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Eco-friendly energetic complexes based on transition metal
nitrates and 3,4-diamino-1,2,4-triazole (DATr)

XIN JIN, JIAN-GUO ZHANG*, CAI-XIA XU, XIN YIN, PIAO HE and QIAN QIN

State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing,
China

(Received 16 May 2014; accepted 24 July 2014)

Four nitrate-containing metal complexes based on 3,4-diamino-1,2,4-triazole are described as eco-
friendly energetic coordination compounds. Their synthesis, characterization, and some energetic
properties are studied. The figure reveals the crystal structure of zinc (II) complex and also suggests
the coordination mode of metal complexes.

Four eco-friendly energetic metal complexes of 3,4-diamino-1,2,4-triazole (DATr), including manga-
nese (1), cobalt (2), nickel (3), and zinc (4), were synthesized by reacting DATr·HCl with the corre-
sponding metal (Mn(II), Co(II), Ni(II), and Zn(II)) nitrate in aqueous solution and characterized by
using Fourier transform-infrared spectroscopy and elemental analyses. The single crystals of 2, 3,
and 4 were obtained and determined by X-ray single-crystal diffraction analysis. All three complexes
crystallize in the monoclinic crystal system and belong to P2(1)/n space group. The thermal decom-
position processes were investigated by differential scanning calorimeter (DSC) and thermogravime-
try–derivative thermogravimetry analyses. The results show that the decomposition temperatures of
1–4 are above 260 °C, depending upon their onset DSC peaks. It can be predicted that these com-
plexes based on 3,4-diamino-1,2,4-triazole have good thermal stability. The nonisothermal kinetic
parameters of decomposition were calculated by using Kissinger and Ozawa–Doyle’s methods.
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Furthermore, the sensitivities of these complexes to impact, friction, and flame were determined.
Sensitivity tests revealed that 2 was more sensitive to external stimuli compared to the other three
complexes.

Keywords: Energetic complexes; 3,4-Diamino-1,2,4-triazole; Crystal structure; Thermal decomposition;
Sensitivity

1. Introduction

Recently, many researchers are investigating green energetic materials [1–4]. Considerable
attention has been drawn to nontoxic metal coordination compounds based on nitrogen-rich
heterocyclic groups [5–11], owing to their multiple structures [12, 13], and energetic prop-
erties. Nitrogen-rich heterocyclic compounds are mainly azole-based compounds, such as
triazoles [6, 14–17], tetrazoles [4, 18–22], and their derivatives [3, 13, 23–30]. Azole com-
pounds have some attractive energetic properties such as positive heat of formation and
thermal stability characteristics [15, 31–34]. Its positive heat of formation is attributed to
the existence of inherently energetic N–N and C–N bonds. Therefore, energetic complexes
based on nitrogen-rich ligands and transition metal cations have some advantages, such as
(1) insensitive to external stimuli; (2) thermally stable to at least 200 °C; and (3) chemically
stable during long periods.

Energetic complexes, using 4-amino-1,2,4-triazole (4-AT) [6, 35, 36], 1,5-diaminotetra-
zole (DAT) [7, 32, 37, 38], and 3,5-diamino-1,2,4-triazole (Hdatrz) [39] neutral molecules
as ligands, have been studied. The good examples of coordination compounds with poly-
meric tetrakis (4-AT) copper(II) perchlorate monohydrate [35], [Cd(4-AT)2(H2O)4](PA)2
(PA = picrate) [36], [Co(DAT)6](ClO4)2 [40], and Zn(DAT)2(Ac)2 (Ac = acetate) [32] were
reported and characterized. Besides, the complex [Ni3(Hdatrz)6(fma)2(H2O)4]fma·11H2O
(fma = fumarate) [39] was synthesized. The sensitivities towards external stimuli of these
complexes are lower than that of common primary explosives, such as lead azide [41], so it
is believed that energetic complexes based on nitrogen-rich ligands are insensitive to exter-
nal stimuli. Meanwhile, from the mentioned compounds and the present work, it is known
that late-transition metal of group 7–12 elements are used as central ions. However, com-
pared to 4-AT, 3,4-diamino-1,2,4-triazole (DATr) contains an additional amino group.
Therefore, DATr as ligand not only improves the nitrogen content and coordination ability,
but also enhances the possibility of hydrogen bonds. As a result, it modifies the
performances.

