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BIE, A SHEE LT8R IR IE, RS
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Table 1
for LLM-208

Crystallography data and structure refinement details

item parameters

CCDC number

empirical formula

1526855
C6 H6 FZ N809

temperature /K 130

crystal dimensions/mm?* 0.12x0.10x0.01
crystal system monoclinic
space group 2

a/A 19.225(5)

b/A 5.5779(15)

c/A 6.4176(17)
al/(°) 90

B/(°) 108.551(5)
y/(°) 90

V/A? 652.4(3)

Z 2

D./g+cm™ 1.895

w/mm™' 0.192

F(000) 376

index ranges -22<h<20,-6<k<6,-7<I<7
goodness-of-fit on F? 1.044

final R indexes [ =20 (I) ]

final R indexes [ all data]

R, =0.0927, wR,=0.2329
R, =0.1178, wR,=0.2622

3 HR5WiR

3.1 LLM-208 M2 REEMRIES 5

KT 2 LLM-208 1553 SR S5 A8 s 2 1A o i
R I 2 7R o 5843 S R A 500 43 00 81 T 36 2 A
F 3, 130 K F LLM-208 f) iRk 25 5 4y 1.895 g - cm ™,
b VR P A S TR IR B R e e B A O
9298K=PT/[1+0¢V(298_T0)] (1)
A, REC o, A 1.5x107 K™, p Bl T, 43 51

S
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Fig.1 Crystal structure of LLM-208
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B2 LLM-208 1 f it 3 AUET (R 2k 30 7 A A SR D)
Fig.2 Molecular packing diagram of LLM-208 ( Dashed lines

indicate intermolecular hydrogen-bond interaction)

#£2 LLM-208 [yt

Table 2 Bond length for LLM-208
bond length/A bond length/A
F(1)—C(3) 1.191(12) N(1)—C(1) 1.333(16)
O(1)—N(1) 1.382(12) N(2)—C(1) 1.289(16)
O(1)—N(TA)  1.382(12) N(2)—C(2) 1.434(11)
0(2)—N(3) 1.182(13) N(3)—C(3)  1.628(19)
0O(3)—N(3) 1.302(14) N(4)—C(3) 1.492(11)
O(4)—N(4) 1.193(11) C(1)—C(1A)  1.42(2)
O(5)—N(4) 1.221(10) C(2)—C(3) 1.540(12)

£3 LLM-208 fyffa

Table 3 Bond angles for LLM-208

bond angle/(°) bond angle/(°)

N(1)—O(1)—N(TA) 112.4(13) || N(2)—C(1)—C(1A)  130.3(6)

C(1)—N(1)—0(1) 104.7(9)
C(1)—N(2)—H(2) 117.3

C(1)—N(2)—C(2) 125.4(11)
C(2)—N(2)—H(2) 117.3

O(2)—N(@3)—O0(3) 122.2(12)
O(2)—N(3)—C(3) 116.2(10)
O(3)—N(3)—C(3) 121.5(8)
O(4)—N(4)—O(5) 127.3(8)

N(2)—C(2)—H(2A)  109.7
N(2)—C(2)—H(2B) 109.7
N(2)—C(2)—C(3)  109.9(7)
H(2A)—C(2)—H(2B) 108.2
C(3)—C(2)—H(2A) 109.7
C(3)—C(2)—H(2B)  109.7
F(1)—C(3)—N(3) 95.1(11)
F(1)—C(3)—N(4) 118.1(8)

0O(4)—N(4)—C(3) 114.4(7) || F(1)—C(3)—C(2) 120.7(8)
0O(5)—N(4)—C(3) 118.2(7) || N(4)—C(3)—N(3) 95.2(8)
N(1)—C(1)—C(1A) 109.1(6) || N(4)—C(3)—C(2)  114.2(7)
N(2)—C(1)—N(1) 120.6(10) || C(2)—C(3)—N(3)  106.2(10)

ShyE— B E R PR LA A 26 R, SR Hir-
shfeld i "= Xt ff 4 v 45 15 T B9 AR X 5 ik F 47
T, 3 TR . LT LLM-105"2 g < /i
RV SUEE X AT LUF H, LLM-208 fi A i B4y
FIRVAR B AR 2R BT LA 5300 Ry 2 O--H T H---O fE
Ffik, b 35.0% , Hk & OO fEM N 22.3%,

S Xk 2017 % %25 % #7H (579-584)



