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Abstract: A brief historical background to the development of effective pyrotechnic blue flame compositions,
including strobing formulas, from the 19" century to the present day, is presented. The latest prevailing
theories on blue flame generation are discussed and a list of some effective modern formulations is given.
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Introduction

Despite the continuous development of improved
green, red and yellow fire compositions due to an
increasingly demanding fireworks and distress-
signals market, there is nothing more fascinating
to some pyrotechnic chemists than a long-lasting,
intense, deep blue pyrotechnic flame. Regrettably,
blue flame compositions have not been exploited
to the same extent as other colours, primarily
because the human eye is more sensitive to longer
wavelengths of the visible spectrum, notably
yellow, green and red, which are the colours of
choice for military and civilian signalling. As a
consequence, blue flame compositions are now
almost exclusively employed in the production
of ground and aerial fireworks and mostly in the
form of pellets (‘stars’) of blue-light producing
composition. Although a badly formulated blue
firework may still be described as ‘beautiful’ by
the average unskilled observer, those skilled in the
art would agree that the creation of a saturated,
deep blue flame °‘still represents a challenge to
the pyrotechnic chemist’ as stated by Conkling,’
because of the required delicate balance between
ingredients purity, flame temperature and the
concentration of the right copper-based molecular
emitter.

This paper aims to present a concise review of
the main developments of blue-light producing
pyrotechnic formulations throughout the last
century and to highlight the latest theories on blue
flame generation.

Historical background

The Ruggieribrothers, famous Italian pyrotechnists
of the early 18" century, seem to have been the
first who tried to impart blue and green hues to
their black powder-based stars and other aerial
effects by adding ammonium chloride and copper
sulphate.” However the history of ‘modern’ blue
flame compositions is invariably linked to the
discovery of potassium chlorate. Thus, the likely
first reference to the manufacture of more effective
blue lights dates back to 1836, when a Belgian
artillery officer published a pyrotechnics treatise
including a section devoted to a composition based
on ‘chlorate of potash, ivory, bismuth, alum, zinc
and copper sulphate. .. ? Following this early work,
an English pyrotechnician disclosed® in 1878 a
compilation of formulae for blue stars and blue
lancework which were also based on potassium
chlorate whereas the copper-containing ingredient
was copper oxychloride. It is likely that similar or
more effective compositions had already been in
use as early as the late 18™ century, particularly
in France, where potassium chlorate had been
first prepared in 1786 by C. L. Berthollet, during
one of his fabric-bleaching experiments involving
aqueous potassium hydroxide and chlorine gas.*

Apart from fireworks, a number of civilian
(railway) signalling devices® including blue lights
were also developed during the late 19 century in
the US and Europe. These did not always contain
conventional oxidisers and may not be classed as
pyrotechnic illuminating devices in the modern
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sense 1.e. mixtures of oxidiser, fuel and coloured
light producing agent. For example, a patent’
was filed in 1895 describing the manufacture of
a ‘pyrotechnic’ blue signal based on a mixture of
zinc powder, selenium and carbon disulphide. Due
to the absence of an oxidiser, the intensity of the
signal, which was designed to be lit in the open air
in slurry form, would not have been comparable to
that of the fiercer chlorate-based blue compositions
that would have been used in firework displays by
some pyrotechnicians of the time.

