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Abstract: The present paper details the synthesis of new explosive complexes of
the DDT type and the investigation of their sensitiveness to friction and impact.
Fourteen new compounds, specifically nitrate and perchlorate complexes of various
transition block metals with 5-(2,4,6-trinitrophenylamino)tetrazole, commonly
called picrylaminotetrazole (PAT), were synthesised. The nitrate complexes were
obtained in yields varying between 8.1% and 75.1%, whereas the perchlorate
complexes had yields between 24.9% and 67.3%, with yields typically near the
upper bound of the given ranges for both classes of complexes and the low yields
obtained for [Co(PAT);](NOs); and [Cd(PAT);](ClO,); being the exception rather
than the rule. The structures of these compounds were unambiguously established
via XRF and IR spectroscopy, as well as via elemental analysis. Detailed analyses
of the safety properties of these new materials were performed in terms of their
sensitiveness to friction and impact. In general, the obtained compounds present
relatively low sensitivity to mechanical stimuli, like friction and impact, with the
nitrate complexes of Ni and Zn exhibiting high sensitivity to impact (1-2 Nm).
The rest of the investigated compounds show low sensitivity to mechanical stimuli,
comparable to classical blasting materials like PETN, RDX or HMX. It should
be noted that, in general, the nitrates were more sensitive to mechanical stimuli
than their perchlorate analogues.
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1 Introduction

Even 70-80 years ago, explosives were perceived to be only nitro compounds or
alcohol nitrates. Compounds like azides or fulminates were not straightforwardly
called explosives, but compounds able to explode, and were used as primary
explosives in detonation or ignition caps. Mercury fulminate, lead azide or
tetrazene show high sensitivity to mechanical stimuli, such as friction and
impact, and consequently their use poses a huge risk for humans and industrial
installations [1, 2].

The first reports on the potential application of transition metals coordination
compounds as explosives, especially as primary explosives, appeared in the late
fifties and early sixties of the previous century. However, due to the extremely
high sensitivity of such compounds to mechanical stimuli, research in this field
was discontinued. A renewed interest in these derivatives was observed in the
eighties, as new explosives like NHN [tris(hydrazine)nickel(Il) nitrate(V)] and
HATP [di(3-hydrazino-4-amino-1,2,3-triazole)copper(Il) perchlorate] were
developed [3-5]. Studies in this area continue to this day and have yielded a new
generation of these compounds, exhibiting low sensitivity to mechanical stimuli,
high energetic parameters [6, 7] and susceptibility to stimulation by laser light.
These materials can be used as a base in blasting or ignition caps initiated by
a laser beam [8, 9].

In this article, we report on the synthesis of several perchlorate and nitrate
metal complexes with 5-picrylaminotetrazole (PAT) as a ligand and the results
of testing their basic safety properties — sensitivity to friction and impact. These
compounds are potentially new explosives, with possibly broad application in
laser and conventional igniters, caps or detonators. All of the tested compounds
were detonated by a 200 mg lead azide charge, in standard aluminium cylindrical
capsules with an internal diameter of 6.4 mm.

2 Experimental and Results
2.1 Materials and methods

2.1.1 General synthesis

Synthesis of the final transition metal complexes was carried out in two stages.
In the first stage, picrylaminotetrazole [5-(2,4,6-trinitrophenylamino)tetrazole]
was obtained by reacting 5-aminotetrazole with picryl chloride (1-chloro-2,4,6-
trinitrobenzene) in boiling ethanol [10], as shown in Figure 1.
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Figure 1. Reaction scheme for the synthesis of 5-(2,4,6-trinitrophenylamino)
tetrazole (PAT)

The second stage involved the preparation of the target complexes. An
aqueous solution of the appropriate metal nitrate or perchlorate was stirred in
the presence of PAT at 60 °C for 6 h (Figure 2). Commercially available metal
nitrate salts were used for the synthesis of the nitrate complexes. The synthesis
of perchlorate complexes involved the appropriate metal perchlorates, which
were obtained by precipitating their respective carbonates from a solution of
the corresponding nitrate and their subsequent reaction with chloric(VII) acid
(70% aqg. solution, Aldrich, Cat. No. 380083). In these reactions, PAT was used
in excess (10% with respect to the inorganic salts). The obtained products were
filtered off from the post-reaction mixtures and recrystallized from ethanol, in
order to remove free PAT, utilising the higher solubility of PAT in ethanol. The
yields of the expected products were in the range of 8.1-75.1%, as listed in
Table 1, along with the amounts of the reactants used.
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Figure 2. Scheme for obtaining PAT complexes

Elemental analyses of C, H, N, were performed using a Perkin Elmer Series
II CHNS/O Analyzer 2400; IR spectra in the solid phase (KBr pellet) were
recorded on a BioRad FTIR 175S spectrometer, in the 640-4000 cm™' range;
metal content analyses were performed via X-Ray Fluorescence (XRF), using
an EDXRF Spectro Xepos apparatus.
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2.1.2 Determination of sensitiveness to friction

The compounds were tested for their sensitivity to friction on a Peters apparatus
using the methodology included in [11], based on the Polish equivalent PN-EN
13631-3:2006.