582

THO, AR, BR, B, SRR, XN

O-NFIN--—-OfE}16.4% ,F---O F1 O---F fEFI N
5.6%,C--FAEH N 4% ,N--H Hfl N---H{EH K
3.8% ,C--CHEFIHR 3.7% ,F---F YEFI R 2.9% %, i (5
FF AL B o T AE BAE RO A A S (Rl b9 4
5): Roimo0=35.0%,Rq.6=22.3% ,Ri..ojcor)por =
12.5% , 13 B 43—~ ] 5 &0 5 4 FH DA S 1 S %) A7 76 T g
& LLM-208 #LIUE B i i i 2 —

2.6

22
1810

el A

14

1.0

06 10 14 18 22 26
dil A

3 LLM-208 (4T 8
Fig.3 Fingerprint plot of LLM-208 molecule
3.2 LLM-208 gy#viE R
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B EHE N, SR IR F) 350 CY, B Sl R 385K 77 % o

Mg K 4,58 1d Kissinger ¥: | Flynn-Wall-Ozawa
W5 Starink 3% 07 20 (1) TRSE T LLM-208 #4443 fif

F4 ARTHEHEART LLM-208 i i 35815 10 43 7122 S 40

1 F SR ARG H ARG AL RE (E,) IR HTE 7 (A) F1

LMEAH R (r) R ILE 4,
nB__ S5 ¢ 1
an—— RTP+ 2 ( )

X ,B HFHEHESR,C - min™; T, DSC gl £& i 14
(IR E K R S HAR AN $0,8.314 ) - mol™ - K™, A
HFEHTN L, s ECH R MG ALEE, K) - mol™ ;o m G
M C, AR 0 280, A T3k [26-28 ], SR H]
Kissinger ¥ .Flynn-Wall-Ozawa il Starink 7115845 3
HITEALRE E, 43K 112.28 114,49 112.49 k) - mol™ , 55
—Fh kg E e B W4 B4 2R 3,37,47,37] -
=EIH(ANTF) (1935 168 (112.6 ~115.9 k) - mol™ )7
Y
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1
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Fig.4 DSC curves of LLM-208 at different heating rates
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Fig.5 TG curves of LLM-208 at different heating rates

Table 4 Thermal kinetic parameters of LLM-208 obtained from exothermic peaks at different heating rates

. Kissinger Flynn-Wall-Ozawa Starink
[joc - min”' /EC fa In(A/s™) r Fa r £,
/k) + mol’ /k) + mol™! /k) + mol™
5 188.0
10 195.6 112.28 21.30 -0.95137 114.49 -0.95983 112.49 -0.95221
20 208.9

Note: g is heating rate, T, is decomposition peak temperature, E, is apparent activation energy, A is pre-exponential factor, ris linearly dependent coefficient.

Chinese Journal of Energetic Materials, Vol.25, No.7, 2017 (579-584)

S

www. energetic-materials. org. cn



NLN-Z (RS A £k ) -3, 4- 0B (LLM-208 ) 1) f 14 45 19 S B 1k Jo 583

4 7 it

(1) 7oK e b 55 38 00 | k8 T N, N'-—
(A ik o 3k ) -3, 4-:§L%DJEHE(LLM-208)E"J$
Al R XS5 2 B S AT S S0 A E R (SRR
4t LLM-208 ET%ﬁﬂran/\,%l‘lﬂﬁ? 2,130 K
TSR N 1.895 g + em ™ (298 K) T &
A K 1.848 g - cm™

(2) 3T Hirshfeld 447 T LLM-208 & {& h
FEAEAE AR ], 25 R R T S HL A Y
g3 IR EAE 25 O--H (H--O fEH (35.0% ) ,
O---OfEM(22.3%),LA % F---O . C---F, F---FEM]
(12.5% ), B3 i 208 /E A o B2 A Al fiE 2
LLM-208 LA 8% 2 AR i I 2 — ¢

(3) % H Kissinger ¥ | Flynn-Wall-Ozawa ¥ I
Starink %4844 LLM-208 #Jp fift S5 I 1) 3% A6 BE 43 51
112.28,114.49,112.49 kJ - mol™ , 5 T Kissinger #:

FAIRHIA T 107

5% Lk

(1] F gl K25 &bz IM]. Jeat: ER7 Tolk i fdt, 1984 11—
12.

(2] Fitgil, 2535, ME2G RARSE PRI M]. dumt: Bhoe it
1988 1-2.

(3] oM, TR, HFE, 5 ORNEEMR PR R].

25224, 2005, 28(4) . 9-13.

HUANG Hui, WANG Ze-shan, HUANG Heng-jian, et al. Re-

searches and progresses of novel energetic materials[ J]. Chinese

Journal of Explosives & Propellants, 2005, 28(4): 9-13.

He P, Zhang ) G, Yin X, et al. Energetic salts based on tetrazole

N-oxide[J]. Chemistry A European Journal, 2016, 22(1): 1-

17.

