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Three new energetic compounds based on 1-amino-2-nitroguanidine (ANQ):
synthesis, crystal structure and properties

Zhicun Fend’, Xiaoge Guard, Kangzhen X&**, Lianjie Zhai®, Fengqi Zhad

& School of Chemical Engineering, Northwest Univeraitian 710069P. R. China
bXi'an Modern Chemistry Research Institute, Xi'an @88, P. R. China

Abstract: Three new derivatives of ANQ, 1-(2,4-dinitroand)a2-nitroguanidine (DNNG),
1-(2,4,6-trinitroanilino)-2-nitroguanidine (TNNG) nd
1-amino-2-nitroguanidine-3,5-dinitrosalicylic salfANQ-DNS), were synthesized by the
nucleophilic substitution reaction and salt formatreaction. Single crystal structures of TNNG
and ANQ-DNS- 36D were determined. TNNG crystallizes in the momoclcrystal system with
space group2;/c containing four molecules per unit cell, and ANQI® 3HO crystallizes in the
triclinic crystal system with space gro@®sl containing two ANQ-DNS- 3@ units per unit cell.
The thermal behaviors, impact sensitivities andmulztion properties of the three compounds were
studied. DNNG and TNNG possess similar thermal iehs and both present only one intense
exothermic decomposition process at around 17®GEGCANQ-DNS shows more complex thermal
behaviors. ANQ-DNS possesses the lowest impacitisépg>40 J), DNNG presents the highest
thermal stability (175 °C), and TNNG shows the laketbnation properties (detonation velocity =
8.3 km &', detonation pressure = 31.1 GPa). TNNG has pafergiue of research and application
as primary explosives.

Keywords. 1-Amino-2-nitroguanidine (ANQ); Crystal structur€hermal behavior; Detonation

properties
1. Introduction

For many vyears, guanidine and its derivatives, suh 1-amino-3-nitroguanidine,
aminoguanidine and triaminoguanidine, as a kingingiortant rich-nitrogen high-energy material,
have been extensively studied in the field of eaicgnaterials [1-11]. 1-Amino-2-nitroguanidine
(ANQ) has been synthesized through the hydrazii®lgesaction of nitroguanidine in aqueous

solution since 1920s [12-15]. ANQ, containing aniramand a nitro group in its molecular
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structure, is used as an important explosive amavsirelatively good thermal stability with a
decomposition temperature of 180 °C [16]. Furtheemthe detonation performance of ANQ is
comparable to that of 1,3,5-trinitroperhydro-1,8j8zine (RDX), and the density, detonation
velocity O) and detonation pressur®)(of ANQ are 1.72 g cify 8729 m & and 30.7 GPa
respectively, which makes ANQ be a promising en@rgeaterial [17-21].

Because of the adjacent amino group and hydrazioepg ANQ possesses high reactivity.
Many derivatives of ANQ have been reported, whictvolves the cyclization reaction,
coordination reaction, aldehyde ketones reacti@duction reaction and acylation reaction
(Scheme 1) [8, 22-27]. The detonation properties thbse derivatives, such as
1-amino-2-nitroguanidinium nitrate  (ANGN) D( = 9775 m &, P = 43.0 GPa),
1-amino-2-nitroguanidinium 2,4,5-trinitroimidazokalt © = 8398 m ¢, P= 302 GPa) and
aminonitroguanidinium (D= 8392.1 m 3 P=3071 GPa), are excellent [8, 27, 28], indicating
that the energetic derivatives of ANQ have applicapotential.

Based on much previous work, we designed and ddatainree new energetic derivatives of
ANQ [1-(2,4-Dinitroanilino)-2-nitroguanidine (DNNG1-(2,4,6-Trinitroanilino)-2-nitroguanidine
(TNNG) and 1-Amino-2-nitroguanidine-3,5-dinitrosaliic salt (ANQ-DNS)] through molecular
integration of known energetic materials and exqdotheir properties, which will further enrich
the research on guanidine compounds.
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Scheme 1. Different reaction types of ANQ.



