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a b s t r a c t

Copper(II) chlorate(VII) coordination polymer with 4-amino-1,2,4-triazole as bridging ligand was pre-
pared and characterized by elemental analysis, IR spectra and TG/DTA analyses. Sensitivity and detonator
tests were also preformed. The compound has a 1D chain structure in which Cu(II) ions are linked by triple
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eywords:
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triazole N1,N2 bridges. It is a detonat with performance close to that of lead azide, but at the same time
it shows moderate sensitivity to thermal (explosively decomposes above 250 ◦C) and mechanical stimuli
(sensitivity to friction 10 N).

© 2009 Elsevier B.V. All rights reserved.
rimary explosive

. Introduction

For more than 100 years, mercury fulminate (MF), lead azide
LA) and lead styphnate (LS) have been used as primary explo-
ives. They are very good initiatory explosives but they also suffer
rom serious drawbacks, such as: (i) extremely high sensitivity
o mechanical stimuli, (ii) thermal, hydrolytic, chemical instabil-
ty or lack of resistance to light, (iii) incompatibility with metals
ommonly used in initiating devices, and (iv) high toxicity of the
ompounds themselves and their decomposition products [1].

The ongoing search for new primary explosives is aimed at find-
ng materials safer in production and use which do not contain
eavy metals and with better initiating performance than the mul-
icomponent compositions being used now. The replacements of
he present primaries should be more resistant to accidental stim-
li (electrostatic discharge, impact, friction), but they must reliably

nflame or detonate, e.g. upon exposure to flame, electrically heated
ire or strike with a firing pin in stab and percussion initiators.
owever their thermal stability should not be too low in order to

void unexpected explosions of ammunition exposed to heat flow
rom a fire. On the other hand some of the materials (detonants)

ust be capable of fast transition from deflagration to detonation.
t is not easy to reconcile so many contradictory demands, but from

∗ Corresponding author at: Military University of Technology, Institute of Chem-
stry, Kaliskiego 2, 00-908 Warsaw, Poland. Tel.: +48 22 6839582;
ax: +48 22 6839582.

E-mail address: scudzilo@wat.edu.pl (S. Cudziło).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.008
the recently published papers, it follows that it may be possible
[1–20].

It has been confirmed many times that some complex com-
pounds with a general formula of Mx(L)y(An)z where M denotes
a transition metal cation, L is a nitrogen rich ligand molecule,
and An is an oxygen containing anion are effective primary explo-
sives. The cation plays structure-creating role (i.e. coordinates other
molecules) providing stability of the compound and the required
level of safety. Usually it is also a catalyst of the first stage of
decomposition which assures a rapid deflagration to detonation
transition—inherent feature of primary explosives. In order to max-
imize the heat effect of decomposition, the oxygen balance of the
compounds ought to be close to zero. Thanks to this the initiating
performance of the new primaries may be higher than that of azides
and flumintaes [1–20].

In the present work, copper(II) chlorate(VII) coordination poly-
mer with 4-amino-1,2,4-triazole (4-AT, C2H4N4) as bridging ligand
was prepared and tentatively characterized from the point of
view of its explosive properties. The copper ions are linked
together by three triazole ligands (N1,N2 bridging mode) and
the triple bridged Cu2+ chain is surrounded in the external zone
with chlorate(VII) anions {[Cu(C2H4N4)3](ClO4)2}n. The composi-
tion and structure of the compound [21,22] was confirmed using
results of elemental analysis and infrared spectra. Its explosive

properties were characterized by measuring sensitivity to fric-
tion and impact, thermal stability (TG/DTA analyses), detonation
velocity and performing detonator feasibility firing in a commer-
cial detonator containing 1.2 g of pressed PETN as a secondary
charge.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:scudzilo@wat.edu.pl
dx.doi.org/10.1016/j.jhazmat.2009.12.008
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Fig. 1. Synthesis and struc

. Experimental

.1. Synthesis of {[Cu(C2H4N4)3](ClO4)2}n

The scheme of synthesis and structure of the coordination poly-
er {[Cu(C2H4N4)3](ClO4)2}n are shown in Fig. 1.
One gram of 4-amino-1,2,4-triazole (Fluka, Cat. No. 09550) was

issolved in a solution of 20 cm3 of water and 15 cm3 of methanol,
ith stirring. After dissolving, 4.41 g of hydrated copper(II) chlo-

ate(VII) (Cu(ClO4)2·6H2O, Aldrich Cat. No. 215392) was added. The
esulting solution was stirred for 2.5 h at room temperature. The
recipitate was filtered off, washed with water and methanol and
ried at 40 ◦C. The final product was in the form of pale-blue, fine
owder with mass of 1.24 g (yield of ca. 60%).

