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Alkali metal salts of 3,6-dinitramino-1,2,4,5-
tetrazine: promising nitrogen-rich energetic
materialst

Tianhe Zhang,@ Jiang Du, Zhimin Li, Xinyu Lin, Lin Wang,
Li Yang @ and Tonglai Zhang ®*

The alkali metal salts of 3,6-dinitramino-1,2,4,5-tetrazine (DNAT, 1), Li>(H>0)4(DNAT) (2), Nax(H,O)3(DNAT)
(3), K>(H,O)(DNAT) (4), Rbo(DNAT) (5) and Cs,(DNAT) (6) were synthesized and characterized by elemental
analysis, IR spectroscopy, differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and
single-crystal X-ray diffraction. All of these alkali metal salts possess higher thermal stability (from 240.9 °C
to 260.0 °C) than that of DNAT substrate (108.3 °C) due to their numerous coordination bonds and the
three-dimensional network structures of the complexes. The number of coordination water molecules, the
atomic radius of metal and the different packing forms of the crystal structure contribute to the different
thermal stabilities of the alkali metal salts. The experimental (constant-volume) energy of combustion
values range from 1331 to 1531 kJ mol™. The compounds 1, 4, 5, and 6 are sensitive to impact and friction.

Introduction

Recently, nitrogen-rich 1,2,4,5-tetrazine-based energetic mate-
rials have attracted considerable interest as explosives,' pro-
pellants> and gas-generating ingredients in automobile
airbags.® In the area of energetic materials, tetrazine with its
derivatives could greatly meet the requirements of high nitro-
gen content and oxygen balance, which makes them desirable
as new high-energy-density materials (HEDMs).*® High-
nitrogen energetic materials have become a hot topic in the
recent research of HEDMs because of their high energy out-
put and environmental compatibility.

Tetrazine derivatives are of emphases for the research of
high energy density energetic materials because of their high
nitrogen content. Numerous 1,2,4,5-tetrazine-based energetic
materials have been fabricated in recent years, such as 3,3"-
azobis (6-amino-1,2,4,5-tetrazine) (DAAT),'® 3,6-bis(1H-1,2,3,4-
tetrazol-5-ylamino)-s-tetrazine (BTATz),"" 3,6-di(azido)-1,2,4,5-
tetrazine (DIAT)," 3,6-diguanidino-1,2,4,5-tetrazine (DGTz),"?
3,6-diamino-1,2,4,5-tetrazine (DAT),"* 3,6-dihydeazino-1,2,4,5-
tetrazine (DHT)" and 3,6-bis-nitroguanyl-1,2,4,5-tetrazine
(DNGTz)."”® These compounds have been suggested as poten-
tial energetic materials. DNAT has high density, and its oxy-
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gen balance approaches zero, which makes DNAT a prospec-
tive energetic material (Fig. 1).

DNAT was first discovered by Z. Xizeng and T. Ye.'® Then,
Fischer et al'” yieldled DNAT by the diazotation of 3,5-
diamino-1-nitroguanidinium chloride with sodium nitrite.
Rudakov et al'® synthesized DNAT by the reaction of 3,6-
diamine-1,2,4,5-tetrazine with 98% HNO;. Although DNAT
has been known for a long time, its crystal structure has not
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Fig. 1 Molecular structures of 1,2,4,5-tetrazine-based energetic
materials.
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been reported so far, which is necessary to confirm its na-
ture. The oxidative deterioration and high sensitivities of
DNAT limit its wide application, which impels us to stabilize
DNAT in its alkali metal salts.

Herein, we report the crystal structures of DNAT and its al-
kali metal salts. Characterizations of these compounds were
performed using elemental, IR, DSC, TGA and single-crystal
X-ray diffraction analyses. The energetic performances and
sensitivities were tested to assess their potential application
as energetic materials.

Experimental section

Caution! Although none of the compounds described herein
have exploded or detonated over the course of this research,
they should be handled in small amounts with extreme care
using the appropriate standard safety precautions.