Despite the early beginnings, the first scientifically
rigorous publications concerning blue lights
were not to appear until the 1950s, long after the
discovery of the more stable perchlorates and the
development of modern spectroscopic methods for
flame emission observation.” > At this time two
classic text-books of military pyrotechnics'*!® also
dealt with the chemistry and physics of coloured
flames including blue ones. Arguably, some of
the blue light compositions developed during this
time were still dangerous to manufacture. For
example, Shidlovskiy'> describes an ‘improved’
blue flare of good colour purity containing a
pressed mixture of potassium chlorate, sulphur
and basic copper carbonate to neutralise the
acidity of the sulphur. Other Russian workers
were active developing blue formulations during
the 1960s, their research eventually culminating
in a series of patents describing improved blue
flares based on ammonium perchlorate, hexamine,
copper(l) chloride, copper(Il) oxide, copper(])
thiocyanate and stearic acid. '*'® These mixtures,
which exhibited low impact sensitivity, were
capable of producing blue emission of high
spectral purity, due to the presence of ammonium
perchlorate. A few years after the Russian patents
had been published, the American army developed
a blue-burning tracer composition capable of
providing a smoke trail after the blue flame was
no longer visible."” As the composition contained
metal fuels, it was not capable of producing a
saturated, deep blue emission. One mixture is
reported to have contained potassium perchlorate,
magnesium powder, anhydrous copper(I) chloride,
barium nitrate, sulphur and hexachlorobenzene.
Nevertheless, modern tracer compositions rely on
green and red flames, to which the human eye is
far more sensitive.
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More recent developments

Despite these initial breakthroughs, the first
systematic study of new, less sensitive and less
toxic blue formulations was not published until
1980, when the flame colour and intensity of
a series of compositions based on potassium
perchlorate mixed with copper powder, cupric
oxide or basic copper carbonate were compared
with those of a standard composition based on
Paris green (copper acetoarsenite), an excellent
blue light-colouring agent which was widely
used at the time but known to be highly toxic.
In that work the chlorinated polymers PVC
(polyvinylchloride), Parlon (chlorinated isoprene)
and hexachlorobenzene were explored as suitable
chlorine carriers. The author did not assess the
quality ofthe new compositions using conventional
spectroscopic techniques, relying instead on
his and his colleagues’ naked eye, which was
described as the ‘best sensor for identifying subtle
differences in the blue light colour’ when in a dark
room. This work demonstrated that each of the
alternative blue colour-producing agents (with the
exception of copper powder) was able to yield as
good an effect as Paris green and that the burning
rates and ignition characteristics were satisfactory.
A series of effective purple flame compositions
were also developed.

An interesting more recent development in blue
flame technology came about in the 1990s in the
formof ‘strobing’formulations. The strobing effect
is caused by the cyclical or oscillating combustion
of the composition due to the formation and then
co-existence after ignition, of a smoulder- and a
flash-type reaction. To give a practical example,
a pressed pellet of a composition containing
magnesium and a sub-stoichiometric amount of
ammonium perchlorate in the presence of a metal
sulphate can ignite and self-sustain flameless
combustion whilst accumulating heat in the slag
layer. When the temperature in the slag reaches
the melting point of the sulphate, which can now
also act as a second oxidiser, the mixture bursts
into a brilliant auto-extinguishing flash, but one
which is not violent enough to extinguish the
‘dark’ smoulder reaction. The process repeats itself
with frequencies varying between 3 and 10 Hz,
depending on the stoichiometric ratio and particle
size of the ingredients, until the composition is
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consumed. Several compositions are known to be
capable of strobing?! and an excellent review of
strobe chemistry has been published.?

Among first strobe pioneers, it was Jennings-White
who developed low smoke, high-performance
blue strobes* based on ammonium perchlorate,
copper metal and either guanidinium nitrate or
tetramethylammonium nitrate (TMAN). Because
of the high nitrogen content, these compositions,
which were suitable for pressing into stars,
produced excellent colour purity and strobed
reliably during combustion. More work followed
by McCaskie, who published a method** for the
production of blue strobe stars capable of flashing
at 10 Hz. The new compositions were based on
guanidinium nitrate, ammonium perchlorate, PVC
and a copper(I) oxide.

