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Synthesis, structure, and thermal decomposition of two
copper coordination compounds [Cu(DAT)2(PA)2] and [Cu
(DAT)2(HTNR)2] with nitrogen rich 1,5-diaminotetrazole

(DAT)

YAN-GANG BI, YONG-AN FENG, YING LI, BI-DONG WU and TONG-LAI ZHANG*

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

(Received 30 April 2014; accepted 2 October 2014)

Two similar complexes combined with 1,5-diaminotetrazole (DAT) and copper trinitrophenol were
characterized by elemental analysis, FT-IR spectroscopy and single crystal X-ray diffraction and the
sensitivity were studied.

Both [Cu(DAT)2(PA)2] (1) and [Cu(DAT)2(HTNR)2] (2) were prepared from 1,5-diaminotetrazole
(DAT) and copper trinitrophenol, 1 for picrate (PA) and 2 for styphnate acid (2,4,6-trinitro resor-
cinol, TNR), and were characterized by elemental analysis, FT-IR spectroscopy, and single crystal
X-ray diffraction. The space group of these compounds is P21/c (monoclinic). The lattice parameters
are similar [a = 11.405(3) Å, b = 14.867(3) Å, c = 8.099(2) Å for 1 and a = 12.262(3) Å,
b = 14.900(3) Å, c = 7.243(2) Å for 2], except the β = 106.257(3)° in 1 and β = 92.989(4)° in 2.
Both have extended structures due to hydrogen bonds, but there are some differences because of the
ligands induced effect. Differential scanning calorimetry analysis shows that two exothermic
processes take place in both complexes, the first peak temperatures are 488.2 K for 1 and 519.2 K
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for 2. The kinetic parameters of the first exothermic process were studied by using Kissinger’s
method and Ozawa’s method, in which the enthalpy of formation (−7346 and −5706 kJ M−1), criti-
cal temperature of thermal explosion (475.0 and 515.8 K), entropy of activation (ΔS≠), enthalpy of
activation (ΔH≠), and free energy of activation (ΔG≠) were calculated and obtained as
−117.25 J K−1 M−1, 140.64 kJ M−1, 196.44 kJ M−1 and −219.1 J K−1 M−1, 383.56 kJ M−1,
495.34 kJ M−1 for 1 and 2, respectively. The sensitivity test results showed that both compounds
were sensitive to impact (<5 J) and flame (>20 cm) rather than friction.

Keywords: 1,5-Diaminotetrazole; Picrate and styphnate; Copper; Kinetic parameters; Sensitivity

Introduction

Since nitrogen heterocycles offer higher heat of formation, larger density, and better oxygen
balance than their carbocyclic analogs, these kinds of compounds have attracted interest in
synthesis of high energy density materials [1–3]. Aminotetrazoles have high nitrogen con-
tent, large positive enthalpies, and high thermal stabilities [4–6]. They play roles as ligands
to form energetic complexes [7–15] or as anions to construct energetic salts together with
guanidine, amine, etc. [16–22].

1,5-Diaminotetrazole (DAT) is one of the highest nitrogen content (84.0 wt%) com-
pounds and is shown in figure 1. N1 is fully occupied by –NH2, N2, and C, while the other
five nitrogens remain to participate in coordination, especially at the 4th-position [23–25].

In our recent research, we found that picric acid (2,4,6-trinitrophenol, PA) and styphnate
acid (2,4,6-trinitro resorcinol, TNR) can form energetic salts and coordination compounds
as outer anions [26]. However, in most cases, complexes which are based on PA and TNR
contain either coordination waters and/or lattice waters, such as [Co(DAT)6](PA)2·4H2O,
[Zn(DAT)2(H2O)4] (PA)2·2H2O, and [Co(DAT)2(H2O)4](HTNR)2·2H2O [27–29].