Crystals suitable for X-ray diffraction measurement were
obtained as described in the Experimental section. Data were
collected on a Rigaku AFC-10/Saturn 724" CCD diffractome-
ter. All of the crystals were irradiated with graphite mono-
chromated Mo Ko radiation (4 = 0.71073 A) at 153(2) K by the
multi-scan mode. All of the structures were solved using the
direct methods of SHELXS-97 (ref. 19) and refined by using
full-matrix least-squares procedures on F> with SHELXL-97.>°
All non-hydrogen atoms were obtained from the difference
Fourier map and refined anisotropically. Hydrogen atoms
were generated geometrically, assigned appropriated isotropic
thermal parameters, and included in the structure factor cal-

Table 1 X-ray crystallographic data for 1 to 6
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culations. The crystallographic data and experimental details
of structural analysis are summarized in Table 1.

Elemental analyses were performed on a Flash EA 1112
fully automatic trace element analyzer. On a Bruker Equinox
55 infrared spectrometer, IR spectra were recorded from 400
to 4000 cm™ with a resolution of 4 cm™ using KBr pellets.
Thermal decomposition behaviours were investigated by
performing DSC on a CDR-4 (Shanghai Precision & Scientific
Instrument Co., Ltd.) at a heating rate of 10 °C min™". TG-
DTG curves were obtained through a Perkin-Elmer Pyris-1
thermogravimetric analyzer in N, at a heating rate of 10 °C
min~". The experimentally determined constant-volume ener-
gies of combustion were tested by a Parr-6200 bomb calorim-
eter (static jacket) with a 6510 water handling system. The
calorimeter was calibrated by the combustion of certified
benzoic acid (about 1000 mg per pellet) in oxygen atmo-
sphere at a pressure of 3.05 MPa. The samples (about 200 mg
each) were prepared and placed in combustion pots, which
were subsequently burned in 3.05 MPa atmosphere of pure

oxygen.

Synthesis of DNAT (1)

3,6-Diamine-1,2,4,5-tetrazine was prepared according to the
published literature reports.'® Initially, 1 g of 3,6-diamine-
1,2,4,5-tetrazine was put into 5 mL of fuming nitric acid at
0 °C, followed by gradual stirring for 1 h. The formed yellow
precipitate was recrystallized from ethyl acetate after filtra-
tion and drying, yielding 1.53 g of DNAT (85.0%). Crystals

1 2 3 4 5 6
Formula C,H,Ng0, C,HgLi,NgOg C,H¢Na,NgO, C,H,K,NgO5 C,Rb,NgO, C,Cs,NgO,
M (g molfl) 202.12 286.04 300.13 296.32 371.04 465.92
Cryst. syst. Orthorhombic Monoclinic Monoclinic Orthorhombic Monoclinic Triclinic
Space group Pbca C2/c C2 Pnna C2/c P1
a(A) 9.4039(19) 6.1408(12) 8.8499(18) 24.506(5) 9.1059(18) 5.3925(11)
b (A) 7.8696(16) 14.773(3) 12.469(3) 8.0284(16) 11.496(2) 7.3559(15)
c(A) 9.4732(19) 11.457(2) 6.0807(12) 4.7044(9) 9.1102(18) 7.4275(15)
a (deg) 90 90 90 90 90 61.64(3)
S (deg) 90 100.56(3) 129.15(3) 90 110.86(3) 87.56(3)
7 (deg) 90 90 90 90 90 69.50(3)
V(A% 701.1(2) 1021.8(4) 520.3(2) 925.5(3) 891.2(3) 240.11(11)
zZ 4 4 2 4 4 1
p (g em™) 1.915 1.859 1.916 2.127 2.765 3.222
T (K) 153.15 153.15 153.15 153.15 153.15 153.15
F (000) 408.0 584.0 304.0 592.0 696.0 210.0
4 (mm™) 0.177 0.176 0.247 1.056 11.001 7.609
Reflns. collected 4220 3907 1727 6346 2888 1617
Indep. reflns. 786 1160 890 1044 1013 922
Params. 64 91 87 79 74 73
Rine 0.0392 0.0236 0.0204 0.0373 0.0765 0.0622
S 1.230 1.083 1.067 1.166 1.237 1.085
Ry (I > 20(D)" 0.0606 0.0303 0.0205 0.0356 0.0442 0.0394
R, (all data) 0.0640 0.0307 0.0205 0.0360 0.0513 0.0398
WR, (I > 20(I))" 0.1389 0.0762 0.0545 0.0881 0.0984 0.0966
WR, (all data) 0.1402 0.0764 0.0545 0.0884 0.1042 0.0970
CCDC 1567025 1832599 1832596 1832597 1832598 1858066