2. Experimental
2.1. Materials

2,4-Dinitrochlorobenzen(dNCB) and 2,4,6-trinitrochlorobenzene (TNCB) wet#ained from
the Xian Modern Chemistry Research Institute, atigeir purity was over 99%.
3,5-Dinitrosalicylic acid (DNS) was analytical-geadtommercial product. ANQ was prepared

according to Ref. 15.
2.2. Preparation

1-(2,4-Dinitroanilino)-2-nitroguanidine (DNNG) wasynthesized according to the following
method: ANQ (0.36 g, 3 mmol), DNCB (0.6 g, 3 mmd}; (0.18 g, 3 mmol) and triethylamine
(0.31 g, 3 mmol) were dissolved in anhydrous eth§h® mL). After reacting with stirring at
80 °C for 7 h, the resulting solution was slowllsml to ambient temperature, filtered, washed
with water and anhydrous ethanol and dried undeuwa to obtain brown powder of DNNG.
Yield: 0.29 g (32.6%)"*C NMR (DMSO4ds, 500 MHz)s (ppm): 161.38, 148.65, 137.75, 131.93,
130.73, 123.08, 115.12H NMR (DMSO-ds, 500 MHz)§ (ppm): 10.19, 9.32, 8.86, 8.38, 7.53,
4.68. IR (KBr, cnf): 3338, 3280, 3223, 3185, 3007, 2928, 1654, 15882, 1416, 1386, 1370,
1301, 1167, 1152, 1133, 1040, 1023. Anal. calcg. f( C;H/N;Os: C 29.48, H 2.47, N 34.38;
found: C 29.18, H 3.07, N 34.68.

1-(2,4,6-Trinitroanilino)-2-nitroguanidine (TNNG)as synthesized according to the following
method: ANQ (0.36 g, 3 mmol), TNCB (0.75 g, 3 mm#&l} (0.2 g, 3 mmol) and imidazole (0.31
g, 3 mmol) were dissolved in anhydrous ethanolrfil), and the reaction mixture was stirred at
50 °C for 7 h. Then the solution was cooled to ambiemperature slowly, and the resulting solid
was filtered off, washed with water and anhydrotigeol, and dried under vacuum to obtain tan
powder of TNNG. Yield: 0.33 g (33.1%J°C NMR (DMSO+ds, 500 MHz)d (ppm): 161.82,
141.75, 140.70, 136.36, 125.2H NMR (DMSO-ds, 500 MHz)d (ppm): 9.36, 9.16, 8.99, 4.79.
IR (KBr, cni): 3393, 3268, 3051, 3036, 1621, 1596, 1533, 14346, 1256, 1162, 1083, 1014,
929. Anal. calcd. (%) for £1¢NgOs: C 25.46, H 1.83, N 33.94; found: C 25.04, H 2M34.07.

1-Amino-2-nitroguanidine-3,5-dinitrosalicylic salANQ-DNS) was synthesized according to

the following method: ANQ (0.36 g, 3 mmol) and DN&69 g, 3 mmol) were successively



dissolved in water (10 mL), and the reaction migtwas stirred at 80 °C for 3 h. After cooling the
solution to ambient temperature slowly, yellow reedrystals with crystal water which was
identified as ANQ-DNS- 3§D precipitated Then ANQ-DNS-3kD was dried under vacuum to
obtain desiccated anhydrous ANQ-DNS. Yield: 0.98196).°C NMR (DMSO+s, 500 MHz)Jd
(ppm): 169.10, 167.41, 160.16, 139.09, 131.13,4%80.26.05, 120.76H NMR (DMSO-ds, 500
MHz) & (ppm): 9.48, 8.92, 8.68, 8.29, 7.19, 4.43. IR (K8n"): 3593, 3412, 1663, 1586, 1524,
1453, 1344, 1255, 1178, 1087, 1014, 922, 786. Awdtd. (%) for GHgN,Oq: C 27.67, H 2.61, N

28.24; found: C 27.54, H 3.44, N 29.12.
2.3. Physical measurements

NMR spectra were recorded with an AV500 NMR speugeter (Bruker). IR spectra were
determined on NEXUS870 with KBr pellets. Elememtiadlyses were performed on a VariolHL
elemental analyzer. The differential scanning daletry (DSC) curves under the condition of
flowing nitrogen gas were obtained by DSC200 F3aamjois over the range of 30 to 350 °C at
heating rates of 10, 15 and 20 °C thirspectively. The combustion energy was determiyed
using an IKA C5000 oxygen-bomb calorimeter (Germarihe thermogravimetry/differential
thermogravimetry (TG/DTG) experiments were detesdirusing a SDT-Q600 apparatus (TA,
USA) under a nitrogen atmosphere at a flow rat&0sf mL miri*, and the heating rate was 10.0
°C min* from ambient temperature to 350 °C. The impacsitieities were determined by a
ZBL-B impact sensitivity instrument, and the magslimp hammer was 2.0 kg. The sample mass