Chen L Y, Zhang J G, Zhou Z N, et al. A biography of potassi-

um complexes as versatile, green energetic materials[ J]. RSC

Advances, 2016, 100(6) : 98381-98405.

Agrawal J P, Hodgson R D. Organic Chemistry of Explosives

[M]. New York: John Wiley & Sons Press, 2007 : 5-8.

Haiges R, Jones C B, Christe K O. Energetic bis(3,5-dinitro-1 H-

1,2, 4-triazolyl) dihydro- and dichloroborates and bis ( 5-nitro-

2 H-tetrazolyl) -, bis ( 5-trinitromethyl ) -2 H-tetrazolyl ) -, and bis

(5-fluorodinitromethyl ) -2 H-tetrazolyl ) dihydroborate [ J]. Inor-

ganic Chemistry, 2013, 52(9) : 5551-5558.

[8] Haiges R, Christe K O. 5-(fluorodinitromethyl)-2H-tetrazole
and its tetrazolates-preparation and characterization of new high

Dalton Transactions, 2015, 44 (22) .

[4

[l

—
v
[

[6

[

[7

[

energy compounds|[]].
10166-10176.
Kettner M A, Karaghiosoff K, Klapotke T M, et al. 3,3'-bi(1,2,

4-oxadiazoles) featuring the fluorodinitromethyl and trinitrometh-

—
O

yl groups[J]. Chemistry A European Journal, 2014, 20(1): 1-
11.
[10] Tang Y, He C, Mitchell L A, et al. Potassium 4,4'-bis( dinitrom-

CHINESE JOURNAL OF ENERGETIC MATERIALS

ethyl)-3,3’-azofurazanate: a highly energetic 3D metal-organic

framework as a promising primary explosive [ J].

Chemie International Edition, 2016, 55(1): 1-
[11] Tang Y, Gao H, Imler G H, et al. Energetic dinitromethyl group
RSC Ad-

Angewandte

functionalized azofurazan and its azofurazanates[ ) ].
vances, 2016, 94(6): 91477-91482.

[12] EAAR, BEMN, WM, . 3,32 (A L) — kB ik
(FOF-13) 34/ [J]. ettt 2014, 22(6) . 884-886.
WANG Bo-zhou, ZHAI Lian-jie, LIAN Peng, et al. A novel synthe-
sis of 3,3’-bis(fluorodinitromethyl) difurazanyl ether (FOF-13)[])].
Chinese Journal of Energetic Materials( Hanneng Cailiao) , 2014,
22(6): 884-886.

[13] BiEA, # , EAAR, AL 3,4- (3-8 A AL -4-50) R

éﬁ%ﬁﬂﬂﬁﬁﬁﬁﬁgﬁﬁi@?ﬂﬂ T RE M KL, 2016, 24
(9):922-924.
ZHAI Lian-jie, FAN Xue-zhong, WANG Bo-zhou, et al. 3,4-bis
(3-fluorodinitromethylfurazan-4-oxy) furazan: a new thermally
stable plasticizer with high energy density[ J]. Chinese Journal of
Energetic Materials ( Hanneng Cailiao), 2016, 24 (9). 922 -

924.

[14] Klapotke T M, Krumm B, Rest S F, et al. Polynitro containing

—

energetic materials based on carbonyldiisocyanate and 2 ,2-dini-
tropropane-1,3-diol[J]. Zeitschrift fiir Anorganische und Allge-
meine Chemie, 2014, 640(1): 84-92.

Klapotke T M, Krumm B, Rest S F, et al. (2-fluoro-2,2-dinitro-
ethyl)-2,2 2-trinitroethylnitramine: a possible high-energy dense

—
w1
[

oxidizer[ ) ]. European Journal of Inorganic Chemistry, 2013,
2013(34) . 5871-5878.

[16] Klapotke T M, Krumm B, Moll R, et al. Asymmetric fluorodini-
tromethyl derivatives of 2,2, 2-trinitroethyl N-(2,2,2-trinitroeth-
yl) carbamate [ ) ]. Journal of Fluorine Chemistry, 2013, 156
(6): 253-261.

[17] DeHope A, Pagoria P F, Parrish D. New polynitro alkylamino
furazans[ C] //16th New Trends in Research of Energetic Materi-
als, Czech Republic, 2013.

(18] Zeflte, MAnd, X4, %. 3,4-Z % B0k g 500 50 & A
[)]. &festkl, 2002, 10(2): 72-73.
LI Zhan-xiong, TANG Song-qing, LIU Jin-tao, et al. 500 gram-
grade synthesis of 3 ,4-diaminofurazan[ J]. Chinese Journal of En-
ergetic Materials( Hanneng Cailiao) , 2002, 10(2) . 72-73.

