5 8 20 & v a) 19
B A0 X R o AR E—E OO M O---N Al
HAER R BT A R R 2 S i B N i
B AE A 5 5 21 A i X8R N---C TN H
FHE AR o 38 i % & 3c i B S5 TR AR 0 Y
oAy B, SBEE L 7 (O« H AT N---H A B AE ) 1 8
di B S, K 53.5% . SRELAY AT N /4 T 1Al
U XS T o3 e R A B v A B T R b R A

K H B3LYP/6-311G(d, p) Iy ikt fb 4> 45 ¥4 3F
21l T NADFP 1Y 7 7 & 1 i i % (ESP) 18 . A&l 3 i
71N, B B 2R T fe K IE # R SAORI IR /N B R A Y A0
43590 b A8 0 R (605 KR o AT LB B B 1, NADFP 43
B IE e A R A IR B 2 A B R T TE X I
DA B ik W A DX 3, b Ach A 5 B ) B A7 T ), P
B E R R K FR N 192.21 KJ-mol™; fu A A
At

www.energetic-materials.org.cn
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(b)

0

di --H
0608 1.0 1.2 14 16 1.8 202224 41.9%

2 (a)NADFP g Hirshfeld % i 4347 ; (b) NADFP {1 — 2k 50 el 5 (o) 85 H filh 77 43 LE
Fig.2 (a)Hirshfeld surface analysis of NADFP; (b)2D fingerprint plots of NADFP; (c) The pie graph of percentage contribution

for individual atomic contacts

9942 -74.09

R
Soses
B3 NADFP [ 2 i i L 9 J&]
Fig.3 ESP-mapped surface for NADFP
BLAE AR DR IR b 3 A B T AE DX A Bk R A DX
I Kb R B M T SR R BRI A e /)N R
HF=101.19 kJ-mol™, fifF S &I X2 A A,
2 WA Ab 1 e Fh B T M EROR R T 2 (E]AE A AR R
1 43 F 8] 2V R
2.3 BOEMERE

NADFP /) DSC #l TG-DTG fth £k w1 [#] 4 #1 &l 5 fir
o M40 LLEH, NADFP 1Y 4 il ot B 4 K, 1E
337.2 CH1368.8 CH-1E 24> H & 1Y R I il #A it 2
11776 J-g7'o FEK 4 i AULEE B 0% 3] NADFP
AR BUHE 2RI TF U o0 A o 3 5 SE AR 5 AR 453 R AL A
Yl 2 153 2] 19 A 28 A5 A 8 A o i R IR R B R
319.1 °C. W 5 AT LIAE h, 7672 )5 7t il i 72 v (50~
500 °C), 4 AL T 292 CHf L TR D, 2R B
3% ; 4k 2 T B B £ 3 R O R, R R R
451N 334,366 °CHI1 388 °C, & 405 CH} EFH
H 64.2%. XL DSCHI TG-DTG 23145 5, DTG MR
2 /> W YR B AIG T DSC 1Y 2 A4S A e I 3 T R
155 00T AL W0 o3 il AR TR Z BT O 4¢3 . DTG
B 58 = A R |l T 2R B R R A B R R BN T R
FEE 4 b R . TR 405 CIR L REAAD2 B A
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0] 3 ssgc  10Cmin’
8 |
| g
67 O

_A776 4"

heat flow / W-g"

50 100 150 200 250 300 350 400 450 500
temperature / °C

4 NADFP ) DSC il £k
Fig.4 DSC curve of NADFP

11(1)8 10 Comin’ mC —T_ |
1 o ~
Zg Ly &
1 2
= 70 0%
2 60 L15 &
E =
501 05
40 k.25 é
307 500 T
20 388 °C 2a7% |0

50 100 150 200 250 300 350 400 450 500
temperature / °C

5 NADFPHTG-DTG ik
Fig.5 TG-DTG curves of NADFP

27 1% 2K F T A S CIA
2.4 BRERMEREMBE

M5 AT LLE H, NADFP A9 [# A A il #4h
827.1 k)-mol™ , SZ % B 1.81 g-cm™ 4l LI A5 2] 1Y
PR FI 23918 7968 m-s™' K 27.5 GPa, Ll FPEREYY
T H L E 25 HNS(D=7170 m-s™', p=21.8 GPa)
M PYX(D=7448 m-s', p=24.2 GPa)''', NADFP {4
o i AR IR E (319.1 °C) A T HNS(316 °C) M PYX
(350 °C) =[], % W] NADFP ffit #7E fig B 45, o] 1 o i
E [ 1Ry RE T AR BE MRS B W . R FH BAM IR Jy
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=5 NADFP 5 U KE 25 Pk RE Xt e