for each test was 50 mg.
2.4. Crystal structure determinations

Single crystal X-ray diffraction data were collatten a Bruker SMART APEX CCD X-ray
diffractometer using graphite-monochromated Mo4iddiation £ = 0.071073 nm). The structure
was solved by the direct metho®&HELXS-9Y and refined by the full-matrix-block least-square
method onF? with anisotropic thermal parameters for all non+iegetn atoms [29-30]. H atoms
could be generated from a difference Foutier map thiose which are attached to carbon atoms
and cannot be found from the difference Foutier mape repositioned geometricallyrystal data

and refinement results are summarized in TableetaBse the crystal size of ANQ-DNS,GH



obtained is very small, and the three crystal veagasily lose in the determination process, which

can lead to the formation of some disordered sirastin the single crystal of ANQ-DNS- £}

the data of ANQ-DNS- 3@ is not good and it®; andwR, values are relatively high.

Tablel

Crystal data and structure refinement for TNNG anQADNS- 3HO.

Compound TNNG ANQ-DNS- 310
Formula GHgNgOg CgH15N;04,
Formula weight 330.20 401.27
Crystal system Monoclinic Triclinic
Space group P2,/c P-1
a(d) 7.9463(17) 6.606(6)
b (A) 8.8839(19) 10.031(9)
c(A) 17.848(4) 12.613(11)
a(°) 90 90.476(17)
B () 99.092(4) 90.449(19)
y (°) 90 101.407(18)
V (A3 1244.1(5) 819.3(13)
Z 4 2
CollectionT (K) 296(2) 296(2)
Dearca (9 €M) 1.763 1.627
Absorption coefficient (mmh) 0.161 0.153
F (000) 672 416

Crystal size (mm)
6 range (°)
Rangeh, K, |

No. total refin.
No. unique refin.
Comp. t06may (%)

Max/min transmission

Data/restraints/parameters

Goodness of fif?
Final R
[1>20(1)]
R indices (all data)

Largest diff. peak/hole (e A

0.39x0.21x0.19
2.311t0 25.781
-5/9, -10/10,
-21/18
6414
2388
99.9%
0.970/0.960
2388/35/230
1.018
R; = 0.0431
WR, = 0.0969
R, =0.0661
wR, =0.1084

0.218 and -0.298

0.20x0.10%0.10
1.615to0 23.012
=717, -11/10,
-8<13
3166
2214
97.7%
0.985/0.982
2214/46/243
1.079
R; =0.2016
WR, = 0.3796
R, = 0.3352
WR, = 0.4388
0.643 and -0.449

3. Results and discussion

3.1. Synthetic reactions



The synthesis routes of the three derivatives ofQAdle shown in Scheme 2. ANQ is an
amphoteric compound because of the presence dléogron-withdrawing nitro group and the
electron-donating hydrazine group. ANQ possessgb heactivity, especially to its hydrazine
group. Based on the nucleophilic substitution ieacbf ANQ, two new compounds (DNNG and
TNNG) have been obtained through molecular intégmah this work. The initiator is the key to
these reactions. In this work, imidazole and tsitinine were used to neutralize the acid
produced by the reaction and keep the reaction ggoBecause of the steric hindrance,
triethylamine has relatively weak nuclear affinégd can avoid a nucleophilic reaction with the
raw materials. However, imidazole has also be moiebe a proper acid binding agent. In
addition, the reactions have higher efficiency undehydrous conditions. Compared to the
reaction of ANQ and DNCB at 80 °C, the reactionwleetn ANQ and TNCB at a lower
temperature (50 °C) can occur successfully. Theoreahould be that TNCB has three nitro
groups bonded to phenyl ring, which makes it passestronger electrophilic activity than DNCB.
Moreover, we intended to use DNS and ANQ to syrizkeanother nucleophilic substitution
product under similar reaction conditions, but tasult was entirely different. An organic ionic

salt (ANQ-DNS) was obtained in water as a resulthef alkalinity of ANQ and the acidity of

DNS.
NNO, O.N
KF,EtN,EtOH  HoN NHNH@—NOQ
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NNOQOQN
NNO, e
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Scheme 2. Synthesis routes of the three derivatives of ANQ.
3.2. NMR and IR spectroscopy

The*H NMR spectra of the three compounds show a sin@iiatH, signal at around 4.5 ppm



