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AR SE AR T 1,1 - -2,27,3,3",
6,6 -/NHH3E-5,5 - " R IEMA X (DCHNDOAB) ™,
B IR A5 B G 54 F X AT RAE R PR RE I 9T . A
W 5% LL DCHNDOAB b S il 5 i T W9 Ff 5 284 48 20 186
KRG W2,2",4,4,6,6"-NA-3,3",5,5 -VUfs 5
WA (HCTNAB) fl14,4'-—%4-2,2",3,3",5,5 - fild
H-6,6"-—H A IM AKX (DCHNDOCAB) , £1F T H
S5 BIESE T AL 2R MR R L ERE RR 3% T R L D IS R
TF AR ZHAL A Y 4 BE il E s

2 SLIGER S

2.1 KFEEE

Xt SR R, g 22 E AR AR R A RS W 5 vk il
iR, VG B Bk 2 B 0 A BR 2 &) 5 W R .k MR IR , 344 b
AT s & A, T E B A ] =& b ek H
B, ¥ R AU ST RS A T T B Bk, [ 2y
LR A IR A s &SR R & BT hr T . P A
5K o B 4l

1 [# Bruker 2> 7] Equinox 55 %I i B i 45 46 21 4
JEHEAL (I KBr JE A, 4000~400 cm ™, /3 #5354 cm™) |
Flash EA 1T 12 4= A 3h fif & o0 2 4 B A (38 B #op 24
Al ) \Rigaku Saturn 724 CCD %I X- 5 £k 9 i 777 5 4%
(H AP0 F ) CDR-4 75 25 75 47 1 1 P (1 i 2R
HAY R B T A B2 A ) . E Bruker Advance I
400 HD MHz ¥ % FE 9 e 38X .
2.2 XIgitiE

DCHNDOAB 5 i £k WL Scheme 1.

COOH COOH
nitrosonitric acid oleum NaNj
concentrated sulfuric acid CHCl340°C 4h
90°C 4h 2N NO,
Cl

4-chlorobenzoic acid 4-chloro-3,5-dinitrobenzoic acid

NH, OoN OH O,N NO,

nitrosonitric acid

concentrated sulfuric acid
87°C 25h

N=N cl

ON NO,

Cl
4-chloro-3,5-denitroaniline

ON NO, HO NO;,
1,1"-dichloro-2,2',3,3',6,6"-hexanitro-
5,5'-dihydroxyazobenzene

The synthesis routes of DCHNDOAB

BN & W

Scheme 1

HCTNAB Il DCHNDOCAB 1
Scheme 2,

£ = R B8 im A 0.2084 g DCHNDOAB,
A T0 mL WV BE 86 i b, 2 BE . 2 mL B
W% 0.1033 g 2 e £h IR 38, B A, 9208 B E
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el N=N
ON_ NO y >>:<< >>:<<
O,N Cl
CI‘Q*WNQ HCTNAB
Am,

NOZ% ON OCH;  O,N NO,
60°C

Cl N=N Cl

ON N0, HiCO  NO,
DCHNDOCAB

Scheme2 Thesynthesisroutesof HCTNABand DCHNDOCAB

60 CC I EEMIHL I 5 ho I 25 A5 i U8 15 21 75 B
E A, AR, 15779 0.1079 go IR :47.7%-
IR(KBr,u/cm™):3428.8(m),2919.7(m),2364.3(s),
1560.1 (s) , 1469.5 (w) , 1342.2 (s) , 1253.5(m) ,
1056.8 (s) , 950.7 (w) , 782.9 (m) , 703.9 (m) ;
“C NMR (400 MHz, DMSO -d,, 25 °C ) 8: 120.5,
129.6, 147.8, 165.5; Anal. calcd for C,,O,N,Cl,:
C 25.34, N 14.78; found C 25.53, N 14.82,