3,4-Diamino-1,2,4-triazole (DATr) as a ligand has rarely been researched. DATr has high
content of nitrogen (70.67 wt%) in which the nitrogens have lone pair electrons, so it is pos-
sible to coordinate with the central metal ions [40]. Due to DATr and its derivatives as
ligands forming stable complexes with various structures, they show excellent characteris-
tics in transition metal complexes.

The π-system and N–H groups of DATr will benefit for the formation of intermolecular
hydrogen bonds as nonclassic acceptors and donors of protons [42, 43]. Moreover, the exis-
tence of a 3-D network of hydrogen bonds increases the stability of complexes [42].

DATr can be coordinated as a monodentate ligand using –NH2 group or triazole ring,
while as bridging ligands using N1 and N2 of triazole ring can link metal ions. Synthesis
and preparation of Zn(DATr)2Cl2 have been reported previously [44]. But complexes with
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transition metal as central ions and DATr as energetic ligands have still been seldom
reported. In order to research new energetic coordination compounds for eco-friendly envi-
ronment without heavy metals and free perchlorates, four complexes which use nontoxic
transition metal (Mn, Co, Ni, and Zn) as cations with DATr and nitrate anions have been
synthesized. We report crystal structures, thermal decomposition, and energetic properties
of such complexes in the present work.

2. Experimental

2.1. Materials and general methods

Caution: The title complexes are potential energetic materials that tend to explode under
certain conditions. Although we experienced no difficulties during the preparation and han-
dling of the complexes, they are still energetic materials. Proper protective measures
(leather coat, safety glasses, face shields, and ear plugs) should be taken, especially when
the complexes are prepared on a large scale.

All the reagents and solvents were of analytical grade and used without purification as
commercially obtained. 3,4-Diamino-1,2,4-triazole was prepared according to a literature
method [45].

Elemental analyses were performed with a Flash EA 1112 full-automatic trace element
analyzer. The Fourier transform-infrared (FT-IR) spectra were recorded with a Bruker Equi-
nox 55 infrared spectrometer (KBr pellets) from 4000 to 400 cm−1 with a resolution of
4 cm−1. Differential scanning calorimeter (DSC) and TG measurements were carried out
with a Pyris-1 DSC and Pyris-1 thermo-gravimetric analyzer (Perkin-Elmer, USA) in a dry
nitrogen gas atmosphere with flowing rate of 20 mLmin−1.

2.2. Syntheses

Silver carbonate (6.89 g) was dissolved in distilled water (20 mL) and nitric acid (3.45 mL,
65%) was slowly added dropwise into it. They were then added to a solution of DATr·HCl
(6.78 g) in water (50 mL) and stirred for 10 min, and then were placed to precipitate com-
pletely in the dark. Afterwards filtering the mixtures, the pH of the filtrate was adjusted to
neutral. The M(NO3)2 (M = Mn, Co, Ni, and Zn) (25 mM) was added slowly to the filtrate
and stirred for 30 min. Finally the suspension was cooled. The precipitate was filtered off
and dried in medium vacuum.

2.2.1. Mn3[(DATr)6(H2O)6](NO3)6·2H2O (1). The white powder of 1 was gained, but Mn
complex’s crystal was not obtained. Yield: 12.68% (1.31 g, 1.06 mM). Elemental analysis
Calcd (%) for C12H46N36O26Mn3: C, 11.29; H, 3.61; N, 39.51. Found: C, 11.40; H, 3.72;
N, 39.59. IR (KBr, cm−1): ~m = 3467(s), 3310(s), 2374(m), 1652(s), 1560(w), 1355(s),
1209(m), 1003(s), 825(s), 728(s), 681(w), 636(s), 504(s).

2.2.2. Co3[(DATr)6(H2O)6](NO3)6·2H2O (2). After a few days, the brick-red product
started to crystallize. Yield: 15.38% (1.65 g, 1.28 mM). Elemental analysis Calcd (%) for
C12H46N36O26Co3: C, 11.19; H, 3.60; N, 39.16. Found: C, 11.17; H, 3.64; N, 39.13. IR
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(KBr, cm−1): ~m = 3328(s), 2249(m), 1650(s), 1536(w), 1356(s), 1041(s), 827(s), 727(s), 682
(w), 639(s), 509(w).

