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Abstract: The development of a red-light-emitting pyrotechnic
illuminant has garnered interest from the pyrotechnics com-
munity owing to potential regulations by the United States
Environmental Protection Agency (U.S. EPA) regarding the
use of strontium and chlorinated organic materials. To address
these environmental regulatory concerns, the development of
lithium-based red-light-emitting pyrotechnic compositions of
high purity and color quality is described. These formulations
do not contain strontium or chlorinated organic materials.
Rather, the disclosed formulations are based on a non-hygro-
scopic dilithium nitrogen-rich salt that serves as both oxidizer
and red colorant. These formulations are likely to draw interest
from the civilian fireworks and military pyrotechnics com-
munities for further development as they both have a vested
interest in the development of environmentally conscious
formulations.

F or many, firework displays are an integral component of
national or religious holidays or New Year’s Eve. In the
military sector, the production of colored light finds common
usage for signaling purposes or for illuminating a specified
area to accomplish a mission. Owing to the ubiquitous
presence of colored-light-emitting pyrotechnics, it is imper-
ative that health and environmental issues are considered
when developing illuminating compositions of high perfor-
mance and high color quality. Colored flames are produced
mostly by burning alkali and alkaline-earth metal salts.
Traditional red-light-emitting pyrotechnic formulations are
based on strontium and chlorinated organic materials.!! These
mixtures mostly contain strontium nitrate in combination
with a chlorine donor, such as polyvinyl chloride (PVC), to
form metastable strontium(I) chloride as the red-light-emit-
ting species.

Although the bright red light of strontium- and chlorine-
containing mixtures might seem innocuous, their use is
a cause for concern. During the combustion of chlorine-
containing pyrotechnic formulations, highly carcinogenic
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Figure 1. Comparison of a strontium/PVC-containing formulation and
lithium/chlorine-free formulation B.

polychlorinated biphenyl, dibenzofuran, and dibenzo-p-
dioxin derivatives are formed (Figure 1).”!

Although there are contradictory opinions in the litera-
ture concerning the amount of polychlorinated decomposi-
tion products formed,** chlorine-free pyrotechnic formula-
tions are desired nevertheless. In this context, chlorine-free
pyrotechnic formulations yielding green,” blue,® and red
light!” with good color quality and high intensity have been
reported in recent years.

According to a recent report from the United States
Environmental Protection Agency (U.S. EPA), strontium is
potentially harmful to human health.®! Tt is reported that
strontium replaces calcium in the bone, interferes with bone
strength, and thus affects the skeletal development of children
and adolescents. In 2014, the U.S. EPA made a preliminary
decision to start regulating the amount of strontium in
drinking water.*”! Strontium has been detected in 99% of
all public water systems and at levels of concern in 7% of the
public water systems in the USA.'") Whereas U.S. military
training grounds were not included in the study, these
facilities may show elevated concentrations of strontium as
well, given the presence of strontium in currently used red-
light-illuminating signaling pyrotechnic compositions. Con-
sidering these new concerns regarding the use of strontium,
a new method for generating red light of deep color purity is
needed.

As an alternative to strontium, lithium-based formula-
tions have been considered as a means to generate red light.
Although lithium-based formulations have been investigated
in the past, they have been plagued by high hygroscopicity
and low color purity."!! Instead of red light, these lithium-
based formulations yielded pink or orange flames. Further-
more, past lithium-based formulations utilized perchlorates as
the oxidizers, and these oxidizers are no longer viewed as
being acceptable from an environmental point of view.!'"!?!
Certain parameters have to be complied with in order to
obtain optimal color properties when using lithium as a red-
light emitter. The principle emitter in lithium-based red
flames is atomic lithium, and its concentration should be kept
as low as possible to avoid a broadening of the lithium line
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width.[¢314 Tn contrast to strontium-containing formula-
tions, a reductive flame atmosphere is essential to achieve red
light with lithium.