TE = DR R Ff A 0.1890 g DCHNDOAB,
ITA 10 mL WBE, B w2 BE N . 2 mL
#ifiH 0.0367 g @ ANERMR L , B A, 18 i,
60 C &M RN 5 he N 4505 i U845 B A 1
E A, AR, 579 0.1521g, WK :73.3%. IR
(KBr, v/ecm™) : 3421.1(s) ,2917.7(m) , 2350.1 (m) ,
2327.7(m),1569.8(s),1542.8(s),1471.4(w),1349.9(s),
1253.5(w),1058.7(s),790.7(m),663.4(w),584.3(s);
"H NMR(500 MHz,DMSO-d,, 25 °C)8: 3.82(s,6H,
—OCH,) ;"C NMR (400 MHz, DMSO-d,, 25 °C)$:
63.1,63.8,127.2,133.9,135.5, 148.5,150.0,165.4;
Anal. caled for C,,H,O,,N,Cl,: C 28.93, H 1.04,
N 19.28; found C 28.24, H 1.03, N 19.61,

3 #R5iTiE

31 X-HEBRELMTESH

# HCTNAB Fl DCHNDOCAB #i 1k & %1 43 5
W NI, IR T, B2 dE 188 ks g R
mn A, T X5 4 B 0 5 R

K H Rigaku Saturn 724" CCDQQHEH X -3 2 A7 53
1,75 102.0 KIRFETS A 85 A 40 1 MoK, S 2k, i K
A =0.71073 A AR 5307

% £ 0.08 mmx 0.05 mmx 0.02 mm R f (¥
HCTNAB L5, 7E-8<h< 8,—10<k<10,-11</<11 R4S
A5 A5 58084, Herp it Sy AT 54 55 21 484 F T 45 F T
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% FE 0.15 mmx 0.03 mmx 0.02 mm ] f [
DCHNDOCAB ™, fE—25<h<25,-44<k<46,-6<I<5
RAE BT 217088 4>, Horb gl Sz AT A 25 1837 AT
S5 R o

Pt i R SRR n e 1 R . 25 R

HCTNAB J& T =& &b &, P-1 25 | B, % B2 2R

%1 HCTNABFI DCHNDOCAB [ ffk2: 251
Table 1

1.994 g-cm™,a=6.5458(13) A,b=8.4131(17) A, c=
9.1578 (18) A, «=94.65(3)°,8=106.88 (3)°, y=
98.13(3)°,2Z=1,

DCHNDOCAB J& T 1EZ8 fh % , Fdd2 73 [Al B, %% FE
HM1.765 g-cm™,a=21.327(4) A,b=39.617(8) A, c=
5.1766(10) A,a=B=y=90°,7=8,

Crystal data and structure refinement details of compound HCTNABD and DCHNDOCAB

Iltem HCTNAB DCHNDOCAB
CCDC 1889691 1889692
empirical formula C,,N,O,Clg C,,H,N,0,,Cl,
formula mass 568.88 581.17
temperature/K 153.15 153.15

crystal system triclinic orthorhombic
space group P-1 Fdd2

a/A 6.5458(13) 21.327(4)

b /A 8.4131(17) 39.617(8)
c/A 9.1578(18) 5.1766(10)
a/(°) 94.65(3) 90

B/(°) 106.88(3) 90

y/(°) 98.13(3) 90

volume/A3 473.75(18) 4373.9(15)

V4 1 8
density/g-cm™ 1.994 1.765

w/mm™ 0.968 0.390

F(000) 280.0 2336.0
data/restraints/parameters 2148/0/145 1837/1/173
goodness-of-fit on F? 1.195 1.143

final R indexes [ I>=2a(1)]
final R indexes (all data)

