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Abstract:  Four complexes with the formula of [M5(DATr)12~14(H2O)6](ClO4)10 

(M = Mn (1), Co (2), Ni (3), Zn (4)) about their synthesis, structures and some 
energetic properties (such as sensitivities tests) have been described, where the 
DATr here denotes 3,4-diamino-1,2,4-triazole.  These four compounds are all 
light metallic complexes with good thermal stability.  The structures of 2-4 were 
determined by single-crystal X-ray diffraction, and the crystal structures mainly 
consist of penta-nuclear units.  All the structures have a  common interesting 
property in which DATr plays a role of bi-dentate ligand.  Besides, it is observed 
from the crystal structure of 4 that DATr can be also act as a mono-dentate ligand.  
Thermodynamic studies of their decomposition properties and kinetic parameters 
show that the four complexes have high thermal stabilities.  Furthermore, tests 
of their impact and friction sensitivities show that complexes (2) and (3) can be 
potential candidates as primary explosives to replace toxic lead azide.

Keywords: 3,4-diamino-1,2,4-triazole, theoretic study, crystal structure, 
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1	 Introduction 

It is of key importance for new energetic materials (EMs) that they have both 
fine performance and high security [1]. Recently, research has focused on 
EMs with the properties of light metallic, mechanical and thermal-dynamic 
stabilities, replacing environmentally harmful and unstable explosives like 
PbN3.  Compounds of 4th periodic transition metals can meet the requirements 
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above.  So these compounds have attracted more and more research funding to 
study this kind of novel EMs [2], especially concentrating on complexes with 
nitrogen-rich heterocyclic ligands [3], because these ligands have the characters 
of both high nitrogen content and positive heats of formation.

1,2,4-triazole and its derivates are a kind of nitrogen-rich heterocyclic 
ligand with fascinating explosive properties [4], due to their diverse coordination 
modes capable of creating various energetic complexes, such as metal-organic 
framework compounds (MOF) [5]. 

Currently, many ligands of 1,2,4-triazole modified with amino group(s) 
have been studied, such as 4-amino-1,2,4-triazole, 3-hydrazino-4-amino-1,2,4-
triazole and 3,5-diamino-1,2,4-triazole (Figure 1).  These ligands show quite 
novel structural appearances. For example, the ligand of 4-amino-1,2,4-triazole 
can be not only a mono-dentate ligand (through N1 atom of triazole) [4d, 4e, 6] 
but also a bi-dentate ligand (through both N1 and N2 atoms of triazole) [4c].  As 
for 3-hydrazino-4-amino-1,2,4-triazole and 3,5-diamino-1,2,4-triazole, which 
play roles as tri-dentate [7], bi-dentate ligands [4a, 4f, 8] in the complexes, 
respectively.
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Figure 1.	 Some common 1,2,4-triazole derivatives with amino groups.

3,4-diamino-1,2,4-triazole (DATr) is a kind of 1,2,4-triazole derivative 
including two amino groups.  Depending on different coordination sites on the 
triazole ring, DATr can be a mono/bi-dentate ligand.  What’s more, because of 
the π-system and the −NH2 groups, DATr is able to form wide-ranging hydrogen 
bonds which will contribute to increasing the stability and safety of complexes.  
However, complexes with DATr as ligands have seldom been reported [9].  We 
have previously made some contribution to this research.

In our previous work, some energetic complexes based on DATr (as 
bi-dentate ligands) were synthesized through the reaction of DATr and the 
corresponding metal nitrates [10].  In order to continue to study its bi-dentate and 
energetic characters, we presently report four transition metallic complexes of 
[M5(DATr)12~14(H2O)6](ClO4)10 (M = Mn (1), Co (2), Ni (3), Zn (4)) including their 
preparation, crystal structures, thermal decomposition and energetic properties.
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2	 Experimental Section

2.1	 Materials and general methods
Caution: The four complexes are potential energetic materials.  So we take some 
protective measures including face shields, leather coat, safety glasses and ear plugs.

All the reagents and starting materials were of analytically pure grades from 
commercial sources.  The 3,4-diamino-1,2,4-triazole (DATr) ligand was prepared 
according to a published method [11].

Elemental analysis was performed with a Flash EA 1112 full automatic 
trace element analyzer.  The FT-IR spectra were recorded with a Bruker Equinox 
55 infrared spectrometer (KBr pellets) in the range of 4000-400  cm−1 with 
a resolution of 4  cm−1.  DSC measurements were carried out with a Pyris-1 
differential scanning calorimeter in a dry nitrogen gas atmosphere with a flow 
rate of 20 mL·min−1.

2.2	 Syntheses
30 mmol LiOH was added to a solution of DATr·HCl (30 mmol) in water (30 mL) 
so as to adjust the acid environment of the DATr solution.  Then the solution 
of M(ClO4)2 (M = Mn, Co, Ni and Zn) (10 mmol) in water (10 mL) was added 
slowly to the mixed solution and was vigorously stirred for 0.5 h at a temperature 
of 60 °C.  Finally the suspension was cooled.  The precipitate was filtered off 
and dried in vacuum.