In this article, two crystal structures, [Cu(DAT)2(PA)2] (1) and [Cu(DAT)2(HTNR)2] (2),
were synthesized and determined by FT-IR analyses. Furthermore, the thermal decomposi-
tion mechanism for 1 and 2 was predicted based on DSC and TG-DTG. The non-kinetic
parameters of the first exothermic process were determined by applying the Kissinger
method and Ozawa method. In addition, we found that 2 was more sensitive than 1 in flame
and impact sensitivity.

Experimental

General caution

The title compounds are energetic materials and tend to explode under certain conditions.
Appropriate safety precautions (safety glasses, face shields, leather coat, and ear plugs)
should be taken, especially when the compound is prepared on a large scale and in dry state.

C

N
N

N2

N

NH2H2N 1

3
4

56 OH

O2N NO2

NO2

OH

O2N NO2

NO2

HO

DAT PA TNR

Figure 1. The structure of 1,5-diaminotetrazole (CN6H4, DAT), PA and TNR.
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Materials and physical technique

All the reagents and solvents were of analytical grade and used as commercially
obtained. Elemental analyses were performed on a Flash EA 1112 full-automatic trace
element analyzer. The FT-IR spectra were recorded on a Bruker Equinox 55 infrared
spectrometer (KBr pellets) from 4000 to 400 cm−1 with a resolution of 4 cm−1. DSC and
TG measurements were carried out with a Pyris-1 differential scanning calorimeter and
Pyris-1 thermogravimetric analyzer (PerkinElmer, USA) under dry nitrogen with flow rate
of 20 mL min−1. The combustion heat was measured by oxygen bomb calorimeter (Parr
6200, USA).

Synthesis of 1. DAT (0.51 g, 5 mM) and PA (0.45 g, 2 mM) were dissolved in 30 mL H2O
and stirred for half an hour at 343.2 K. Then, CuCl2 (0.34 g, 2 mM) in the same solvent
was added gradually dropwise under stirring. The suspension was stirred for another hour
and filtered immediately into a cup. After one day, green crystals suitable for X-ray analysis
were obtained in 75% yield. Elemental analysis for C14H12CuN18O14: C, 23.36; N, 35.02;
H, 1.68. Found: C, 23.27; N, 34.95; H, 1.73. IR (KBr) ν: 3411, 3308, 1671, 1634, 1561,
1486, 1437, 1369, 1335, 1272, 1158, 1079, 935, 906, 742, 704, 519 cm−1.

Synthesis of 2. The synthesis progress of 2 is similar with 1, only using TNR instead of
PA in 80 mL H2O; after a few hours, green crystals are obtained in 60% yield. Elemental
analysis for C14H12CuN18O14: C, 22.36; N, 33.53; H, 1.61. Found: C, 22.41; N, 33.46; H,
1.65. IR (KBr) ν: 3448, 3335, 2294, 1682, 1623, 1573, 1534, 1323, 1195, 1129, 1090,
1015, 924, 787, 698 cm−1.

X-ray data collection and structure refinement

The X-ray diffraction data collection was performed on a Rigaku AFC-10/Saturn 724+

CCD detector diffractometer with graphite-monochromated Mo Kα radiation
(λ = 0.71073 Å) with φ and ω modes at 153(2) K. The structure was solved by direct meth-
ods using SHELXS–97 [30] and refined by full-matrix least-squares methods on F2 with
SHELXL–97 and Olex-2 [31]. Detailed information concerning crystallographic data collec-
tion and structure refinement are summarized in table 1.

Results and discussion

Synthesis

Compound 1 was synthesized and collected in aqueous solution with pH 1, and thus, we
inferred that a similar compound 2 would be got by the reaction of DAT and CuCl2 with
HTNR in the same condition. However, precipitation was formed when CuCl2 was added
into the mixed solution of DAT and HTNR; although the pH 1 was the same, few crystals
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were collected. After an extended series of experiments over a long period, we concluded
that the key drivers in that expected increase in yield of 2 will be increased amount of H2O.
Thus, the use of H2O in the synthesis of 2 was 80 mL instead of 30 mL for 1 to get the best
yield.