2.2.3. Ni3[(DATr)6(H2O)6](NO3)6·1.5H2O (3). A couple of days later, the blue crystals of
nickel complex were obtained. Yield: 49.63% (5.32 g, 4.13 mM). Elemental analysis Calcd
(%) for C12H45N36O25.50Ni3: C, 11.28; H, 3.61; N, 39.22. Found: C, 11.61; H, 3.40; N,
37.26. IR (KBr, cm−1): ~m = 3330(s), 2431(m), 1650(s), 1565(w), 1356(s), 1046(s), 996(s),
828(s), 726(s), 685(w), 641(s), 516(w).

2.2.4. Zn3[(DATr)6(H2O)6](NO3)6·2H2O (4). Colorless crystals suitable for X-ray analysis
were obtained after several days. Yield: 21.85% (2.38 g, 1.82 mM). Elemental analysis
Calcd (%) for C12H46N36O26Zn3: C, 11.03; H, 3.55; N, 39.46. Found: C, 11.09; H, 3.50; N,
39.54. IR (KBr, cm−1): ~m = 3315(s), 2396(m), 1654(s), 1560(w), 1383(s), 1121(m), 1023(s),
827(s), 728(s), 682(w), 637(s), 508(m).

3. Results and discussion

3.1. Crystal structures

Single crystals of 2, 3, and 4 were obtained and determined by single-crystal X-ray diffrac-
tion. Crystallographic data are described in table 1, and selected bond lengths and angles
are listed in tables 2 and 3, respectively.

Table 1. Crystallographic data and structure refinement for 2, 3, and 4.

Complex 2 3 4

Formula C12H46N36O26Co3 C12H45N36O25.5Ni3 C12H46N36O26Zn3
Mr (gM−1) 1287.64 1277.97 1306.96
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2(1)/n P2(1)/n P2(1)/n
a (Å) 10.679(2) 10.7035(5) 10.653(2)
b (Å) 22.180(3) 21.8884(9) 22.269(4)
c (Å) 19.976(4) 19.8478(8) 20.005(4)
β (°) 102.155(2) 102.319(4) 101.954(3)
V (Å3) 4625.3(14) 4542.9(3) 4642.9(15)
Z 4 4 4
ρ (g cm−3) 1.849 1.869 1.870
μ (mm−1) 1.189 1.357 1.663
F (0 0 0) 2636 2628 2672
T (K) 153(2) 293(2) 153(2)
θ range (°) 2.7–28 2.69–25.02 2.01–29.00
Data-set (h,k,l) −13 ≤ h ≤ 14, −12 ≤ h ≤ 12, −14 ≤ h ≤ 13,

−29 ≤ k ≤ 19, −19 ≤ k ≤ 26, −30 ≤ k ≤ 30,
−26 ≤ l ≤ −13 −23 ≤ l ≤ 22 −27 ≤ l ≤ 27

Rint 0.0381 0.0572 0.0438
R1 (obsd) 0.0698 0.0834 0.0538
Max (trans) 0.7554 0.9230 0.6911
Min (trans) 0.6641 0.953 0.5216
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2, 3, and 4 crystallize in the space group P2(1)/n with four molecular moieties in the unit
cell, but the calculated densities of complex cobalt and zinc at 153(2) K are 1.849 and
1.870 g cm−3, respectively, while nickel complex at 293(2) K is 1.869 g cm−3. The pre-
ferred geometries of the three complexes consist of trinuclear units. Three complexes have
similar structures, but 3 is slightly different from 2 and 4, due to lack of half of the water
molecules. The molecular structures and the packing diagrams of 2, 3, and 4 are shown in
figures 1–3, respectively.

Table 2. Selected bond lengths (Å) for 2, 3, and 4.