Although no further reports on blue strobes have
appeared since McCaskie’s work, research into
continuous-burning blue lights for improved
fireworks continues to this day in many countries,
including China,” the Czech Republic,”® the
Netherlands,”” the US*®? and Russia.’® A
whole variety of high-nitrogen ingredients are
currently being explored, among which are simple
energetic organic compounds like nitroglycerin
(NG), diethylene glycol dinitrate (EGDN),
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nitroguanidine (NGu) and nitrocellulose (NC).
Some of these formulations have been patented on
the grounds of the reduced smokiness and good
luminous intensities. However, during scale up
operations involving nitroglycerin there would be
safety issues as some of these formulations require
up to 10 wt% of NG.*"

As for other coloured lights, the latest trend in
blue light research involves developing smokeless
compositions®' capable of highly saturated
emission, which may be used for indoor and
special effects fireworks. These typically require
the addition of insensitive fuels of very high
nitrogen content (typically >80 wt%) which
often have a highly positive heat of formation
but low impact and friction sensitivity. The larger
volume of nitrogen released during combustion
and the increased burn rate when compared to
ordinary fuels (like red gum or hexamine) act
to enhance colour purity by reducing broadband
emission. Promising high-nitrogen fuels include
3,6-dihydrazino-1,2,4,5-tetrazine (or some of
its salts),”* 5,5'-bis-1H-tetrazole and bis(1H-
tetrazol-5-yl)amine monohydrate (or some of
their salts)*®, 1-methyl-5-nitraminotetrazole** and
5-aminotetrazole (or some of their salts).>> The
chemical structures of these neutral compounds
are shown in Figure 1. Their copper salts have also

\ A
T

N

NH;

3,6-Dihydrazino-1,2,4,5-tetrazine

N /7/N>\NH
TN i .
- )

5-Amino-1H-tetrazole

\N% N

1-Methyl-5-nitraminotetrazole

Bis(1H-tetrazol-5-yl)amine

Figure 1. Structures of selected high-nitrogen fuels.

Journal of Pyrotechnics, Issue 29, 2010

Page 5



been investigated as substitutes for conventional
blue colour producing agents. For example, the
copper salt of bis(1H-tetrazol-5-yl)amine has been
reported*® to produce intense, deep blue colour in
an area of the spectrum not previously observed
using conventional colouring agents.

Although most of the above-mentioned high-
nitrogen fuels are expensive or laborious to prepare
other than on a small laboratory scale,*® 1-methyl-
S-nitraminotetrazole and 5,5'-bis-1H-tetrazole
would seem good choices at present, as their
synthetic procedure appears to be less involved.'**
In addition to these two compounds, a series of
relatively inexpensive metallic and organic salts
of 5-aminotetrazole has been recently synthesised
and these may also be ideal high-nitrogen fuels
and excellent reviews describing the chemical and
physical properties are available.***” Hydrazinium
S-aminotetrazolate is the latest addition at the time
of writing (2009).% Easily and safely synthesised
from 5-aminotetrazole and hydrazinium hydrate,
with a calculated enthalpy of formation of
+373 kJ mol!, but with low sensitiveness to
impact, friction and electrostatic discharge, this
compound would seem a promising candidate fuel
for new smokeless blue light formulations.

Another recent development towards new
smokeless blue lights involves the synthesis®
of a nitrogen-rich copper complex derived from
1-(chloroethyl)-5-nitriminotetrazole (Figure 2),
which effectively contains its own source of
molecular chlorine as well as a single energetic
nitrimine group. Although not oxygen-balanced,
the compound essentially possesses the necessary
ingredients for blue fire generation, i.e. the
blue colouring agent, a nitrogen-rich fuel and
an oxidising moiety. When admixed with a
secondary oxidiser, this compound may serve well
for the intended task. However, although easily
prepared in good yields, the starting material,
1-(2-chloroethyl)-5-nitriminotetrazole, would
appear to be shock and friction sensitive, which
may preclude future industrial application.