“ Ry = Y ||Fo| = |Fel /32 |Fo|- WRy = [Yw(Fo” - FCZ)Z/EW(FOZ)Z]I/Z? w = 1/[c*(F,") + (xP)* + yP].
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suitable for single X-ray diffraction were obtained through
slow evaporation in ethyl acetate solution. Tge.: 106.4 °C. IR
(KBr): 3864, 3742, 3675, 3618, 3167, 3032, 2897, 2669, 2312,
1669, 1596, 1480, 1424, 1324, 1216, 1087, 962, 901, 788, 744,
700, 487. Anal. caled. for C,H,Nz0, (MW 202.12): C, 11.88; H,
1.00; N, 55.44. Found: C, 11.83; H, 0.99; N, 55.41.

Synthesis of Li,(H,0),(DNAT) (2)

LiOH-H,O (42.0 mg, 1.0 mmol) was added into a solution of
DNAT (0.5 mmol, 101.0 mg in 5 mL of methanol) with stir-
ring at 25 °C. After 30 min, a red solution formed. The red
crystal of 2 was cultured suitable for X-ray structural determi-
nation through slow evaporation in solution. Yield: 96 mg
(67.1%). Tgec: 250.4 °C. IR (KBr): 3466, 2190, 1719, 1664,
1560, 1543, 1488, 1384, 1278, 1083, 1041, 770, 592. Anal.
caled. for Li,C,HgNgOs (MW 286.04): C, 8.40; H, 2.82; N,
39.18. Found: C, 8.52; H, 2.63; N, 39.36.

Synthesis of Na,(H,0);(DNAT) (3)

NaOH (40.0 mg, 1.0 mmol) was added into a solution of DNAT
(0.5 mmol, 101.0 mg in 5 mL of methanol) with stirring at 25
°C. After 30 min, a red precipitate formed, which was filtered,
washed with a small amount of methanol and dried (yield: 112
mg, 74.6%). Crystals suitable for single X-ray diffraction could
be obtained through slow evaporation in methanol solution.
Tgec: 260.0 °C. IR (KBr): 3505, 3416, 2925, 2375, 2339, 2165,
1631, 1467, 1415, 1364, 1297, 1073, 949, 883, 767, 575, 525.
Anal. calcd. for Na,C,HgNgO, (MW 300.13): C, 8.00; H, 2.02; N,
37.34. Found: C, 8.32; H, 2.21; N, 37.62.

Synthesis of K,(H,O)(DNAT) (4)

The synthesis method for compound 4 was similar to that of
3 except 1 mmol of KOH was used instead of 1 mmol of
NaOH. Crystals suitable for single X-ray diffraction could be
obtained through slow evaporation in methanol solution.
Yield: 117 mg (80.0%). Tqee: 253.7 °C. IR (KBr): 3448, 1638,
1544, 1406, 1270, 1074, 1042, 942, 869, 773, 752, 571, 521.
Anal. caled. for K,C,H,NgO5s (MW 296.32): C, 8.11; H, 0.68; N,
37.82. Found: C, 8.24; H, 0.84; N, 38.02.