2.1.3 Determination of sensitiveness to impact

Sensitivity to impact of the compounds was tested on a Kast impact apparatus,
using 1 kg and 5 kg hammers, according to the methodology outlined in [12],
based on the Polish equivalent PN-EN 13631-4:2004.

2.2 Synthetic procedures

2.2.1 5-(2,4,6-Trinitrophenylamino)tetrazole (PAT, C:H/NsOy)

Ethanol (200 mL) and picryl chloride (41.79 g, Aldrich, Cat. No. 79874) were
added to a flask equipped with a reflux condenser and the resulting suspension
was heated to boiling. When the solid phase had dissolved, 5-aminotetrazole
(14.36 g, Aldrich, Cat. No. 550728) was added in small portions over the course
of 30 min. The mixture was then heated on a water bath for 2.5 h. The reaction
mixture was concentrated on a rotary evaporator to half of its initial volume
and cooled to room temperature. The obtained precipitate was filtered off on
a Biichner funnel. The recovered solid was recrystallized from ethanol. Final
product mass: 35.00 g (70.0% yield). The results of the spectral analyses of the
product are summarised in Table 2.

2.2.2 Nitrate analogues — [M(PAT),](NO3),,
PAT was added in portions (44 mmol or 66 mmol) over the course of 30 min to
an aqueous solution of the appropriate nitrate(V) (100 mL, containing 20 mmol
or 30 mmol respectively). The mixture was then heated to 60 °C and stirred
magnetically for 6 h. The mixture was cooled to room temperature and the
precipitate was filtered off on a Biichner funnel. The solid was recrystallized
from ethanol.

The masses, yields and the analytical summary are presented in Tables 1
and 2.

2.2.3 Perchlorate analogues — [M(PAT),](ClO,),,

PAT was added in portions (44 mmol or 66 mmol) over the course of 30 min
to an aqueous solution of the appropriate perchlorate prepared from nitrate(V)
(100 mL, containing 20 mmol or 30 mmol respectively). The mixture was then
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heated to 60 °C and stirred magnetically for 6 h. The mixture was cooled to
room temperature and the precipitate was filtered off on a Biichner funnel. The
solid was recrystallized from ethanol.

The masses, yields and the analytical summary are presented in Tables 1 and 2.

2.2.4 Analytical characteristics
The masses of the reactants used in the syntheses and the yields of the obtained
products are given in Table 1.

Table 1.  Masses of reactants used, obtained products and yields
Reactants Product
Mass of
Compound Type of salt metal M:fS S Moafs S Yield
formula (Sigma-Aldrich | nitrate(V)/ PAT |product| [%]
Cat. No.) chlorate(VII) P ’
e] [g] [g]
[Cu(PAT),](NO3)s C“(N(g)i)ééé')sto 465 | 13.03 | 673 | 408
[Ni(PAT);](NOs), (72252) 5.82 19.55 | 12.67 | 53.7
Hg(NO3)2H20
[Hg(PAT),](NOs), (230421) 6.85 13.03 | 14.04 | 75.1
CO(NO3)2 : 6H20
[Co(PAT);](NOs); (239267) 5.82 19.55 | 1.91 8.1
CI’(NO3)3 : 9H20
[Cr(PAT);](NO;); (239259) 8.00 19.55 | 7.04 | 273
ZH(NO3)2' 6H20
[Zn(PAT);](NOs), (228737) 5.95 19.55 | 11.67 | 49.2
[CA(PAT);](NO), Cdaé%giﬁmo 617 | 19.55 | 1520 | 63.5
[Cu(PAT),](CIO,), Cu(ClOy),* 5.25 13.03 | 10.04 | 58.7
[Ni(PAT);](ClO4), Ni(ClOy),? 5.15 19.55 | 7.24 | 31.6
[Hg(PAT),](Cl0,), Hg(ClO,),? 7.99 13.03 | 13.25 | 66.8
[Co(PAT);](C104); Co(ClIO4),? 5.16 19.55 | 8.44 | 36.8
[Cr(PAT);](C10y); Cr(ClOy);* 7.01 19.55 | 13.88 | 56.0
[Zn(PAT);](Cl10,), Zn(ClO,),? 4.42 19.55 | 15.51 | 67.3
[CA(PAT);](C104), Cd(CIOy),* 6.23 19.55 | 598 |249