largest diff. peak/hole/e A= 0.52/-0.41

R,=0.0585, wR,=0.1149
R,=0.0654, wR,=0.1189

R, = 0.0453, wR,=0.0730
R, = 0.0490, wR,=0.0741
0.18/-0.19

HCTNAB )53 T 4514 B FMERR E an & 1 B R . A
El 1aml LIFE H,HCTNAB 4 F A H O X R &5 40, ir
SRR EHEMENE P AR TR EET
B W B, L% /i N(2) —N(2) —C(3) —C (5)
F=140.5(3)°, A4~ R 318 DL — & 1Y ih /1 BAR P
7, HirPp N(2)—N(2)—C(4) iy e 1 9 113.2(3)°,
EEERN=NEK N 1.257 AHIE# B N=N
(125 A)ms K. AR EMCHNKC—NEK N T
1.430~1.477 A, ILIEH B9 C—NE(1.490 A) WS, 3 Fh
UG AT LLVA R A 53 FEL far 19 25 388007 1 745 4 4K
Btk IE 1o 0] LLE 437 0 2R HE R LS4, 28 F A
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BRI A4 o Skt Sk M EL AT A T S AR R B B
B 4.179 AL IE# 0 mom MRS KB W T 43118 Y
AR B T I AR (1.994 g-em ™),
DCHNDOCAB 11 fib /R 45 14 [ R e AR & 43331 el 2
Jii7R o N 2b 0 DL 150 F & A2 T 3K 10 4 78 fh
B AR TOE T T B SR N=N Ky
1.269 A HLIEH 9 N—=N(1.25 A) K, A0 T I LT
BIE W 8, AR LR . K 2¢ AT LUE &
JE 5 F AT HES A AR AN ) 20 3 ELHES  JE A T 28
SCIREIRIEHER . AR Z ) 2 B A TR I % 1
HeR, S BOZ MR % A (1.765 g-ecm™) . HCTNAB
At
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a. molecular structure
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stacking crystal structure

Bl 1 HCTNAB 455 45 44 |8 F1 43 125 7 i X
Fig. 1
HCTNAB
FIDCHNDOCAB R AN A, a3 2 7R
3.2 MRS
3.2.1 DSC# TG-DTG 43 #7

1k & % HCTNABD #il DCHNDOCAB fi§ DSC i1
TG-DTG & tniE 3 fras . M DSC i £ vl LIE i, X
PRGS04 A — > T B TR U | 0 TR 43 Sl
9 266.8 CCHI 269 °C, HUAAIEI M %, BEWZ IR JE T 1k
GV i KB AT 4-50-3,5- R AR
JHe (188 “CH WA, Toa ) BT R A R AT
FEME . X DR A A T N==N B % 2 R 09 R A i T
Ktk R MG RAREERS . S, Ha

The molecular and stacking crystal structures of

%2 HCTNABH DCHNDOCAB I3 434K Fi g £

a. molecular structure of DCHNDO- b.molecularstructure
of DCHNDOCAB

viewalongthe baxis

CAB view along the c axis

e YA
» S » »
k‘ﬂi‘b%‘;‘iﬁb%k L}}é\. L}} ta,
)_{;A #3\.«‘\1),4\.‘5‘\1}_;\&
? 1 E 1 ; 1
A }\1" A }.j\f’ ;/—~}\~}\1" R }\1"
 PIE i i t\‘ .
«hh*}}kxf’l}*\ Lr}f*‘z }{‘
> w*’* >

c. stacking crystal structure of DCHNDOCAB

2 ifF W4 DCHNDOCAB #9431 45 # P, 1 b il WL ¢
# DCHNDOCAB 73 7 19 %5 [a] HE 43 LA J2 DCHNDOCAB B9 &
R 25 4 kAR

Fig. 2 The molecular structure of DCHNDOCAB view
along the c axis, the molecular structure of DCHNDOCAB
view along the b axis and the stacking crystal structure of
DCHNDOCAB

Table 2 Select bond lenghts and angles of compounds HCTNABD and DCHNDOCAB

HCTNAB DCHNDOCAB
bond lengths/A angles/(°) bond lengths /A angles/(°)

O(1)—N(1) 1.219(4) O(1)—N(1)—C(2) 116.7(3) O(2)—N(1) 1.228(6) O(1)—N(1)—C(2) 117.6(5)
O(2)—N(1) 1.210(4) O(2)—N(1)—0(1)  125.6(3) O(3)—N(2) 1.221(5 O(2)—N(1)—C(2) 116.8(4)
O(3)—N(3) 1.205(4) O(2)—N(1)—C(2)  117.7(3) O(4)—N(2) 1.224(5) 0O(3)—N(2)—C(3) 117.2(4)
O(4)—N(3) 1.213(4) N(2)—N(2)—C(4)  113.2(3) O(6)—N(4) 1.219(5) 0(4)—N(2)—C(3) 116.0(4)
N(2)—N(2) 1.257(5) O(3)—N(3)—0(4)  127.2(3) 0(5)—C(5) 1.332(5) N(3)—N(3)—C(4) 112.8(4)