Complex 2 Complex 3 Complex 4

Bond Bond Bond

Co(1)–N(2) 2.093(3) Ni(1)–N(3) 2.049(4) Zn(1)–N(2) 2.100(2)
Co(1)–N(7) 2.094(3) Ni(1)–N(8) 2.063(4) Zn(1)–N(7) 2.102(2)
Co(1)–N(11) 2.101(3) Ni(1)–N(13) 2.043(4) Zn(1)–N(11) 2.099(2)
Co(1)–O(1) 2.105(3) Ni(1)–O(1) 2.092(4) Zn(1)–O(1) 2.136(2)
Co(1)–O(2) 2.124(3) Ni(1)–O(2) 2.085(4) Zn(1)–O(2) 2.160(2)
Co(1)–O(3) 2.137(3) Ni(1)–O(3) 2.102(4) Zn(1)–O(3) 2.152(2)
Co(2)–N(1) 2.131(3) Ni(2)–N(2) 2.093(4) Zn(2)–N(1) 2.140(2)
Co(2)–N(6) 2.137(3) Ni(2)–N(7) 2.082(4) Zn(2)–N(6) 2.155(2)
Co(2)–N(12) 2.137(3) Ni(2)–N(12) 2.099(4) Zn(2)–N(12) 2.167(2)
Co(2)–N(26) 2.139(3) Ni(2)–N(17) 2.106(5) Zn(2)–N(26) 2.180(2)
Co(2)–N(16) 2.142(3) Ni(2)–N(22) 2.094(4) Zn(2)–N(16) 2.176(2)
Co(2)–N(21) 2.157(3) Ni(1)–N(27) 2.105(4) Zn(2)–N(21) 2.183(2)
N(1)–C(1) 1.307(5) N(1)–C(1) 1.361(7) N(1)–C(1) 1.298(4)
N(1)–N(2) 1.402(4) N(2)–N(3) 1.398(6) N(1)–N(2) 1.399(3)
N(2)–C(2) 1.325(5) N(2)–C(2) 1.294(7) N(2)–C(2) 1.328(4)
N(3)–N(4) 1.401(5) N (1)–N(5) 1.396(8) N(3)–N(4) 1.408(3)
N(3)–C(2) 1.361(5) N(3)–C(1) 1.329(8) N(3)–C(2) 1.357(4)
N(3)–C(1) 1.360(5) N(1)–C(2) 1.350(9) N(3)–C(1) 1.359(4)
N(5)–C(2) 1.342(5) N(4)–C(1) 1.342(8) N(5)–C(2) 1.345(4)

Table 3. Selected bond angles (°) for 2, 3, and 4.

Complex 2 Complex 3 Complex 4

Angle Angle Angle

N(2)–Co(1)–N(7) 93.59(12) N(3)–Ni(1)–N(8) 93.22(17) N(2)–Zn(1)–N(7) 95.25(9)
N(7)–Co(1)–N(11) 91.66(12) N(8)–Ni(1)–N(13) 92.14(17) N(11)–Zn(1)–N(7) 93.40(9)
N(2)–Co(1)–O(3) 92.37(12) N(3)–Ni(1)–O(1) 86.47(17) N(2)–Zn(1)–O(3) 92.04(9)
N(2)–Co(1)–O(2) 87.00(12) N(13)–Ni(1)–O(2) 87.51(17) N(2)–Zn(1)–O(2) 86.25(9)
N(2)–Co(1)–O(1) 173.26(13) N(3)–Ni(1)–O(3) 175.24(17) N(2)–Zn(1)–O(1) 171.24(10)
N(7)–Co(1)–O(2) 175.05(13) N(8)–Ni(1)–O(2) 173.52(16) N(7)–Zn(1)–O(2) 172.24(9)
N(11)–Co(1)–O(2) 93.23(12) N(3)–Ni(1)–O(2) 93.26(17) N(11)–Zn(1)–O(2) 94.12(9)
N(11)–Co(1)–O(3) 175.53(12) N(13)–Ni(1)–O(1) 175.66(18) N(11)–Zn(1)–O(3) 174.32(9)
O(1)–Co(1)–O(2) 86.35(12) O(1)–Ni(1)–O(2) 88.46(17) O(1)–Zn(1)–O(2) 84.99(9)
C(2)–N(3)–N(4) 124.0(3) C(2)–N(1)–N(5) 129.8(5) C(2)–N(3)–N(4) 123.3(2)
C(2)–N(2)–N(1) 106.3(3) C(2)–N(2)–N(3) 107.2(4) C(2)–N(2)–N(1) 106.7(2)
N(2)–C(2)–N(5) 128.4(4) N(3)–C(1)–N(4) 128.5(5) N(2)–C(2)–N(5) 128.3(3)
N(1)–Co(2)–N(12) 90.90(12) N(2)–Ni(2)–N(7) 89.39(17) N(1)–Zn(2)–N(12) 91.47(9)
N(1)–Co(2)–N(16) 89.48(12) N(2)–Ni(2)–N(12) 90.57(16) N(1)–Zn(2)–N(16) 89.20(9)
N(12)–Co(2)–N(26) 90.10(12) N(7)–Ni(2)–N(27) 89.51(17) N(12)–Zn(2)–N(26) 89.54(9)
N(6)–Co(2)–N(26) 178.77(12) N(7)–Ni(2)–N(17) 178.33(18) N(6)–Zn(2)–N(26) 179.00(9)
N(12)–Co(2)–N(16) 178.68(12) N(12)–Ni(2)–N(22) 179.24(17) N(12)–Zn(2)–N(16) 178.20(9)
N(1)–Co(2)–N(21) 178.54(13) N(17)–Ni(2)–N(27) 91.89(18) N(1)–Zn(2)–N(21) 178.81(10)
N(6)–Co(2)–N(12) 90.24(12) N(12)–Ni(2)–N(27) 90.03(16) N(6)–Zn(2)–N(12) 90.56(9)
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Figure 1. Molecular structure (a) and packing diagram (b) viewed down the a-axis of 2.