(4.68 ppm for DNNG, 4.79 ppm for TNNG and 4.43 pfon ANQ-DNS), which is in good
agreement with that of ANQ (4.67 ppm) [21]. THe signals at 8.29 and 9.48 ppm (NH-NH) of
ANQ-DNS is in good agreement with that of ANQ (8&l 9.32 ppm) [21], but they are shifted
to slightly lower field in DNNG (9.32 and 10.19 ppand TNNG (9.16 and 9.36 ppm) because of
the electron-withdrawing effect of the nitro groups addition, the'H signals of H atoms on the
benzene ring of the three compounds are 7.53,&1838.86 ppm for DNNG, 8.99 ppm for TNNG,
8.68 and 8.92 ppm for ANQ-DNS, which correspond wéth the calculated values (7.42, 8.38
and 8.50 ppm for DNNG, 8.89 ppm for TNNG, 8.96 &d9 ppm for ANQ-DNS), and there is
also a OH signal (7.19 ppm) in thd NMR spectra of ANQ-DNS. ThEC NMR spectra of the
three compounds show a similar C=NN€ignal at around 161 ppm, which is in good agregme
with that of ANQ (162 ppm) [21]. Th&’C signals at 169.10 ppm (COO) of ANQ-DNS is in
agreement with the calculated value (171.8 ppmaids, all théC signals of C atoms on the
benzene ring of the three compounds correspondthgih structure.

Because there are many kinds of groups in the twe®wounds, their IR spectra are relatively
complex. The IR spectra of the three compoundgxlibit one N-H stretching band at around
3200-3400 cril (3338, 3280 and 3223 chior DNNG, 3393 and 3268 chfor TNNG, 3412 cri
for ANQ-DNS), two antisymmetric and symmetric N&retching bands at around 1550 and 1350
cm™ [1569, 1416 (N-NQ and 1370 (C-Ng) cmi* for DNNG, 1596, 1437 (N-N§) and 1346
(C-NO,) cm* for TNNG, 1586, 1453 (N-N§ and 1344 (C-Ng) cni' for ANQ-DNS], and one
C=N stretching band at around 1650°c(t654 crit for DNNG, 1621 crit for TNNG, 1663 crit
for ANQ-DNS), which are close to those of ANQ [3383280, 1579, 1410 (N-N{pand 1667 ci
respectively] [21]. Moreover, there is an obviousHGstretching band (3593 ¢hhin the IR

spectrum of ANQ-DNS.

3.3. Structure characterizations
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Fig. 1. Crystal structure of TNNG.

Single crystals of TNNG were obtained by solvenapmration in acetonitrile solution at
ambient temperature, and the orderly transparestkbtrystals of TNNG are yellowTNNG
crystallizes in the monoclinic crystal system wsfface grouf2,/c containing four molecules per
unit cell. As shown in Fig. 1, TNNG exhibits an ynmsnetrical structure, and the O(5) atom in the
nitro group of TNNG is disordered over two posisowith unequal populations for each
orientation [the ratio of the occupancy of O(5A)da@(5B) is 0.79:1]. The torsion angles of
N(5)-N(4)-C(6)-C(1) (-23.8°) and C(6)-N(4)-N(5)-O(7136.8°) indicate that there is a distortion
between NH-NH group and benzene ring. Howeverhaii-hydrogen atoms which belong to
parent ANQ molecule are approximately coplanar @&1), which is consistent with ANQ [21].
This ANQ plane intersects with the benzene ringqi@lat about 60° (Fig. S1). In addition, the
torsion angles between three nitro groups and Imendeag are different. While the nitro group
-N(1)O, deviate from the benzene ring with only about 0(2)-N(1)-C(3)-C(4) (-11.25°) and
0O(1)-N(1)-C(3)-C(2) (-10.51°)], there is the biggesrsion with about 50° between the nitro
group -N(2)Q and benzene ring [C(6)-C(1)-N(2)-O(4) (-49.88°)darc(2)-C(1)-N(2)-O(3)
(-51.16°)], which is followed by -N(3)9and benzene ring [O(5A)-N(3)-C(5)-C(4) (29.06°),
O(5B)-N(3)-C(5)-C(4) (-34.66°) and O(6)-N(3)-C(5)&J (-8.72°)]. The C(1)-C(6) bond (1.414 A)
and C(5)-C(6) bond (1.413 A) are longer than oeZ bonds [C(1)-C(2) (1.369 A), C(2)-C(3)
(1.378 A), C(3)-C(4) (1.362 A) and C(4)-C(5) (1.38], indicating that the balance among
carbon atoms of the benzene ring has been desthyyéte new substituent. The bond angles of
TNNG are distributed around 120° (Table S1), whiglrelatively uniform and implies it has

stable structure.