[Mn5(DATr)12(H2O)6](ClO4)10 (1): Mn complex’s crystals in the mother 
liquor were not obtained.  Yield: 68.42% (3.51 g). Elemental analysis calcd (%) 
for C24H72N60O46Cl10Mn5: C 11.23, H 2.83, N 32.75; found: C 11.57, H 3.96, N 
32.39; IR (KBr, cm−1): ʋ = 3474(s), 3373(s), 3148(m), 1642(s), 1337(w), 1087(s), 
842(w), 679(w), 627(s), 498(w);

[Co5(DATr)12(H2O)6](ClO4)10 (2): After a few days, the red mother liquor 
started to crystallize.  Yield: 84.7% (4.38 g).  Elemental analysis calcd (%) for 
C24H72N60O46Cl10Co5: C 11.15, H 2.81, N  32.49; found: C 11.17, H 2.89, N 
32.43; IR (KBr, cm−1): ʋ = 3483(s), 3362(s), 3151(w), 1653(s), 1456(w), 1085(s), 
839(w), 679(w), 627(s), 511(w);

[Ni5(DATr)12(H2O)6](ClO4)10 (3): A couple of days later, the blue crystals 
of nickel complex were obtained from the mother liquor.  Yield: 59.01% (3.05 
g). Elemental analysis calcd (%) for C24H72N60O46Cl10Ni5: C 11.15, H 2.81, N 
32.51; found: C 11.11, H 2.86, N 32.56; IR (KBr, cm−1): ʋ = 3474(s), 3363(s), 
3142(m), 1656(s), 1463(w), 1347(w), 1090(s), 854(w), 728(w), 626(s), 518(w);

[Zn5(DATr)14(H2O)2](ClO4)10·2H2O (4): Colorless crystals suitable for 
X-ray analysis from the mother liquor were obtained after several days. Yield: 
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57.91% (3.22  g).  Elemental analysis calcd (%) for C28H78N70O44Cl10Zn5: C 
12.09, H 2.83, N 35.26; found: C 12.10, H 2.87, N 35.24; IR (KBr, cm−1): ʋ  = 
3469(m), 3368(s), 3140(s), 1657(s), 1344(w), 1216(w), 1082(s), 862(m), 727(m), 
627(s), 507(w);

X-ray data collection and structure refinement: The data collection was 
performed with a  Rigaku AFC-10/Saturn 724+CCD detector diffractometer 
with graphite mono-chromated Mo-Kα radiation (λ = 0.71073 Å) at 293 (2) K 
with multi-scan modes.  The structures were solved by direct methods using 
SHELXS-97 (Sheldrick, 1990) [12] and refined by full-matrix least-squares 
methods on F2 with SHELXL-97 program [13].  All non-hydrogen atoms were 
obtained from the difference Fourier map and refined anisotropically.  The 
hydrogen atoms were generated geometrically and treated by a constrained 
refinement.  The CIF files were checked using the checkCIF website.

Crystallographic data (excluding structure factors) for the structures in this 
paper have been deposited with the Cambridge Crystallographic Data Centre, 
CCDC, 12 Union Road, Cambridge CB21EZ, UK.  Copies of the data can be 
obtained free of charge on quoting the depository number CCDC-1004035 for 
2, CCDC-1004036 for 3 and CCDC-1004037 for 4 (Fax: +44-1223-336-033; 
E-mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)

3	 Results and Discussion

3.1	 Theoretical research
In order to study the electronic structures and energetic properties of DATr, all 
calculations were performed using the Gaussian 03 program [14].  The theoretical 
calculations of DATr were studied using hybrid DFT theory of B3LYP with the 
basis of 6-311+G**.  The optimized structure of DATr is shown in Figure 2.

Figure 2.	 The optimal geometric structure of 3,4-diamino-1,2,4-triazole.
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Based on the optimized structure of DATr, we applied the Multiwfn program 
to analyse its electrostatic potential surface to further understand its potential 
coordination sites [15].  This is depicted in Figure 3.  Red points and blue points 
denote maximal values and minimal values of electrostatic potential, respectively.

Figure 3.	 The extreme value distributions of electrostatic potential of 
3,4-diamino-1,2,4-triazole.

It can be seen from Figure 3 that there are four maximal value points and 
four minimal value points due to the electrostatic interactions.  Because of the 
higher electro-negativity of N atoms compared to H atoms, positive electrostatic 
potentials are distributed near H atoms while negative electrostatic distributions 
exist around N atoms.  Note that the values of electrostatic potential around 
N1 and N2 atoms of the triazole ring were minimum (−50.73 kcal·mol−1 and 
−50.74  kcal·mol−1, respectively), suggesting that N1 and N2 atoms in the 
DATr molecule are likely to coordinate with metal atoms.  Therefore, it can 
be concluded that the two nitrogen atoms (N1 and N2) of the triazole ring are 
potential coordination sites, which is consistent with the coordination modes in 
the crystal structures of complexes 2-4. 