Synthesis of Rb,(DNAT) (5)

The synthesis method for compound 5 was similar to that of
3 except 0.5 mmol of Rb,CO; was used instead of 1 mmol of
NaOH. Crystals suitable for single X-ray diffraction could be
obtained through slow evaporation in its solution of metha-
nol. Yield: 122 mg (65.8%). Tqe: 246.0 °C. IR (KBr): 3422,
2923, 2696, 2362, 2344, 2271, 1846, 1773, 1618, 1560, 1543,
1491, 1258, 1066, 1037, 940, 867, 771, 749, 567, 519. Anal.
caled. for Rb,C,NgO, (MW 371.04): C, 6.47; N, 30.20. Found:
C, 7.12; N, 31.03.

Synthesis of Cs,(DNAT) (6)

The synthesis method for compound 6 was similar to that of
3 except 0.5 mmol of Cs,CO; was used instead of 1 mmol of

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

NaOH. Crystals suitable for single X-ray diffraction could be
obtained through slow evaporation in methanol solution.
Yield: 175 mg (75.1%). Tqee: 240.9 °C. IR (KBr): 3423, 2922,
2684, 2265, 1847, 1618, 1560, 1543, 1403, 1260, 1066, 1035,
938, 865, 771, 746, 576, 519. Anal. caled. for Cs,C,NgO, (MW
465.88): C, 5.16; N, 24.05. Found: C, 5.17; N, 23.94.

Results and discussion

DNAT was prepared by the reaction of 3,6-diamine-1,2,4,5-
tetrazine with 98% HNO; according to the published litera-
ture reports.">'® All other chemicals were pure analytical-
grade materials obtained commercially and used as received.
As a nitrogen-rich tetrazine, DNAT is a potential ligand for
coordinating with metal cations. Alkali metal salts were syn-
thesized for the sake of “green” metal energetic complexes.
As shown in Scheme 1, all of the salts were synthesized in a
straightforward manner. The compounds were prepared via a
neutralization reaction and a metathetical reaction.

The molecular structure of DNAT was confirmed by single-
crystal X-ray diffraction. DNAT crystallized in the orthorhom-
bic space group Pbca with four molecular moieties in each
unit cell, a density of 1.915 ¢ cm >, and a unit cell volume of
701.1 (2) A? (Table 1). In the DNAT molecule, the interatomic
distances of C1-N2, C1-N3, C1-N4 and N3-N4 bonds are
1.393(3), 1.337(3), 1.337(3), 1.323(3) A, respectively. These
bonds are longer than a C=N double bond or a N=N double
bond, but shorter than a C-N single bond or a N-N single
bond, which suggests that some multiple bond character is
present. In addition, the torsion angles show that the tetra-
zine ring and amino group in DNAT are coplanar. Moreover,
the two nitro groups have a certain angle of distortion and
are centrally symmetric.

Compounds 2 to 4 are simple salts of DNAT with chelated
water molecules, while compounds 5 and 6 have no chelated
water molecules. Their formulae can be expressed as
Li,(H,0),(DNAT) (2), Nay(H,0);(DNAT) (3), K,(H,O)(DNAT)
(4), Rb,(DNAT) (5), and Cs,(DNAT) (6).

Compounds 2 and 5 crystallize in the monoclinic space
group C2/c, compound 3 crystallizes in the monoclinic space

98% HNO N-N
—2 3 » 0,NHN—~ Y-NHNO,
NN

N-N
H,N— )-NH,
N:N

1
JLiOH

2: Li,(H,0),(DNAT)

3: Nay(H,0);(DNAT) «—N2O0H

2KOH methanol
RT

4: K,(H,0)(DNAT)

Rb,CO;
5: Rb,(DNAT)

C82C03
6: Cs,(DNAT)

Scheme 1 Syntheses of 3,6-dinitramino-1,2,4,5-tetrazine (DNAT) and
salts 2 to 6.
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group C2, compound 4 crystallizes in the orthorhombic space
group Pnna, and compound 6 has triclinic (P1) symmetry.
Compound 2 has four coordinated water molecules, com-
pound 3 has three coordinated water molecules, compound 4
has one coordinated water molecule and there are no coordi-
nated water molecules in compounds 5 and 6. Because of the
increase in the relative molecular mass of metal cations, the
densities of energetic salts increase.

