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Abstract

Several hazardous compounds and pollutant effects are known to be released in the
course of pyrotechnic applications. This thesis is focused on the development of new green
and red light emitting pyrotechnic compositions. They should provide, in addition to a
comparable or better color and combustion performance than that of the pyrotechnic
formulations used, less smoke production as well as lower toxicity of the components and
their combustion products. This was achieved by the employing of nitrogen-rich molecules
and their salts to avoid the usage of barium nitrate and potassium perchlorate.

Potassium perchlorate is presumably the most widely used oxidizer in pyrotechnic
compositions. In addition to its good oxidizing properties, it serves as chlorine donor, which
is essential for the formation of the light emitting species SrCl, BaCl, and CuCl in the gas
phase. SrCl emits mainly red light (661-675 nm), BaCl mainly green light (507-532 nm),
and the thermally less stable CuCl emits blue light (420-452 nm, 476-488 nm). The toxic
effect of perchlorates is based on the fact, that the ClO4~ ion has a similar ionic radius like
the I~ ion, which is essential for the production of thyroidal hormones in human beings.
Hence, perchlorate is absorbed in place of iodide by the body and incorporated into the
thyroid gland. Alternatives to potassium perchlorate might be other oxidizers, such as
ammonium nitrate, potassium nitrate, ammonium dinitramide (ADN) or alkali metals salts of
dinitramide anion. However, all these oxidizer do not contain chlorine, which makes an
additionally chlorine source necessary. Barium nitrate, Ba(NO3)2, is used as coloring agent
in green or white light emitting pyrotechnic compositions. It has coloring properties due to
the barium cation and oxidizing properties due to the nitrate anion. However, it is highly
water soluble and toxic. Therefore, barium nitrate should be replaced by less soluble barium
salts. Furthermore, the use of any barium compound could be avoided, if copper
compounds are used instead for generating a green illumination. However, no chlorine
should be present to avoid the emission of blue light.

The concept for developing new pyrotechnic formulations is the use of triazoles and
tetrazoles, whose high thermal stability along with their energetic character make them
ideal precursor molecules for such compositions. In addition, their high nitrogen content
guarantees low smoke production during combustion due to the formation of the gaseous
products N, and CO,. Thus, several derivatives of S5-aminotetrazole (5-At) and the
corresponding S5-nitriminotetrazoles were prepared, including: 1-(2-hydroxyethyl)-5-nitri-
minotetrazole (1), 1-(2-nitratoethyl)-S-nitriminotetrazole monohydrate (2), 1-(2-chloroethyl)-
S-nitriminotetrazole (3), 1l-carboxymethyl-5-aminotetrazole (4), 1l-carboxymethyl-5-nitri-
minotetrazole monohydrate (5), 1- and 2-(2,3-dihydroxypropyl)-5-aminotetrazole (6a/b),
1-(2,3-dinitratopropyl)-5-nitriminotetrazolate monohydrate (7), 1- and 2-(2,3-dichloro-
propyl)-S-aminotetrazole (8a/b), and 1-(2,3-dichloropropyl)-5-nitriminotetrazole (9)
(Figure 1).
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Figure 1 Chemical structures of compounds 1-9.

In addition to a full characterization of these molecules the corresponding alkali
metal and alkaline earth metal salts as well as copper(ll) complexes were prepared. They
were fully characterized and their sensitivities to mechanical and electric stimuli, thermal
stability, and solubility in H,O at ambient temperature were determined. Special attention
was paid to the lithium, calcium, strontium, barium, and copper(ll) salts with respect to
their color performance and combustion properties. Unfortunately, the salts of 2 and 7 are
very sensitive to impact and friction, thermally not very stable (< 200 °C) and combust too
vigorously in the flame of a BUNSEN burner, which makes them useless as coloring agents.
However, the water-free alkali metal salts 2_Na, 2_K, 2 _Rb, and 2_Cs as well as 7_K might
find application as primary explosives. The best performance as neat compound have
strontium  1-(2-chloroethyl)-5-nitriminotetrazolate monohydrate (3_Sr) and barium
1-(2-chloroethyl)-5-nitriminotetrazolate monohydrate (3_Ba). The pyrotechnically relevant
salts of 9 also show good coloring and combustion properties. The barium salts of 1, 4, and
5 needed an additionally chlorine source (PVC) to produce a green flame. All tested salts had
a good combustion behavior with low smoke production and a small amount of residues.
Furthermore, all tested salts have a lower solubility in H,O at ambient temperature than the
corresponding nitrates, which are used in pyrotechnic compositions. The salts of 1, 3, 4,
and 5 are thermally very stable with decomposition temperatures above 200 °C and the

salts of 4 and 5 are less sensitive to impact and friction.

Another topic dealt with the preparation of 1,2,4-triazole derivatives starting from
3-amino-1,2,4-triazole (3-ATrz). Thereby, 3-nitramino-1,2,4-triazole monohydrate (10),
3-nitro-1,2,4-triazole (12), 2-carboxymethyl-3-amino-1,2,4-triazole (13), and 2-carboxy-

methyl-3-nitrimino-1,2,4-triazole monohydrate (14) were prepared as well as some of their
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alkali metal, alkaline earth metal salts and copper(ll) complexes (Figure 2). All compounds

were fully characterized.
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Figure 2 Chemical structures of compounds 10, 12-14.

In comparison to the salts of the corresponding tetrazole derivatives, the color
performance and combustion behavior of the investigated triazole salts is worse.
Nevertheless, they display a higher thermal stability, lower solubility in H,O and are less
sensitive to impact, friction, and electric discharge. Depending of the color performance,
combustion behavior, and physico-chemical properties of pyrotechnic relevant salts,
pyrotechnic compositions based on these salts could be investigated. Especially, the

strontium salts of 10 and 13 are promising candidates as colorant agents.