In line with the increasing global awareness
for health and safety policies, coloured light-
producing fireworks, including blue devices, have
been identified*’ as generators of polychlorinated
dibenzodioxins and dibenzofurans. As such,
conventional formulations are not entirely safe
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Figure 2. Structure of the (anhydrous)
copper complex of 1-(2-chloroethyl)-5-
nitriminotetrazole.

from an operational and environmental point
of view if the devices are designed to function
indoors. Since the presence of chlorine in the
composition is required to produce deep coloured
light, it is unlikely that the use of chlorine carriers
will be completely phased out in future. However
the use of low-carbon, high-nitrogen fuels should
drastically reduce the formation of toxic airborne
chlorinated species. Future efforts in blue (and other
colours) light research may therefore benefit from
combining high-nitrogen, insensitive oxidisers
with high-nitrogen fuels. New continuous-burning
and blue strobe compositions of high spectral purity
may be accessed by systematically screening the
performance, ageing profile and sensitivity of a
number of such new formulations.

Oxidisers for blue light compositions

Although ammonium and potassium perchlorate
are currently universally-favoured choices for
both continuous-burning and strobe formulations
due to the relatively low price and inherent thermal
stability, high energy, appreciable chlorine content
and good compatibility with organic and metallic
fuels, these oxidisers have been identified as water
pollutants exhibiting high residence times in lakes
and rivers. Perchlorates in particular are known to
inhibit iodide uptake by the thyroid gland and their
presence in drinking water causes concern.*’

Despite the high cost and potential scale-up safety
concerns, new ‘green oxidisers’ may be accessed
by admixture of the nitrogen-rich, hygroscopic
ammonium dinitramide (ADN)*' with relatively
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small amounts of established insensitive energetic
molecules of lower hygroscopicity but high-
nitrogen contentand relatively high oxygen balance
(~-20%) such as guanylurea dinitramide (FOX-
12), 1,1-diamino-2,2-dinitroethene (FOX-7) and
3-nitro-1,2,4-triazol-5-one (NTO). These should
act as hydrogen-bonding donors for the ADN, thus
minimising its affinity for atmospheric moisture.
It is the intention of the author to investigate the
oxidising effectiveness of such mixtures in blue
flame compositions.

Chemistry of pyrotechnic blue flame

Pyrotechnically-generated coloured light is the
result of electronic excitation and the subsequent
photonic decay of specific metal monochlorides
(molecular emitters) which are transiently formed
in the flame."* It has long been accepted that
emission of blue light requires the formation of
electronically excited copper(I) monochloride,
CuCl,* which decays to the ground state emitting
in the visible region of the electromagnetic
spectrum between approximately 430 and 450 nm.
However, there are significantly-intense emission
lines well beyond 450 nm with weaker lines tailing
to 550 nm (detailed analyses of the emission lines
of CuCl have been published).”!'** This results
in CuCl being only 88% pure in its emission in
contrast to the preferred emitters for the non-
blue colours which are at or near 100% purity,
which makes ‘the production of a high purity blue
flame much more difficult (and from a practical
standpoint perhaps impossible) than producing the

other colours’.*

CuCl is formed by the reaction of atomic copper
or copper oxide with radical chlorine or HCI,
which derive primarily from combustion and/
or pyrolysis of the chlorine carrier (or donor),
which may be a chlorinated polymer or non-
polymeric compound. Commonly used polymers
include polyvinylchloride (PVC) and chlorinated
polyisoprene (Parlon). Examples of non-polymeric
chlorine carriers, which are used less frequently
than the polymers, include hexachloroethane
(HCE) and hexachlorobenzene (HCB), although
the latter is now forbidden as it violates regulations
on persistent organic pollutants. Despite intuition,
thermodynamic modelling demonstrates that,
with the exception of ammonium perchlorate, the
production of radical chlorine from potassium

Journal of Pyrotechnics, Issue 29, 2010

perchlorate is minimal, as the reaction is not
favoured energetically. In early times, chlorates
worked well without a chlorine carrier because
they were used in combination with sulphur,
whose reaction with KCIO; does indeed release
chlorine gas.**

As for the source of copper, this is normally
introduced with the colour light-producing
agent in the form of a salt (copper sulphate or
basic copper carbonate), an oxide (cupric oxide,
cuprous oxide or copper oxychloride), a sulphide
(copper sulphide), an organic compound (like
copper acetoarsenite, ‘Paris green’*’, which is now
considered obsolete due to its toxicity) or even as
copper metal powder.