- - O(3)—N(3)—C(6)  116.7(3) 0(5)—C(7) 1.444(5) 0(6)—N(4)—C(6) 117.9(4)

- - O(4)—N(3)—C(6)  116.2(3) N(3)—C(4) 1.428(5) O(7)—N(4)—C(6) 116.7(4)

- - - - N(3)—N(3) 1.269(6) C(5)—0(5)—C(7) 121.9(4)
CHINESE JOURNAL OF ENERGETIC MATERIALS AR A 2020 4 284K 4 (344-351)
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d. DCHNDOCAB (TG-DTG)

B3 HCTNABHI DCHNDOCAB ) DSC#1 TG-DTG Hh £k
Fig. 3 The DSC and TG - DTG curves of compounds
HCTNABD and DCHNDOCAB
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fif IR ARG F OB 1,17 - 8-2,27,3,37,6,6" -5 fiF 4
5,5 - RN ARG 43 R R BE (346 °C) , Ut BT A S
bl U AR I e S B X AR E i sTk K. ML TG-DTG
Mkl LA, XAk G BA WA K E .
1k HCTNAB 7E 225.6~280.8 °CA — /> W] i 4t
W EM R B, mEM RN 17.7%, 1E 280.8~
353.8 CH — MR By K EF B, i ik 7 22.3%.
X} F DCHNDOCAB, 220.9~355.6 °CH W 4~ 1l i 5
HRUR BB, R R B AL R 17.4%, i 5 DSC 4y
fiff 1T X LU & AR — A~ R FE Ao R A R A 0 K R Ah
I B 5 DSC 43 fif 0 JL-F- A A, Ui W DSC it £ 1 gt
TR R T O AN R R Y A R M A L TR
A, 76 3 B2 35 3] 500 °CHF, Jit 5t 5% 4% 43 51 4 45.6 % il
77.3 %, VLW X PR AL G W0 0 S A o 7 W o — Fh
A 1Y) 1o U XE o i 1 ) B o

3.22 FERREZHAZE

T B ) 2 8 (FRWE AL g E, FUXT R ) 2

A A) AT DL GO | 5 Ak 09 F 53 5% RE A6 & 40 11 34
R g P, PRI 5T 5 R AL 9 19 Al 45 3R 52 1 3l 7 2
NS AFRERERZ L, T Y AR THE R
B DSC i 2k 19 55 — 23 fif iR g I L R Kissinger
2 (1)) "H Ozawa 2% ((2) 300l LITH5 & g ik
Aomsh %S5 )M (2) 55 Kiss-
inger % fll Ozawa i M8 2 .
Ing/T, = INAR/E, + E,/RT, (1)
InB = IgAE,/G(a)R = 0.4567E,/RT, = 2.315  (2)
%, T80 — o3 i A e Y 0 TOUIRL 2, K5 RO IR
#,8.314 J-K"=mol™; B /& 2k M FH il 3 %, Kemin™';
G(a) & N 8l 1 2 R 3 B 20, A B AR AT IR 7,575
E & H Kissinger 36 18 1 2 MG 1L 68, k)-mol ™5 E,
JEH Ozawa B3 H 1 R MG L EE k) - mol ™',

HCTNAB Z5 4 th & A 8 2 1A, T LIAE S & BE
LA, LA Ty 2 SR B R R R AR S AS
HEATFSE . X DCHNDOCAB B9 3E %516 3h 122 5 80t
CRAE I

e LA AR Kissinger 25 TH 5845 21 1Y 2 0L 15 1k fE Fn
FRHT 7, 15 3% 6165 % DCHNDOCAB 1 BT ¢ Jg
B N Ink=23.95-129.2x10°/(RT) . % k&
Y 2 WIS AL BE EH 129.2 k)-mol ™, ZHZ & BEfb &
Wy 3 A TG A AL T A KF AT IR B RE R R
3.23 BHAESH