A practical red-light-emitting formulation based on
lithium must be of deep color purity and must be based on
a lithium material that is not moisture-sensitive. To achieve
a reductive flame atmosphere, it is important to prevent
oxidation processes in the outer part of the flame that are
accompanied by the formation of unwanted LiOH, LiO, and
condensed compounds such as Li,O. These species lower the
amount of atomic lithium present, and reduce the color purity.
The release of high amounts of nitrogen was believed to be
beneficial owing to its favorable energy release and metal-
free combustion. One suitable candidate, the dilithium salt of
3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2 4-triazolate,
Li,ANAT (3; Scheme 1), was synthesized. Compound 3 was
found to have a high decomposition temperature as well as
non-hygroscopic behavior. It was thus investigated in pyro-
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Scheme 1. Synthesis of dilithium 3,3’-diamino-4,4’-dinitramino-5,5'-bi-
1,2,4-triazolate trihydrate (3).

technic formulations. Colorant 3 was synthesized in a simple
three-step reaction (Scheme 1). 4,4'.5,5-Tetraamino-3,3’-bi-
1,2,4-triazole (1) and 5,5'-diamino-4,4'-dinitramino-3,3"-bi-
1,2,4-triazole (2) had been synthesized previously."”! Depro-
tonation of 2 with LiOH gave the dilithium salt 3.

The dilithium salt 3 was extensively characterized by
multinuclear NMR and vibrational spectroscopy as well as by
X-ray techniques (see the Supporting Information). Com-
pound 3 is both an oxidizer and a colorant at the same time,
which is beneficial for reducing the number of components in
pyrotechnic mixtures, and was tested for its suitability as
a component of pyrotechnic formulations and compared to
a chlorine-free strontium-based formulation on a 1 g scale.”!
Two formulations A and B (Table 1) were investigated. Both
formulations consist of 3, magnesium, hexamine, and nitro-
cellulose as fuels, and were prepared with the Epon 813/
Versamid 140 (1:1) binder system (Table 1). Although the
lithium salt contained crystal water, there were no problems
related to hygroscopicity. As the control, the chlorine-free
strontium-based formulation containing strontium nitrate,
magnesium, S-aminotetrazole (5-AT), and the binder system
Epon 813/Versamid 140 (4:1) was employed (Table 1)."! The
burn time (BT), the dominant wavelength (DW), the
luminous intensity (LI), the spectral purity (SP), the friction
(FS), impact (IS), and electrostatic discharge sensitivity
(ESD), as well as the decomposition temperature (7,
were determined.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1: Components of formulations A and B and the strontium-
containing control.

Weight [%)]

Formulation Control A B

Sr(NOs), 48 - -
Li,ANAT (3) - 51 48
Mg 50/100 mesh 33 31 15
nitrocellulose - 2 4
hexamine - 12 26
5-AT 12 — -
epoxy binder 7 4 7

Formulations A and B burned with a red flame, and no
smoke was observed. The performance of both formulations
is summarized in Table 2. The two formulations exhibited
longer burn times than the control and dominant wavelengths

Table 2: Performance of the strontium-containing control and the
lithium-based formulations A and B.

Formulation BTE [s] LI® [cd] DW [nm] SPH (%]
control 5 35400 607 79
A 9 2130 605 70
B 16 820 606 88

[a] BT =burn time. [b] LI =luminous intensity. [c] DW =dominant
wavelength. [d] SP=spectral purity.

of 605 and 606 nm, which are both within the 620420 nm
region required for red light."! Whereas the spectral purity of
formulation A was below the minimum threshold of 76 %,
formulation B showed a significantly better spectral purity of
88 %, which is also superior to that of the control. The higher
magnesium content in A compared to B leads to higher
luminosity but lower spectral purity owing to the increased
incandescence caused by a greater amount of condensed
MgO ).

Relative to the control, formulations A and B are less
sensitive to impact, friction, and electrostatic discharge
(Table 3). Additionally, the decomposition temperature of
the better formulation B was measured to be higher than
200°C. These properties allow the safe handling of the
material. In Figure 2, the color points of formulations A, B,
and the strontium control are shown in a CIE 1931 chroma-
ticity diagram, illustrating that it is possible to develop
a suitable red-light emitter that is free of halogens and
strontium.