3.2	 Crystal structures
The single crystals of complexes 2-4 were obtained and determined by single-
crystal X-ray diffraction.  Crystallographic data is described in Table  1, and 
selected bond lengths and angles are listed in Table 2 and Table 3, respectively.
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Table 1.	 Crystallographic data and structure refinement for complex 2, 3 and 4
Complex 2 3 4

Formula C24H72N60O46Cl10Co5 C24H72N60O46Cl10Ni5 C28H78N70O44Cl10Zn5
Mr [g·mol-1] 2586.57 2585.47 2780.95
Crystal system rhombohedral trigonal triclinic
Space group R-3 R-3 P-1
a [Å] 18.1420(6) 17.9987(11) 10.7655(7)
b [Å] 18.1420(6) 17.9987(11) 11.6784(10)
c [Å] 26.3971(15) 26.148(2) 19.8876(14)
α [°] 90 90 84.559(6)
β [°] 90 90 76.593(6)
γ [°] 120 120 73.303(7)
ν [Å3] 7524.1(6) 7336.0(9) 2328.6(3)
Z 3 3 1
ρ [g·cm−3] 1.713 1.756 1.983
Μ [mm−1] 9.807 4.612 1.686
F(000) 3927 3942 1408
Crystal size [mm3] 0.15 × 0.13 × 0.13 0.14 × 0.13 × 0.10 0.11 × 0.09 × 0.08
T[K] 293(2) 293(2) 293(2)
θ range [°] 3.27 to 66.05 3.30 to 65.99 2.59 to 25.02

Dataset [h,k,l]
−20≤h≤11
−19≤k≤15
−28≤l≤31

−21≤h≤8,
−9≤k≤21,
−30≤l≤22

−12≤h≤12,
−12≤k≤13,
−23≤l≤23

R1,wR2[I>2σ(I)] 0.1009, 0.2317 0.1296,0.2803 0.0808, 0.1564
R1,wR2 (all data) 0.1741, 0.2735 0.2582, 0.3377 0.1551, 0.2142
Goodness of fit 1.045 1.081 1.053
Max (trans) 0.3621 0.6556 0.8769
Min (trans) 0.3209 0.5645 0.8363
Correction type multi-scan multi-scan multi-scan

All three crystal structures mainly consist of penta-nuclear units (shown 
in Figure 4 for complex 2, Figure 6 for complex 3 and Figure 8 for complex 4, 
respectively).  The penta-nuclear units of the three complexes are centro-
symmetric with the inversion center being located at the middle M(1) atom 
(M = Co, Ni, Zn).  DATr ligands in the three crystal structures mainly bridge 
a pair of adjacent metal atoms via the N1 and N2 atoms of triazole rings, and 
the ligands of the three complexes behave similarly.
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Figure 4.	 The pentra-nuclear structure of complex 2, thermal ellipsoids drawn 
at 50% probability level.

   
(a) Co1 and Co2                                           (b) Co3

Figure 5.	 The coordination environment of each Co centre in complex 2.

The X-ray diffraction analysis shows that complex 2 involves five metal 
cobalt cations, twelve DATr molecules, six water molecules and ten perchlorate 
anions.  Although all the cobalt centers are six-fold coordinated, there are some 
differences in the coordination environments (see Figure 5).  The middle three 
cobalt atoms are connected to six nitrogen atoms of different DATr molecules, 
while the two-terminal cobalt atoms are surrounded by three nitrogen atoms of 
three DATr ligands and three oxygen atoms in different water molecules.
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Table 2.	 Selected bond lengths [Å] for complexes 2, 3 and 4
Complex 2 Complex 3 Complex 4