Molecular structure of 1 and 2

Compound 1 as well as 2 crystallizes in monoclinic and space group P21/c (figure 2). The
octahedral copper ion at the inversion center is equatorially coordinated by two nitrogens
from two DAT molecules and four oxygens from two PA anions for 1 and HTNR anions
for 2, respectively. There are neither coordinated nor lattice waters. The two DAT molecules

Table 1. Crystallographic data and structure refinements for 1 and 2.

Compound Cu(DAT)2(PA)2 Cu(DAT)2(HTNR)2

CCDC 969660 988711
Empirical formula CuC14H12N18O14 CuC14H12N18O16

Formula mass /g M−1 719.96 751.96
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
Crystal dimension /mm 0.55 × 0.36 × 0.25 0.52 × 0.37 × 0.13
Z 2 2
a, b, c /Å 11.405(3), 14.867(3), 8.099(2) 12.262(3), 14.900(3), 7.2431(17)
β /° 106.257(3) 92.989(4)
h, k, l −14 ≤ h ≤ 15,−20 ≤ k ≤ 20, −11 ≤ l ≤10 −16 ≤ h ≤ 15, −20 ≤ k ≤ 19, −9 ≤ l ≤ 9
V /Å3 1318.3(4) 1321.6(5)
Dc /(g cm−3) 1.81 1.89
μ (Mo Kα) /mm−1 0.154 0.941
F(0 0 0) 726 758
θ Range /° 2.31–29.13 5.46–58
Measured reflections 13,494 11,058
Unique data 3534 [Rint = 0.034] 3504 [Rint = 0.0364]
R1, wR2 [I > 2σ(I)] 0.0398, 0.0944 0.0389, 0.0989
R1, wR2 (all data) 0.0464, 0.0990 0.0442, 0.1032
Goodness of fit 0.998 1.001
δpmax, δpmin /(eÅ

−3) 0.45, −0.44 0.42, −0.51

Note: (a) wR2 = [∑w(Fo
2 − Fc

2)2/∑w(Fo
2)]1/2, P = (Fo

2 + 2Fc
2)/3. (b) w = 1/[σ2(Fo

2) + (0.0510P)2 + 0.1600P].

Figure 2. The molecular structures of 1 (left) and 2 (right).
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are coordinated with copper at the 4th position in both compounds. The benzene rings of
either PA or HTNR anions are parallel. The lattice parameters of 1 are as follows:
a = 11.405(3) Å, b = 14.867(3) Å, c = 8.099(2) Å, and β = 106.257(3)°, however, in 2:
a = 12.262(3) Å, b = 14.900(3) Å, c = 7.243(2) Å are similar to 1, only the β = 92.989(4)°
is closer than that in 1.

The geometric parameters around Cu2+ in 1 are Cu1–N1 = 1.984(2) Å, Cu1–O1 = 1.933
(2) Å, Cu1–O2 = 2.339(2) Å, while in 2, the bond lengths Cu1–N1 = 2.0029(15) Å, Cu1–
O1 = 1.9651(12) Å, Cu1–O2 = 2.3625(15) Å are longer than those in 1 because of the exis-
tence of the other hydroxyl group of HTNR ion. The selected bond lengths and angles are
listed in table 2. In addition, the density of 2, 1.89 g cm−3, is larger than that in 1
(1.81 g cm−3).

There are twelve hydrogens in both complexes, but a few inner molecular hydrogen
bonds in them. For 1, the only two inner molecular hydrogen bonds are
N6–H6A⋯O7 = 2.396(6) Å and N6–H6A⋯O1 = 2.087(9) Å. In 2, the inner molecular
hydrogen bonds are O6–H6O⋯O5 = 1.90(3) Å, N6–H6A⋯O1 = 2.09(3) Å, and
N6–H6A⋯O8 = 2.37(2) Å. All of the hydrogen bonds in both 1 and 2 are calculated by
Platon and listed in table 3.