It is generally assumed that in the strongly
oxidising environment of a pyrotechnic flame, at
temperatures above 1500 K, CuCl decomposes
to CuO and CuOH,"'> which emit in the green
region of the visible spectrum between 500-
530 nm. Since the green light contaminates the
blue emission of copper chloride, a temperature
value of ~1500 K has for years been accepted as
the upper limit for effective blue light generation.
This statement has recently been disputed in two
papers***” which focussed on the nature of the
blue emitter in pyrotechnic flames.

In the first paper, the identity of the emitter has
been reassessed as the trimeric form of copper
monochloride, or Cu;Cl;. This conclusion was
based on an extensive review of previous work
involving mass spectrometric detection*®** of the
headspace gases found above sealed, heated (700—
1800 K) crucibles containing CuCl or above the
solid surface of laser-ablated CuCl targets. It was
shown that below 1360 K virtually no gaseous CuCl
was present, with only the trimeric and tetrameric
species being detected. As the temperature was
increased, the concentration of ‘monomeric’ CuCl
also increased, eventually predominating over
the trimeric species above 1900 K (~1630 °C).
Although undoubtedly informative, this review
was based on experimental observations of
simple non-pyrotechnic systems. The fact that the
gas phase above molten CuCl or above a laser-
ablated surface of solid CuCl is rich in trimeric
and tetrameric CuCl does not guarantee that at
similar temperatures, the same species would be
thermodynamically favoured in a highly oxidising
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pyrotechnic flame, where a number of reactive
radicals exist.

Not surprisingly, the hypothesis of the trimeric
nature for the blue emitter was challenged in
a second publication.”” This work employed a
thermodynamic code developed by NASA to
model the calculated adiabatic temperature and
mole fraction of the copper species predicted to
form at equilibrium in the flames generated by
eight continuous-burning compositions taken
from the literature. For all of the compositions,
the calculated equilibrium concentrations of
CuCl turned out to be much higher than those of
Cu;Cl;, which was predicted to form only in trace
amounts, indicating that CuCl would be the main
emitter. In addition, the calculated adiabatic flame
temperatures were all above 1500 K which further
discredited statements that flame temperature

must be kept below 1500 K to generate CuCl
effectively. Whilst the modelling results indicated
that substantial amounts of CuCl can still be
generated at ~2500 K, it was stated that at these
higher temperatures broadband radiation from
incandescent solid and liquid particles would
interfere with the weaker blue emission of copper
chloride, which may explain the often reported
inefficacy of ‘hot’, metal-based blue formulations.
In addition, it must be remembered that any trace
impurity, and in particular sodium-containing
impurities, in the fuel(s) and/or oxidiser is likely
to contaminate the blue emission with the D line
emission of elemental sodium (589 nm), to which
the human eye is far more sensitive than blue
light.

Compositions

Component (parts by weight) 1 2

CB CB

CB CB S S S CB CB

Ammonium perchlorate — —

Potassium perchlorate 64.7 66.1

Microcrystalline nitrocellulose — —
Potassium nitrate — —
Paris green 11 —
Hexachloroethane — —
PVC 6 —
Accroides resin (red gum) 15 9.8
Glutinous rice starch 5 4.5

Cupric oxide — 13.4
Parlon — 10.7

Copper powder — —
Basic copper carbonate — —
Tetramethylammonium nitrate (TMAN)  — —
Ammonium sulphate — —
Guanidine nitrate — —
Magnalium 50:50 — —

3,6-Dihydrazino-1,2,4,5-tetrazine — —

Copper salt of 5,5'-bis-1H-tetrazole
dihydrate

46.25 to
49.50

751 673 — — — — —

s 10 - — — —
48 45— — — —

3.8 9.1 —_- = - — —

— 136 — — S —

— - — 25 55 —

_ _ - 15 — _

46.25 to
49.50

1.0 to 7.0

CB = continuous-burning type; S = strobing type. Composition 1: Shimizu’s excellent reference, but toxic blue.”