Table 5 Comparison of properties of NADFP and conventional heat-resistant explosives

compounds T,/°C p/g-cm™ AH, / kJ-mol™ D/m-s" p/ GPa 1S /) FS /N
NADFP 319.1 1.81 827.1 7968 27.5 > 40 > 360
HNSH 316 1.73 57.7 7170 21.8 5 240
pyx'! 350 1.77 80.3 7448 24.2 9 360
Note: is the decomposition temperature from DSC (onset temperature at a heating rate of 10 °C-min™"); p is measured density (gas pycnometer) ; AH, is the cal-

d

culated molar enthalpy of formation in solid state; D is the calculated detonation velocity; p is the calculated detonation pressure; IS is the impact sensitivi-

ty; FS is the friction sensitivity.

TS T NADFP ML E o 45 9 /R NADFP %
SRR O T R KT 40 ), BRI EE KT 360 N, 5

TATB(1S>60 J,FS>360 N)"AHRE T , ik T % WL KE 24
B o oY H R R RO H g5 M TR 5 5 TATB AL

M) 2,4, 6-— -3, 5- 2 508 HE B AR AT, AH < A 5 FN
A 2 1) 5 B ) S AE FH OR I 4E A R  RR E
DL b B9 45 R AR UE SR e e A A R R AR S 2 A
FERMGE A R e T PR e 4 A U B

3 &2

(1) 4H, 8H- XK A Jf ik B8 5 1-54-2, 4, 6-—
S HE-3, 5- A R U R Ny, B T 4,8-2(2, 4,
6-— A 5E-3, 5- A AR I ) ROk i - ik % (NADFP) .
F G 208 s 204065 o 2R ot 5 Iy 2
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Synthesis and Characterization of 4,8-Di(2,4,6-trinitro-3,5-diaminophenyl) difurazanopyrazine

ZHANG Qian', DUAN Bing-hui', TAN Bo-jun', LU Xian-ming'*, WANG Bo-zhou'*, LIU Ning'*
(1. Xi’an Modern Chemistry Research Institute, Xi'an 710065, China; 2. State Key Laboratory of Fluorine & Nitrogen Chemicals, Xi'an 710065, China)

Abstract: In order to explore new energetic material with both good thermal stability and high safety performance, 4,8-di(2,4,
6-trinitro-3, 5-diaminophenyl) difurazanopyrazine (NADFP) was synthesized by substitution reaction using 1-chloro-2,4, 6-trini-
tro-3, 5-diaminobenzene and 4H, 8 H-difurazanopyrazine as raw materials. Its structure was characterized by nuclear magnetic
resonance ('H and "C spectrum), infrared spectroscopy and element analysis. The single crystal of NADFP-DMF was obtained
by solvent evaporation method, and the crystal structure was determined by single crystal X-ray diffraction. Results show that
NADFP-DMF belongs to monoclinic system, space group P2,/c, a=7.854(3) A, b=18.466(6) A, c=11.093(3) A, p=1.640 g-cm.
The inter-/intramolecular interactions were calculated by Hirshfeld surfaces analysis with hydrogen bond interactions accounting
for 53.5%. The thermal behavior of NADFP was studied by DSC and TG/DTG methods, which show that its decomposition
peaks are 337.2 °C and 368.8 °C. The theoretical detonation performances and mechanical sensitivities of NADFP were investi-

3

gated. The measured density is 1.81 g-cm™, the solid formation enthalpy is 827.1 kJ-mol™, the calculated detonation velocity

and pressure are 7968 m+s’'

and 36.0 GPa, respectively. The impact sensitivity is above 40 J, and the friction sensitivity is above
360 N. The overall performance of NADFP is obviously better than that of traditional heat-resistant explosive 2,2',4,4",6,
6'-hexanitrostilbene.

Key words: heat-resistant energetic material; difurazanopyrazine derivative; crystal structure; thermal property; detonation perfor-
mance; mechanical sensitivity
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