Fig. 2. The 2D network of TNNG showing the intermolecitigdrogen-bond interactions (the dashed lines).

Moreover, there are two kinds of intramolecular togaen-bond interactions [N(4)...0(6)
(2.627 A) and N(6)...0(8) (2.561 A)] in TNNG. EverfNNG molecule is connected to four other
by a kind of classical intermolecular hydrogen-bameractions [N(4)...0(1)#2 (3.457 A)] and a
kind of improper intermolecular hydrogen-bond iatgions [C(2)...0(7)#1 (3.277 A)] to form an
infinite 2D network (Fig. 2), then the 2D networde connected alternately in two directions by
three kinds of intermolecular hydrogen-bond intéoas [N(5)...0(7)#3 (2.861 A), N(6)...0(8)#5

(2.910 A) and N(6)...0(6)#4 (3.141 A)] to form animife 3D framework (Fig. 3) (Table 2).

Fig. 3. (2 One connection type of two networks of TNNG shugvihe hydrogen bonds [N(5)...0(7)#3] (the
dashed lines)b) The packing of 2D networks of TNN@)(The other connection type of two networks of TNNG
showing the hydrogen bonds [N(6)...0(8)#5 and N(6)6)#4] (the dashed lines).



NB)

N(4) N Ol4A)
0(5)

N(3)

o) gom)
onz:é

Fig. 4. Crystal structure of ANQ-DNS- 38.

NI7) @ S
$

0(9)

Single crystals of ANQ-DNS- 38 were obtained from the reaction solution. ANQ- D850
crystallizes in the triclinic crystal system withage grougP-1 containing two ANQ-DNS- 3i®
units per unit cell. As shown in Fig. 4, one ANQ-®!8HO unit consists of one ANQation, one
DNS anion and three # molecules. The O(2) and O(4) atoms in ANQ-DNSCBHre split into
two atoms [O(2A) and O(2B), O(4A) and O(4B)], resipeely, because of the disorder (the ratios
of the occupancy of O(2A) to O(2B) and O(4A) to BJ4re 2.63:1 and 1.18:1 respectively). Not
only are all non-hydrogen atoms of ANQoplanar, which is consistent with ANQ [21], blgaa
ANQ" and DNS are almost in one plane (Table S2) (Fig. S2)ha ANQ' cation, the length of
N(4)-C(8) bond (1.384 A) and N(6)-C(8) bond (1.48Bis close to that of normal conjugated
N-C double bond (1.34-1.38 A) and normal N-C singbed (1.47-1.50 A) [31], respectively, but
the length of N(5)-C(8) bond (1.271 A) is obviouslyorter than that of the normal N-C single
bond (1.47-1.50 A) and the length of N(7)-N(6) bdfdi11 A) is close to that of N(6)-C(8) bond
(1.403 A), which should be attributed to the tautoism of ANQ and the effect of DNGnion. In
the DNS anion, the length of O(5)-C(7) bond (1.288 A) &®)-C(7) bond (1.240 A) is close to
that of normal C-O double bond (1.21-1.23 A) andnmal C-O single bond (1.30 A) of

carboxylate radical [31], respectively.



Fig. 5. The 2D network of TNNG showing the hydrogen-bomgiiactions (the dashed lines).

However, there are many intramolecular and inteeqwhr hydrogen-bond interactions in the
2D network of ANQ-DNS- 3D because of the existence of crystal water (FigTable 2). The
2D networks of ANQ-DNS- 3} are connected alternately in two directions byr fkinds of
intermolecular hydrogen-bond interactions [N(6)2B)#7 (3.040 A), N(7)...0(11)#8 (2.782 A),
N(7)...0(12)#9 (2.721 A) and O(12)...0(9)#12 (2.774 Hform an infinite 3D framework (Fig.

6) (Table 2).

Fig. 6. The packing of ANQ-DNS- 3} showing the hydrogen bonds between the 2D nethle dashed lines).