Furthermore, several barium salts of tetrazole derivatives, barium tetrazolate (BaTz),
barium S-aminotetrazolate tetrahydrate (BaAt), barium bis(5-nitrimino-1H-tetrazolate)
tetrahydrate (BalHatNO2), barium 5-nitriminotetrazolate dihydrate (BaAtNO2), barium 1-
methyl-5-nitriminotetrazolate monohydrate (BalMeAtNO2), and barium 2-methyl-5-
nitriminotetrazolate dihydrate (Ba2MeAtNO2), were prepared and investigated with respect
to their applicability as coloring agent in green or white light emitting pyrotechnic
compositions. For comparison the color performance of neat barium chloride dihydrate and
barium nitrate, a mixture of both salts, and a mixture of PvC and barium nitrate was
determined. The investigated barium salts, especially with anions containing a nitrimino
group (BalHAtNO2, BaAtNO2, BalMeAtNO2, and Ba2MeAtNO2), might be a “greener”
alternative in replacing barium nitrate in white or green light emitting pyrotechnic
compositions. All offer a comparable or lower solubility than barium nitrate in H,O at
ambient temperature and show without chlorine a very intense white flame. Furthermore,
they are insensitive or less sensitive to impact and friction. The barium salts BalHAtNO2

and BaAtNO2 could find further application, if sizzling sound effects are desired.

In the case of salts with convincing properties, their behavior as coloring agents was
determined in several pyrotechnic compositions with different oxidizers and fuels. The
performance of each composition is compared with formulations used today with respect to
color emission, combustion velocity, smoke generation, amount of solid residues, thermal

stability, and sensitivity to moisture as well as towards mechanical and electric stimuli.
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The following pyrotechnic compositions were used as measures:
US Army red flare composition # M126 Al (red parachute): 39 wt% Sr(NOs)2, 30 wt% Mg,
13 wt% KClO4, 8 wt% VAAR (Figure 3).
US Army composition # M125 Al (green parachute): 50 wt% Ba(NOg3)2, 30 wt% Mg, 15 wt%
PVC, 5 wt% VAAR (Figure 3).
SHIMIZU’s composition: 15 wt% Cu, 17 wt% PVC, 68 wt% KClO4, and 5 wt% Starch
(Figure 3).

Figure 3 Controlled burn down of the pyrotechnic compositions M126 Al (top, left), M125 Al (top,
right), and Shimizu’s composition (down).

Pyrotechnic compositions of the salts 3_Sr, 3_Ba, 3_Cu_H20, 4_Li, 4 _Sr, 4_Ba,
5 Srl, 5 Sr2, 5 Bal, 5 Ba2, 5 Cu H20, and 5_Cu_NHs, were investigated. Thereby, no
potassium perchlorate was used, but other oxidizers such as potassium and ammonium
nitrate, potassium and ammonium dinitramide (ADN), and potassium permanganate.
Different fuels were tested, including magnesium, aluminum, magnalium, boron, and
S-aminotetrazole (5-At). The best performing compositions were made of 3_Sr, 3_Ba, 4_Sr,
5_Sr2, and 5_Ba2. The use of ADN guaranteed a smoke reduced combustion. However, the
compositions were thermally less stable (< 190 °C). Magnesium and aluminum were good
fuels in combination with strontium or barium salts, however they increased the amount of
smoke produced due to the formation of the solids MgO and Al,Os. The combination of
copper(Il) complexes with boron produced intense green flames, but also a huge amount of

sometimes glowing residues.
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Furthermore, the in literature described strontium salts: strontium tetrazolate
pentahydrate (SrTz), strontium S-aminotetrazolate tetrahydrate (SrAt), strontium 1-methyl-
S-nitriminotetrazolate monohydrate (Srl1MeAtNO2), strontium bis(5-nitrimino-1H-tetra-
zolate) tetrahydrate (Srl1HAtNO2), strontium S-nitriminotetrazolate monohydrate
(SrAtNO2), and strontium 3,3’-bis(1,2,4-oxadiazol-5-onate) dihydrate (SrOD) and copper(l])
complexes: diammine bis(tetrazol-5-yl)-aminato-x2N1,N6 copper(ll) ([Cu(bta)(NHz)]),
bis{bis(tetrazol-5-yl)-amine-x2N1,N6} copper(ll) nitrate hemihydrate ([Cu(Hzbta)2](NOs)2),
diaqua bis(1-methyl-5-aminotetrazole-N4) copper(ll) nitrate ([Cu(1MeAt)z(H20)2(NOs)2]),
diaqua tetrakis(1-methyl-5-aminotetrazole-N4) copper(Il) nitrate ([Cu(1MeAt)s(H20)2](NOs)2),
diammine bis(1-methyl-5-nitriminotetrazolato-x2N4,01) copper(ll) ([Cu(1MeAtNO2)2(NHs)z]),
bis[(triammine) u2-(5-nitriminotetrazolato) copper(ll)] ([Cu(AtNO2)(NHs)s]2), basic copper(Il)
nitrate (Cuz(OH)3(NOs)), and tetrammine copper(ll) dinitramide ([Cu(NHs)4][N(NO2)2]2) were
prepared and investigated with respect to their coloring and combustion properties in

pyrotechnic compositions.