* The metal perchlorate was prepared from the corresponding nitrate, the Sigma-Aldrich catalo-
gue number of which is listed in the table.
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Table 2 shows the chemical characteristics of the complexes — elemental and
spectroscopic analyses. The FTIR spectra recorded for PAT and [Cd(PAT);](NOs).
are shown in Figures 3a and 3b, respectively.
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Figure 3. Sample FTIR spectra of (a) PAT; (b) [Cd(PAT);](NOs),

2.3 Sensitivity to mechanical stimuli

For each compound, the maximum friction insufficient for generating an explosive
reaction in all six tests and the minimum friction generating an explosive reaction
in at least one of the six tests, were determined. Similarly, the maximum and
minimum impact energies were determined using Kast’s apparatus.

2.3.1 Friction sensitivity
The sensitivities to friction of the obtained compounds are presented in Table 3.
Among the investigated compounds, the chlorate(VII) copper(Il) complex
(42-48 N), as well as the corresponding nitrate (28-30 N), [Hg(PAT),](NOs).
(24-28 N) and also [Ni(PAT);](ClO,), (42-48 N) were the ones most sensitive
to friction. Conversely, significant resistance to this mechanical stimulus was
observed for the nitrate complexes of zinc (192-216 N) and cobalt (144-166 N),
and the perchlorates of chromium (168-180 N) and cobalt (144-160 N). With
respect to PETN — a reference explosive — the nitrate complexes of nickel,
chromium, cadmium, cobalt and zinc were significantly less sensitive to friction.
In the case of the perchlorates, high friction resistance was observed for cadmium,
zinc, cobalt and chromium complexes.

2.3.2 Impact sensitivity
The impact sensitivities of the obtained compounds are given in Table 3.
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Table 3.  Summary of friction and impact sensitivity parameters for the
investigated complexes

Sensitivity to friction Sensitivity to impact
Compound [}II\I] [I\?Im] P
[CU(PAT)z]mO3)2 30 4
[Hg(PAT),](NO,), 80 20
[Co(PAT);](NOs); 160 4
[Ni(PAT);](NO3), 48 2
[Zn(PAT);](NO3), 128 3
[CA(PAT);](NO;), 128 7.5
[Cr(PAT);](NOs); 180 4
[Cu(PAT),](ClO4), 48 25
[Hg(PAT),](CIO,), 28 >25
[Co(PAT);](ClOy); 160 15
[Ni(PAT);](Cl1O4), 112 7.5
[Zn(PAT);](Cl1O4), 216 4
[CA(PAT);](Cl0O4), 128 10
[Cr(PAT);](C104); 112 >25

The compounds most sensitive to impact (1-2 Nm) are the nitrate(V)
complexes of nickel and zinc. Relatively stable complexes, under these conditions
were: [Hg(PAT),](NOs), — 15 Nm, [Co(PAT);](ClO4); — 10 Nm, [Cu(PAT),]
(ClO4), — 20 Nm, [Hg(PAT),](C104), — 25 Nm and [Cr(PAT);](ClO4); — 25 Nm.
In comparison with pentrite, the nitrate complexes of cadmium and mercury are
less sensitive to impact, as are practically all of the perchlorates.

3 Conclusions

(1) The synthesis of 14 hitherto unknown, transition metal complexes was
performed. Elemental, IR and XRF spectral analyses confirmed the
structures of the obtained complexes; these compounds were generally
isolated in good yields, with the exception of [Co(PAT);](NO3)s.

(2) The obtained compounds, in general, exhibited relatively low sensitivity to
mechanical stimuli, such as friction and impact. The only two compounds
to deviate from this were [Ni(PAT);](NOs), and [Zn(PAT);](NOs),, whose
sensitivity to impact was 1-3 Nm. The remaining tested compounds showed
low sensitivity to mechanical stimuli, on the level of classical blasting
materials like PETN, RDX or HMX [13] and higher than other complexes,
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similar to explosives like NHN or its cobalt analogue (CoHN) [6].

(3) It should be noted that the nitrates were, in general, more sensitive to
mechanical stimuli than their perchlorate analogues.

(4) The perchlorate complexes of chromium and cadmium were noted for their
good resistance to both mechanical stimuli.
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