T2 SR PO E I BUIR R (T,) S AL H
&g
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% 31L& DCHNDOCAB Iy i Fil A 45 3 1 1 2% 2 54
Table 3 Peak temperatures and the non-isothermal kinetics parameters of DCHNDOCAB
Kissinger’s method Ozawa's method
B/ min™! T,/ K
Ec/ kJ-mol™ logA R¢ Ey/k)-mol™  logA R¢ S
5 531.1
10 542.2
129.2 10.4 —-0.9852 0.1182 131.5 - -0.9871 0.6932
15 5471
20 556.4
Note: E, is the apparent activation energies; A is the pre-exponential factor; R is the gas constant; S is the standard deviation.
RECAGT) TG AL (AST) FIIG AL A CAH™) HR 2 PE A 75 BE AH" = E, - RT,, (6)
eE I e EE AR . PR ERFRE R AG" = AH” - T,AS (7)

PL3E o gk - - -2 oy AU AR B, S ek S Y
A Ve TR B R S5 (AG  AS AH) A DLl 5K (3)
~Z (7)) FER

T,=T,+a+bg + B’ (3)
T, =(E, - \JES — 4ERT,)/2R (4)
A = (kT /h)exp(1+ AS"/R) (5)

#4 DCHNDOCAB & REfL A I B8
Table 4 The thermodynamic parameters of DCHNDOCAB

i ,a.b R kg BBURIE SR, 1.381x1077 J)-K™;
hJ& 3 W 58 AL, 6.626X107 - 55 T, b T 0% B—0
S 1) AR W THUIRR 8, K5 T, o T I 3 2% B I 118 35 — i A4
WETHO B2 L Ko TR A R I TR 4. R AW LIE
ZAL A W A A R R T 0, 3R BT LA i o A
Je—AAE A R AR .

Compound To/K T,/ K

AG”*/ kJ-mol™ AS*/kJ-K ' -mol™! AH*/ kJ-mol™

DCHNDOCAB 503.2 520.7

150.3 =50.2 125.0

Note: T is the values of the peak temperature corresponding to B—0; T, is the corresponding critical temperature of thermal explosion; AS” is the entropy of activa-

po

tion; AH"is the enthalpy of activation; AG” is the free energy of activation.

33 EFHFIHE

iz Ji Gaussian 09 2 /%, H B3LYP/6-311++G " J7
%% DCHNDOAB il DCHNDOCAB 43 714 & ¥ 47 JL
far 4=t 4k 31 5, Wi £ DCHNDOCAB 9 4 1 44
J-187.45 kj-mol™. K 4 W T WA 4k &9 0
I S BN S A D I S R R a7/ S o R e
B P YER IR LA B N=N &b, f e fof R ZL4E P 7E—NO,
b, 2 35 5 ot AR B R AN 43 WL A A A R AR . X
F b A % DCHNDOAB, ¥ 3 &b () 1F H 7 38 i T &,
5 7R T A A W By T 1 PR S T . R AT B 2 R B
R et G T 2 AR ) Y B A A T R S A T S
TiX—A., T a4 DCHNDOCAB, [H 4 ke A
fdi 75 5 A3 1 fi ff b DCHNDOAB B i 43 5, {H 2 4
SR b 1 I H faf R 22 R T 0 40 i ) S U R T
fE LA TE iz &, N F 80 T DCHNDOCAB fiy #4
FasE M Lt DCHNDOAB % 2% .
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3.4 RERBMEMEETME

X DCHNDOCAB # fi if 8% B 8 47 0 28 (3 4%
4k 245 1 (20+2) mg P& FETT 5 kg) , H Hy, ol 40 cmy;
DCHNDOCAB {14 J5 48 % 8 I 32X 235 S 3¢ I JHC o) 2 452 4l
B(>360 N) o AT LA AL & P2 — R R KE 25
LIt ik B9 DCHNDOCAB 45 # i 2 i 4 i 18
(=187.5 kJ-mol™) Fill 15 () &b 14 25 B 0 Fe Ak, FH EXP-
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Fig. 4 ESP of DCHNDOAB and DCHNDOCAB. Color coding for ESP are from red (negative) to blue (positive).
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Table 5
with those of TNT