The salts SrTz and Srl1MeAtNO2 were compared with a standard composition,
containing strontium nitrate. Both offer higher spectral purity and average intensity, but a
shorter burn time. Sr1MeAtNO2 possesses the best properties with regard to high
decomposition temperature, sensitivity to impact and friction, its behavior in the tested
pyrotechnic compositions, and a low solubility in H>O. The strontium salts Sr1IHAtNO2 and
SrAtNO2 could find application, if sizzling sound effects are desired. All strontium salts
produced red light emitting pyrotechnic compositions even without an additional chlorine
source. Further investigations of varying the ingredients or using other additives might
result in even better formulations. Thus, it could be shown, that the substitution of

potassium perchlorate with nitrogen-rich strontium salts is possible.

Static burn tests with [Cu(bta)(NHs)2], [Cu(1MeAt)2(H20)2(NO3)2], and
[Cu(1MeAt)4(H20)2](NO3)2 were performed. All tested compounds combusted faster than the
standard formulation. However, all showed a green flame. The burn time average intensity of
all tested copper(ll) complexes is lower than of the formulation used as standard. This is
also true for the integrated intensity. The peak intensity of the standard is nearly twice that
the other formulations. Worst color performance in pyrotechnic compositions showed the
copper(Il) complexes [Cu(1MeAtNO2)2(NHs)2] and [Cu(AtNO2)(NHzs)s]2. Also Cuz(OH)3(NOs)
could not convince as coloring agent. In combination with boron as fuel,
[Cu(NH3)4][N(NO2)2]2 displayed the best results with respect to green color and smoke
production. The addition of copper(I) iodide can improve the green light emission.

Concluding it can be said, that nitrogen-rich copper(Il) complexes can be used as
green colorants in pyrotechnic compositions and substitute barium nitrate. However, the

combination with oxidizers and fuels is much more challenging compared to barium salts.
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Points of concern are the very low decomposition temperatures of some of the investigated
compositions as well as their high sensitivity to impact and friction. If these problems can
be solved, nitrogen-rich copper(ll) compounds are an environmentally more benign

alternative to barium salts.
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Introduction

1 Introduction

1.1 Pyrotechnics

The expression ‘pyrotechnics’ is derived from the Greek words ‘pyros’ (fire, heat) and
‘techne’ (art).[l]

Pyrotechnics is defined as the science of compositions (mixtures of chemicals that
include at least one oxidizer and fuel) capable of undergoing self-contained and sustained
exothermic chemical reactions for the production of heat, light, gas, smoke, and/or sound.
Pyrotechnics do not only include the manufacture of fireworks, but items such as safety
matches, fire extinguishers, airbags, propellants, all kinds of flares, military counter-
measures (acoustic and optic decoy devices), delusion devices, and igniters.

According to the German Sprengstoffgesetz (SprenG) Abschnitt 1 Allgemeine
Vorschriften § 3 pyrotechnics are defined as follows:

“Pyrotechnische Scitze sind explosionsgefiihrliche Stoffe oder Stoffgemische, die zur
Verwendung in pyrotechnischen Gegenstéinden oder zur Erzeugung pyrotechnischer Effekte
bestimmt sind.” 2]

»~Pyrotechnische Gegensténde sind Gegenstdnde, die Vergniigungs- oder technischen
Zwecken dienen und in denen explosionsgefihrliche Stoffe oder Stoffgemische enthalten sind,
die dazu bestimmt sind, unter Ausnutzung der in diesen enthaltenen Energie Licht-, Schall-,

Rauch-, Nebel-, Heiz-, Druck- oder Bewegungswirkungen zu erzeugen.” 2l

1.1.1 Historical

The use of chemicals to produce motion, heat, light, gas, smoke, and sound
(pyrotechnics) is known for several thousand years. The birthplace of pyrotechnics is
presumably China, several centuries BC. India could be the other possibility due to its
natural deposits of saltpeter (potassium nitrate), the oxidizer in black powder.Bl A
description of another pyrotechnic item, bonfires like Solstice and Midsummer fires, can be
found first in the literature of the 4th century AD.[4 However, pyrotechnic compositions
usually found military application, especially black powder. Black powder, also known as
gun powder is a mixture of saltpeter, sulfur and charcoal in approximate proportions of
75 wt% (percent by weight) saltpeter, 12.5 wt% sulfur and 12.5 wt% charcoal. In the course
of time the relative amounts of the components have varied. In particular, after it turned out
that the increase of saltpeter increased the velocity of combustion. In the 15th century, it
was found that the addition of a small amount of water caused the basic ingredients to cling
together insuring a more homogeneous mixture, which offers more continuous burning and
is longer storable than only blended black powder.

The use of black powder for military purposes was first recorded in 919.51 The

knowledge of black powder and its military use disseminated gradually from China to Japan



and India then to the Orient and reached Europe in the 13th century. The today known
names of firework articles ‘Bengal Fire’, ‘Greek Fire’ and ‘Roman Candle’ remember of this
way of propagation.l®l During the conquest of Mongolia by the Chinese in the 12th century
rockets, containing as payload either fire compositions or sharp objects, and black powder
as propellant, were widely-used.[”l However, in the same period of time also the civil use of
pyrotechnic compositions took place.l8l The Arabs improved black powder for military use
and the description of rockets appeared in Arab literature in 1258 for the first time. They
adopted the rocket from Mongol invaders during the seventh Crusade and used it against
the French army of King Louis IX in 1268.[51 By the year 1300, rockets had found their way
into European arsenals, reaching first France, then Italy and Germany about the year 1500,
and later, England.