0

Composition 2: Shimizu’s CuO blue.?’ Composition 3: Shimizu’s Cu powder blue.”” Composition 4: Shimizu’s basic
copper carbonate blue.?” Composition 5: Jennings-White’s TMAN-based best blue.* Composition 6: Jennings-White’s
best ammonium sulphate-based blue strobe.”> Composition 7: McCaskie’s best blue strobe.* Composition 8: Nickel’s
ultra-low smoke blue.”” Composition 9: Hiskey’s low smoke high nitrogen blue.*!
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Examples of blue flame compositions

Table 1 lists a selection of continuous-burning and
strobing blue flame compositions taken from the
modern literature (1980-2009). During screening,
particular emphasis was given to insensitiveness
and low toxicity (with the exception of composition
1 which contains Paris green). All formulations
were developed to function as pressed pellets
(stars). The particle size of the components can
be found in the individual references to which the
formulae refer. Composition 9 was taken from the
patent literature. Although it was also our intention
to include a high-nitrogen blue recipe based on the
copper salt of 5-aminotetrazole, no actual formula
could be found in the relevant patent,* which listed
only examples for other colours. The list should
provide a simple and useful reference guide for
practising pyrotechnic chemists and teachers of
pyrotechnics.

Conclusions

Although modern pyrotechnic compositions that
generate continuous or strobing blue light have
undoubtedly come a long way from the days of the
dim bluish stars made by the Ruggieri brothers,
there is still much scope for improvement. Most
current effort in blue-light research seems to
be devoted towards the development of new
smokeless, high-nitrogen compositions capable of
producing deeply saturated blue flames. Because
of the environmental and health & safety concerns
of our time, we can expect this trend to continue
for next decade and beyond.

Acknowledgements

The author wishes to thank Dr Anthony J.
Bellamy (DACMT, Cranfield University) and
Prof. Jacqueline Akhavan (DACMT, Cranfield
University) for reviewing the manuscript.

References

1 J. Conkling, Chemistry of Pyrotechnics,
Marcel Dekker Inc., New York, 1985,
p. 160.

2 T.L. Davis, The Chemistry of Powder and
Explosives, John Wiley & Sons, New York,
1943, pp. 55-62.

3 T. Kentish, The Pyrotechnist’s Treasury: The
Complete Art of Making Fireworks, Chatto

Journal of Pyrotechnics, Issue 29, 2010

10

11

12

13

14

15

& Windus, London,1878.

N. N. Greenwood and A. Earnshaw,
Chemistry of the elements, Pergamon Press,
1986, Oxford.

F. Dutcher and W. Dutcher, Signal Torch,
US Patent 725231, 1903.

J. Graham, Non-explosive pyrotechnic
compound for coloured fire, US Patent
535495, 1895.

R. Barrow and E. Caldin, Some
spectroscopic observations on pyrotechnic
flames, Proceedings of the Physical Society
of London, Vol. 62B, 1949, pp. 32-39.

B. V. Ingram, Colour purity measurements
of traditional pyrotechnic star formulas,
Journal of Pyrotechnics, Issue 17, 2003,
pp. 1-18.

B. E. Douda, Theory of coloured flame
production, RDTN 71, US Naval
Ammunition Depot, Crane, Indiana, 1964.

J. McGriffin and W. Ripley, Investigation of
visibility and formulation of ‘ashless blue
flare’, RDTR 31, US Naval Ammunition
Depot, Crane, Indiana, 1962.

W. Meyerriecks, and K. L. Kosanke, Color
values and spectra of the principal emitters
in colored flames, Journal of Pyrotechnics,
Issue 18, 2003, pp. 1-22.

B. T. Sturman and K. L. Kosanke,
Thermodynamic and spectroscopic analysis
of a simple lilac flame composition, Journal
of Pyrotechnics, Issue 22, 2005, pp. 28-43.

