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NEHS: 1006-9941(2016)12-1183-05
3,3 -—aE4, V- SEUBERKBENASBITARRANFEER

1 1Ty 1 2 w1
MRy, 25% ,% % ,% B,
(1. BEAEAFELMMRF S, W %M 6210105 2. FETEYERZ K LI M TR, W %4 H 621999)

# E. XM TG-DTG #l DSC #5517 3, 3/- & -4, 4" AL A Wl ( DAOAF) By 4> f# 47 4,35 F Kissinger 1 il Flynn-Wall-
Ozawa %115 T DAOAF By g3l 7124 280 FIAH DSC )Y 3% 22 L A E A2 T DAOAF [ LEAAZS 5 RS LI 5 307 2% iR B
KZ IR T DAOAF LI 298.15 K Sy 3 #4724 s BCAE 253 ~373 KR IX A4 BRI A5 00 A fH BB pRAU(E . 25 - £ W, DAOAF J&—
Tl Bl R T80 A Be AL, DAOAF #4124 35 AL BE FNF8 7 B 743 3124 152.23 k) - mol™ F1 10" s™" | 75 3] b S0 25 B 16 1 A5 1k 1y
KFAK c,()- g - K')=0.00303T+0.17235(253 K<T<373 K),298.15 K if DAOAF [ybxifi i /K #4454y 228.05 J - mol™ - K™,
K ZREHMERGE(DSC); 3, 3-8 -4, 4'-F M AN (DAOAF) 5 A5 A #2M R

RESFEE: T)55; 064 MERAR SR A DOI. 10.11943/j.issn.1006-9941.2016.12.009

DAOAF #4112 #1100 52 14 A WA 38 . % B b b 1
15l AT PE IR (U0 L3RS K 5 00 ) R R ) RO
3 3 G A (L I (DAOAF) R T A AR R T 48 25 RE B AE A 2 A
b 2 AR I AR 0 g g S PRI TSR IR A2 BRI XY
F O RS A M0 1,747 5 cm . PHETRR T EER R AR A X A
7930 m - s 30.6 GPal", LA bEREM Toaomasg | Lo KOPIEAIIN TG-DTG Al DSCBFSE 1 DAOAF )
[4] v o e Sl A y WA i 47 A, B JH Kissinger #: #1 Flynn-Wall-Ozawa
;g;m%ziﬁgiigﬁgffﬁa%§MM’ T A 0 4L AL B T i DSC
1981 4 i LI BLE 5 A B LK 6 DAOAF 5 T DAOAF 7E 253 ~373 K Hﬁ@tbi‘é@,*ﬁ%ﬁtbﬁ
TS e B L O VERAHRR, B 7P 298,15 KO ARk
L S A DAOAF Ik T sk T2ty o R, AT DAOAF RRAYE A i
VA B R T 5 BT B R
W b AT T BRE PR AT. BB g T

DAOAF 1 %5 PEfiE, Chellappa RS 2" FIH 414, 2 SEIGERSY
$r 8 AR N X G ATIHLBRSE T DAOAF 45T i)
R b, Wang LX %8 & A7 I ) 4 Ok i A
Se b2 ] 11 14 B 9 D98 T DAOAF I 25k T
SrfHLEEL, Sinditskh V28] FT B T R R T I A
Mo b T L O S R 4T SN I B R BF T T
DAOAF [yt ¥ #4 2 i 1 F2, Depiero S 20 %}
DAOAF 5 5 4 1 AR 45 1k fE 3 47 T W%, 1

i

2.1 RKAEMEH

w3, 3-T & -4, 4% Ak B A Wk
(DAOAF, % M SCHK [ 17 ] 45 ), K5 1 5 48 )% K T
99%); WHRAREYE=E0(ER 3 mm, &
T mm,fiE 23.25 mg,EH TA AR 4L,

% : DSC Q2000 #2275 47 filf 2t AN (i FHOKS A
B, +0.05% , iR KGR . £ 0.01 °C,Tzero 34k &

W B 2016-05-29; EE HH#: 2016-06-28 B £10 pW, REE: 0.2 uW, EFH TA L F A
E£mAB: FHRA T RBEAREMEHFG A (JS)L2015212A001) 7)) ; SDT Q600 [a] 4 B ( 26 [ TA {281 5
PEE R s (758 (1990 ) , 4 - BF5e A , 3 T 4 B A0 45 1% ' ;
S HERERRS . e-mail: henaizhen1112@163. com SR (P 3 9 B 22/ T 0.1 mg, SR TA R
EEBRA: RE1973-) 9, WIEE, F 5 N9 & AR 4 0 #r/4) ; XS105 DualRange 73 H7 K - (A6 5t FELE LR
TAE FRUELBFFE . e-mail: suozhirong@ 163. com AT R/A T ,d=0.01 mg) .
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2.2 EWHZE