Several water molecules are found coordinated to the cen-
tral ions (four to the Li(1) ion, three to the Na(i) ion and one
to the K(1) ion). In compound 2, each Li(1) cation is six-coordi-
nate. The distorted octahedral complex consists of a lithium
atom bonded to four water molecules and a DNAT anion
(viz., Li-O3 (water molecule) x 2, Li-O4 (water molecule) x 2,
Li-O2 (DNAT), and Li-N2 (DNAT)). All of the water molecules
are bridging ligands. In compound 3, each Na(i) cation is
seven-coordinate. The sodium atom coordinates with three
water molecules and two DNAT anions (viz., Na-O1 (water
molecule), Na-O2 (water molecule) x 2, Na-O3 (DNAT), Na-
N2 (DNAT), Na-N3 (DNAT), and Na-N4 (DNAT)). In the mole-
cules of 4, the K1(1) cation is ten-coordinated. The K1(i) cation
coordinates with six DNAT anions (viz., K1-O1 (DNAT) x 2;
K1-02 (DNAT) x 6; K1-N1 (DNAT) x 2). The K2(i) cation is
six-coordinate. The K2(1) cation coordinates with two water
molecules and three DNAT anions (viz., K2-O1 (DNAT) x 2,
K2-03 (water molecule) x 2, and K2-N2 (DNAT) x 2). In com-
pound 5, the Rb1(1) cation is eight-coordinate, coordinating
with six DNAT anions, while the Rb2(1) cation is ten-coordi-
nate, coordinating with six DNAT anions. In compound 6,
each Cs(1) cation is thirteen-coordinate, coordinating with six
DNAT anions. With the increase in atomic radius of the

(a)

o1 O

(b)

Fig. 2 (a) Molecular structure of 1 and its labelling scheme. (b) The
packing diagram of compound 1 viewed along the c-axis.
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Fig. 3 (a) Molecular structure of 2 and its labelling scheme. (b) The
packing diagram of compound 2 viewed along the a-axis.

metal, the coordination number increases, and the coordina-
tion bond lengths become longer (M-N, 2.151 A to 3.671 A;
M-0, 2.287 A to 3.275 A; M, metal atom).

As shown in Fig. 2b-7b, the packing structures of the com-
pounds are different. The packing structure of 1 was built up
and linked to a 2D layer by various hydrogen bonds, as
shown along the c-axis in Fig. 2b. The tetrazine rings of
DNAT are in the same plane, and the nitro-groups are on dif-
ferent sides of the plane. Each DNAT molecule forms hydro-
gen bonds cross-linked with four neighboring DNAT mole-
cules. The packing structures of 2 to 6 were built up and
linked into the 3D network by various hydrogen bonds and
water molecules, as shown in Fig. 3b-7b. As shown in Fig. 3b
and S4,i a series of energetic molecules stack in a wave-like
mode to form an energetic layer. Adjacent layers were linked
by hydrogen bonds. Each DNAT molecule coordinates with
two lithium cations and forms eight hydrogen bonds with
water molecules. In compound 3, adjacent layers were linked
by water molecules and hydrogen bonds (Fig. S61). Each
DNAT molecule coordinates with four sodium cations and
forms six hydrogen bonds with water molecules (Fig. 4b). As
for compounds 4 to 6, the energetic layers were linked with
metal layers by coordination bonds (Fig. S8, S10 and S127).
For compound 4, each DNAT molecule coordinates with six
potassium cations and forms two hydrogen bonds with water
molecules (Fig. 5b). As for compound 5, each DNAT molecule
coordinates with twelve rubidium cations (Fig. 6b). In

This journal is © The Royal Society of Chemistry 2019
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(a)

(b)

D

Fig. 4 (a) Molecular structure of 3 and its labelling scheme. (b) The
packing diagram of compound 3 viewed along the c-axis.

compound 6, each DNAT molecule coordinates with six ce-
sium cations (Fig. 7b).