The two title complexes form a 3-D network because of the hydrogen bonds, and their
packing views along the c-axis are shown in figures 3 and 4, respectively.

As shown in figure 1, the two different DAT rings of 1 are coplanar (angle = 0.00(66)),
while two benzene rings of PA anions are in two parallel surfaces. If they are approximately
for the same plane, two kinds of intersecting planes are shown in figure 3, which is the
packing view of 1 along the c-axis, on the left is the typical amplification part of the right
in order to see more clearly the hydrogen bond. The projection of DAT rings is overlapped
and forms parallel straight lines, along which intersecting planes of PA rings appear alter-
nately. Furthermore, they are inclined to one another at an angle of 56.317.

Table 2. Selected bond lengths and angles for 1 and 2.

Compound 1

Atoms 1,2 Lengths /Å Atoms 1,2 Lengths/Å
Cu1–O1 1.9333(14) Cu1–O2i 2.3398(14)
Cu1–O1i 1.9333(14) Cu1–O2 2.3398(14)
Cu1–N1i 1.9845(16) Cu1–N1 1.9846(16)
Atoms 1,2,3 Angles /° Atoms 1,2,3 Angles /°
N1i–Cu1–O2i 87.94(6) N1–Cu1–O2 87.94(6)
O1–Cu1–N1i 88.95(6) N1–Cu1–O2i 92.06(6)
O1i–Cu1–N1i 91.05(6) O1–Cu1–O2 79.38(5)
O1–Cu1–N1 91.05(6) O1–Cu1–O2i 100.62(5)
O1i–Cu1–N1 88.95(6) O1i–Cu1–O2i 79.38(5)
Compound 2
Atoms 1,2 Lengths /Å Atoms 1,2 Lengths /Å
Cu1–O1 1.9651(12) Cu1–O2i 2.3625(15)
Cu1–O1i 1.9651(12) Cu1–O2 2.3625(15)
Cu1–N1i 2.0029(15) Cu1–N1 2.0029(15)
Atoms 1,2,3 Angles /° Atoms 1,2,3 Angles /°
N1i–Cu1–O2i 88.29(6) N1–Cu1–O2 88.29(6)
O1–Cu1–N1i 88.49(6) N1–Cu1–O2i 91.71(6)
O1i–Cu1–N1i 88.49(6) O1–Cu1–O2 77.90(5)
O1–Cu1–N1 91.51(6) O1–Cu1–O2i 102.10(5)
O1i–Cu1–N1 91.51(6) O1i–Cu1–O2i 77.90(5)

Note: (i) 1 − x, 1 − y, 1 − z.
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Figure 4, which is much different compared to figure 3, is the packing view of 2 along
the c-axis, and the right part is for clarity. First, the plane of DAT rings intersects instead of
forming lines. Second, the two benzene rings from HTNR ligand cannot be approximately
the same plane, but like “pliers”, however, the –NO2 and –NH2 surround the “pivots” of
the “pliers” in the packing view. Third, the two benzene rings, from adjacent molecules, are
close to each other parallel on the b-axis. These differences arise from the different ligand,
inducing another orientation of Cu polyhedron within the unit cell due to ligand size varia-
tions and differences in intermolecular interactions compared with 1.

Table 3. Selected hydrogen bonds and angles for 1 and 2.