Table 2
Hydrogen bond interactions in TNNG and ANQ-DNS,QH

D-H...A dD—H)/A  dH..A)/A  dD..A)/A ZDHA/ (°)
TNNG
C(2)-H...0(7)#1 0.93 2.36 3.277(3) 170
N(4)-H...O(1)#2 0.858(15) 2.418(18) 3.157(2) 1429%(
N(4)-H...O(6) 0.858(15) 1.964(19) 2.627(2) 133(2)
N(5)-H...O(7)#3 0.873(15) 2.217(19) 2.861(2) 1308)(
N(6)-H...O(6)#4 0.896(16) 2.46(2) 3.141(3) 133.6(19
N(6)-H...0(8) 0.896(16) 1.94(2) 2.561(2) 125(2)
N(6)-H...O(8)#5 0.888(16) 2.078(18) 2.910(3) 156(2)
ANQ-DNS-3HO
N(5)-H...O(2A)#6 0.86 2.17 2.816(18) 131.6
N(5)-H...O(2B)#6 0.86 2.25 2.880(7) 131.0
N(5)-H...O(8) 0.86 1.98 2.555(14) 123.4
N(5)-H...0(5) 0.86 2.05 2.901(14) 169.7
N(6)-H...0(2B)#7 0.86 2.54 3.040(16) 118.7
N(6)-H...O(6) 0.86 2.06 2.835(14) 148.6
O(7)-H...0(5) 0.82 1.69 2.435(13) 150.0
N(7)-H...O(11)#8 0.89 1.89 2.782(16) 175.8
N(7)-H...O(12)#9 0.89 1.83 2.721(15) 176.1
N(7)-H...O0(10) 0.89 1.88 2.721(12) 156.3
0O(10)-H...0(8)#10 0.85 2.50 3.161(13) 135.8
0O(10)-H...0(9)#10 0.85 2.33 2.996(13) 135.0
O(10)-H...O(4A)#11 0.85 2.47 3.160(2) 139.4
O(10)-H...O(4B)#11 0.85 2.40 3.090(2) 138.8
0O(11)-H...0(7) 0.85 2.01 2.850(13) 167.8
0O(11)-H...0(3) 0.85 2.42 2.927(15) 118.7
O(11)-H...0(1)#6 0.85 2.23 2.895(13) 134.8
0O(11)-H...0(12) 0.85 2.19 2.753(14) 123.7
0(12)-H...0(11) 0.85 2.23 2.753(14) 119.4
0O(12)-H...0(9)#12 0.85 2.21 2.774(14) 123.9

Symmetry transformations: #1: x+1/2, -y+1/2, z+1/22: x-1/2, -y+3/2, z-1/2; #3:
-X+3/2,y+1/2,-z+1/2; #4: -x+1/2, y-1/2, -z+1/2; #5+1/2, y+1/2, -z+1/2; #6: X, y+1, z; #7: -X, -y,
-z+1; #8: -x+1, -y+1, -z+1; #9: -x, -y+1, -z+1; #2Q y-1, z; #11: X, y, z-1; #12: X, y, z+1.

3.4. Thermal behavior
In order to explore the properties of ANQ-DNS ftsie crystals ANQ-DNS- 3@ with crystal

water were dried to obtain desiccated anhydrous ANGE. The typical TG/DTG curves for

DNNG, TNNG and anhydrous ANQ-DNS were obtained.(F)g The TG/DTG curves of DNNG



and TNNG are similar and both consist of one irgetiscomposition stage. The decomposition
stage of DNNG occurs in the temperature range 8£3L678.7 °C with a mass loss of about
62.90%, and TNNG decomposes in the temperatureerah®63.5-178.2 °C with a mass loss of
about 62.96%. However, the TG/DTG curves of anhysrdNQ-DNScontain two mass loss

processes. The first process of anhydrous ANQ-BNs&Sdmall decomposition process occurring
at 120.6-162.3 °C with a mass loss of about 18.5919d, the second process is a big and long

decomposition process occurring at 190.1-292.7 i aumass loss of about 54.14%.
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172.67°C
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Fig. 7. TG/DTG curves of the three compounds at a heatiteyaf 10 °C mit.

The typical DSC curves for DNNG, TNNG and anhydréidQ-DNS were also obtained (Fig.
8), and ANQ-DNS- 3D were also measured by DSC to explore the effectystal water on
ANQ-DNS. The DSC curves for DNNG and TNNG show oohe intensely exothermic peak,
which is consistent with their TG/DTG curves. amhe Extrapolated onset temperatures, peak
temperatures and decomposition enthalpy are 17€12175.78 °C, 743 J'gand 168.23 °C,
169.62 °C, 663 JY respectively. However, the DSC curves of ANQ-DBIBO and ANQ-DNS
are completely different from those of DNNG and TBIN'he first stage of ANQ-DNS-38 is
an endothermic stage at about 63 °C, which shoaildhd process of losing crystal water because
it does not appear in the test of anhydrous ANQ-Da&ifel the extrapolated onset temperature,
peak temperature and decomposition enthalpy a®55€, 63.95 °C and -227 J grespectively.