[19] Klapotke T M, Krumm B, Moll R. Polynitroethyl- and fluorodini-

—

troethyl substituted boron esters[ J]. Chemistry A European Jour-
nal, 2013, 19(36): 12113-12123.
[20] Sheldrick G. SHELXT-2014, program for X-
determination[ CP]. Géttingen Univeristy, Germany, 2014.
Sheldrick G. SHELXL-2014, program for X-ray crystal structure

ray crystal structure

[21

[

refinement[ CP]. Goéttingen Univeristy, Germany, 2014.
[22

[

Fischer D, Klapotke T M, Reymann M, et al. Energetic alliance
of tetrazole-1-oxides and 1,2 ,5-oxadiazoles[ )J]. New Journal of
Chemistry, 2015, 39(3): 1619-1627.

[23] Spackman M A, McKinnon J J. Fingerprinting intermolecular in-
teractions in molecular crystals[J]. Cryst Eng Comm, 2002, 66
(4).378-392.

[24] Spackman M A, Jayatilaka D. Hirshfeld surface analysis[J].
Cryst Eng Comm, 2009, 11(1): 19-32.

[25] Ma Y, Zhang A, Zhang C, Jiang D, Zhu Y, Zhang C. Crystal

packing of low-sensitivity and high-energy explosives[ J]. Crystal

Growth & Design, 2014, 14(9) : 4703-4713.

[26] Kissinger H E. Reaction kinetics in differential thermal analysis

A Re At A 2017 % %25 % #7H (579-584)



584 LU, SXKIE, BRI, EEEE, ARG, Xk R

[J1. Analytical Chemistry, 1957, 29(12) . 1702-1706. (4):13-17.

[27] Ozawa T. A new method of analyzing thermogravimetric data LIANG De-hui, CUI Bai-hua, YI Qian-hong, et al. Synthesis and
[J]. Bulletin of the Chemical Society of Japan, 1965, 38(11) . technology of 4-amino-4"-nitro-[ 3, 3’, 4’, 3"]-trifurazans
1881-1886. (ANTF) [J]. Chinese Journal of Explosives & Propellants, 2015,

[28] Boswell P G. Calculation of activation energies using a modified 38(4): 13-17.

Kissinger method [ ) ]. Journal of Thermal Analysis Calorimetry, [30] Yi Q, Liang D, Ma Q, et al. Synthesis, crystal structure, and
1980, 18(2): 353-356. thermal behavior of 3-(4-aminofurazan-3-yl)-4-(4-nitrofurazan-

[29] ity wEAaMe, Hywut, 4. 4-& 47 3-03,37,4,3"]-= 3-yl) furazan (ANTE) [ J]. Propellants, Explosives, Pyrotech-

Mg (ANTE) B9 & K& T 2098 [)]. ke KEZ55 4%k, 2015, 38 nics, 2016, 41(5): 905-911.

Crystal Structure and Thermal Properties of N, N'-Bis(2-fluoro-2,2’-dinitroethyl) -3 ,4-diaminofurazan

MA Qing, LU Huan-chang, LIAO Long-yu, HUANG Jing-lun, FAN Gui-juan, LIU Yong-gang
(Institute of Chemical Materials, China Academy of Engineering Physics, Mianyang 621999, China)

Abstract: The single crystal of N, N'-bis(2-fluoro-2,2’-dinitroethyl) -3 ,4-diaminofurazan (LLM-208) was cultivated by solvent
evaporation using anhydrous methanol as solvent at the temperature of 10-15 °C. Its crystal structure was determined by a X-ray
single-crystal diffractometer. Results show that the crystal density of LLM-208 is 1.895 g - cm™ at 130 K and 1.848 g - cm™ at
298 K, which belongs to monoclinic system, space group C2, a=19.225(5) A, b=5. 5779 (15) A, c=6.4176(17) A, B=
108.551(5)°, V=909.4(6)A*, Z=2, u=0.192 mm™, F(000)=376. Hirshfeld-surface analysis suggests that the dominant con-
tacts and distributions of LLM-208 crystal are shown as follows ( R represents ratio): Ry ., .0 =35.0%, Ro.5=22.3%,
R:..o/ceser =12.5% . The activation energies calculated by using Kissinger, Flynn-Wall-Ozawa and Starink methods are 112.28,
114.49, 112.49 k] - mol™", respectively. The pre-exponential factor by Kissinger method is 10*'*" s7".

Key words: energetic materials; N, N'-bis(2-fluoro-2,2’-dinitroethyl) -3 ,4-diaminofurazan ( LLM-208) ; crystal structure; thermal
properties
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