Compound 1

D–H⋯A d(D–H) d(H⋯A) d(D⋯A) a(D–H⋯A)
N5–H5A⋯O2#1 0.880(0) 2.588(2) 3.146(2) 122.1(2)
N5–H5B⋯O2#2 0.840(0) 2.41(3) 2.946(3) 122(2)
N6–H6B⋯N5 0.880(9) 2.518(9) 2.878(2) 105.3(8)
N6–H6B⋯O5#3 0.880(9) 2.289(9) 3.079(2) 149.3(8)
N6–H6A⋯O1#4 0.880(10) 2.087(9) 2.817(2) 139.8(9)
N6–H6A⋯O7#4 0.880(10) 2.396(9) 3.069(3) 133.6(6)
C4–H4⋯O6#5 0.950(2) 2.450(2) 3.305(2) 149.57(19)
Compound 2
D–H⋯A d(D–H) d(H⋯A) d(D⋯A) a(D–H⋯A)
N5–H5A⋯O5#i 0.86(3) 2.35(3) 3.136(3) 152(2)
N5–H5A⋯N3#ii 0.86(3) 2.59(3) 3.077(3) 117(2)
N5–H5B⋯O7#iii 0.82(3) 2.37(3) 3.048(3) 141(3)
N6–H6A⋯O1 0.85(3) 2.09(3) 2.789(2) 139(3)
N6–H6A⋯O8 0.85(3) 2.37(2) 3.111(2) 145(3)
N6–H6B⋯O2#iv 0.81(3) 2.40(3) 3.039(3) 136(2)
N6– H6B⋯N5 0.81(3) 2.57(2) 2.878(3) 105(2)
O6–H6O⋯O5 0.85(3) 1.90(3) 2.613(2) 141(3)
O6–H6O⋯N3#v 0.85(3) 2.34(4) 2.985(2) 133(3)
O6–H6O⋯N8 0.85(3) 2.50(3) 2.938(2) 113(3)

Note: Symmetry transformations for 1: #1 1 − x,1/2 + y,1/2−z; #2 x,3/2 − y,1/2 + z; #3 −1 + x,3/2−y, − 1/2 + z;
#4 1 − x,1 − y,1−z; #5 x,y,−1 + z. Symmetry transformations for 2: #i 1 + x,3/2 − y,1/2 + z; #ii x,3/2−y,1/2 + z;
#iii 1 − x,1 − y,2 − z; #iv x,y,1 + z; #v −1 + x,y,z.

Figure 3. Packing view of 1 along the c-axis.
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Figure 4. Packing view of 2 along the c-axis.
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However, there are similarities in both compounds, the central copper ions can be trans-
formed into each other by translation along the a-axis, while they are symmetrical with each
other on the b-axis.

Thermal decomposition

With the purpose of investigating the thermal behavior of 1 and 2, DSC and DTG curves
with the linear heating rate of 10 K min−1 were recorded in a nitrogen atmosphere (figures
5 and 6 for 1 and figures 7 and 8 for 2).

There are two exothermic processes on the DSC curve for 1; the peak temperatures are
488.9 and 595.2 K. Correspondingly, there are two main mass loss stages in the TG-DTG
curves. The first stage occurs from 463.2 to 523.2 K with a mass loss of 57%, in which the
largest mass loss rate is reached at 473.2 K with a mass loss percentage of 2.9% K−1. This
process shows the main exothermic decomposition of the ligands and picrate anions. Then,
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Figure 7. The DSC curve for 2 in a nitrogen atmosphere with heating rate of 10 K min−1.
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Figure 8. The TG-DTG curves for 2 in a nitrogen atmosphere with heating rate of 10 K min−1.
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one mass loss appeared from 523.2 to 623.2 K with mass loss of 33%. It is the secondary
decomposition process of the decomposed residues from the first stage.

There are also two exothermic processes on the DSC curve for 2, but the first peak tem-
perature is 519.2 K and is higher than that of 1. The second peak temperature is 560.2 K
and is lower than 595.2 K on the DSC curve of 1. Correspondingly, there are two main
mass loss stages in the TG-DTG curves as well. The first stage occurs from 447.2 to
517.2 K with a mass loss of 87.66%, in which the largest mass loss rate reached at 504.2 K
with a mass loss percentage of 62.8% K−1, and there is a sharp weight loss on the coordi-
nated TG curves. This process shows the main exothermic decomposition of the ligands
and styphnate anions. One successive mass loss stage appeared from 523.2 to 587.2 K with
mass loss of 4.2%, as a secondary decomposition process and the decomposition rate slower
than that in the first stage.