As can be seen, the lithium-based colorants give rise to
color points that are in close proximity to that of the red
strontium-based control formulation (see the Supporting

Table 3: Sensitivities of the control and formulations A and B.

Formulation 1SE )] FSPTN] ESDH [J] Tonset PCI9
control 9 240 >0.25 231
A 25 360 1.5 198
B 40 360 1 217

[a] IS=impact sensitivity. [b] FS=friction sensitivity. [c] ESD = electro-
static discharge sensitivity. [d] T,..: = Onset temperature of decomposi-
tion.
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Figure 2. CIE 1931 chromaticity diagram for red formulations.

Information for details). The emission spectrum of composi-
tion B is depicted in Figure 3. The two atomic emission lines
of lithium can be seen at 670 nm and 610 nm, respectively. As
in all pyrotechnic formulations, the sodium emission at
589 nm is also present.
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Figure 3. Emission spectrum of formulation B.

In conclusion, we have shown that the lithium-based
nitrogen-rich compound 3 acts as both the oxidizing agent and
the colorant in red-light-emitting pyrotechnic formulations.
The color quality of lithium-based formulation B was com-
parable to those of chlorine-free strontium-based composi-
tions. Whereas further optimization is still needed to improve
the luminosity of lithium-based red flares, we have reported
the first red-light-emitting formulation of high color quality
and purity that does not contain halogen- or strontium-based
materials.

Acknowledgements
Financial support of this work by the Ludwig-Maximilian
University of Munich (LMU) and the Office of Naval

Research (ONR.N00014-16-1-2062) is gratefully acknowl-
edged. JJ.S. thanks the US Army for funding of this work.

Angew. Chem. Int. Ed. 2017, 56, 16507 —16509

Communications

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

Conflict of interest
The authors declare no conflict of interest.

Keywords: “green” chemistry - energetic materials -
illuminants - pyrotechnics - sustainable chemistry

How to cite: Angew. Chem. Int. Ed. 2017, 56, 16507-16509
Angew. Chem. 2017, 129, 16733-16736

[1] J. A. Conkling, Chemistry of Pyrotechnics: Basic Principles and
Theory, 2nd ed., Taylor & Francis, New York, 1985.

[2] W. Christmann, D. Kasiske, K. D. Kloppel, H. Partscht, W.
Rotard, Chemosphere 1989, 19, 387 —392.

[3] O. Fleischer, H. Wichmann, W. Lorenz, Chemosphere 1999, 39,
925-932.

[4] D. Dyke, P. Coleman, Organohalogen Compd. 1995, 24, 213.

[5] a)J.J. Sabatini, J. C. Poret, R. N. Broad, Angew. Chem. Int. Ed.

2011, 50, 4624-4626; Angew. Chem. 2011, 123, 4720-4722;

b) T. M. Klapéstke, B. Krumm, M. Rusan, J. J. Sabatini, Chem.

Commun. 2014, 50, 9581-9583; c)J.J. Sabatini in Green

Energetic Materials (Ed.: T. Brinck), Wiley-VCH, Weinheim,

2014, pp. 76-78.

a) D. Juknelevicius, E. Karvinen, T. M. Klapotke, R. Kubilius, R.

Ramanavicius, M. Rusan, Chem. Eur. J. 2015, 21, 15354 —15359;

b) T. M. Klapotke, M. Rusan, J. J. Sabatini, Angew. Chem. Int.

Ed. 2014, 53, 9665 —-9668; Angew. Chem. 2014, 126, 9820—-9823.

[7] J.J. Sabatini, E.-C. Koch, J. C. Poret, J. D. Moretti, S. M. Harbol,
Angew. Chem. Int. Ed. 2015, 54, 10968 —10970; Angew. Chem.
2015, 727, 11118-11120.

[8] https://archive.epa.gov/epapages/newsroom_archive/
newsreleases/327339e¢63 facb5a85257d77005f4bf9.html ;
date: November 10, 2017.