3T KA SDT Q 600 [8] 25 4 43 Br A3, B it i 2
1.5 mg; N4, 44 >99.999% , i £ 100 mL « min™';
FhE #4354 5,10,15,20,25 °C - min™'

Fe R ZS . Fi I DSC Q2000 Y 4 £ Ly B 25 I 72 A
K (A R B I 5 A RS SR IR B
HHE-20 ~100 °C; N, S5, 4 >99.999% , it i
50 mL - min™"; BES R 13.43 mg; MEFEE: 20 °C
fHIE 5 min, LA B E 10 °C - min”' F+ £ 100 °C,
100 CHEI 5 min, [ THE BRI (1) Fis

D.m

cp5=cps‘ﬁ (1)
A, e MEES R AR A, - g7 - KT
D, D hF i 5L S5 5L Z R0 2518,
mW; m, m S S A R, mg

3 HZR5IR

3.1 DAOAF H#47 5

DAOAF TEA [a] il 3 46T 1y DSC i & aniel 1 i
Ro MET BTG H, S FHRE RN 5 °C - min™ i,
[P 44 7 i 55 0 52 R SO ) A e 3, B T IR R 1Y
FEEs I bk #A s K, DSC il 28 8 B4 il 0 AR 43 i
WA A 0, L I A BE AR S . DAOAF 1) 80 34 4 il 1

120
1OO~M
o 1 283,37
= 20 °‘C-min’
= 27772
= 60 ’
:% 15”C-min1
8 407 g 271.09
20_10”C>min
O- T T T
200 250 300 350

temperature / °C

1 DAOAF 7ER [l FHil # 4 F i DSC ik
Fig.1 DSC curves of DAOAEF at different heating rates

F 1 REMAHE LT DAOAF AR 2 1) 3 122241
Table 1

TR 1) R O 1 A, L fig R W T A S, i TR
262.68 ~287.34 °C, A UL, DAOAF [y #/3 fift & Je s
TR I A3 fif 1 3

FHE A 5 °C - minT B A TG-DTG i £k tn &
2 iR, M 2 AT LLFE H, TG-DTG i £ i 7w $44) fift
R — 2R R E A, MR IAE] 222.5 CHY,
HA RSB W EF R, | R 258.51°C, K EFKH
56.13% , 24 1 i 35 3] 267. 02°C B, i & 2 R ik
82.27%

5
100 258.51 5 °C»min-1 _4
80 (2225, 95.92) [* ©
3 &
§ 60 I %
2 2 §
S 40 Lr =
E (267.02, 17.29) =
"3
204 L
0
04—

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

B 2 DAOAF ) TG-DTG fhk
Fig.2 TG-DTG curves of DAOAF at a heating rate of 5 °C - min™

3.2 DAOAF AN NFESH

K3 P 1, 38 5 Kissinger " 3 (3% 2) Al Flynn-
Wall-Ozawa"' 3 (% 3) i1 T DAOAF #4313
T2 S8 PAF R RWTE AR (E) F5 AT 7 (A) FZk
PEFHXRB (NI TET

AR E
nB-n28_ L (2)
7~ " E TR,
AE E
|gﬁ_|g(RGW)—2.315—0.4567R—Tp (3)

Af LB MFHEHER,°C - min™'; T,y DSC il £k 06
W LK R AR MR % $,8.314) - mol™ - K5 A
NIEHRTN T, 875 E MR ALRE k) - mol™

3% 1 A, Kissinger 3 #1 Flynn-Wall-Ozawa 31
BHEILEE E 43510 151.62 k) - mol™ F1152.84 kJ - mol ™,

Kinetic parameter of DAOAF obtained by exothermic peaks at different heating rates

B T, E/K) + mol™ _ r »
/C - min™" 1 ¢ Kissinger Flynn-Wall-Ozawa E/K) - mol™ Kssinger Flynn-Wall-Ozawa log(Ac/s™)
5 262.68