Two Europeans are intimately related to black powder: the English philosopher
Roger BACON (1246-1294) and the German monk Berthold SCHWARZ (civil name: Konstantin
ANCKLITZEN, t 1388, Figure 1.1). Both are often referred to be the inventor of black powder,
whereas reinventor is more correct. By the way, black powder (in German: Schwarzpulver)

was named after its black color caused by the charcoal and not as often wrongly assumed

from the monk Berthold SCHWARZ.!7]
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Figure 1.1 Left: Copper engraving of the year 1640 with the title: "Des ehrwitirdigen und sinnreichen
Vatters Berthold SCHWARz genannt, Franziskaner Ordens, Doctor, Alchemist und Erfinder der freien

Kunst des Biichsenschiessens”. Right: Monument of Bertold SCHWARZ in Freiburg im Breisgau.

Since the year 1350, black powder had become an effective weapon on the battlefield
and had been the only explosive in wide use until the discovery of nitroglycerine in 1846 by
SOBRERO in Italy, and NOBEL's work with dynamite, led to the development of a new
generation of true high explosives. Furthermore, the development of modern smokeless

powder, based on nitrocellulose and nitroglycerine, led a substitution of black powder as the
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main propellant for guns. Although black powder has been replaced widely, it is important
to recognize the important role it has played in modern civilization.®!

Apart from the military application, pyrotechnics were used only for entertainment
(fireworks). Progress in both areas followed advances in modern chemistry and also
industrialization, as new compounds were isolated and synthesized and became available.
For example, the discovery of potassium chlorate by BERTHOLLET in the 1780's offered the
ability to produce brilliant colored flames and color was added to the effects of sparks,
noise, and motion.®! White light and bright sparks could be produced after the manu-
facturing of the metals magnesium and aluminum by electrolysis was possible in the late
19th century. During the 19th century also strontium, barium and copper compounds
became commercially available and offered the ability of producing intense red, green, and

blue flames; the beginning of modern pyrotechnic technology.®!

Figure 1.2 Picture of the fireworks on the occasion of the “Kaiserfest” in Cologne in 1897 (left),
fireworks on the occasion of the opening of the Expo 2010 in Shanghai, China (right).

Besides the popular fireworks, which are part of the cultural heritage of many
countries (Sylvester, Independence Day in USA, New Year’s celebration in Chinese culture)
civilian applications of pyrotechnics are ranging from the common match to highway
warning flares.9

Today, pyrotechnics are also widely used by the military for signaling and training.

1.1.2 Components of a Pyrotechnic Composition

1.1.2.1 Fuels and Oxidizers

A pyrotechnic composition consists at least of an oxidizer and a fuel, because the
exothermic reactions used in pyrotechnics are based on redox reactions. Of course,
molecules which are both readily-oxidizable and readily-reducible exist, such as ammonium
nitrate, ammonium perchlorate, lead azide, trinitrotoluene (TNT), nitroglycerine, and mercury
fulminate (Hg(ONC).). However, they are uncommon and usually have explosive properties,

which is undesirable in pyrotechnic compositions.l®] Furthermore, by mixing an oxidizer

3



with a fuel it is possible to produce the desired, well-defined effects, such as reaction rate,
heat of reaction, reaction temperature, gas production, reaction products, and colored light,
needed for a particular application by varying the amounts of the components.[10]
Pyrotechnic compositions are only supposed to burn and not to explode. Therefore, the
burning behavior, which is dependent upon several factors, must be controlled by the
pyrotechnist. The oxygen, which is needed for the combustion of a pyrotechnic composition,
is supplied by an oxygen-rich component (oxidizer) and not required from the presence of
oxygen in the ambient air.[11]

The pyrotechnic redox reaction is usually a solid-solid, solid-liquid or solid-gas state
reaction, meanwhile the oxidizer is reduced and the reducing agent (fuel) is oxidized
(Scheme 1.1). They take place in a temperature range of 1500-4000 °C.[10]

Reducing Agent (1) + Oxidizer (2) _fedox Reducing Agent (2) + Oxidizer (1)

Scheme 1.1 Principle of a redox reaction.

Unfortunately, the reaction products of a pyrotechnic redox reaction are usually not
the expected according the classical chemistry theory. For example, the combustion reaction
of the simple mixture black powder (75.7 wt% KNOg3, 11.7 wt% charcoal (C), 9.7 wt% sulfur
(S), 2.9 wt% moisture (H20)) are approximated in Scheme 1.2.[12]
35N, + 56 CO, + 14 CO + 3CH, + 2H,S + 4Hy, + 19 K,CO4
+ TK,SO, + 8KyS,05 + 2K,S + 2KSCN + (NH,),CO5 + C + S

74 KNO3 + 96C + 30S + 16 H,O0 ——>

Scheme 1.2 Combustion equation of black powder.

Different important parameters for chemicals used in pyrotechnic compositions must
be available, such as purity, particle size, crystal structure (density), and water content.[10]

As oxidizers are usually oxygen-rich ionic solids used, which decompose at
moderate-to-high temperatures and release gaseous dioxygen (Oz). Common are nitrates,
perchlorates, and sometimes chlorates of alkali or alkaline earth metal salts as well as
ammonium. An overview of some oxidizers and their physico-chemical properties is given in
Table 1.1.