Physicochemical properties

The physicochemical properties of 1 to 6 are summarized in
Table 5. Density is one of the most important properties of en-
ergetic materials. The densities of compounds 1 to 6 range be-
tween 1.859 g cm™ (2) and 3.222 g cm™ (6) (Table 5), which
are mainly affected by the alkalis. The nitrogen content of
DNAT is 55.41%, which is higher than that of RDX, HMX, and
CL-20. The OBs of all compounds range from -3.43% (6) to
~7.92% (1), which almost approach zero oxygen balance.

Thermal analyses

The thermal stabilities of compounds 1 to 6 were investigated
by using DSC and TGA techniques. The dehydration and de-
composition temperatures were determined by DSC measure-
ments, which were performed on a CDR-4 (Shanghai Precision
& Scientific Instrument Co., Ltd.) calibrated by standard pure
indium, tin and zinc at a heating rate of 10 °C min". It can be
seen that the decomposition temperatures of these compounds
range from 108.3 °C to 260.0 °C. The decomposition tempera-
tures of all of the salts are nearly comparable to that of RDX
(230 °C) and lower than that of HMX (287 °C). In compound 2,
only two N atoms of each tetrazine ring coordinate with the
metal atoms. Moreover, all the N atoms of each tetrazine ring

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Molecular structure of 4 and its labelling scheme. (b) The
packing diagram of compound 4 viewed along the c-axis.

coordinate with the metal atoms of the other alkali metal salts.
Hence, compound 2 does not obey the law of thermodynamics.
Additionally, according to the TG-DTG curves, there are two
distinct mass loss processes observed for DNAT. One occurs
from 108.1 °C to 158.6 °C, corresponding to a mass loss of
49.8%, and the other occurs from 158.6 °C to 186.0 °C, corre-
sponding to a mass loss of 27.2%. The first mass loss of 49.8%
might correspond to the decomposition loss of the nitramino
groups (-NH-NO,). There was no residue after 281.3 °C, which
indicates that the compound totally decomposed at 281.3 °C
into gaseous products. Other compounds have corresponding
processes of dehydration and thermal decomposition; the final
products are corresponding carbonates.

The thermal decomposition activation energy and pre-
exponential factor have been calculated by using Kissinger's
method®' and Ozawa's method®* (Table 2), both of which
were on the basis of the first exothermic decomposition peak
temperatures tested at different heating rates (Table S357).
The Kissinger equation and Ozawa's equation are listed as (1)
and (2), respectively:

In B/T, = InAR/Ex + Ex/RT, (1)
lgB = 1gAEo/G(a)R - 0.4567Eo/RT), - 2.315 (2)
where T, is the peak temperature (K), R is the gas constant

(8.314 J K" mol™), 8 is the linear heating rate (K min™"), and

CrysttngComm, 2019, 21, 765-772 | 769
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Fig. 6 (a) Molecular structure of 5 and its labelling scheme. (b) The
packing diagram of compound 5 viewed along the a-axis.

G(«) is the reaction mechanism function. The measured peak
temperatures to one decimal place as well as the energetic
nature of the compound determine the four significant pa-
rameters as listed in Table 2, and the standard errors (S) are
acceptable. As shown in Table 2, with the increase in atomic
radius of the metal, the activation energy and pre-exponential
factor of compounds decrease significantly. The activation
energy and pre-exponential factor of DNAT are higher than
those of DGTz** and DHT.**

The values of the peak temperature corresponding to f —
0 (Tpo), the corresponding critical temperature of thermal ex-
plosion (T3,), the entropy of activation (AS™), the enthalpy of
activation (AH™), and the free energy of activation (AG™) are
obtained and listed in Table 3 according to equations
reported by Zhang et al>® The equations for calculating are
listed as (3) to (7), severally:

Tpi = Tpo + aP + B> + cf° (3)

T, = (EK — JEC —4ERT, ) /2R (4)

A = (kgTpolh) exp(1 + AS™/R) (5)

AH” = Ex = RTp (6)

770 | CrysttngComm, 2019, 21, 765-772
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B

Fig. 7 (a) Molecular structure of 6 and its labelling scheme. (b) The
packing diagram of compound 6 viewed along the a-axis.