Physiochemical properties and detonation performances of HCTNAB, DCHNDOCAB and DCHNDOAB compared

T,/ °C D/g-cm™ AH / kJ-mol™ Vy/ mes™! p/ GPa IS/} FS/N
HCTNAB 266.8 1.994 - - - - -
DCHNDOCAB 269.0 1.765 -187.5 7117 21.0 19.6 >360
DCHNDOAB 336.0 1.933 =190.2 8082 30.8 15.0 192
TNTLS] 240.0 1.650 -115.0 6881 19.5 15.0 353

Note: T, is the thermal decomposition temperature; D is the density of crystal density at 153 K; A;H is the calculated heat of formation; V,, is the detonation veloci-

ty; P is the detonation pressure; IS is the impact sensitivity; FS is the friction sensitivity.

',3,3',6,6" - N H-5,5 - R A M AR
(DCHNDOAB) B EREA W T S Hefb & 2,27,4,47,
6,6'-7N%-3,3",5,5 - DU S AH A K (HCTNAB) 1 4,
4'- " 8-2,2",3,3",5,5 - H-6,6" - H A FEE A
K (DCHNDOCAB) , X Wi F ) 5 i 47 T 4548 R A
Mk T DCHNDOCAB & B, £ Hbr b &
DCHNDOCAB J& — F IR 24 24 5 e o4 %

(2) G B HCTNAB 9 79 A~ 28 PR 2 N—N {5k
H & Z A A6 P R

(3) ik DSC-TG X Wi Ak & ¥ i #Ee 1 AT
WEFE, R AL G W) 53 i R B 43 1 R 266.8 °CFI 269 °C,
g5 R RV LI B A BRIy A2 g . 4391 Kissinger

M Ozawa %115 T DCHNDOCAB By WG AL AE (E,
HEy) A8 T (A 45 B LIS i 5 ) 22 S8, 45 2R
FHZAE Y A E T RTEILRE, EC 129.2 k)-mol ™,

(4) AW 55 DCHNDOCAB By 48 %% P 6t , 18 1

Gaussian 715 H #ig 4 i k% 4 —-187.45 kJ-mol™, il
it EXPLO 5 Tl fli H 48 3 7117 mes™', B N
21.0 GPa, & B iZ AL G W) J& — BB A4 (0 18 20 26 T #4
FEZ
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Synthesis and Properties of Two Kinds of Polynitroazobenzene Energetic Compounds

YANG Xiao-ming', ZHOU Ming-rui’, LIN Xin-yu', LI Zhi-min', WANG Lin', ZHANG Tong-lai'
(1. State Key Laboratory of Explosion Science and Technology , Beijing Institute of Technology , Beijing 100081, China; 2. Logistics center, China Academy of
Launch Vehicle Technology, Beijing 100076, China)

Abstract: In the preparation of new heat-resisting energetic materials, two new polynitroazobenzene energetic compounds, 2,
2',4,4",6,6'-hexachloro-3,3",5, 5 -tetranitroazobenzene (HCTNAB) and 4,4'-dichloro-2,2",3,3’,5,5'-hexanitro-6,6'-dime-
thoxy- azobenzene (DCHNDOCAB) , were prepared and their structures were determined by elemental analyses, FTIR, single-
crystal X-ray diffraction analysis. Meanwhile, the thermal decomposition temperature was determined by differential scanning
calorimetry (DSC) and TG-DTG, the thermal decomposition temperature of HCTNAB is 266.8 °C, and the thermal decomposi-
tion temperature of DCHNDOCAB is 269 °C. To accomplish the performance prediction of DCHNDOCAB, we used the calcula-
tions that based upon the B3LYP (Becke three-parameter Lee-Yang-Parr)/6-311++G" method gain optimized structure using
Gaussian 09. Our research shows that HCTNAB can be seen as a vital energetic intermediate containing active chlorine. The cal-
culated detonation velocity of DCHNDOCAB is 7117 m-s™', and the detonation pressure is 21.0 GPa, show that the DCHNDO-
CAB is hopeful to become a new heat-resisting azo aromatic energetic materials.

Key words: energetic material;azobenzene;synthesis;crystal structure;thermal analysis
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