
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 16 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Energetic Materials
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713770432

Calcium 5-Nitriminotetrazolate—A Green Replacement for Lead Azide in
Priming Charges
Niko Fischera; T. M. Klapötkeab; Jörg Stierstorfera

a Ludwig-Maximilian University Munich, Energetic Materials Research, Department of Chemistry and
Biochemistry, Munich, Germany b Center for Energetic Concepts Development, CECD, University of
Maryland, UMD, Department of Mechanical Engineering, College Park, Maryland

Online publication date: 10 January 2011

To cite this Article Fischer, Niko , Klapötke, T. M. and Stierstorfer, Jörg(2011) 'Calcium 5-Nitriminotetrazolate—A Green
Replacement for Lead Azide in Priming Charges', Journal of Energetic Materials, 29: 1, 61 — 74
To link to this Article: DOI: 10.1080/07370652.2010.505939
URL: http://dx.doi.org/10.1080/07370652.2010.505939

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713770432
http://dx.doi.org/10.1080/07370652.2010.505939
http://www.informaworld.com/terms-and-conditions-of-access.pdf
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The new energetic material calcium 5-nitriminotetrazolate
(1) is presented. A facile preparative route in combination
with an outstanding thermal as well as long-term stability,
easy initiation, and low sensitivity make 1 an auspicious
green alternative filler in priming charges.
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Introduction

Research on ‘‘green’’ energetic materials is an ongoing project in
many research groups worldwide [1–6]. All classes of energetic

Address correspondence to T. M. Klapötke, Ludwig-Maximilian
University Munich, Energetic Materials Research, Department of
Chemistry and Biochemistry, Butenandtstr. 5-13, Munich D-81377,
Germany. E-mail: tmk@cup.uni-muenchen.de

Journal of Energetic Materials, 29: 61–74, 2011
Copyright # Taylor & Francis Group, LLC
ISSN: 0737-0652 print=1545-8822 online
DOI: 10.1080/07370652.2010.505939

61

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



materials (explosives, propellants, pyrotechnics) contain
polluting ingredients and decomposition products. Nitrogen-
rich derivatives are promising alternatives as energetic
materials because the formation of molecular nitrogen as an
end-product of propulsion or explosion is highly desirable. These
end-products avoid environmental pollution and health risks, as
well as reduce plume signatures [7]. In primary explosives, the
application of heavy metal salts, for example, lead azide and
lead styphnate, should also be strongly reduced. Lead azide is
employed as an initiating explosive in blasting caps, because
it is reliable, cheap, easy to manufacture, and shows an appro-
priate thermal stability (Tdec.: 320–340�C). When used as a
primary charge, it is effective in smaller quantities than mercury
fulminate [8]. Primary charges are the secondary component in
ignition trains, which are designed to initiate secondary explo-
sives; for example, trinitrotoluene (TNT) or Royal Demolition
Explosive (RDX). Next to the high toxicity, lead azide is also
decomposed by atmospheric CO2 and shows high sensitivity
toward impact (1–4 J) and friction (0.1–1N). Several substitutes
for lead azide have been suggested over the last decades [9]. Less
toxic silver azide (Tdec: 270–275

�C) gives a very satisfactory
initiation effect that is superior to that of Pb(N3)2. Nevertheless,
its practical use is limited, because it is light sensitive and also
highly sensitive toward friction. The hardest criteria for new pri-
mary explosives are a good thermal stability in combination
with great performance. Zhilin et al. presented the two high-
energy-capacity complexes tetraammine-cis-bis(5-nitro-2H-
tetrazolato-N2)-cobalt(III) perchlorate [10] and tetraammine-
bis(1-methyl-5-aminotetrazole-N3,N4)cobalt(III) perchlorate
[11]; the first is presently used in missile manufacture and
the mining industry. We also presented several replacements
based on copper bis(tetrazole-5-yl)amines [12]. In this work we
present our most powerful and qualified replacement for lead
azide, calcium 5-nitriminotetrazolate (1). A facile synthetic
route that can also be performed on larger scales, a comprehen-
sive characterization including safety tests, as well as an
initiation experiment are described. It is a further contribution
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to the promising class of 5-nitriminotetrazoles, which have been
extensively described in the literature [13].