Table 1.1 Overview of the physico-chemical properties of some oxidizers.!9: 1]

Formula M P M.p. Tdec H20-sol. grams of oxygen released
[g/mol] [g/cm3] [°C] = [°C] ? [wt%] ¢ per gram of oxidizer

NH4NO3 80.0 1.73 170 > 170 65 (20 °C) 0.60 (total 0)

NaNO3 85.0 2.26 307 > 380 74 (20 °C) 0.47

KNO3 101.1 2.11 334 > 400 24 (20 °C) 0.40

Sr(NO3)2 211.6  2.99 370 > 370 40 (20 °C) 0.38

Ba(NOa3)2 261.4 3.24 592 > 550 8.3 (20 °C) 0.31

NH4ClO4 117.5 1.95 - 210 19 (20 °C) = 0.28

KCl1O4 138.6  2.52 - > 400 1.8 (20 °C) 0.46

KClOs 122.6  3.32 356 > 400 6.8 (20 °C) 0.39

BaO:2 169.4  4.96 450 795 - 0.09

PbO2 239.2 9.38 - 290 insoluble 0.13 (total 0)

Pb30O4 685.6 9.53 - > 500 insoluble 0.093 (total 0)

BaCrOs4 253.4 4.50 - - 0.3 (16 °C) 0.095

PbCrO4 323.2 6.12 — 844 insoluble  0.074

a) Melting point, b) Decomposition temperature c¢) Solubility in H2O (H20 temperature).
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Nitrates decompose at higher temperatures than perchlorates and are therefore
usually combined with a metal fuel. Potassium nitrate is the most used oxidizer with the
nitrate anion. It offers several advantages: it has a very weak flame color, is not hygroscopic,
can be ignited easily, is available at very low costs, and is very stable to outer stimuli.l®
Furthermore, it has an high active oxygen content (39.6 %) and composes at high
temperature according to Scheme 1.3 (1). This reaction is strongly endothermic with
AcH® = 316 kJ/mol and therefore potassium nitrate must be combined with a high energy-
output fuel (metals) to achieve rapid burning rates. Combined with other fuels the
decomposition might stop at the formation of potassium nitrite (Scheme 1.3 (2)).

2KNO; — K,0 + N, + 250, (1)

KNO; — > KNO, + 0.50, (2)

Scheme 1.3 Decomposition equations of potassium nitrate.

Strontium nitrate is usually combined with another oxidizer in red flame pyrotechnic
compositions. It is slightly hygroscopic and commercially available. It decomposes near its
melting point according to Scheme 1.4 (2). Thereby, strontium nitrite is formed as an
intermediate and can be found in the ash of mixtures with a low flame temperature.°l

Sr(N03)2—> SrO + N2 + 25 02 (1)

SF(NO3)2—> SrO + NO + N02 + 02 (2)

Scheme 1.4 Decomposition equations of strontium nitrate.

If the reaction temperature is higher, strontium nitrate decomposes according to
equation 1, because this reaction is very endothermic (AcH = 385 kJ/mol) and corresponds
to an active oxygen content of 37.7 %. However, little ash-like residues are produced by this
reaction, especially with magnesium as fuel.

Barium nitrate is non-hygroscopic and used as main oxidizer in white flame
pyrotechnic compositions. Potassium perchlorate is added, if a green flame should be
achieved. Barium nitrate decomposes analog to strontium nitrate at low as well as high
temperatures (with 30.6 % available oxygen). The high melting point of barium nitrate
(592 °C) is responsible for higher ignition temperatures than to potassium nitrate or
potassium perchlorate based compositions.

Details about potassium perchlorate can be found in chapter 1.1.5.1.

The efficiency of an oxidizer in a mixture (or the oxidizing performance of a molecule)
can be determined with the oxygen balance (Q). It is determined according to combustion
equation of the molecule or composition (equation 1.1) and calculated according to equation
1.2.013] Tt reflects the (theoretical) ability of a system to be oxidized completely: A negative
oxygen balance (22 < 0 %) indicates a system in which unburned fuel is left behind or that
requires atmospheric oxygen for complete combustion. If Q = 0, a stoichiometric mixture of

reducing atoms and oxidizing atoms exists and the fuel is oxidized completely. A positive
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oxygen balance (Q > 0 %) indicates a system in which there is an excess of oxygen for the
combustion of the fuel. The exact oxygen balance can only be obtained, if the exact reaction
equation is used, which requires a fundamental, experimentally based understanding of all
of the chemical reactions taking place.
CoHNQOLClySe — > b CO, + 1/2(c — d) H,O + 12 N, + d HCl + e SO,
+[(b + e) +1/4(c-d)-al2] O, (1.1)

Q=[(aO - 2bC - 1/2(c - d)H - 2¢S) - 1600]/M (1.2)
(a: number of oxygen atoms, b: number of carbon atoms, c: number of hydrogen atoms, d: number of

chlorine atoms, e: number of sulfur atoms, M: molecular weight)

Besides the above mentioned redox systems using oxygen as oxidizing species,
different redox pairs can be used in pyrotechnics. They are based on metals and
halogenated organic compounds or polymers. One famous mixture are M1V
(magnesium/Teflon®/Viton®) compositions that decompose according to Scheme 1.5.114
They wusually find application in aerial countermeasures, tracking flares, propellants,
signaling applications, and incendiary devices.[!5] Besides Teflon®, other poly(carbon
monofluorides) ((CF)n, also known as graphite fluoride) and magnesiumli® or other fuels

(such as, boron, titanium, silicon or Si alloys) can be combined.[!7]
(CoFy), + 2nMg —> 2nC + 2n MgF,

Scheme 1.5 Redox equation of a MTV composition.

Another widely used redox pair is the so-called BERGER mixture. It is used for the
generation of dense, gray smoke with the fuels zinc, aluminum or zinc oxide, in combination
with hexachloroethane.l®) The produced smoke consists of zinc chloride aerosols (Scheme
1.6).

3Zn + C,Clg — > 2C + 32ZnCl,

Scheme 1.6 Redox equation of a BERGER mixture.