Figure 2. Molecular structure (a) and packing diagram (b) viewed down the c-axis of 3.

Figure 3. Molecular structure (a) and packing diagram (b) viewed down the a-axis of 4.
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Each metal (Co, Ni, and Zn) of three complexes shows a distorted octahedral coordina-
tion sphere due to Jahn–Teller effect, but the coordination environments around M
(M = Co, Ni and Zn) ions are different. M(1) and M(3) are coordinated by three N atoms
from different triazole ligands through M–N and three O atoms from different H2O mole-
cules through M–O, whereas six nitrogens of bridging triazole ligands coordinate the center
atom M(2). The skeleton structures of 2, 3, and 4 are surrounded with nitrates and water
molecules. In the three complexes, DATr exhibits bridging modes to link two metal ions.
In general, the neighboring donors that are easy to coordinate are situated in the
five-membered ring [35]. It is observed that the N1, N2 of the triazole rings are following
the principle. In the basic unit, all the neighboring metal ions (Co(II), Ni(II), and Zn(II)) of
trinuclear species are bridged by 3,4-diamino-1,2,4-triazole ligands.

In 2, the distances of Co–N bonds are 2.067(4)–2.157(3) Å, while the distances of bond
between cobalt and oxygen range from 2.094(3) to 2.155(3) Å. The bond lengths of cobalt
atom and oxygen atoms of three water molecules are obviously different from each other
(2.105(3) Å for Co(1)–O(1), 2.124(3) Å for Co(1)–O(2), and 2.137(3) Å for Co(1)–O(3)).
The coordination around cobalt cation is described as a distorted octahedron because of the
angles of N–Co–O and N–Co–N found in the crystal deviating from 180°.

From the packing diagram of 2, due to the existence of the N–H and O–H, a number
of hydrogen bonds including both intermolecular and intramolecular can be found in 2
[figure 1(b)]. Intermolecular hydrogen-bond contact, on which the crystal packing mainly
depends, occurs among the coordinated water molecules, the oxygen atoms of nitrate anions,
the crystal water molecules and the amino groups of the DATr molecules. But intramolecular
hydrogen bonds are observed between oxygens of the crystal H2O molecules, and the nitro-
gens of triazole rings. A 3-D supermolecular framework is formed as shown in figure 1(b),
which makes an important contribution to enhance the thermal stability of the cobalt complex.

In 3, the bond lengths of Ni–O and Ni–N are between 2.082(4) and 2.115(4) Å, between
2.037(5) and 2.106(5) Å, respectively. The angles of bond between two contra-positioned
nitrogen atoms and nickel atoms as well as the angles of O–Ni–N (the nitrogens of coordi-
nated triazole ring) deviate from 180°, which results in the distorted octahedral configura-
tion. The torsion angle of Ni1–N3–C1–N4 is nearly 0° (2.2(10)°), which suggests that Ni1
atom and the triazole ring (the bridging DATr of N2 and N3 atoms) are coplanar.

It is observed from the packing diagram of 3 [figure 2(b)] that many intramolecular and
intermolecular hydrogen bonds exist, owing to the presence of π-system and NH2 groups of
DATr ligands. Intramolecular hydrogen bonds contain various forms, for example, H–O⋯H
(the oxygen of the crystal water and the hydrogen of coordinated water, respectively). How-
ever, formations of intermolecular hydrogen bonds mainly depend on O and N of nitrate
anions. Dozens of hydrogen bonds form the 3-D structure, which contributes to the stability
of 3.