.2. Characterization

Elemental analyses were performed with Analyzer CHNS
ario EL III (Elementar Analsensysteme GmbH). Atomic emis-
ion spectrophotometer Spectroflame-ICP M (Spectoro Analytical

nstruments) was used to determine the copper content of the
omplex. FTIR spectra were collected on a Nicolet iS10 (ThermoSci-
ntific) spectrometer using the potassium bromide pellet method
sample concentration of ca. 0.7%). Simultaneous thermal gravi-

etric and differential analyses (TG/DTA) were carried out using

Fig. 2. FTIR spectra of 4-amino-1,2,4-triazole and {[Cu(C2H4N4)3](ClO4)2}n .
f {[Cu(C2H4N4)3](ClO4)2}n .

LabSys-TG/DTA apparatus (Setaram). Samples of ca. 1 mg were
heated from 20 to 500 ◦C, at a rate of 5 ◦C/min, in nitrogen atmo-
sphere. Friction sensitivity measurements were made on Julius
Peters apparatus according to the Polish standards (BAM method).
The impact sensitivity was determined by the Fall Hammer Method
using 1 kg drop hammer. Sensitivity to flame and detonating perfor-
mance were assessed in a detonator test. To this end, 0.2 or 0.3 g of
{[Cu(C2H4N4)3](ClO4)2}n was pressed (30 MPa) above a 1.2 g pen-
taerythritol tetranitrate (PETN) charge in an aluminum cup of a
commercial detonator (6.4/6.9 mm in the internal/external diame-
ter). The detonator was fixed vertically on a 5-mm lead plate and its
detonation was initiated with a standard electric match or safety
fuse. The commercial detonator containing 0.3 g of lead azide and
lead styphnate mixture (pressed under the same conditions) and
1.2 g of PETN was used as a reference. The mean values of deto-
nation velocity of {[Cu(C2H4N4)3](ClO4)2}n at a density of ca. 0.2,
1.1 and 1.4 g/cm3 were measured using short-circuit sensors and a
time recorder. The charges were 10 mm in diameter, and they were
placed in thin-walled paper tubes.

3. Results and discussion
The content of copper, carbon, hydrogen and nitrogen in
{[Cu(C2H4N4)3](ClO4)2}n is as follows: Cu, 12.35%; C, 14.00%; H,
2.35%; N, 32.66%. The average results of elemental analyses are
11.6 ± 0.5, 14.17; 2.25 and 31.97%, respectively. So that the elemen-

Fig. 3. TG/DTA curves of {[Cu(C2H4N4)3](ClO4)2}n .
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Fig. 4. Photographs of the tested det

al composition of the obtained compound confirms its predicted
tructure.

FTIR spectra of 4-AT and {[Cu(C2H4N4)3](ClO4)2}n are shown in
ig. 2. The wide band above 3000 cm−1 is assigned to the stretching
ibration of N–H and C–H linkage. In a range of 1700–600 cm−1,
here are observed characteristic bands of stretching and deforma-
ion vibrations of the triazole ring and the external amino group, i.e.
eformation vibrations of NH2 (1632 cm−1), stretching vibrations
f the heterocyclic ring (1528 and 1384 cm−1), stretching vibrations
f the exocyclic N–N bond (1195 cm−1) and deformation vibrations
f the triazole ring (700–600 cm−1).

In the IR spectrum of {[Cu(C2H4N4)3](ClO4)2}n, a wide band
ppears in a range of 1200–1000 cm−1, which may be attributed to
hlorate(VII) anion frequencies. The absorption of stretching vibra-
ions of the triazole ring (1545 cm−1) and N–N bond (1219 cm−1)
s shifted to higher wavenumber compared to the free ligand,

hereas absorption resulting from deformation vibrations of NH2
roup appears at a lower frequency (1620 cm−1). Such changes of
-amino-1,2,4-triazole IR spectrum confirm that the molecule is
oordinated in the N1N2 mode [22]. In this case, the triazole ring is
olarized (electrons are shifted to copper ion) and becomes more
igid. This causes that the energy of ring vibrations and N–N bond
between triazole ring and NH2 group) increases and the energy of
–H bond in the external amino group decreases.