The first stage of anhydrous ANQ-DNS is an endatiestage at about 128 °C, which should be



a melting process of anhydrous ANQ-DNS and canadbbnd in the test of ANQ-DNS- 38,

and the extrapolated onset temperature, peak temoperand decomposition enthalpy are
125.00 °C, 128.37 °C and -50 Jl,grespectively. In addition, both ANQ-DNS-&H and
anhydrous ANQ-DNS present a similar exothermices{ige extrapolated onset temperature, peak
temperature and decomposition enthalpy are 136@9 151.25 °C and 280 Jlgfor
ANQ-DNS-3HO, and 131.74 °C, 151.37 °C and 438"Jay anhydrous ANQ-DNS, respectively),
which is consistent with the first decompositiongass in the TG/DTG curve of ANQ-DNS, and
a similar long endothermic process (the extrapdlaieset temperature, peak temperature and
decomposition enthalpy are 191.94 °C, 237.12 °C @88 J ¢ for ANQ-DNS-3HO, and
190.52 °C, 247.92 °C and -357 J fpr anhydrous ANQ-DNS, respectively), which copasds

to the second decomposition process in the TG/Dli@ecof ANQ- DNS.

DSC /(mW/mg) Onset: 168.23 °
Peak: 1¢
€eXo 3 9 Area
6011 e S ' Onset: 191,94 °C
Onset:54.75 °C fven 2802 e Peak: 237.12°C
40 4 Peceisec s AT Area-2334 Jig
Area:-2271 Jg
©  ANQ-DNS-3H:0 [ - 1
20 - I ! |
0 ANQ-DNS I ) :
220 Onset 125.00°C  Omnset:131.74°C S“;tll_.’f;.{fig \
Peak: 12837 °C  Peak:151.37°C ; __ﬁi Onset: 190.52 °C
Area 4991 T/g Area:4384 Tg frea 220 Peak: 247.92°C
-40 1 Area -356.6 J/g
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Fig. 8. DSC curves of the three compounds at a heatingfat@ °C min'.

From the thermal behaviors of the three compoutidsprder of thermal stability for the three
compounds is DNNG > TNNG > ANQ-DNS. However, theg all more unstable than ANQ
which present only one exothermic decompositiorkmaaround 193-196 °C [21]. For the salt
ANQ-DNS, its thermal behavior is significantly @fént from that of ANQ@nd the other two
compounds, which should be attributed to the eftécionic bonding force and the hydrogen
bonds.

A multiple heating method (Kissinger method [32Habzawa method [33]) was employed to

obtain the kinetic parameters [the apparent adtinanergy ) and pre-exponential factoh)] of



the exothermic decomposition reaction for the thoeenpounds. The measured values of
extrapolated onset temperatuiie) (and peak temperatur&,f of the exothermic decomposition
reaction are listed in Table ¥he above-mentionedt and A values and linear correlation
coefficients f) are also listed in Table 3. The results indicat the apparent activation energy
obtained by Kissinger method agrees well with thiatiained by Ozawa method, and the linear
correlation coefficientsrf are all very close to 1, so the results are biediMoreover, the
apparent activation energy of the exothermic deamitipn reaction for ANQ (224.3 kJ mbl[21]

is higher than that of DNN®176.1 kJ mol), TNNG (130.4 kJ mot) and ANQ-DNS (90.7 kJ
mol'l), which indicates that DNNG, TNNG and ANQ-DMN& easier to decompose than ANQ.

This result corresponds with their thermal stapilit

Table3
The values oT,, T, Ey, logA, ry, E; andr, for the three compounds determined by DSC at varf@ating rates

(8)-

peCmin) T (°C) T,(°C) Ex(kJvmol) Log (As? I E, (kI molY)  r,

DNNG 10 172.12  175.78
15 17726 18015 1761 18.73 0.99 174.6 0.99
20 178.93  181.99

TNNG 10 168.23  169.62
15 17411 17429 1304 1351 0.99 131.1 0.99
20 17754  177.99

ANQ-DNS 10 131.74  151.37
15 139.43  158.98 90.7 9.2 0.98 93.1 0.99
20 144.28  161.76

Subscript k, data obtained by Kissinger methodsetipt o, data obtained by Ozawa method.