AG” = AH” — TpoAS™ (7)

where a, b and ¢ are coefficients, kg is the Boltzmann con-
stant (1.381 x 107>* ] K™*) and # is the Planck constant (6.626
X107 J s).

As shown in Table 3, with the increase in atomic radius of
the metal, the entropy of activation and enthalpy of activation
decrease significantly. The enthalpy of activation and free en-
ergy of activation of the compounds are all greater than 0,
which indicates that the thermal decomposition process is a
non-spontaneous endothermic process.

The thermal sensitivities of the six samples were studied
with 5 s delay bursting point tests (Table S367), and the re-
sults are listed in Table 4. The equations for calculating the 5
s delay time are listed as (8) and (9):

Table 2 Non-isothermal reaction kinetics parameters of compounds 1
to 6

Kissinger's method Ozawa's method

Compound  Ey/k] mol™ IgAx  Rg Eo/KJ mol™ Ro

1 366.7 48.9 0.99 354.8 0.99
2 333.7 31.7 0.99 325.6 0.99
3 213.1 19.0 0.98 211.0 0.98
4 139.6 11.8 0.99 141.1 0.99
5 122.5 10.3 0.98 124.6 0.98
6 92.7 7.2 0.99 96.4 0.99
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Table 3 Calculation of the critical temperatures of thermal explosion, AS™, AH™ and AG™

Compound Tpo/K Ty/K AST/] K mol™ AH” /K] mol™ AG™ /K] mol™
1 378.5 381.8 689.0 363.6 102.8
2 507.4 513.9 357.9 329.5 147.9
3 524.2 535.3 114.9 208.7 148.5
4 506.2 522.4 -22.8 135.4 147.0
5 484.5 501.5 -51.4 118.5 143.4
6 495.9 520.1 -110.9 88.6 143.6

Tpo: peak temperature corresponding to 8 — 0; Ty: critical temperatures of thermal explosion; AS™: entropy of activation; AH”: enthalpy of

activation; AG™: free energy of activation.

Table 4 Results of 5 s bursting point tests

Compound 1 2 3 4 5 6
T54/°C 136 307 299 323 282 306
E
T =cet (8)
E
Int=——+1Inc 9)
RT

where 7 is the value delayed time (s) and ¢ is a constant.

Enthalpy of formation

The enthalpy of formation is a significant characteristic used
to assess the energetic properties. The constant-volume ener-
gies of combustion (A.U) of these compounds were deter-
mined experimentally using oxygen bomb calorimetry. The
enthalpy of combustion, A.H®, can be calculated using the
formula A.H® = A.U + AnRT, where An is the difference in the
number of moles of gases between the products and the reac-
tants. The enthalpies of formation (A¢H®) at 298 K were calcu-
lated on the basis of the combustion reactions (eqn (10)—(15))
and the Hess thermochemical cycle. The heat of formation of
the combustion products (CO,(g) —393.5 k] mol™ and H,O(l)
-285.8 k] mol ™) were obtained from the literature.>®

1: CoH,NgO4(s) + 0.50,(g) — 2C0,(g) + HoO(1) + 4N,(g) (10)

Table 5 Physicochemical properties of compounds 1 to 6

2: C,Li,NgO,4-4H,0(s) + 0.50,(g) — Li,O(s) + 2C0,(g)
+ 4H,0(1) + 4N,(g) (11)

3: C,Na,Ng0,4-3H,0(s) + 0.50,(g) — Na,O(s) + 2C0,(g)
+ 3H,0(1) + 4N,(g) (12)

4: C,K,NgO,-H,0(s) + 0.50,(g) — K,O(s) + 2C0,(g) + H,O(1)
+4N,(g) (13)