Results and Discussion

Calcium 5-nitriminotetrazole (1) is a powerful energetic
material that shows sensitivities toward outer stimuli. Proper
protective measures (safety glasses, face shield, leather coat,
earthened equipment and shoes, Kevlar gloves and earplugs)
should be used when handling compound 1. Extra safety pre-
cautions should be taken, especially when 5-nitrimino-1,4H-
tetrazole is prepared on a larger scale.

The two step, one-pot reaction of 1 is shown in Scheme 1. In the
first step 5-amino-1H-tetrazole (2) is nitrated using 100% nitric
acid [14]. After pouring the reactionmixture onto ice, the solution
is neutralized by the addition of calcium hydroxide. The precipi-
tate formed is isolated and recrystallized from hot water, yielding
calcium 5-nitriminotetrazolate pentahydrate (1 � 5H2O). The last
step is dehydration at higher temperatures (150�C) and lower
pressures (10�1 mbar), yielding anhydrous 1 [15].

A thermogravimetric (TG) curve as well as a differential scan-
ning calorimetry (DSC) thermogram are depicted in Fig. 1 [16].
The TG curve shows that the loss of water occurs over two

Scheme 1. Preparative route to calcium5-nitriminotetrazolate (1).
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discrete steps, which can be explained by the crystal structure.
Four water molecules are lost between 72 and 85�C, which has
been calculated by a loss of mass about 27%. The fifth water
molecule is removed at temperatures above 92�C. Above 145�C
the compound is completely dry (overall loss of mass �35%).
We performed dehydration simply by putting 1 in an oven at
200�C for 48 hr. The DSC plot demonstrates the auspicious ther-
mal stability up to temperatures above 360�C. This decompo-
sition temperature even surpasses that of lead and silver azide.

The structure of 1 � 5H2O in the crystalline state was determ-
ined by X-ray diffraction. Relevant data and parameters of
the X-ray measurements and refinements are given in the refer-
ences [17]. Further information on the crystal structure
determination has been deposited with the Cambridge Crystal-
lographic Data Centre [18] as supplementary publication
No. 708342 (1�H2O).

Calcium 5-nitriminotetrazolate pentahydrate crystallizes in
the triclinic space group P-1 with two molecular moieties in
the unit cell. A density of 1.89 g cm�3 has been calculated.

Figure 1. Thermogravimetric plot of compound 1, showing the
loss of mass (left axis, upper curve) and the differential thermal
analysis (DTA) curve (right axis, lower curve).
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1 � 5H2O is best described by the formation of a binuclear com-
plex, which is depicted in Fig. 2. The 5-nitriminotetrazolate dia-
nions coordinate by the atoms N1 and O1 to the calcium cations,
forming a bite angle of 67.06(6)�. In accordance with the TG
experiment four molecules of water are l1-coordinated, whereby
one is bridging to calcium cations by a l2-coordination.

1 as well as its pentahydrate were investigated by several spe-
cific tests determining the energetic behavior. The sensitivities
toward impact, friction, and electrical discharge have been
explored by the BAMdrop hammer and friction tester [19] as well
as an ESD 2010EN electric spark tester (OZM Research, Blizno-
vice 32, Hrochuv Tynec 538 62, Czech Republic) [20]. As with
other energetic materials, 1 � 5H2O is less sensitive toward impact
(75 J) than its anhydrous analogue (5 J). Also, its sensitivity
toward friction (1:112N, 1 � 5H2O: 240N) and electrical discharge
is significantly lower (1:0.15 J, 1�5H2O: 1.05 J). The value of the
electrical discharge sensitivity is comparable to that of the sec-
ondary explosive RDX (ca. 0.2 J) and significantly higher than
that of lead azide (0.005 J). The friction and impact sensitivity

Figure 2. Molecular moiety of 1 �H2O. Ellipsoids of nonhydro-
gen atoms are drawn at the 50% probability level. Selected coor-
dination distances (Å): Ca–N1¼ 2.492(2), Ca–O1¼ 2.413(2),
Ca–O3¼ 2.516(2), Ca–O4¼ 2.577(2), Ca–O5¼ 2.3975(2),
Ca–O6¼ 2.365(2), Ca–O7¼ 2.397(2).
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values are lower than those of lead azide (Table 1), where dextrine
must be used to reduce the sensitivity response. In order to assess
the longevityof1, long-termstability testswereperformedusing a
Systag FlexyTSC thermal safety calorimeter in combinationwith
a RADEX V5 oven and the SysGraph Software tool (Systag,
Sytem Technik AG, CH-8803, Rüschlikon, Switzerland). The
tests were undertaken as long-term isoperibolic runs in glass test
vessels at atmospheric pressure with 300mg of the compound at a
temperature of 265�C. Maintaining the salt for 48hr at this tem-
perature did not yield any decomposition reactions or mass loss.