[9] http://wisconsinwatch.org/2016/03/wisconsin-strontium-levels-
among-highest-in-u-s-drinking-water-supplies/; access date:
October 12, 2017.

[10] A.J. O’Donnell, D. A. Lytle, S. Harmon, K. Vu, H. Chait, D. D.
Dionysiou, Water Res. 2016, 103, 319-333.

[11] a) C. Jennings-White, Pyrotechnica XIII 1990, 26; b) C. Jen-
nings-White, Pyrotechnica X1V 1992, 33; c) E.-C. Koch, J.
Pyrotech. 2001, 13, 1; d) D. E. Chavez, M. A. Hiskey, D.L.
Naud, J. Pyrotech. 1999, 10, 17 -37.

[12] a) R. Webb, Searching for Environmentally-Friendly Coloured
Fireworks, 4th International Symposium on Fireworks, 9-13
October 1998, Halifax, Canada, 405; b) C. Jennings-White,
Pyrotechnica XVII 1997, 12; c) E.-C. Koch, C. Jennings-White,
36th Int. Pyro. Semin., 23-28 August 2009, Rotterdam, Nether-
lands, p. 105.

[13] a) R. Mavrodineanu, H. Boiteux, Flame Spectroscopy, Wiley,
New York, 1965, p.368; b) B. E. Douda, Prediction of Line
Shapes in Pyrotechnic Flares Containing Lithium, S5th Int.
Pyrotech. Semin. 1976, Vail, Colorado, USA, p.212; c) D. R.
Dillehay, Resonance Line Broadening of the Alkali Metal, 9th
Int. Pyrotech. Semin. 1984, Colorado Springs, Colorado, USA,
p- 85.

[14] a) “Theory of Colored Flame Production™: B. E. Douda, RDTN
Report No. 71,1964, U.S. Naval Ammunition Depot, Crane, IN,
USA, 1-68; b) E.-C. Koch, J. Pyrotech. 2002, 15, 9.

[15] a) T. M. Klapotke, P. C. Schmid, S. Schnell, J. Stierstorfer, J.
Mater. Chem. A 2015, 3, 2658-2668; b) T. M. Klapotke, M.
Leroux, P. C. Schmid, J. Stierstorfer, Chem. Asian J. 2016, 11,
844 -851.

[6

—_

access

Manuscript received: October 18, 2017
Accepted manuscript online: November 16, 2017
Version of record online: December 5, 2017

www.angewandte.org

An dte

Chemie

16509


https://doi.org/10.1016/0045-6535(89)90340-8
https://doi.org/10.1016/S0045-6535(99)00019-3
https://doi.org/10.1016/S0045-6535(99)00019-3
https://doi.org/10.1002/anie.201007827
https://doi.org/10.1002/anie.201007827
https://doi.org/10.1002/ange.201007827
https://doi.org/10.1039/C4CC04616A
https://doi.org/10.1039/C4CC04616A
https://doi.org/10.1002/chem.201502752
https://doi.org/10.1002/anie.201405195
https://doi.org/10.1002/anie.201405195
https://doi.org/10.1002/ange.201405195
https://doi.org/10.1002/anie.201505829
https://doi.org/10.1002/ange.201505829
https://doi.org/10.1002/ange.201505829
https://archive.epa.gov/epapages/newsroom_archive/newsreleases/327f339e63facb5a85257d77005f4bf9.html
https://archive.epa.gov/epapages/newsroom_archive/newsreleases/327f339e63facb5a85257d77005f4bf9.html
http://wisconsinwatch.org/2016/03/wisconsin-strontium-levels-among-highest-in-u-s-drinking-water-supplies/
http://wisconsinwatch.org/2016/03/wisconsin-strontium-levels-among-highest-in-u-s-drinking-water-supplies/
https://doi.org/10.1039/C4TA05964F
https://doi.org/10.1039/C4TA05964F
https://doi.org/10.1002/asia.201500701
https://doi.org/10.1002/asia.201500701
http://www.angewandte.org