Typical TG/DTA curves of {[Cu(C2H4N4)3](ClO4)2}n are shown
n Fig. 3. Samples as small as 1 mg detonates at ca. 311 ◦C when
eated up at a rate of 5 ◦C/min in open crucibles made of Al2O3. In
ach case, detonation completely destroyed the crucible.

From the thermograms (Fig. 3), it follows that under the experi-
ental conditions, the decomposition process starts above 250 ◦C.
t lower temperatures, the sample does not undergo any changes

hich are accompanied by mass or energy exchange. Detonation

ollows a slow decomposition stage during which the sample losses
a. 23% of its mass.

The results of friction sensitivity measurements (BAM method)
ave shown that {[Cu(C2H4N4)3](ClO4)2}n does not react up to pis-
rs and the witness plates after firing.

til load of 8.8 N. When the load was 9.8 N, 10% of explosions (50
trials) were observed. First explosions in the impact sensitivity
test happened, at an impact energy of 1 J (drop height 10 cm). It
should be mentioned that pure lead azide was always initiated in
comparative experiments.

The feasibility demonstration firings in the commercial deto-
nator (Fig. 4) have shown that both 0.3 and 0.2 g pressed charges
of {[Cu(C2H4N4)3](ClO4)2}n detonate upon exposure to flame gen-
erated by the standard electric match or safety fuse and initiate
detonation of pressed PETN used as an output charge.

In each case (10 trials) the detonator punched a hole (ca. 10 mm
in diameter) on the 5 mm thick lead witness plate, equivalent to
that of produced by a standard detonator (containing 0.3 g of lead
azide and lead styphnate mixture as a priming charge).

The charges of {[Cu(C2H4N4)3](ClO4)2}n in the tested detonators
were 6.4 mm in diameter and had a density of ca. 1.4 g/cm3. The
mass of minimum priming charge to PETN was found to be ca. 0.2 g,
so that the deflagration to detonation distance in the detonator
assembly is not longer than 4.5 mm.

At a bulk density of about 0.2 g/cm3, the tested explosive deto-
nates at a velocity of 2.8 km/s when initiated with flame generated
by a standard electric match. The detonation velocity measured in
unconfined pressed charges with density of ca. 1.1 and 1.4 g/cm3

was ca. 5.5 and 6.5 km/s, respectively.

4. Conclusions

Coordination polymer with formula of {[Cu(C2H4N4)3](ClO4)2}n

built of copper cations linked together by triple triazole bridges
and surrounded with chlorate(VII) anions in the external zone was
synthesized. To the best of our knowledge, the compound has

been confirmed, for the first time, to be a primary explosive with
very interesting properties. It can be characterized as a compar-
atively stable low-sensitive to friction (10 N), thermally resistant
(decomposes above 250 ◦C) and high energetic detonat (6.5 km/s at
1.4 g/cm3). Upon exposure to flame, it detonates in pressed charges
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f 200 mg in mass and initiates detonation of PETN charges. So that
he compound may be used as an environmentally friendly and safe
eplacement of lead azide and lead styphnate. Its synthesis is very
imple and starts from cheap, available substances.

The good properties of the compound result from its compo-
ition. Copper cation has high ion potential (the ratio of electric
harge to ion radius) and thanks to this crates stable coordina-
ion compounds. What is more it is known as a catalyst of the
rst stage of decomposition of such compounds, because it acti-
ates ligands oxidizing them to reactive radicals [3]. Chlorate(VII)
nion is rich in active oxygen and its redox potential is quite high
Cl2/ClO4

−, 1.39 V). 4-Amino-1,2,4-triazole is a stable compound
nd has the possibility of linking metal ions together because its
wo neighboring donor atoms are situated in the five-membered
ing. As a result the preferred geometry is the coordination polymer
n which metal cations are linked together by triple triazole bridges
23]. Strong, triple bonds between central ions and complete filling
f their coordination zone are conducive to the complex stability,
ecause separation of a ligand needs breaking two bonds and the
opper ions cannot coordinate water molecules.
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