10 271.09

15 277.72 151.62 152.84 152.23 0.99215 0.99572 12.53

20 283.37

25 287.34
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PN 7 B TG AR AR W IR, B r R T0.99,
Ui TR A5 L LB
3.3 DAOAF Ltk # B RME

Fi R 2.2 797 L AR I Jr v v AR R E DAOAF
1 HE IS A B th 2 an 18l 3 s o

15
1.0
0.5+
0.0
-0.54
-1.0
-1.54
-2.04
-2.54
-3.0

baseline
—— standard
——sample

heat flow / mW

20 0 20 40 60 8 100
temperature / °C

1 DAOAF Ff 5 i i 7% 25 L H 4 iih 26

Fig.1 Curves of continuous specific heat capacity for DAOAF

and sapphire

1E 253 ~373 K, e MIFR 10 K B g9 28 Lk 2
L s 5 1 Al DAOAF 9 $47E {EL, MR 40 b #3250 (1)
152 DAOAF |y H A B Bl 5 L IRA S T
%2,

R 2 DAOAF FIE 5 A7 f  £2 b A3 50 4
Table 2 Test values of continuous specific heat capacities of

DAOAF and sapphire

reference  DAOAF C C

p P
lemperature | at flow heat flow heat flow (sapphire) ~ (DAOAF)

/K /mW /mW /mW /egt kT egT KT
260 0.0570 -2.509 -2.012  0.6846 0.95560
270 0.1425 -2.583 -2.052 0.7102 0.98996
280 0.1903 -2.644 -2.088 0.7344 1.02199
290 0.2339 -2.704 -2.123  0.7574 1.05190
300 0.2766 -2.756 -2.157 0.7792 1.08251
310 0.3195 -2.802 -2.188 0.7999 1.11240
320 0.3624 -2.844 -2.219 0.8194 1.14204
330 0.4058 -2.882 -2.249  0.8380 1.17143
340 0.4490 -2.913 -2.277 0.8556 1.20101
350 0.4911  -2.939 -2.303  0.8721 1.22984
360 0.5316  -2.957 -2.333  0.8878 1.26205
370 0.5733 -2.976.  -2.364  0.9027 1.29329

M 2 W LA, 7E 260 ~370 K, Bl i T+,
DAOAF LEIE AW R o TR A R i 2 )
YESH, AR IR S 25 8, LU IAAE 5 R R TE -4 7 e
AR PR BB RAT O o AR B BE e sE T AR
Jit e Rz Bl 1 5 R il B v D) R 3 Sl A IR R A A
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W

T T  DAOAF [ H 25 5 8 R iy ke 34
XS HEAT LG A5 SR & 4 fros . MR 4 7T
PLE LR Bl B 2 R A8 fh, L5 0 L R
AN ¢, (). g - K')=0.00303T+0. 17235
(253 K<T<373 K),R = 0.9997,7F 298.15 K i},
DAOAF FybR#EEE JR %Ky 228.05 J « mol™ « K™,
1.30-
1.254
1.204
1.154
1.10
1.054
1.001
0.95-

/g K

260 280 300 320 340 360 380
temperature / K
E 4 DAOAF [ LA SR E LR
Fig.4 The relationship of c, vs temperature for DAOAF

3.4 DAOAF fy# 1123 F %

FIFH DAOAF Fb #4025 Bif i B2 75 4k 1) 7 72 20, AR 418
HRE ST F R B R R (4) ~ (6) 7 35515 %
T DAOAF LIFR#EARAS 298. 15 Ky FEHE (#4472 bR
HUOrE 253 ~373 KR X Bk R A 0T E E RE pR AR
fH, 45803 3,

T

HT_H298.15 = ng s deT (4)
T
S1=S50.15 = fz% s deT (5)
T T c
G.-G s = d7-T —LdT 6
) 298.13 Lgx.ls © Lgx.ls T (6)

&3 DAOAF [y 2 i %
Table 3 Themodynamic functions of DAOAF

T Hy=Haos.15 St=5508.15 Gr=Gaos.15
/K /k) - mol™ /)« mol™ - K™ /kJ - mol™
260 -8.2330 -29.5087 -0.5607
270 —-6.1653 -21.7061 -0.3047
280 —-4.0334 -13.9536 -0.1264
290 -1.8373 —-6.24792 -0.0254
300 0.4230 1.41438 -0.0013
310 2.7476 9.03606 -0.0536
320 5.1364 16.6197 -0.1819
330 7.5895 24.1676 -0.3859
340 10.1067 31.6820 -0.6651
350 12.6883 39.1648 -1.0194
360 15.3340 46.6176 -1.4483
370 18.0440 54.0424 -1.9517
fie AR 2016 % %24 % #1248 (1183-1187)
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4 7 it