Bond
Bond 
length 

[Å]
Bond

Bond 
length 

[Å]
Bond

Bond 
length

[Å]
Co(1)-N(1) 2.118(7) Ni(1)-N(1) 2.102(11) Zn(1)-N(27) 2.120(7) 
Co(1)-N(1)#1 2.118(7) Ni(1)-N(1)#1 2.102(11) Zn(1)-N(27)#1 2.120(7) 
Co(1)-N(1)#2 2.118(7) Ni(1)-N(1)#2 2.102(11) Zn(1)-N(32) 2.161(8) 
Co(1)-N(1)#3 2.118(7) Ni(1)-N(1)#3 2.102(11) Zn(1)-N(32)#1 2.161(8) 
Co(1)-N(1)#4 2.118(7) Ni(1)-N(1)#4 2.102(11) Zn(1)-N(1) 2.165(8) 
Co(1)-N(1)#5 2.118(7) Ni(1)-N(1)#5 2.102(11) Zn(1)-N(1)#1 2.165(8) 
Co(2)-N(2) 2.145(7) Ni(2)-N(2) 2.096(12) Zn(2)-N(31) 2.128(8) 
Co(2)-N(2 #3 2.145(7) Ni(2)-N(2)#4 2.096(12) Zn(2)-N(2) 2.129(8) 
Co(2)-N(2)#4 2.145(7) Ni(2)-N(2)#5 2.096(12) Zn(2)-N(17) 2.144(8) 
Co(2)-N(6) 2.141(8) Ni(2)-N(6) 2.073(12) Zn(2)-N(26) 2.147(8) 
Co(2)-N(6)#3 2.141(8) Ni(2)-N(6)#4 2.073(12) Zn(2)-N(6) 2.224(8) 
Co(2)-N(6)#4 2.141(8) Ni(2)-N(6)#5 2.073(12) Zn(2)-N(21) 2.249(9) 
Co(3)-N(7) 2.084(9) Ni(3)-N(7) 2.048(13) Zn(3)-N(11) 1.976(8) 
Co(3)-N(7)#3 2.084(9) Ni(3)-N(7)#4 2.048(13) Zn(3)-N(22) 1.994(9) 
Co(3)-N(7)#4 2.084(9) Ni(3)-N(7)#5 2.048(13) Zn(3)-N(7) 2.013(8) 
Co(3)-O(9) 2.121(8) Ni(3)-O(9) 2.058(11) Zn(3)-N(16) 2.094(8) 
Co(3)-O(9)#3 2.121(8) Ni(3)-O(9)#4 2.058(11) Zn(3)-O(25) 2.366(9) 
Co(3)-O(9)#4 2.121(8) Ni(3)-O(9)#5 2.058(11) N(1)-C(1) 1.298(4)
N(1)-N(2) 1.386(8) N(1)-N(2) 1.425(14) N(1)-N(2) 1.399(3)
N(1)-C(2) 1.309(11) N(1)-C(2) 1.319(16) N(2)-C(2) 1.328(4)
C(2)-N(3) 1.359(11) C(2)-N(3) 1.322(16) N(3)-N(4) 1.408(3)
N(3)-C(1) 1.332(11 N(3)-C(1) 1.316(18) N(3)-C(2) 1.357(4)
C(1)-N(2) 1.386(8) C(1)-N(2) 1.305(18) N(3)-C(1) 1.359(4)
N(3)-N(4) 1.406(10) N(3)-N(4) 1.422(15) N(5)-C(2) 1.345(4)
N(5)-C(1) 1.345(11) N(5)-C(1) 1.359(17)

All Co(1)-N have a bond length of 2.118(7) Å.  The bond angles around 
the Co(1) center are close to the orthogonal requirement (for example: N(1)#1-
Co(1)-N(1)#2, 89.3(3)°; N(1)#3-Co(1)-N(1)#4, 89.3(3)°; N(1)#2-Co(1)-N(1)#3, 
90.7(3)°) and the angles of N-Co(1)-N (each nitrogen from two contrapuntal 
DATr ligands) are equal to 180° (N(1)#1-Co(1)-N(1), 180.0(5)°, N(1)#2-
Co(1)-N(1)#4, 180.0(4)°, N(1)#3-Co(1)-N(1)#5, 180.0(4)°), which indicates that 
the coordination environment of the Co(1) atom is nearly regular octahedral.  
Meanwhile, the two Co(2) atoms have the same coordination mode as that of the 
Co(1) atom.  The bond lengths between Co(2) and N2 of the triazole ring range 
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from 2.141(8) Å to 2.145(7) Å.  Bond angles of the cobalt atom and the two 
contra-positioned nitrogen atoms (the angle of N-Co(2)-N is 178.2(3)°) deviate 
from 180°, resulting in a distorted octahedral structure.  But two terminal central 
atoms are different from the other cobalt atoms.  The Co(3)-N bond lengths are 
2.084(9) Å, while those for Co(3)-O are 2.121(8) Å.  Moreover, Co(3) atoms 
also display distorted octahedral geometry, because of the three atoms N(7), 
Co(3) and O(9) being not collinear (the angle of N(7)-Co(3)-O(9) is 175.9(3)°).

The crystal structure of complex 3 is similar to that of complex 2, which 
contains five nickel cations, and the other moieties are the same with complex 
cobalt (see Figure  7).  The three intermediate nickel central atoms exhibit 
octahedral NiN6 coordination geometry (each nitrogen atom different from six 
DATr ligands), while the outer two Ni atoms are ligated with three nitrogen atoms 
of three 3,4-diamino-1,2,4-triazole molecules and three water oxygen atoms. 

Figure 6.	 The pentra-nuclear structure of complex 3, thermal ellipsoids drawn 
at 50% probability level.