B. Douda, Spectral observations in
illuminating flames, Proceedings of the first
international pyrotechnics seminar, Denver
Research Institute, Estes Park, Colorado,
1968.

H. Ellern, Military and Civilian
Pyrotechnics, Chemical Publishing
Company, New York, 1968.

A. A. Shidlovskiy, Principles of
Pyrotechnics, 3rd edition, American
Fireworks News (AFN), Dingmans Ferry,
PA, 1964.

V. G. Pavlyshin, V. P. Burdina, V. M. Bunin
and A. 1. Sidorof, Pyrotechnic composition
with blue light, Patent SU 232812, 1968.

V. M. Antonov, V. M. Bunin, A. 1. Sidorov,
V. G. Pavlyshin, V. V. Shalygin,

Page 9



18

19

20

21

22

23

24

25

26

27

28

29

30

A. A. Federov and E. T. Leshin, Pyrotechnic
composition for blue flames, Patent SU
394345, 1973.

K. A. Pyatakova, N. I. Povolotskaya and
A. A. Moiseeva, Pyrotechnic composition
with a blue flame, Patent SU 194594, 1967.

D. J. Mancinelli and W. J. Puchalski, Blue-
burning tracer mix, Patent US 3951705,
1976.

T. Shimizu, Studies on blue and purple
flame compositions made with potassium
perchlorate, Pyrotechnica, Volume VI, 1980,
pp. 5-21.

T. Shimizu, The effect of hot spots on
burning surface and its application to strobe
light formation with mixtures which contain
no ammonium perchlorate, Proceedings of
the 16™ International Pyrotechnics Seminar,

1991, pp. 378-383.

C. Jennings-White, Strobe Chemistry,
Journal of Pyrotechnics, Issue 20, 2004,
pp. 7-16.

C. Jennings-White, Blue strobe light
pyrotechnic compositions, Pyrotechnica,
Vol. 14, 1992, pp. 33-45.

E. McCaskie, A new method for the
production of blue stars, Pyrotechnica,
Vol. 15, 1993, 33-45.

X. Yongri and X. Feng, Blue light agent,
Patent CN 1420109, 2003.

J. Nesveda, Pyrotechnic mixture producing
blue and/or violet flame, Patent CZ 280308,
1995.

R. Webb, M. Zebregs, J. F. Zevenberger and
M. P. Van Rooijen, Nitrocellulose-based,
low-smoke pyrotechnic compositions and
fireworks with coloured flames, WO Patent
127106, 2008.

M. A. Hiskey and D.L. Naud, Low-smoke
nitroguanidine- and nitrocellulose-based
coloured pyrotechnic compositions,
especially for fireworks, Patent US
0148540, 2002.

R. R. Nickel, Ultralow-smoke pyrotechnic
compositions containing microcrystalline
nitrocellulose and flame coloring agent,
Patent US 068610, 2007.

M. F. Pavlovich, T. N. Aleksandrovna and
T. O. Federovna; Pyrotechnic composition

Page 10

31

33

34

35

36

37

38

39

40

giving blue light, Patent RU 2046122, 1995.

D. E. Chavez, M. A. Hiskey and D. L. Naud,
High-nitrogen fuels for low-smoke
pyrotechnics, Journal of Pyrotechnics,

Issue 10, 1999, pp. 17-36.

M. A. Hiskey and D. E. Chavez, Pyrotechnic
compositions containing high-nitrogen
energetic materials, Patent WO 9854113,
1998.

M.A. Hiskey, D. E. Chavez and D. L. Naud,
Low smoke pyrotechnic compositions,
Patent US6214139, 2001.

T. M. Klapotke, H. Radies and

J. Stierstorfer, Alkali salts of 1-methyl-
S-nitriminotetrazole — structures and
properties, Zeitschrift fiir Naturforschung
B: Chemical Sciences, Vol. 62(11), 2007,
pp. 1343-1352.

J. F. Zevenberger, R. Webb and M. P. Van
Rooijen, Pyrotechnic and firework
compositions with metal salts of

S-aminotetrazole for coloured flame, Patent
WO 2008127107, 2008.