In 4, the distances of Zn–N and Zn–O are between 2.075(3) and 2.183(2) Å, between
2.103(2) and 2.193(2) Å, respectively. The C(1)–N(1) bond length is 1.298(4) Å, which is
close to C=N double bond (1.28 Å), and the C(1)–N(3) bond length is 1.359(4) Å, which
indicates that the bond can be a C–N single bond (1.46 Å). The bond angles of the nitro-
gens from two contra-positioned triazole ligands and the Zn(II) cation are close to 180° (N
(6)–Zn(2)–N(26) = 179.00(9)°, N(12)–Zn(2)–N(16) = 178.20(9)°, N(1)–Zn(2)–N(21) =
178.81(10)°). But the angle between the Zn(II) cation and the nitrogens of triazole ring, the
contra-positioned oxygens of the crystal water molecules, respectively, deviate from 180°
(N(2)–Zn(1)–O(1) = 171.24(10)°, N(11)–Zn(1)–O(3) = 174.32(9)°, and N(7)–Zn(1)–O(2) =
172.24(9)°), which contributes to form a slightly distorted octahedral configuration.
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The packing diagram of 4 is more complicated, which is shown in figure 3(b). Extensive
hydrogen bonds of intermolecular and intramolecular exist in the structure. The oxygens of
NO�

3 can form hydrogen bonds through linking hydrogens of triazole rings, –NH2 groups,
and the crystal water molecules, respectively. Moreover, a bifurcated hydrogen interaction
takes place on the coordinated water molecules (H–O⋯H (the hydrogens of –NH2 groups),
O–H⋯O (the oxygens of nitrate anions)). Nevertheless, intramolecular hydrogen bonds are
found between hydrogens of H2O and oxygens of NO�

3 . Large quantities of hydrogen
bonds not only play an important role in strengthening the stability of the molecules, but
also contribute to the formation of interesting structures.

3.2. Thermal decomposition

The thermal decomposition processes of the four complexes have been investigated by
using DSC and thermogravimetry–derivative thermogravimetry (TG–DTG) technologies.
The DSC and TG-DTG curves with the heating rate of 10 °C min−1 are shown in figures 4
and 5, respectively. The decomposition temperatures of 1–4 are above 260 °C based on
their onset DSC peaks, and these complexes based on 3,4-diamino-1,2,4-triazole have good
thermal stability.

Figure 4. The DSC curves of 1–4 of DATr with the heating rate of 10 °Cmin−1.
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For 1, it was found in the DSC curve that a main endothermic process with peak temper-
atures of 277.5 °C, and two exothermic stages with the corresponding peak temperature of
308.7 and 391.3 °C，respectively, appeared. DSC curve of 1 showed that a relatively small
endothermic process occurred at 110–140 °C, which suggested that the coordination com-
pound of Mn may contain H2O molecules, consistent with the other three complexes. The
TG-DTG curve revealed that the mass loss mainly divided into two stages including reach-
ing the largest rate at 322.5 °C with a mass loss percentage of 61.1 and at 577.9 °C with a
very small mass loss, respectively.

For 2, small and a sharp exothermic decomposition stages during which the peak temper-
ature commenced at 282.3 and 359.7 °C, respectively, were seen in the DSC curve. The
temperature of beginning decomposition was 260.1 °C, and the TG-DTG curve showed the
first mass loss process in the range from 115 to 145 °C, which reached the largest rate at
131.2 °C with a mass loss percentage of 8.6, and it denotes that some of crystal water was
lost. At last, the final residue at 700 °C is 16.5%，which is coincident with the calculated
value of CoO (17.5%).

For 3, in the DSC curve, there were two successive exothermic processes with the peak
temperatures of 349.9 and 398.1 °C, respectively. Mass loss observed from the TG-DTG
curve was obvious. In the first stage, mass loss occurred from 100 to 130 °C, indicating
crystal water could be lost. Following are second stage and the third stage at 210–390 °C,
390–470 °C, the largest mass loss percentage was 32.0% min−1 at 361.1 °C, 25.9% min−1

at 423.8 °C, respectively. In the end, the mass of the final residue is 16.6%, which may be
nickel oxide (calculated value 17.5%).

Figure 5. The TG-DTG curves of 1–4 with the heating rate of 10 °Cmin−1.
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The DSC curve of 4 had an endothermic process with peak temperatures of 245.1 °C,
during which phase transformation can happen in the range of 235–250 °C, and an exother-
mic process was observed with peak temperatures of 263.9 °C. The TG-DTG curve demon-
strated that the first process of mass loss occurred from 85 to 105 °C, which may be due to
loss of crystal water. However, the second process was through the wide temperature range
260 and 400 °C, and reached the greatest loss at 274 °C with a mass loss percentage of
58.2%, perhaps because of the decomposition of the ligands. Furthermore, it is concluded
through the thermal decomposition mechanism that the final residue may be mixtures of
zinc oxide and its polymer.

