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THEORY OF COLORED FLAME PRODUCTION 
BE Douda 
 
1. PURPOSE 
 
a. The purpose of this presentation is to enumerate and discuss the theories 
and attributes associated with the production of colored flames. 
 
2. INTRODUCTION 
 
a. Ellern states, “--- colored flame production is beset with unusual 
problems. These problems are caused by the lack of choice in the available 
color-creating materials, the absorption of light by the atmosphere, the limits of 
discrimination by the human eye, and the chemistry and physics of the 
processes and substances involved.  To overcome the "lack of choice" problem, 
additional color-creating materials can be made available by inorganic, organic 
and metal-organic chemical synthesis. In order to evaluate new materials, it is 
necessary to establish criteria by which the material may be judged. 
 
b. If the chemistry and physics o f the processes involved in colored flame 
production were known in detail, it would not be difficult to establish the criteria. 
because, however, much information is not available, it is often necessary to 
judge materials by empirical methods. Ellern summarized most of the problem 
when he stated, "With increased and fuller knowledge of the heats of formation, 
boiling points and dissociation temperatures of reaction products; and with 
greater insight into the emitting characteristics of gaseous flames and of solid 
particles, we should eventually be able to build formulas in a more rational 
manner. 
 
Even so, compromises are unavoidable. Maximum heat output per unit volume, 
highest stability, and lowest volatility of end products (lowest volatility for white 
light, highest volatility for colored light), and desirable be behavior of original 
reactants, may not be attainable in one formula". One should not interpret this to 
mean that ther e is a complete void of knowledge of the chemical and physical 
processes related to colored light production. Certain facts and theories are 
available which can be used first to describe the process by which a colored 
flame is produced and secondly to evaluate and judge the value of new 
compounds intended for use in colored light formulations. It is for this purpose 
that the theories related to colored flame production were collected, formulated 
and discussed 
in this presentation. 
 
 



3. COLORED FLAME PRODUCTION 
a. Mechanism 
 
(1) Only a few of the more than 100 elements are used to impart a color to a 
pyrotechnic flame. These are strontium (red), barium (green), 13 copper (green 
or blue) and sodium (yellow). Ellern states that lithium (red), boron (green), 
thallium (green), rubidium (red) and cesium (blue) are also strong color 
producers but that their use is not practical because of cost, toxicity or the nature 
of the compoun ds. All of these elements have certain properties. an d 
characteristics in common which contribute to colored light emission. 
 
(2) Colored flames are produced by excitation of metallic spectra. At the high 
temperature of the flame, the salt or metal is vaporized, and part or all of the 
gaseous molecules are progressively dissociated to give neutral atoms which are 
potentially emitting species. Some of the free metal atoms unite with other 
radicals or atoms present in the flame. The vapors of the neutral metal atoms, or 
of the molecules containing the metal atom, are then excited by the thermal 
energy of the flame. Ionization and excitation of the neutral atoms may occur to 
some degree. From the excited levels of the atom, or molecule, or ion, a 
reversion takes place to the ground state - partly by impacts with other species, 
partly 2 spontaneously by emission of light. The preceding sequence of events 
occurs in rapid succession. Figure 1 may help to visualize the entire sequence if 
strontium chloride is used as the example. 
I 
Figure 1 
 
b. Spectrum vs Emitter 
 
(1) Different wavelengths of radiation are emitted whenever different events 
occur. No useful radiation (with respect to colored flames) results while the metal 
or metallic compound is a solid or liquid. As soon as it is vaporized, useful 
radiation may result. if the compound remains as an undissociated vaporized 
molecule, it produces a band spectrum. .When the temperature is reached which 
causes the compound to dissociateto vaporized neutral atoms, a different 
spectrum results. Neutral atoms produce an atomic spectrum composed of 
atomic (arc) lines. When the temperature is increased further to the point that the 
electron is completely removed from the influence of the nucleus, the atom is 
ionized. Ionized atom's produce an ionic spectrum composed of ionic (spark) 
lines. 
 