Energies of combustion and enthalpies of formation

In order to study the energy of combustion and the enthalpy of formation of 1 and 2, the
constant volume energy of combustion (Qv) was measured by oxygen bomb calorimetry
and was determined to have a value of −10,160 kJ kg−1 for 1, while the combustion energy
of 2 is lower, only −7548.3 kJ kg−1. According to the bomb combustion, reaction equations
as follows:

CuC14N18O14H12 sð Þ þ 21=2O2 gð Þ ¼ CuO sð Þ þ 14CO2 gð Þ þ 9N2 gð Þ þ 6H2O lð Þ (1)

CuC14N18O16H12 sð Þ þ 19=2O2 gð Þ ¼ CuO sð Þ þ 14CO2 gð Þ þ 9N2 gð Þ þ 6H2O lð Þ (2)

The energy of combustion can be (T = 298.15 K) as follows:

DH1 ¼ QP1 ¼ QV1 þ Dn1RT ¼ �7346kJ M�1 ¼ �10; 200 kJ kg�1 (3)

DH2 ¼ QP2 ¼ QV2 þ Dn2RT ¼ �5706kJM�1 ¼ �7588 kJ kg�1 (4)

Thus, the energy of combustions is −10,200 kJ kg−1 for 1 and −7588 kJ kg−1 for 2.
In accordance with the known enthalpies of formation of [ΔfH°298(CuO(s))

= −155.2 kJ·M−1], carbon dioxide [ΔfH°298(CO2(g)) = −393.5 kJ M−1], and water
[ΔfH°298(H2O(l)) = −285.8 kJ M−1] [32], the standard enthalpies of formation were back
calculated from the energies of combustion on the basis of equations 1 and 2, and Hess’s
Law as applied in thermochemical equations (3) and (4). The enthalpies of formation of 1
and 2 are as follows:

DfH
�
298 1; sð Þ ¼ DfH

� CuO,sð Þ þ 6DfH
� H2O; 1ð Þ þ 14Df H

� CO2; gð Þ � DcH
� 1; sð Þ

¼ �37:5kJ mol�1 (5)
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DfH
�
298ð2; sÞ ¼ DfH

� CuO,sð Þ þ 6DfH
� H2O; 1ð Þ þ 14DfH

� CO2; gð Þ � DcH
�ð2; sÞ

¼ �1673kJ mol�1 (6)

Non-isothermal kinetics analysis

Kissinger’s and Ozawa’s methods are widely used to determine the Arrhenius equation for
a given material. The Kissinger equation (7) [33] and Ozawa equation (8) [34] are as fol-
lows:

ln b=T 2
p ¼ ln ½RA=Ea� � Ea=ðRTpÞ (7)

lg b ¼ lg½AEa=RGðaÞ� � 2:315� 0:4567Ea=RTp (8)

Tp is the peak temperature at which the exothermic peak occurs in the DSC curve (K), 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 reac-
tion–mechanism function.

While there were many ways to calculate the kinetics parameters, Kissinger and Ozawa’s
methods were established on the basis of the temperatures at which the first exothermic
peaks occur in the DSC curves measured with four different heating rates (5, 10, 15, and
20 K min−1) of 1 and 2. From these data, the apparent activation energy Ek and Eo, pre-
exponential factor Ak, and linear coefficient Rk and Ro were determined and listed in table
4. Accordingly, the Arrhenius equations of 1 and 2 can be expressed as follows (E is the
average of Ek and Eo):

ln k ¼ 13:52� 144:6� 103= RTð Þ for1 (9)

Table 4. The peak temperatures of the exothermal peaks at different heating rates and the kinetic
parameters.