   
(a) Ni1 and Ni2                                   (b) Ni3

Figure 7.	 The coordination environment of each Ni center in complex 3.
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The bond lengths of Ni-N are in the range of 2.048(13) Å to 2.102(11) Å, 
while the Ni-O bond distances are 2.058(11) Å, which is shorter than that of 
the analogous nickel complex [4a].  The bond distances of two adjacent central 
atoms (Ni-Ni) are 3.7853(2)-3.8203(2) Å.  The coordination sphere around all 
the Ni (II) atoms except Ni(1) also shows a distorted octahedron configuration 
because of the angle of N-Ni-N (two nitrogen atoms of two para-position DATr 
ligands) and N-Ni-O (one nitrogen atom of triazole ring and one oxygen atom of 
contrapuntal water molecule) deviating from 180° (such as the angles of N(6)-
Ni(2)-N(2)#4, N(7)-Ni(3)-O(9) are 178.9(6)°, 177.2(5)°, respectively).

Table 3.	 Selected bond angles [°] for complexes 2, 3 and 4
Complex 2 Complex 3 Complex 4

Bond Angle 
[°] Bond Angle 

[°] Bond Angle 
[°]

N(1)-Co(1)-N(1)#3 89.3(3) N(1)-Ni(1)-N(1)#4 91.5(5) N(27)-Zn(1)-N(1) 91.8(3)
N(1)-Co(1)-N(1)#4 89.3(3) N(1)-Ni(1)-N(1)#5 91.5(5) N(27)-Zn(1)-N(32) 90.4(3)
N(1)#3-Co(1)-N(1)#4 89.3(3) N(1)#4-Ni(1)-N(1)#5 91.5(5) N(32)-Zn(1)-N(1) 89.3(3)
N(1)#1-Co(1)-N(1)#2 89.3(3) N(1)#1-Ni(1)-N(1)#2 91.5(5) N(27)#1-Zn(1)-N(1)#1 91.8(3)
N(1)#1-Co(1)-N(1)#5 89.3(3) N(1)#2-Ni(1)-N(1)#3 91.5(5) N(27)#1-Zn(1)-N(32)#1 90.4(3)
N(1)#2-Co(1)-N(1)#5 89.3(3) N(1)#1-Ni(1)-N(1)#3 91.5(5) N(32)#1-Zn(1)-N(1)#1 89.3(3)
N(1)#1-Co(1)-N(1) 180.0(5) N(1)-Ni(1)-N(1)#1 180.0(12) N(27)-Zn(1)-N(27)#1 180.0(1)
N(1)#2-Co(1)-N(1)#4 180.0(4) N(1)#3-Ni(1)-N(1)#4 180.0(8) N(32)-Zn(1)-N(32)#1 180.0(2)
N(1)#3-Co(1)-N(1)#5 180.0(4) N(1)#2-Ni(1)-N(1)#5 180.0(7) N(1)-Zn(1)-N(1)#1 180.0(4)
N(2)#3-Co(2)-N(2)#4 91.8(3) N(2)-Ni(2)-N(2)#5 92.2(5) N(6)-Zn(2)-N(21) 86.4(3)
N(2)#3-Co(2)-N(2) 91.8(3) N(2)#4-Ni(2)-N(2)#5 92.2(5) N(17)-Zn(2)-N(21) 93.4(3)
N(2)#4-Co(2)-N(2) 91.8(3) N(2)#4-Ni(2)-N(2) 92.2(5) N(17)-Zn(2)-N(6) 85.6(3)
N(6)-Co(2)-N(6)#3 89.8(3) N(6)-Ni(2)-N(6)#4 90.8(5) N(31)-Zn(2)-N(26) 92.5(3)
N(6)-Co(2)-N(6)#4 89.8(3) N(6)-Ni(2)-N(6)#5 90.8(5) N(31)-Zn(2)-N(2) 91.2(3)
N(6)#3-Co(2)-N(6)#4 89.8(3) N(6)#4-Ni(2)-N(6)#5 90.8(5) N(2)-Zn(2)-N(26) 95.4(3)
N(6)#4-Co(2)-N(2)#3 178.2(3) N(6)-Ni(2)-N(2)#4 178.9(6) N(31)-Zn(2)-N(17) 177.9(3)
N(6)-Co(2)-N(2)#4 178.2(3) N(6)#5-Ni(2)-N(2) 178.9(5) N(26)-Zn(2)-N(6) 166.1(3)
N(6)#3-Co(2)-N(2) 178.2(3) N(6)#4-Ni(2)-N(2)#5 178.9(5) N(2)-Zn(2)-N(21) 178.0(3)
N(7)#3-Co(3)-N(7) 92.9(3) N(7)#5-Ni(3)-N(7) 91.9(6) N(11)-Zn(3)-N(22) 129.8(3)
N(7)-Co(3)-N(7)#4 92.9(3) N(7)#4-Ni(3)-N(7) 91.9(6) N(11)-Zn(3)-N(7) 120.6(4)
N(7)#3-Co(3)-N(7)#4 92.9(3) N(7)#5-Ni(3)-N(7)#4 91.9(6) N(22)-Zn(3)-N(7) 102.9(3)
O(9)#3-Co(3)-O(9)#4 87.1(4) O(9)#5-Ni(3)-O(9)#4 88.6(5) N(16)-Zn(3)-O(25) 176.6(3)
N(7)-Co(3)-O(9)#3 89.7(3) N(7)#4-Ni(3)-O(9)#5 90.9(5) N(11)-Zn(3)-N(22) 129.8(3)
N(7)#4-Co(3)-O(9)#3 90.3(3) N(7)-Ni(3)-O(9)#5 88.6(5) N(22)-Zn(3)-N(16) 98.0(3)
N(7)-Co(3)-O(9) 175.9(3) N(7)-Ni(3)-O(9) 177.2(5) N(7)-Zn(3)-N(16) 95.1(3)
N(7)#3-Co(3)-O(9)#3 175.9(3) N(7)#4-Ni(3)-O(9)#4 177.2(5)
N(7)#4-Co(3)-O(9)#4 175.9(3) N(7)#5-Ni(3)-O(9)#5 177.2(5)