Several compounds can be used as fuels (reducing agent, electron donor). The variety
ranges from metal fuels, such as magnesium, aluminum, magnalium (alloy of Mg and Al,
50:50, MgAl), iron, copper, zinc, and zirconium to non-metallic fuels, including charcoal,
sulfur, red and white phosphorus, boron, silicon as well as organic materials, such as
starch.® 18] In Table 1.2 an overview of the most common metallic and non-metallic fuels
and their properties is given. During the reaction of the released oxygen of the oxidizer heat
is produced, which offers the opportunity of producing and varying effects, such as color,
motion, light, or noise. Depending on pyrotechnic application different properties are
required. In the following only the requirements for colored flame compositions are

mentioned.
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A high reaction temperature is necessary for a maximum light intensity, but the
color quality depends upon proper emitters in the gas phase. That is only guaranteed, if the
amount of solid and liquid particle is low, because they emit a broad spectrum of ‘white’
light.[©]

Table 1.2 Properties of some metallic and non-metallic fuels.!9]

Formula M M.p. Ty combustion grams of fuel consumed
[g/mol] [g/cm3] [°C] = [°’C] ? product per gram of O
Al 27.0 2.7 660 2467 Al2Os3 1.12
Cu 63.5 8.92 1085 2927 CuO 3.97
Fe 55.8 7.87 1535 2750 Fe203 2.32
Mg 24.3 1.74 649 1107 MgO 1.52
MgAl - - 460 - MgO/AlxOs3 1.32
Ti 47.9 4.50 1660 3287 TiO2 1.50
w 183.8 19.32 3410 5660 WOs 3.83
Zn 65.4 7.14 420 970 ZnO 4.09
Zr 91.2 6.52 1852 4377 ZrO2 2.85
B 10.8 2.46 2300 2550 B203 0.45
C 12.0 2.26 dec. - COz2 0.38
Pred 31.0 2.2 590 sublimes P4O10 0.78
P4 124.0 1.83 44 - P4O10 0.78
Si 28.1 2.33 1410 2355 SiO2 0.88
S 32.1 2.07 119 445 SOz 1.00

a) Melting point, b) Boiling temperature.

A good metallic fuel is insensitive to moisture and oxidation by air, offers a high heat
output per gram, and is available at moderate costs in defined fine particle sizes. The
appropriateness of a metallic fuel can be examined by its standard potential. A large,
negative value implies a readily oxidizable material.

An excellent and widely used fuel is the very reactive metal magnesium. It has a heat
of combustion of 5.9 kcal/g and a low boiling point of 1107 °C, which enables excess
magnesium in a mixture to vaporize and react with oxygen in the air, providing additional
heat. However, neat magnesium is so reactive that it can be oxidized by moist air, forming
magnesium hydroxide (Mg(OH),), and it reacts easily with all acids, also boric acid and even
the ammonium ion. Therefore, the combination of magnesium with ammonium perchlorate
or other ammonium salts should be avoided except the metal surface is coated with an oil,
like paraffin or a similar material.l¥) Furthermore, in the presence of moisture, chlorate as
well as perchlorate salts are able to oxidize magnesium without previous initiation, which is
a storage problem. This problem does not occur with nitrate salts.[!9]

Unfortunately, magnesium is also able to react with other metal ion, especially in a
moist environment. For example, it reduces Cu?* ions according to Scheme 1.7. The

standard potential of the Cu2*/Mg pair is +2.72 V indicating a spontaneous effect.
Cu?* + Mg ——> Cu + Mg?"

Scheme 1.7 Redox reaction between Mg and Cu?+, if H20 is present.

Therefore, reducible metal ions, such as Cu2?* and Pb2*, as well as water must be

avoided in magnesium containing compositions.



An alternative might be magnalium (MgAl), a 50:50 alloy of magnesium and
aluminum. According to SHIMIZU it is a material of a solid solution of AlsMg; in Al,Mgs, with
a melting point of 460 °C.[191. It offers the stability advantage that it reacts much more slowly
than magnesium metal with weak acids. Furthermore, magnalium is more stable than
aluminum metal in combination with nitrate salts. Besides that it can be used in fireworks
items to produce attractive white sparks, ‘crackling’ effects as well as a branching spark
effect with a black powder-type composition.[9]

Aluminum is probably the most widely used metallic fuel, because of its lightweight,
low costs and it is available in a variety of particle sizes and shapes. Depending on the
shape (spheres yield the minimum surface area and hence minimum reactivity) and size of
the aluminum particles, the kind of application is different. For example, atomized
aluminum, rather than the more reactive flake material, is used by the military for heat and
light-producing compositions and so called flitter’ aluminum (large flakes) are widely used
by in fireworks to produce bright white sparks. Aluminum has a higher heat of
combustion with 7.4 kcal/g than magnesium. Furthermore, its boiling point of almost
2500 °C is much higher. Aluminum has a more reactive surface than magnesium and is
readily oxidized by oxygen in air, forming a protective coating of aluminum oxide (Al>Os3).
Thereby, the particle core of aluminum metal is protected from further oxidation and
aluminum powder can be stored for extended periods with little loss of reactivity due to air
oxidation.®

Pyrotechnic compositions containing aluminum as fuel are usually quite stable.
However, if the mixture contains a nitrate oxidizer, moisture must be excluded. Otherwise, a
reaction of the nitrate salt and aluminum metal takes place (Scheme 1.8), as mentioned
above.

3KNO; + 8 Al + 12H,0 —> 3 KAIO, + 5AI(OH); + 3 NH,

Scheme 1.8 Reaction of aluminum metal and potassium nitrate in a wet medium.