Heating rates (K min−1)
Cu(DAT)2PA2 Cu(DAT)2(HTNR)2
Peak temperatures Tp /K Peak temperatures Tp /K

5 479.2 515.6
10 488.9 519.6
15 493.9 522.1
20 497.0 523.1
Kissinger’s method
Ek /(kJ M

−1) 144.3 393.3
lnA 13.52 38.02
Linear correlation coefficient Rk −0.9979 −0.9969
Standard deviation 0.0456 0.0572
Ozawa’s method
Eo /(kJ M

−1) 144.9 382.2
Linear correlation coefficient Ro −0.9981 −0.997
Standard deviation 0.0199 0.0248
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ln k ¼ 38:02��387:8� 103= RTð Þ for2 (10)

Calculation of critical temperature of thermal explosion, ΔS≠, ΔH≠, and ΔG≠

The values of the peak temperatures corresponding to β→0 obtained according to equation
(11) [35], where a, b, and c are coefficients. Tp0 value is calculated at 462 K and 510 K for
1 and 2, respectively.

Tpi ¼ Tp0 þ abþ bb2 þ cb3 þ db4 (11)

The corresponding critical temperatures of thermal explosion (Tb) obtained were 475 K
for 1 and 515.8 K for 2 by equation (12) [35]. E is in accord with equations (9) and (10).

Tb ¼
E � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2 � 4ERTp0
p

2R
(12)

The entropies of activation (ΔS≠), enthalpies of activation (ΔH≠), and free energies of
activation (ΔG≠) of the decomposition reaction of 1 corresponding to T = Tp0 and A = Ak

(Kissinger’s method) obtained by equations (13–15) [35] were −226.9 J K−1M−1,
140.76 kJ M−1, 245.58 kJ M−1 for 1 and −219.1 J K−1M−1, 383.56 kJ M−1, 495.34 kJ M−1

for 2,

A ¼ kBT

h
eDS 6¼=R (13)

DH 6¼ ¼ E�RT (14)

DG6¼ ¼ DH 6¼�TDS 6¼ (15)

where kB is the Boltzmann constant/1.381 × 10−23 (J K−1) and h is the Planck constant/
6.626 × 10−34 (J s).

Sensitivity tests

The impact and friction sensitivities as well as the flame sensitivity were determined based
on the China National Military Standard as shown in table 5.

Impact sensitivity was determined by a fall hammer apparatus. Salt (30 mg) was placed
between two steel poles and was hit by 5.0 kg drop hammer. The test results showed that
the firing height for 1 and 2 is 8.5 and 3 cm, respectively.

Friction sensitivity was determined on a MGY-1 pendular friction sensitivity apparatus
by a standard procedure using 20 mg of sample. When salt was compressed between two
steel poles with mirror surfaces at pressure of 3.92 MPa and then was hit horizontally with
a 1.5 kg hammer from 90° angle, the firing rates were 0% for 1 and 2.
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Flame sensitivity was determined by a standard method, in which the sample was ignited
by standard black powder pellet. Salt (20 mg) was compacted to a copper cap under the
press of 58.8 MPa and was ignited by standard black powder pellet. The test results showed
that the 50% firing heights (h50) were 23 cm for 1 and 25 cm for 2.

Thus, we found that both 1 and 2 have high impact and flame sensitivity, but low friction
sensitivity.

Physicochemical properties

The mentioned physicochemical properties of 1 and 2 are listed in table 5. Their oxygen
balances are better than TNT (Ω = −74%). More importantly, the nitrogen contents of both
compounds are more than 30%, the nitrogen and oxygen contents are no less than 66%.
Compared with the known combustion energies of RDX (1,3,5-trinitro-1,3,5-triazacyclohex-
ane), HMX (1,3,5,7-tetranitro-1,3,5,7-tetraazocane), and TNT (2,4,6-trinitrotoluene), which
were reported as −9600, −9880 and −15,220 kJ kg−1, respectively [35], the combustion
value of 1 was higher than that of RDX and HMX, but lower than that of TNT. The order
of combustion values for these energetic compounds is 2 < RDX <HMX < 1 < TNT.