T. M. Klapotke, New Nitrogen-Rich High
Explosives, in Structure and Bonding,
Vol.125, 2007: High Energy Density
Compounds, T. M. Klapotke (volume
editor), D. M. P. Mingos (series editor),
Springer, Berlin, 2007, pp. 86—121.

V. Ernst, T. M. Klapotke and J. Stierstorfer,
Alkali salts of 5-aminotetrazole: structures
and properties, Zeitschrift fiir Anorganische
und Allgemeine Chemie, 633, 2007, 879-
887.

N. Fischer, T. M. Klapétke, S. Scheutzow
and J. Stierstorfer, Hydrazinium
5-aminotetrazolate: an Insensitive Energetic
material containing 83.72% nitrogen,
Central European Journal of Energetic
Materials, Vol. 5(3-4), 2008, pp. 3—18.

T. M. Klapotke, J. Stierstorfer and

K. R. Tarantik, Salts of 1-(2-chloroethyl)-
S-nitriminotetrazole — new candidates

for colouring agents in pyrotechnic
compositions, 12 International Seminar
‘New trends in research of energetic
materials’, Pardubice, Czeck Republic,
April 1-3, 2009.

O. Fleischer, H. Wichmann and W. Lorenz,
Release of polychlorinated dibenzo-p-
dioxins and dibenzofurans by setting off

Journal of Pyrotechnics, Issue 29, 2010



41

42

43

44

45

46

47

48

49

50

fireworks, Chemosphere, Vol. 39(6), 1999,
pp. 925-932.

J. C. Bottaro, P. E. Penwell and

R. J. Schmitt, /,1,3,3-Tetraoxo-1,2,3-
triazapropene anion, a new oxy anion of
nitrogen: the dinitramide anion and its salts,
Journal of the American Chemical Society,
Vol. 119, 1997, pp. 9405-9410.

B. Sturman, Note on ‘metal monochloride
emitters in pyrotechnic flames — ions

or neutrals?’, Journal of Pyrotechnics,
Issue 21, 2005, pp. 71-72.

M. S. Russell, The chemistry of fireworks,
2™ edition, RSC Publishing, Cambridge,
20009.

K. L. Kosanke and B. J. Kosanke, The
chemistry of colored flame, in Pyrotechnic
Chemistry (Pyrotechnic Reference Series
No. 4), Chapter 9, published by Journal of
Pyrotechnics, Inc., 2004.

Personal communication with Dr
Ken L. Kosanke, Pyrolabs, Whitewater,
Colorado.

D. P. Dolata, Reassessment of the identity of
the blue light emitter in copper-containing
pyrotechnic flames — Is it really CuCl?,
Propellants, Explosives, Pyrotechnics,

Vol. 30, 2005, pp. 63—66.

B. T. Sturman, On the emitter of blue light
in copper-containing pyrotechnic flames,

Propellants, Explosives, Pyrotechnics,
Vol. 31, 2006, pp. 70-74.

L. C. Wagner, P. Robert, R. P. Grindstaff and
R. T. Grimley, Mass spectrometric study of
the fragmentation of the cuprous chloride
vapour system, International Journal

of Mass Spectrometry and lon Physics,

Vol. 15(3), 1974, pp. 255-270.

M. Guido, G. Balducci, G. Gigli and

M. Spoliti, Mass spectrometric study of
the vaporization of cuprous chloride and
the dissociation energy or Cu;Cl;, Cu,Cl,
and CusCls, Journal of Chemical Physics,
Vol. 55(9), 1971, pp. 4566-4572.

G. N. A. Van Veen, T. Baller and

A. E. De Vries, A time-of-flight study of the
neutral species produced by nanosecond
laser etching of copper monochloride at 308
nm, Journal of Applied Physics, Vol. 60(10),
1986, pp. 3746-3749.

Journal of Pyrotechnics, Issue 29, 2010

Page 11