During this reaction evolving heat and ammonia gas is produced. Autoignition of
such compositions is possible, because the reaction is accelerated by the alkaline medium.
This can be inhibited by a small quantity of a weak acid such as boric acid by neutralizing
the alkaline products and maintaining a weakly acidic environment. Moisture and the
hygroscopicity of the oxidizer play a key role in this decomposition process. For example,
sodium nitrate can not be combined with aluminum, unless the aluminum powder is coated
with a protective organic layer, due to its hygroscopicity. Compositions containing
potassium nitrate and aluminum must be kept quite dry in storage, but mixtures of
aluminum and non-hygroscopic barium nitrate can be stored, as long as the composition
does not actually get wet. Mixtures of magnesium metal with nitrate salts do not have this
decomposition problem, because the formation of a magnesium hydroxide coating on the
metal surface protects it from further reaction. Aluminum hydroxide (Al(OH)s) does not offer

this protection, because it is soluble in alkaline medium.®!
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Besides metallic fuels, several readily-oxidized nonmetallic elements have found
application in the field of pyrotechnics. Their requirements are the same of metallic fuels,
such as stability to air and moisture, good heat-per-gram output, and availability for low
costs.

Sulfur is one fuel in black powder and has been used as fuel for several hundred of
years. In pyrotechnic compositions usually flour of sulfur’, a material that has been
crystallized from molten sulfur is preferred. If sulfur is purified by sublimation, it is named
flowers of sulfur’. However, it often significant amounts of oxidized, acidic impurities are
present, which can be quite hazardous, especially in mixtures containing a chlorate salt.[20l
Although sulfur has a comparable low heat output (2.2 kcal/g), it can function as a ‘tinder’
or fire starter, because of its low melting point of 119 °C. Therefore, it can react
exothermically with several oxidizers at low temperatures and this heat output can be used
to trigger other reactions with better fuels and the presence of sulfur, even in small
percentage, has a drastically affect of the ignitibility and ignition temperature. Sulfur
combusts to sulfur dioxide and to sulfate salts (compare Scheme 1.2). Sulfur can also be
reduced to the sulfide ion (S27) and therefore act as oxidizer. However, when sulfur is added
in large excess, it can volatilize out of the burning mixture as yellowish-white smoke.

Another elemental fuel is boron. It offers a high heat output (14.0 kcal/g) due to its
low atomic weight (10.81 u). When it is combined with a high-melting oxidizer, ignition can
be hard, because of the high melting point (2300 °C) of boron. This can be avoided by the
use of low-melting oxidizers, such as potassium nitrate, yielding good heat production.
However, the low melting point of the combustion product (boron oxide, B»O3) can prohibit
high reaction temperatures.?ll. Furthermore, boron is a quite expensive fuel, but usually
only a small amount is required. It finds particularly application as fuel in igniter and delay
compositions for military and aerospace applications.!

Silicon is in many ways similar to boron. It is a safe, has a high melting point
(1410 °C), but relatively inexpensive fuel used in igniter and delay compositions.
Remarkable is the oxidation product, silicon dioxide (SiO2), because it is high melting and
environmentally acceptable.®]

A variety of organic (carbon-containing) compounds are common fuels. Through the
production of carbon dioxide (CO,) and water vapor during their combustion, these fuels are
able to produce a significant gas pressure, besides their generation of heat. Depending on
the amount of present oxygen, the carbon atoms are oxidized to CO, with an oxygen-
sufficient atmosphere or otherwise to carbon monoxide (CO) or elemental carbon. If the
amount of carbon is large (can be observed as carbon black), it can influence the flame color
negatively (see black body radiation, chapter 1.1.2.3). The hydrogen atoms in organic
compounds are reacted to gaseous water molecules using oxygen. Therefore, if the fuel
contains oxygen atoms, the amount of oxygen that must be provided by the oxidizer can be

reduced. Hence, hydrocarbons - contains only carbon and hydrogen -will require more



moles of oxygen for complete combustion than will an equal weight carbohydrate or other
oxygen-containing compound.

Carbohydrates, a large number of its organic compounds occur naturally, can also
serve as fuel. The simplest carbohydrates are ‘sugars’ and have molecular formulas fitting
the pattern (CH2O),. Small deviations can be found of the more complex members. The
simpler sugars are preferred as fuels, because they can be obtained in high purity at
moderate cost, and toxicity problems carry no weight. They usually combust with a colorless
flame and give off less heat per gram than less-oxidized organic fuels.

Common sugars are glucose (CeH120s), lactose (Ci12H22011), and sucrose (Ci12H22011).
Starch is a polysaccharide, consisting of glucose units linked together by a-1,4 and a-1,6
glycosidic bonds. Its molecular formula of starch can be described as (CsHi0Os)n, and its
molecular weight is greater than one million. It can be divided into smaller units by the
reaction with acids. Dextrin is partially-hydrolyzed starch and widely-used as fuel and
binder. However, its molecular weight, solubility, and chemical behavior can vary
substantially from supplier to supplier and from batch to batch. In combination with
potassium chlorate lactose is used in some colored smoke mixtures.

Other organic fuels are for example nitrocellulose, polyvinyl alcohol, stearic acid,
hexamethylenetetramine, kerosene, epoxy resins, and unsaturated polyester resins such as

Laminae.