Lower values of Tb, 475.2 K for 1 and 515.8 K for 2, show that the transition from ther-
mal decomposition to thermal explosion is easy to take place, especially for 1. We found
that the yields increased when reaction temperature is elevated for both compounds in
accord with the positive values of ΔG≠. In light of the sensitivity, both compounds are more
sensitive to impact and flame than friction.

Table 5. Physicochemical properties of 1 and 2.

Cu(DAT)2(PA)2 (1) Cu(DAT)2(HTNR)2 (2)

Formula CuC14H12N18O14 CuC14H12N18O16

Mol. mass [g M−1] 719.96 751.96
Dc [g cm−3] 1.81 1.89
Tp0 [K]

a 462 510
Tb [K]

b 475.2 515.8
ΔH≠ [kJ M−1]c 140.76 383.56
ΔS≠ [J K−1 M−1]d −226.9 −219.1
ΔG≠ [kJ M−1]e 245.58 495.34
Td [K]

f 488.9 519.6
N [%]g 35 33.5
N + O [%]h 66.1 67.6
Ω [%]i −44.5 −38.3
E [kJ M−1] 144.6 387.8
Qv [ kJ kg

−1] −10,160 −7548.3
ΔH = QP [ kJ kg

−1] −10,200 −7588
ΔfH°298 [kJ M

−1] −37.5 −1673
Impact sensitivity [J] 4.25 1.5
Friction sensitivity [%] – –
Flame sensitivity h50 [cm] 23 25

aThe values of the peak temperatures corresponding to β → 0.
bThe corresponding critical temperatures of thermal explosion.
cEnthalpies of activation.
dEntropies of activation.
eFree energies of activation [30].
fThermal degradation /DSC main exothermic peak.
gnitrogen content.
hnitrogen and oxygen content.
ioxygen balances.
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Conclusion

[Cu(DAT)2(PA)2] and [Cu(DAT)2(HTNR)2] were synthesized, and the crystal structures
were studied. There were no crystal waters in 1 and 2; PA and HTNR are able to coordinate
with the metal ion through the oxygens from –OH and –NO2 instead of as an outer anion.
The DSC curve shows two exothermic processes from 463.2 to 623.2 K for 1 and from
447.2 to 587.2 K for 2 corresponding to TG-DTG curves, but their decomposition tempera-
ture are lower than [Ca(tza)2(H2O)2]n 555.2 K [36].

The results of the non-isothermal kinetic analysis indicated that the Arrhenius equation of
1 and 2 can be expressed as ln k = 13.52 − 144.6 × 103/(RT) (1) and ln k = 38.02 −
387.8 × 103/(RT) (2). The order of combustion for these energetic compounds is 2 < RDX
<HMX < 1 < TNT. The sensitivity properties indicated that both compounds had lower fric-
tion, but high impact sensitivity and flame sensitivity.

As observed with Cu(HATZ)(PDA)(H2O) (HATZ = 5-aminotetrazole, H2PDA =
pyridine-2,6-dicarboxylic acid) [37], [Cd(IMI)2(N3)2]n (IMI = imidazole) [38], [Ca(tza)2
(H2O)2]n (tza = tetrazole acetic acid) [36], and zinc-FOX-7 complex (FOX-7 = 1,1-diamino-
2,2-dinitroethylene) [39], both of the title compounds show higher sensitivity.

Supplementary material

Crystallographic data (excluding structure factors) for the structures in this article have been
deposited with the Cambridge Crystallographic Data Center, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the
depository numbers CCDC-969660 and CCDC-988711 for 1 and 2, respectively (Fax: +44
1223 336 033; E-mail: deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk).
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