From the DSC and TG-DTG curves, thermal decomposition of four complexes with
DATr as ligands first have loss of water, then phase change, and at last exothermic decom-
position process. Complex 2 is more stable than the other three complexes, whereas 4 has
relatively poor stability. As a result of the similar properties compared to 2–4 and the ele-
mental analysis, the structure of 1 is suggested as Mn3[(DATr)6(H2O)6](NO3)6·2H2O (1).

Energy of combustion is a significant parameter to assess energetic properties of new
complexes. Energies of combustion of the four complexes were surveyed in table 4. Con-
stant volume energies of combustion (Qv) were measured by oxygen bomb calorimetry in
an oxygen atmosphere. The physicochemical properties of the title coordination compounds
are also listed in table 4. The nitrogen content of these complexes is nearly 40% by weight
and these complexes can release a large amount of heat in combustion.

3.3. Nonisothermal kinetics analysis

Kissinger’s methods [46] and Ozawa’s [47] methods are widely used to determine the
Arrhenius equation for a given material. The Kissinger [equation (a)] and Ozawa equations
[equation (b)] are as follows:

ln b=Tp
2 ¼ ln RA=Ea½ � � Ea=ðRTpÞ (a)

lg b ¼ lg AEa=RGðaÞ½ � � 2:315� 0:4567Ea=ðRTpÞ (b)

Tp is the temperature (°C) at which the first exothermic peak occurs in the DSC curve; A is
the pre-exponential factor (s−1); Ea is the apparent activation energy (kJ M−1); R is the gas
constant (8.314 J K−1 M−1); β is the linear heating rate (K min−1); and G (α) is the reaction-
mechanism function.

Table 4. Physicochemical properties of 1–4.

Complex 1 Complex 2 Complex 3 Complex 4

Tp (°C)
a 298.3 350.1 340.7 255.3

N (%)b 39.59 39.16 39.22 39.44
E (kJ M−1)c 133.33 181.67 143.67 120.2
Qv (MJ kg−1)d 12.79 16.24 15.32 8.36

aThermal decomposition/DSC main exothermic peak at the heat rate of 5 °C min−1.
bNitrogen content.
cActivation energy.
dConstant volume energy of combustion.
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Based on the first exothermic peaks measured with four different heating rates of 5, 10,
15, and 20 °Cmin−1, Kissinger and Ozawa methods were applied to investigate the kinetic
parameters of 1–4. From these data, the apparent activation energies EK and EO (E is the
average value of EK and EO), pre-exponential factor AK, linear correlation coefficients RK

and RO were determined and are listed in table 5.
Accordingly, the Arrhenius Equation for the coordination compounds can be expressed

as equations (1)–(4):

ln k ¼ 9:717� 133:333� 103=ðRTÞ (1)

ln k ¼ 12:890� 181:667� 103=ðRTÞ (2)

ln k ¼ 9:742� 143:667� 103=ðRTÞ (3)

ln k ¼ 9:444� 120:200� 103=ðRTÞ (4)

The above equations can be used to estimate rate constants of the initial thermal decomposi-
tion process of the four complexes. For the mentioned complexes, 2 has the largest
activation energy, suggesting that it can be more stable.

3.4. Sensitivities properties

In order to evaluate the possibility of the four complexes to be used as energetic materials,
the impact, friction, and flame sensitivities were measured according to the Chinese GJB
Standard [48].

The sensitivity to impact stimuli was determined by applying standard staircase method
and the results are reported in terms of height for 50% probability of explosion (H50) of the
sample. The samples of the four complexes (20 mg) were placed between two steel poles
and hit with a 0.8 kg drop hammer. The highest height which is used for testing 50% proba-
bility of explosion is 150 cm. Friction sensitivities were determined with a MGY-1 pendular
friction sensitivity apparatus by a standard procedure using 20 mg of the sample. The com-
plexes were compressed between two steel poles with mirror surfaces at a pressure of

Table 5. The temperature of the first main exothermic peak at the different heating rates and chemical kinetics
parameters.