1.1.2.2 Binder

Besides the oxygen balance, type of chemical or active surface, one important
parameter that influence the performance of a redox reaction in pyrotechnic is the
homogeneity. The more homogeneous a mixture is the higher is its reaction rate.
Homogeneity can be achieved by mixing the different components of a pyrotechnic
composition, which should have similar grain sizes. In addition an increase of the degree
closeness of the reactive particles enhances the reactivity, because pyrotechnic reactions are
usually solid-solid reaction.[!0] This can be provided by the usage of a binder. It prevents the
segregation of the different components, provides mechanical stability and can decrease the
sensitivity to moisture to some extent.ll8] Both, the type of the binder and the content,
influence the reaction rate and less the heat of reaction.!!9 Several binders are common, the
choice is depending on the other components. Furthermore, the selected binder should
provide good homogeneity with the use of a minimum of polymer. Organic materials react as
fuels and reduce the flame temperatures of compositions containing metallic fuels and
decrease reaction rates.[® 101 Furthermore, they can influence the color purity negatively, if
incomplete combustion of the binder occurs. A binder need to be neutral and non-
hygroscopic to avoid the problems that water and an acidic or basic environment can
introduce. Two different kinds of binder can be distinguished: non-energetic binders, which
can be dissolved in water (such as dextrin, polyvinyl alcohol, or Arabic rubber) or are

organic-solvents-based (such as vinyl alcohol acetate resin (VAAR), polymethyl
10
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methacrylate,[?2] or other organic polymers). Also binders, such as epoxy binders or
Laminac® [231 (an unsaturated polyester with styrene crosslinks), which binds upon
addition of a catalyst whose application does not provide a solvent exist. Energetic binders
(e.g. glycidyl azide polymer (GAP), polynitropolyphenylene, or nitrocellulose) contribute
energy to the reaction. However, their reactive functional groups (azido, nitrate, nitro, and

hydroxy residues) can lead to undesired reactions with the components.[24

1.1.2.3 Colors

The visible spectrum is depicted in Figure 1.3. The human eye is able to see colors in
a range of 400 nm to 700 nm. If light is emitted in a particular wavelength, it is called

monochromatic.
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Figure 1.3 Visible spectrum.[25]

In general, the colored light generated pyrotechnically is not monochromatic,
because it usually contains light emitters which emit outside the desired spectral range.
Light emitters, which are responsible for the pyrotechnic light emission, can be divided in
two main categories: solid state emitters (black body radiation) and gas phase emitters
(atoms and molecules). Due to the fact, that black- or better grey-body emitters are not able
to produce anything but shades of orange and yellow, gas phase emitters are responsible for
the colors observed in pyrotechnics.

To produce color, a color-emitting species and heat, which is usually gained from the
reaction between and oxidizer and a fuel, are required. The released light energy depends on
the difference of the energy levels (AE). The difference is unique for each element. The color
is determined by the energy of the emitted photons, which determines their characteristic

wavelength (4) (see equation 1.3). This results in the specific flame color.

AE=h-c/A=hv (1.3)

c = speed of light (299 792 458 m/s)

h = PLANCK constant (6.62606896 10-34 Js)
A = wavelength

v = frequency

11



Some elements are even named after the color of their observed spectral lines, such

as cesium (caesius, lat.: sky blue), rubidium (rubidus, lat.: dark red) and indium (indigo).

Several elements and their compounds are able to emit visible light. However, only a

few are used in pyrotechnical applications (Table 1.3).

Table 1.3 Emitted wavelengths of atomic and molecular emitters of the usually used compounds in

pyrotechnics.[4 9, 25, 26]

Element Emitting species A [nm] Color
lithium atomic Li 670.8 red
460 blue
413, 427 violet
497 bluish-green
atomic Na 589.0, 589.6 yellow
CaCl 591-599 yellow
CacCl 603-608 orange
strontium SrCl 661.4, 662.0, 674.5, 675.6 red
SrCl 623.9, 636.2, 648.5 orange
SrCl 393.7, 396.1, 400.9 violet
SrOH 605.0, 646.0 orange
SrOH 659.0, 667.5, 682.0 red
atomic Sr 460.7 blue
BacCl 507, 513.8, 516.2, 524.1, 532.1 green
BaCl 649 red
BaOH 487 greenish-blue
BaOH 512 green
BaO 604, 610, 617, 622, 629 orange
atomic Ba 553.5 green
atomic Ba 660 red
copper CuCl 420-452 violet-blue
CucCl 476-488 blue
CuOH 525-555 green
CuO 610-660 red

In general, sodium salts are used to achieve a yellow luminescence, strontium salts a

red, barium salts a green, and copper compounds a blue one. Strontium nitrate is the most
common used coloring agent in red-light emitting pyrotechnic compositions. Besides its
coloring properties, it is a good oxidizer. However, it is not able to produce the molecular
emitter strontium monochloride (SrCl), which is besides strontium monohydroxides (SrOH)
responsible for an intense red flame.®! Therefore, some chlorine donors, like polyvinyl
chloride (pvc) and other chlorine-rich organic compounds or the oxidizer potassium
perchlorate are added. This is true for green light emitting compositions containing barium
as well as blue light emitting compositions based on copper compounds. Furthermore, the
monochlorides of calcium, strontium, barium, and copper (CaCl, SrCl, BaCl, and CuCl) are
volatile, which ensures a sufficient concentration of emitters in the gas phase even at lower
temperatures.l9) According to SHIMIZU, chlorine donors react in magnesium-containing

composition with the formed MgO, which is a powerful grey body emitter, whose
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incandescent glow reduce the color purity significantly.[!9] Another widely used strontium
salt is strontium carbonate, especially in slow burning compositions. However, only small
amounts can be used, because of its inert anion CO32-. Strontium chloride, which is
available commercially, is too hygroscopic for pyrotechnic applications. Furthermore, it
must be avoided that the molecular emitter SrCl is oxidized in the flame according to the
following reaction scheme:

2SrCl + 0,—> 2SO + Cl,

Scheme 1.9 Oxidation of SrCl in an oxygen-rich flame.

This reaction can be minimized, if the mixture offers a negative