The molecular structure of complex 4 is slightly different to those of complexes 
2 and 3, being composed of five central zinc atoms, fourteen DATr ligands, four 
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water molecules (two lattice molecules and two coordinated molecules) and ten 
perchlorate anions.  The metal atoms have different coordination situations (see 
Figure 9), including coordination numbers and coordination sites.  The three 
middle zinc atoms are six-fold-coordinated (the same as for complexes 2 and 3), 
but two terminal central atoms are penta-coordinated. 

Figure 8.	 The pentra-nuclear structure of complex 4, thermal ellipsoids drawn 
at 50% probability level.

   
(a) Zn1 and Zn2                                        (b) Zn3

Figure 9.	 The coordination environment of each Ni center in complex 4.

It is observed that the bond lengths of M-N (M = Zn(1), Zn(2)) is not the 
same (2.165(8)-2.249(9) Å) and N-M-N (M = Zn(1), Zn(2)) bond angles (each 
nitrogen atom from two contra-position DATr molecules) are not equal to 180°, 
which contributes to the distorted octahedron.  The torsion angle of N(7)-Zn(3)-
N(11)-N(12) is close to 0° (0.6(9)°), which demonstrates that the metal Zn(3) 
atom as well as the other three nitrogen atoms (N(7), N(11) and N(12) occupies 
the same plane.  The coordination environment of the two outer Zn centers 
generates similar trigonal bipyramid geometry [16].  What’s more, the other 
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coordinated nitrogen atom and oxygen atom comprise the axial position (the angle 
of N(16)-Zn(3)-O(25) is 176.6(3)°).  The Zn(1)…Zn(2) distance (3.7950(3) Å) is 
shorter than that of Zn(2)…Zn(3) (3.6694(3) Å), due to the different coordination 
environments of the central atoms.

Table 4.	 Hydrogen bond distances [Å] and angles [°] for complexes 2, 3, and 4

D-H…A d(D-H)
[Å]

d(H…A)
[Å]

d(D…A)
[Å]

<(DHA)
[°] Symmetry code

Complex 2
N4-H4B…O8A 0.860 2.578 3.322 145.32 y, -x+y, -z
N4-H4B…N10 0.860 2.613 3.220 128.56 x-y+2/3, x+1/3, -z+1/3
N5-H5A…O1 0.860 2.479 2.996 119.43
N5-H5A…N6 0.860 2.605 3.201 127.39 -x+y, -x, z
N10-H10A…O9 0.860 2.580 3.173 127.07 -x+y, -x, z
O9-H9E…O1 0.850 2.133 2.923 154.46 -x+y, -x, z
O9-H9E…N7 0.850 2.540 2.964 111.94 -x+y, -x, z
O9-H9F…O8A 0.850 2.259 3.045 154.01 x-1/3, y-2/3, z+1/3
O9-H9F…Cl2 0.850 2.989 3.733 147.41 x-1/3, y-2/3, z+1/3
Complex 3
N4-H4B…O8A 0.860 2.559 3.303 145.25 y, -x+y, -z
N4-H4B…O3A 0.860 2.602 3.091 117.19 -x+y+1/3, -x+2/3, z-1/3
N5-H5A…O1 0.860 2.478 2.974 117.43
N5-H5A…N6 0.860 2.585 3.181 127.31 -x+y, -x, z
N10-H10A…O9 0.860 2.397 3.127 143.08 -x+y, -x, z
O9-H9E…N10 0.850 2.374 2.900 120.57 -x+y, -x, z
O9-H9F…O8A 0.850 2.286 3.134 175.85 x-1/3, y-2/3, z+1/3
Complex 4
N4-H4A…O12A 0.860 2.405 3.097 137.87 x-1, y+1, z
N9-H9A…O17 0.860 2.068 2.928 178.88 -x, -y+2, -z+1
N10-H10B…O18 0.860 2.390 3.145 146.85 x-1, y, z-1
N15-H15A…O22 0.860 2.139 2.952 157.47 -x+1, -y+1, -z+1
N15-H15B…N25 0.860 2.400 3.143 144.94 -x+1, -y+1, -z
N19-H19A…N9 0.860 2.665 3.149 116.85 x+1, y, z
N20-H20A…O18 0.956 2.528 3.087 117.42 -x+1, -y+2, -z+1
N20-H20A…N11 0.956 2.536 3.302 137.16
N24-H24A…Cl1 0.860 2.926 3.739 158.49 -x+1, -y+1, -z+1
O25-H25C…O26 0.850 2.330 2.744 110.37 x, y, z-1
O25-H25D…N25 0.850 2.589 3.028 113.32
O26-H26B…Cl2 0.850 2.981 3.671 139.80 -x+1, -y+1, -z+1
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The separate penta-nuclear molecules of the three complexes are aligned 
into 3D supra-molecular network structures through large amounts of hydrogen-
bonding interactions including intra-molecular and intermolecular.  Detailed 
hydrogen bonds of complexes 2-4 are listed in Table 4.  In complex 2, intra-
molecular hydrogen bonds occur between the oxygen atoms of the perchlorate 
anions and nitrogen atoms of the amino groups and triazole rings.  What’s 
more, perchlorate anions mainly form intermolecular H-bonding interactions to 
link two adjacent penta-nuclear units.  In complex 3, hydrogen bonds between 
coordinated water molecules, amino groups and perchlorate anions are observed, 
but the chlorine atoms of the perchlorate anions are not found as acceptors 
in hydrogen bonds.  The connecting mode of two neighboring five-nuclear 
units in complex 3 through intermolecular H-bonding interaction is similar to 
that of complex 2.  In complex 4, because it contains lattice water molecules, 
hydrogen-bonding interactions are rather more complicated compared to the 
other coordination compounds.  The intra-molecular hydrogen bonds appear 
among crystal water molecules, perchlorate anions, amino groups and triazole 
rings.  Furthermore, apart from perchlorate anions, the amino groups of DATr 
ligands in the contiguous penta-nuclear units also participate in inter-molecular 
hydrogen-bonding interactions.