5: C,Rb,NgOy(s) + 0.50,(g) — Rb,O(s) + 2C0O,(g) + 4N,(g) (14)
6: C2052N804(S) + 0.502(g) - CSZO(S) + 2COz(g) + 4N2(g) (15)

The combustion energies of compounds 1 to 6 (A.U) are
-1360 kJ mol™ (1), -1479 k] mol™ (2), 1331 kJ mol™ (3),
-1531 kJ mol™ (4), 1407 kJ mol™ (5), and -1456 k] mol™"
(6). The calculated enthalpies of formation of 1 to 6 are 275.9
kJ mol™ (1), -1062.6 kJ mol™* (2), -740.9 kJ mol™* (3), 81.2 kJ
mol ™ (4), 267.8 k] mol™ (5), and 309.9 k] mol™ (6). With the
increase in atomic radius of the metal, the calculated en-
thalpies of formation of compounds also increase signifi-
cantly; the calculated enthalpy of formation of compound 6
is even higher than that of DNAT.

Sensitivities

To assess the stability of the studied compounds, impact and
friction sensitivities were determined according to BAM stan-
dard methods,?”*® and the results were summarized in

1 2 3 4 5 6 Pb(N3),
T4 (°C)* 108.3 250.4 260.0 253.7 246.0 240.9 315.0
N (%) 55.41 39.16 37.32 37.80 30.19 24.05 28.9
Q2 (%)° -7.92 -5.59 -5.33 -5.40 -4.31 -3.43 -11.0
p (g em™3)? 1.915 1.859 1.916 2.127 2.765 3.222 4.8
-AU (k] mol™)° 1360 1479 1331 1531 1407 1456 —
A¢H (KJ mol ™)/ 272.6 -1062.6 -740.9 81.2 267.8 309.9 450.1
IS (0 0.4 >40 >40 2.96 2.88 2.80 2.5-4.0
FS (N)" 12 >360 >360 112 108 192 0.1-1

“ Decomposition temperature (from DSC, = 10 °C min™?). ? Nitrogen content. ¢ Oxygen balance (2 = (O - 2C - H/2 - xZ) x 1600/M); H, number
of hydrogen atoms; C, number of carbon atoms; O, number of oxygen atoms; Z, number of metal atoms; M, molecular weight of the
compound. Alkali metals: x = 0.5. ¢ Density, 153.15 K. ¢ Experimental (constant-volume) energy of combustion.  Calculated energy of
formation. € Impact sensitivity. ” Friction sensitivity.
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Table 5. On the basis of the UN classification standard of
sensitivities,”> compound 1 is very sensitive toward impact
and friction (impact = 0.4 J and friction = 12 N). Because of a
large amount of coordination water molecules, compound 2
and compound 3 are both insensitive (impact >40 J and fric-
tion >360 N). Compounds 4 to 6 are very sensitive toward im-
pact and sensitive toward friction (impact <3 J and friction
<360 N and >80 N) because of less or no coordination water
molecules. Compared to the typical primary explosive
Pb(N3),, it is clear that compounds 4, 5 and 6 exhibit similar
impact sensitivities and lower friction sensitivities.

Conclusions

In this study, DNAT (1) and its alkali metal salts 2 to 6 were
synthesized and fully characterized. The structures of all the
compounds were confirmed by single-crystal X-ray diffraction
analysis. The densities of all the compounds lie in the range be-
tween 1.859 g em ™ (2) and 3.222 g cm ™ (6). The energetic salts
exhibit better thermal stabilities than DNAT (108.3 °C), with de-
composition temperatures ranging from 240.9 to 260.0 °C. All
of the energetic compounds show excellent oxygen balance and
enthalpies of formation. All the compounds except 2 and 3 are
sensitive to impact and friction. These metal DNAT salts may
be excellent “green” energetic materials and can be useful as
gas generators or additives in solid rockets as low-smoke pro-
pellant ingredients since they show promising properties with
respect to stability, sensitivity, and energetics.
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