The heat of formation 4fH
�(s,M) of 1 has been calculated by

the atomization energy method [5c, 21]:

4fH
�
ðg;M;298Þ ¼ HðMolecule;298Þ

�
X

H�
ðAtoms;298Þ þ

X
4fH

�
ðAtoms;298Þ

The enthalpies (H) and free energies (G) were calculated using
the complete basis set (CBS) method described by Petersson
and coworkers using the Gaussian G03W (revision B.03)
program package [21]. With the calculated gas-phase enthalpies

Table 1
Comparison of 1 with lead azide

1 1�5H2O Pb(N3)2

Formula CCaN6O2 CH10CaN6O7 N6Pb
Form. mass g mol�1 168.13 258.23 291.23
qcalc.=g cm�3 ca. 2.0 1.9 4.8
4fH

�=kJ kg�1 195.1 — 1,638
4ExH

�=kJ kg�1 �4,632 — �1,638
Impact sensitivity=J 5 75 2–4
Friction sensitivity=N 112 240 0.1–1N
ESD=J 0.15 1.05 0.005
Hot plate test Fulmination Fulmination Fulmination
Tdec.=

�C 360 360 320
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(Ca2þ: 1,927.3 kJ mol�1, AtNO2�
2 : 399.0 kJ mol�1) and the

lattice enthalpy (CaAtNO2: 2,283.3 kJ mol�1) computed by
the Jenkins equation [22], 4fH

�(s,M) has been calculated to be
32.8 kJ mol�1. Using this value the enthalpy of explosion 4ExH
has been calculated according to the following equation and
4fH

�: CaO(s)¼�635.6; 4fH
�, CO(g)¼�110.5 kJ mol�1 from

the literature [23] to have a great value of�778.9 kJ mol�1.

1ðsÞ ! ðCaOðsÞ þ COðgÞ þ 5=2N2ðgÞ

A comparison of the energetic properties of 1 with those of
commonly used lead azide is given in Table 1.

Hexanitrostilbene (HNS) is a secondary explosive with low
sensitivities and a high thermal stability (Tdec.¼ 318�C). It
can be used individually but is also manufactured as an additive
to cast TNT to improve the fine crystalline structure. However,
HNS is hard to initiate, and primary explosives with perfor-
mances equal to or greater than silver azide are needed. Using
the setup shown in Figs. 3a and 3b, we could show that 1 was

Figure 3. Initiation test of HNS using 1 as the primary explos-
ive. (a) schematic setup; (b) experimental setup; and (c)
collected fragments of initiation test.
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able to initiate HNS. A standard explosive train [24] was used.
A copper tube (ø¼ 1.0 cm) was loaded with 2 g HNS and 0.5 g 1
on the top. As igniter, an Austin Powder Firing Parameter
Type I was fixed on top without direct contact to 1. Immedi-
ately after firing the upper igniter, 1 exploded violently and
an initiation of the HNS charge could be observed. The entire
amount of HNS was detonated in the experiment. Larger
collected fragments of the copper tube and clamp are demon-
strated in Fig. 3c.

Conclusions

From this combined experimental and theoretical study the
following conclusions can be drawn: Calcium 5-nitriminotetra-
zolate (1) is a promising and powerful alternative to commonly
used lead azide as a primary explosive. It shows an astonishing
thermal stability up to 360�C. Its synthesis can be performed in
good yields and larger scales using 5-amino-1H-tetrazole as
starting material. Compound 1 is less polluting than lead azide
because it contains no heavy metals, has a balanced oxygen
content to carbon monoxide (XCO¼ 0) and a low solubility in
water and other organic solvents. It can be detonated either
by impact or electrical stimulation. The detonation wave has
been proved to initiate secondary explosives such as HNS.
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