Complex 1 Complex 2 Complex 3 Complex 4

Tp (°C)
value

5 298.3 350.1 340.7 255.3
10 308.7 359.7 349.9 263.9
15 315.3 365.2 358.4 272.6
20 326.5 374.8 370.2 281.4

Kissinger’s method
EK (kJM−1) 132.0 181.1 142.3 119.0
ln Ak 9.717 12.890 9.742 9.444
RK 0.9754 0.9789 0.9667 0.9791
Ozawa’s method
EO (kJM−1) 134.8 182.3 145.2 121.8
RO 0.9786 0.9812 0.9710 0.9819
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1.96 MPa and subsequently hit with a 1.0 kg hammer at a 90° angle relative to the horizon-
tal. Flame sensitivities were tested by a HGY-1 Pendulum apparatus. About 20 mg of the
sample was compacted into a copper cap with a pressure of 39.2 MPa and afterwards
ignited by a standard black powder pellet. The results are summarized in table 6.

In the four complexes, 2 is more sensitive to impact than the other complexes. But
towards friction stimuli, most of the coordination complexes with DATr as ligands are
insensitive. Complexes 3 and 4 show lower sensitivity for flame stimuli. In summary, com-
pared to the others, 2 is more sensitive to external stimuli. However, 4 is most insensitive.
Therefore, the coordination compounds based on DATr are moderately sensitive and han-
dled with relative safety.

4. Conclusion

To develop environmentally compatible green energetic materials, four metal complexes
(Mn(II),Co(II), Ni(II), and Zn(II)) based on DATrs as main ligands with nitrate anions as
outer ions were synthesized and characterized. By single-crystal X-ray analyses, the
crystal structures of 2, 3, and 4 consist of a trinuclear unit. The central metal ions are
six-coordinate in distorted octahedral configurations, whereas the N1 and N2 of DATr form
a bridging mode to link two adjacent metals.

DSC and TG-DTG analyses show that 1–4 are thermally resistant (decompose above
260 °C). Complex 2 is more stable than the other three complexes while the zinc complex
has relatively poor stability. The results of the nonisothermal kinetic analysis demonstrated
that the activation energy of 2 was biggest, which also indicated that cobalt complex was
relatively more stable. Sensitivity tests reveal that 2 is more sensitive to external stimuli,
while 4 cannot be ignited by impact, friction or flame stimulus. Complex 3 is sensitive
towards impact and insensitive towards friction or flame, whereas 1 is sensitive to flame,
not to impact, friction. The cobalt complex which is easy to prepare and safe to transport
can be a candidate as an insensitive explosive.

The experimentally measured energies of combustion demonstrate that these complexes
can release a large amount of heat in combustion, which indicates that the title complexes
have good energetic performances.

In contrast to current energetic complexes, including inorganic salts, organic complexes
and inorganic coordination compounds with metallic cations, the title complexes with non-
toxic metal ions, and good thermal stability (similar to that of strontium complexes [49],
and higher than that of FOX-7 complexes [50, 51]) will be promising alternatives for eco-
friendly green energetic materials.

Table 6. The impact, friction and flame sensitive results of 1–4.

1 2 3 4

ISa (H50) (cm) Not fire 21.35 48.36 Not fire
FSb 0 88 0 0
Flamec (H50) (cm) 28.35 19.34 Not fire Not fire

aHeight (cm) for 50% probability of explosion towards impact.
bThe firing rate at 90° angle towards friction.
c50 percent probability of explosion for flame stimuli.
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4.1. X-ray data collection and structure refinement

Single crystals with suitable dimensions were selected for X-ray diffraction analysis. The
data collection was performed with a Rigaku AFC-10/Saturn 724 + CCD detector diffrac-
tometer with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at 153(2) K with
multiscan modes. A semi-empirical absorption correction was applied to the raw intensities
[52]. The structures were solved by direct methods using SHELXS-97 (Sheldrick, 1990)
[53] and refined by full-matrix least-squares on F2 with SHELXL-97 [54]. All nonhydrogen
atoms were obtained from the difference Fourier map and refined anisotropically. The
hydrogens were obtained geometrically and treated by a constrained refinement.

Supplementary material

Crystallographic data (excluding structure factors) for the structures in this paper have been
deposited with the Cambridge Crystallographic Data Center, CCDC, 12 Union Road, Cam-
bridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the
depository number CCDC-959957 (for 2), CCDC-991060 (for 3) and CCDC-959958 (for 4)
(Fax:+44 1223 336 033; Email: deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk).
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