(1) DAOAF J& — Tl J5 it 7 file B & B A BL. AT
Kissinger : 1 Flynn-Wall-Ozawa #3815 DAOAF #
PaN S AR S B L A= =L =1 P e s i 1|
152.23 KJ - mol™ 10" s,

(2) % J/] DSC Q2000 Iy i 2¢ [ #4 25 #6 =X %t
DAOAF LA HEAT T I , 15 3 T VA 5 IR E W
Lt ¢, () - g - K')=10.00303T+0. 17235
(253 K<T<373 K),298.15 K i} DAOAF )47 # B /R
A5 H 228.05 ) - mol™ - K,

(B) MWLM E SRR ITE T L
298.15 K g B iy 4 ) 27 pRETE 253 ~373 KR IX 1Y
R A T 8 Eh e R

SE Tk

[1] Talawar M B, Sivabalan R, Senthilkumar N, et al. Synthesis,
characterization and thermal studies on furazan- and tetrazine-
based high energy materials[ J]. Journal of Hazardous Materials,
2004, 113(1-3): 11-25.

Hiskey M A, Chavez D E, Bishop R L, etal. Use of 3, 3'-diami-
no-4, 4'-azoxyfurazan and 3, 3’-diamino-4, 4'-azofurazan as
insensitive high explosive materials: US, US6358339 [ P ].
2002.

—
N
[

—
w
—

Sivabalan R, Talawar M B, Santhosh P, et al. Electro-analysis of
energetic materials[)]. Journal of Hazardous Materials, 2007,
14. 8573-8582.

—
N

Chavez D E, Hill L, Hiskey M A, et al. Preparation and explo-
sive properties of azo and azoxyfurazans[ J]. Journal of Energetic
Materials, 2000, 18(2): 219-236.

[5] Wang Luo-xin, Tuo Xin-lin, Yi Chang-hai, et al. Theoretical
study on the trans-cis isomerization and initial decomposition of
energetic azofurazan and azoxyfurazan[J]. Journal of Molecular
Graphics and Modelling, 2009, 28 81-87.

Solodyuk G D, Boldyrev M D, Gidaspov B V, et al. Oxidation
of 3, 4-diaminofurazan by peroxide reagents[J]. Zhurnal Or-
ganicheskoi Khimii, 1981, 17 . 861-865.

Makhova N N, Ovchinnikov | V, Kulikov A S, et al. Diaminofu-

roxan: synthetic approaches and computer-aided study of ther-

[6

[

—
~N
[

modynamic stability [ J]. Propellants, Explosives, Pyrotechnics,
2012, 37(5) : 549-557.

A, MRS, WK%, A A R A AL A R AL G A R
HRAEL)]. KKEZ A4, 2013, 36(1) : 47-51.

GAO Li, YANG Hong-wei, TANG Yong-xing, et al. Synthesis
and characterization of azofurazan and azoxyfurazan[J]. Chinese
Journal of Explosives and Propellants, 2013, 36(1) . 47-51.

[9] REAS, BRI AR, GFfe, . —FE M3, 3-8 Mk4, 441k

—
e}
—

Chinese Journal of Energetic Materials, Vol.24, No.12, 2016 (1183-1187)

AR H D], S REMRE, 2013, 21(2) : 273-275.
WU Min-jie, CHEN Shu-sen, JIN Shao-hua, et al. A new meth-
od to synthesize 3, 3’-diamino-4, 4'-azoxyfurazan[)]. Chinese
Journal of Energetic Materials( Hanneng Cailiao) , 2013, 21(2) .
273-275.
(107 ESCHE. o BE W FAT A5 W0 i 1A B0 o T AT S 9 J1 0 P 9 B2 9 o B
WD, BAt: MBI IR, 2013,
WANG Wen-tao. Periodic DFT studies of high-pressure behavior
of energetic furazan derivatives crystals[ D ]. Nanjing: Nanjing
University of Science and Technology, 2013.
WS, W, A, S3, 3T, 4 AR R
fe ki tEREDEST [)]. & AEM B, 2006, 14(5): 381 -
384.
LI Hong-zhen, HUANG Ming, ZHOU Jian-hua, et al. Synthesis

of diaminoazofurazan and diaminoazoxyfurazan [ ] ].

[11

.