3.3	 Thermal Stabilities
The thermal decomposition behavior of the complexes has been investigated 
using differential scanning calorimetry (DSC).  The DSC curves of the four 
complexes for a heating rate of 5 ºC·min−1 are shown in Figure 8.  Endothermic 
peaks of most of the title coordination compounds are not observed in the DSC 
plots except for complex 3.  The decomposition temperatures of complexes 1-4 
are above 300 °C based on their onset DSC peaks.  The thermal stabilities of 
the four complexes are higher than the criterion of 200 °C for “green” metal 
energetic materials [17].  Therefore, these metal complexes with the DATr ligand 
are sufficiently thermally stable to be energetic materials.  The decomposition 
process of complex 1 occurs in the temperature range of 289.2-382.3 °C with 
one main exothermic peak.  For complex 2, an exothermic stage is seen with 
a sharp peak temperature at 305.8 °C.  It is observed from the DSC curve of 
complex 3 that a wide exothermic process appears at temperatures between 
269.7 °C and 390.8 °C.  For complex 4, a small endothermic process is found at 
293.5-314.3 °C which can indicate a phase transition, and there is an exothermic 
stage in the range of 320.1-370.2 °C, with peak temperature at 337.4 °C.  Their 
thermal stabilities increase in the sequence of compounds: 2<1<4<3.
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Figure 10.	 The DSC curve of the four complexes for a heating rate of 5 °C·min−1.

In general, energy of combustion is a significant parameter to assess the 
energetic properties of new complexes.  The energies of combustion of the four 
complexes are surveyed in Table 5.  Constant volume energies of combustion 
(Qv) were measured by oxygen bomb calorimetry in an oxygen atmosphere.  
The other physicochemical properties of the title complexes are also listed in 
Table 5.  The nitrogen contents of all the coordination compounds are over 30% 
by weight.  Furthermore, these complexes can release a large amount of heat in 
the combustion process.

Table 5.	 Physicochemical properties of complexes 1-4
Complex 1 Complex 2 Complex 3 Complex 4

Tp [°C] a 347.7 328.6 361.9 350.9
N [%] b 32.75 32.49 32.51 35.26
Ω [%] c −23.71 −23.51 −23.52 −29.34
E [kJ∙mol−1] d 101.65 112.80 183.00 175.90
Qv [MJ∙kg−1] e 8.91 9.51 8.73 8.24

a Thermal decomposition/ DSC main exothermic peak at the heat rate of 10 °C∙min−1;
b Nitrogen content; c Oxygen balance; d Activation energy; e Constant volume energy of combustion.

In the research presented in this paper, Kissinger’s methods [18] and Ozawa’s 
methods [19] were used to determine the Arrhenius equation for a given material.  
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The Kissinger (Equation a) and Ozawa (Equation b) equations are as follows:

lnβ / Tp
2 = ln[RA / Ea] – Ea / (RTp)� (a)

lgβ = lg[AEa / RG(α)] – 2.315 – 0.4567Ea / (RTp)� (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·mol−1]; R is the gas constant (8.314 J·K−1·mol−1); β is the linear heating 
rate [K·min−1]; and G(α) is the reaction-mechanism function.