The self-accelerating decomposition temperatligpf) and critical temperature of thermal
explosion Tp) are two important parameters required to ensafie storage and process operations
for energetic materials and for evaluating theierthal stability, which can be calculated
according to Ref. 34-3@sppt and T, were calculated as 166.33 and 174.42 °C for DN,
154.08 and 166.14 °C for TNNG, respectively, whishconsistent with the DSC analysis.

However, theTsapr and T, values of both DNNG and TNNG are lower than tho$§6ANQ



(Tsap7=184.5 °C,T,=192.7 °C) [21]. In addition, because ANQ-DNS corgdwo decomposition

stages, it is difficult to evaluate itgaprandTy.
3.5. Detonation properties

Detonation velocity {) and detonation pressure)(are two important parameters to evaluate
the application performance of energetic mater@tsl can be calculated by the nitrogen
equivalent equations and the Kamlet—JacdbsI( equations [37]. The detonation velociy)(
detonation pressureP), impact sensitivities (IS) and other propertidgsDINNG, TNNG and
ANQ-DNS are summarizeid Table 4 with those of ANQ, 2,4,6-trinitrotolue(GENT) and RDX
for comparison38-41]. The results show that the sensitivity d@- DNS is the lowest among
the six compounds, but the sensitivities of DNN@ a&MNNG are relatively high. The detonation
properties of DNNG, TNNG and ANQ-DNS are all bettean TNT, and their order is TNNG >
ANQ-DNS > DNNG. Among these three compounds, TNNiSspsses comparable detonation
properties to ANQ and RDX, so TNNG has potentidligaof research and application as primary
explosives. In addition, the combustion enthalpf NG was measured as 11486 Table S3),

and the enthalpy of formation for TNNG is calcuthtes 156.64 kJ midlaccording to Hess's law.

Table4
Sensitivity and performance comparison of DNNG, TBIMNQ-DNS, ANQ, RDX and TNT.

M3(g moft) T,2(°C) d°(gem®) NY(%) OB (%) IS PYGPa) D"(km sY

DNNG 285.18 175 1.63 3438 —64.6 5.4 2214 7.3

29.8 8.2

TNNG 330.17 170 1.77 33.94  —437 4.0 _ _

311 8.3

ANQ-DNS 347.2 128 1.63 3209 —435 >40 234 7.5
ANQ 119.08 191 1.72 58.81 —33.6 20 30.7 8.7
RDX 222.12 204.5 1.82 37.84 —21.6 7.4 33.7 8.7
TNT 227.13 80.5 1.65 185 —246 15 195 6.8

@ Molecular mass® Melting point.¢ Crystal density® Nitrogen contenf Oxygen balance. Impact sensitivity?
Detonation pressure” Detonation velocity.' Based on the nitrogen equivalent equatiohBased on the

Kamlet—Jacobsi(—J) equations. “Theoretical calculation resultCrystal density.
4. Conclusion
In conclusion, three new compounds based on ANQevesmthesized through molecular

integration. The synthesis reactions of DNNG andN®\were realized by using acid-binding

agents (triethylamine and imidazole), and ANQ-DN&swbtained easily in water due to the



alkalinity of ANQ and the acidity of DNS. TNNG ciydlizes in the monoclinic crystal system
with space group2,/c containing four molecules per unit cell, and ANQI® 3HO crystallizes

in the triclinic crystal system with space grdefl containing two ANQ-DNS- 30 units per unit
cell. DNNG and TNNG possess similar thermal behaviand both present only one intense
exothermic decomposition process at around 17®GEGCANQ-DNS shows more complex thermal
behaviors. The order of thermal stability for theee compounds and ANQ are ANQ > DNNG >
TNNG > ANQ-DNS. The impact sensitivity of ANQ-DNS40 J) are very low, but the impact
sensitivities of DNNG (5.4 J) and TNNG (4.0 J) astatively high. The detonation properties of
TNNG (D = 8.3 km &, P = 31.1GPa) is close to ANQ and RDX. This work lfiert enriches the

research on ANQ.
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Appendix A. Supporting information

Crystallographic data for the structural analysisénbeen deposited in the Cambridge Data
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Highlights:

* Three new energetic compounds based on ANQ were synthesized and characterized.
* Crystal structures of two compounds were determined and discussed.

* Thermal behaviors of three compound were described.

* Detonation properties of TNNG are close to ANQ and RDX.