Chinese
Journal of Energetic Materials( Hanneng Cailiao) , 2006, 14(5) :
381-384.

[12] Chellappa R S, Dattelbaum D M, Coe J D, et al. Intermolecular
stabilization of 3, 3’-diamino-4, 4'-azoxyfurazan ( DAOAF)
compressed to 20 GPa[])]. Journal of Physical Chemistry A,
2014, 118(31) : 5969-5982.

[13] Wang Luo-xin, Tuo Xin-lin, Zou Han-tao, et al. Ab initio study
of the molecular structure and thermal cis-trans isomerization of
3, 3’'-diamino-4, 4'-azofurazan and 3, 3'-diamino4,4’-azoxy-
furazan[)]. Journal of Theoretical and Computational Chemis-
try, 2009, 8 507-517.

[14] Sinditskh V, Manh V U, Shelaputina V, et al. Study on thermal
decomposition and combustion of insensitive explosives 3, 3'-di-
amino-4, 4'-azofurazan and 3, 3’-diamino-4, 4’-azoxyfurazan
[ C] // Proceedings-2007 International Autumn Seminar on Pro-

pellants, Explosives and Pyrotechnics. Xian, 2007, 422-428.

—
w1
[

Depiero S, Koerner J, Maienschein J, et al. Small-Scale Safety

and Thermal Characterization of 3, 3'-diamino-4, 4’-azoxy-

furazan (DAOAF)[R]. UCRL-TR-231649. 2007.

[16] Smirnov L P. Chemical physics of decomposition of energetic
materials. Problems and prospects [ J]. Russian Chemical Re-

views, 2004, 73(11): 1121-1141.

[17

[

Francois E G, Chavez D E, Sandstrom M M. The development of
a new synthesis process for 3, 3’-diamino-4, 4’-azoxyfurazan
[J]. Propellants, Explosives, Pyrotechnics, 2010, 35(6) : 529—
534.

Kissinger H E. Reaction kinetics in differential thermal analysis
[J]. Analytical Chemistry, 1957, 29 (11): 1702-1706.

[19] Ozawa T. A new method of analying thermogravimetric data
[J]. Bulletin of the Chemical Society of Japan, 1965, 38. 1881
-1886.

[18

—

[20] Pan Lu, Gao Xiao-han, LU Xue-chuan, et al. Low-temperature
molar heat capacity and thermodynamic properties of rare earth
complex[ EuCug (n-OH ), (Gly), Im¢ ] (ClO, )¢ - 3H,O[)].
Journal of Thermal Analysis and Calorimetry, 2016, 124, 429 -
435.

Bl R ki WWwWw. energetic-materials. org. cn



3, 34, AR Rk R Y BA Al AT D R S 1187

Thermal Decompostion Behavior and Thermodynamic Properties of 3, 3’-Diamino-4, 4’-azoxyfurazan

HE Nai-zhen', SUO Zhi-rong' , GUO Rong', ZHANG Yong’, LIU Ru-gin’
(1. Analytical and Testing Center, Southwest University of Science and Technology, Mianyang 621010, China; 2. Institute of Chemical Materials, CAEP
Mianyang 621999, China)

Abstract. Thermal decomposition behavior of 3, 3’-diamino-4, 4’-azoxyfurazan( DAOAF) was studied by TG-DTG and DSC, and
the kinetic parameters for thermal decomposition of DAOAF were calculated by Kissinger method and Flynn-Wall-Ozawa method.
The specific heat capacity of DAOAF was determined using continuous specific heat capacity modes of a DSC apparatus. Accord-
ing to the relationship between specific heat capacity and thermodynamic functions, the enthalpy, entropy, Gibbs free energy in-
crements of DAOAF from 253 K to 373 K, relative to the standard temperature 298. 15 K, were calculated. Results show that
DAOAF is an energetic material decomposing with melting. The average activation energy ( E) and pre-exponential factor (A) are
152.23 k) - mol™ and 10'*%s™" | respectively. In the range of 253-373 K, the specific heat capacity (c,) versus T relationship
can be fitted into a simple equation: c,(] - g™ - K')=0.00303T+0.17235. The standard molar heat capacity of DAOAF is
228.05 ) - mol™ - K™ at 298.15 K.

Key words: differential scanning calorimetry(DSC) ; 3, 3'-diamino-4, 4’-azoxyfurazan( DAOAF) ; thermal decomposition; specif-
ic heat capacity; thermodynamic properties
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