Based on the first exothermic peaks measured with four different heating 
rates of 5, 10, 15 and 20  °C·min−1, Kissinger’s and Ozawa’s methods were 
applied to investigate the kinetic parameters of the title complexes.  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 6.

Table 6.	 The temperature of the first main exothermic peak for different 
heating rates and chemical kinetics parameters

Complex 1 Complex 2 Complex 3 Complex 4

Tp [°C]
value

5 325.8 305.8 348.8 337.4
10 347.7 328.6 361.9 350.9
15 353.5 333.5 368.9 357.1
20 367.3 337.4 372.1 361.1

Kissinger’s method
EK [kJ·mol−1] 99.2 110.8 182.5 175.3
ln Ak 6.09 7.50 12.99 12.66
RK 0.9863 0.9646 0.9952 0.9958
Ozawa’s method
EO [kJ·mol–1] 104.1 114.8 183.5 176.5
RO 0.9887 0.9698 0.9957 0.9962

Accordingly, the Arrhenius equation for the coordination compounds can 
be expressed as Equations 1, 2, 3 and 4:

ln k = 6.09 – 101.65 × 103 / (RT)� (1)
ln k = 7.50 – 112.80 × 103 / (RT)� (2)
ln k = 12.99 – 183.00 × 103 / (RT)� (3)
ln k = 12.66 – 175.90 × 103 / (RT)� (4)
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The above equations can be used to estimate the rate constants of the initial 
thermal decomposition process of the four complexes.  The activation energy of 
the nickel complex is larger than that of the other complexes.

3.4	 Sensitivities
In order to evaluate the possibility of using the four compounds as energetic 
materials, the impact and friction sensitivities for the initial safety testing were 
measured according to BAM methods [20] with the “BAM Fallhammer” and 
“BAM friction tester”.  The results are summarized in Table  7.  In general, 
the perchlorate complexes were more sensitive to external stimuli than the 
corresponding nitrates [1c, 21].

Table 7.	 The sensitivities testing results for four complexes
1 2 3 4

Impact sensitivity [J] > 40 1.82 2.68 > 40
Friction sensitivity [N] 128 84 60 216

Complex  2 is very sensitive towards impact and complex  3 also shows 
high sensitivity.  However, complexes 1 and 4 are both insensitive to impact.  
Complex 2 was found to be more impact sensitive than lead azide while complex 3 
is similar to lead azide [22].  According to the UN Recommendations on the 
Transport of Dangerous Goods [23], complexes 2, 3 are classified as very sensitive 
towards impact but complexes 1, 4 are classified as insensitive towards impact.  
In addition, complexes 1, 2 and 4 are sensitive to friction, and complex 3 is very 
sensitive towards friction.  However, the four complexes aren’t more sensitive 
against friction than that of lead azide [3g].  On the whole, it is found for safety 
sensitivities that complex 2 is the most sensitive towards external stimuli of the 
four complexes but complex 4 is relatively insensitive.

4	 Conclusions

3,4-diamino-1,2,4-triazole was coordinated with several transition metal 
(M  =  Mn, Co, Ni, Zn) perchlorates to form energetic complexes.  All the 
complexes were characterized by elemental analysis, infrared spectroscopy and 
differential scanning calorimetry.  Single-crystal structures of complexes 2-4 
were obtained.  All three crystal structures mainly consist of penta-nuclear units, 
and developed 3D supra-molecular network constructions through extensive 
hydrogen-bond interactions.  DSC results suggest that all four complexes 
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have good thermal stabilities (decompose above 300 °C) and the Co complex 
has the highest decomposition temperature.  Non-isothermal kinetic analysis 
indicates that the Arrhenius equations of complexes 1-4 can be expressed as 
follows: lnk = 6.09 − 101.65 × 103/(RT) (for 1), lnk = 7.50 − 112.80 × 103/(RT) 
(for complex  2), lnk  =  12.99  −   183.00  ×  103/(RT) (for complex  3) and 
lnk = 12.66 − 175.90 × 103/(RT) (for complex 4).  Furthermore, the combustion 
performance and other energetic properties were also studied.  All complexes 
containing energetic counterions show different sensitivities towards mechanical 
stimulations.  More importantly, the cobalt and nickel complexes are extremely 
sensitive towards impact stimulation, which are similar to that of lead azide, 
whereas complexes 1, 4 are insensitive against impact.  Besides, most of the 
title compounds are sensitive to friction and the nickel complex is very sensitive 
towards friction.  However, it is found that all the coordination compounds are less 
sensitive towards friction than lead azide.  Therefore, in conclusion complexes 2 
and 3 are potential primary explosives with high thermal stabilities (complex 2 
decomposes at 328.6 °C and complex 3 decomposes at 361.9 °C) to replace toxic 
lead azide (which decomposes at 315 °C). 
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