 
 
 
 
 
 



(2) Now that a specific event has been described as being associated with a 
specific spectrum, the sequence of events shown in Figure I will be reviewed. 
The solid Sr(o) metal or SrC12 molecule is vaporized. The SrC12 molecule 
dissociates to SrCl. The gaseous undissociated SrC1 molecules emit d band 
spectrum. The gaseous neutral atoms of Sr* emit an atomic spectrum. The 
gaseous neutral Sro atoms are obtained from the vaporization of the neutral 
Sr(o) metal or the dissociation of the gaseous SrCl molecule. At this point one of 
two things can happen to the neutral Sr(o) atom. It can be heated until it ionizes, 
at which time it emits an ionic spectrum, or it can combine with an anion such as 
the hydroxide, OH, radical to form molecular SrOh. This new molecule will emit a 
band spectrum and will behave like the SrCl molecules. As long as it remains as 
an undissociated gaseous molecule, it will emit a band spectrum. When the 
temperature is raised, such that the SrOil dissociates into the neutral Sro(o) atom 
and the OH radical, the Sr will once again emit an atomic sDectrum. It should be 
obvious by now that the entire system is temperature dependent. 
 
(3) Up to this point, spectra were discussed in terms of radiation 
resulting from thermal excitation. When radiation results from non-thermal 
excitation it is described as one of three types of chemiluminescence. For 
purposes of colored pyrotechnic flames, the C-type chemiluminescence is most 
important. It results from the formation of an excited molecule directly in the 
excited state in amounts bearing little or no relation to the ground-state 
concentrations. This is a molecular, as opposed to an atomic, phenomenon. 
Colorful band systems for metallic-OH molecules, particularly for barium, 
strontium, and copper, are probably due to molecules that have no independent 
existence outside the flame. An equation representative of the C-type 
chemiluminesce nce is 
 
Cu + OH + X ----> CuOH + X 
 
where X is a third body such as H2O, H22 or N2 and CuOH is the directly formed 
excited molecule. Gaydon discusses chemiluminescence in relation to flame 
reaction processes and equilibria. 
 
(4) There is a group of molecular emitters that do not provide desirable colors to 
pyrotechnic flames. Some of these emitters are OH, CO, 02, CH, and H20, They 
make up the background radiation of the flame and will be present as long as 
organic binders or metal-organic compounds are used in colored flares. All of 
these radicals and molecules emit a band spectrum. 
 
(5) Another spectrum that exists in colored flame pyrotechnics is due to 
continuous radiation and is called a continuous spectrum or Continuum. No 
metal is free from a continuous spectrum, especially when present in large 
amounts. The continuous spectrum is normally a very wide, undifferentiated 
band. 
 



(6) For details concerning th e theory of spectra, the reader is referred to books 
by Gaydon and Pauling. 
 
(7) Not only do different metals emit different spectra, but also any given metal 
may radiate several spectra simultaneously. To complicate the matter even 
more, all the lines and bands responsible for the colors in colored flare flames 
have not been assembled in composite form. Therefore, to fill this void and to 
make information readily available for reference in later discussion, data was 
assembled concerning the important lines, bands and continuum for strontium, 
barium, copper, sodium, lithium, boron, thallium, rubidium, cesium and 
potassium. This data is in Appendix I. 
 
c. Emitters vs Temperature and Color 
 
(1) Thus far, it has been established that gaseous metals or metallic compounds 
will emit various spectra when excited in a flame. The different types of spectra 
were introduced in relation to the degree or type of excitation involved. The 
elements which impart a strong red, green, yellow or blue color to a flame were 
listed. It was also stressed that the flame spectrum that results from the metal 
excitation is temperature dependent. If the composition of the flame is known to 
the extent that the emitters are identified, the flame spectrum corresponding to 
these emitters will be composed predominantly of energy radiating in 
wavelengths which the eye associates with a particular color. Thus, the apparent 
color of a pyrotechnic flame can be explained by relating the wavelengths of 
energy which correspond to that color with emitters which radiate in that 
wavelength. As mentioned previously, the existence in, or absence from, a flame 
of a given emitter species is related to the flame temperature. Therefore, in an 
effort to describe the color production mechanism, it is not only necessary to 
identify the emitting specie but also it is necessary to specify the flame 
temperature. 
d. Temperature 
 
(1) For purposes of this discussion, colored pyr otechnic flames will be described 
assuming a flame temperature of 2000oK. [1727oC] Most colored pyrotechnic 
flames will probably exceed that temperature., In comparison to other flames, the 
2000oK reference temperature is equal to the temperature of an illuminating 
gas-air flame. The maximum theoretical temperature of an oxygen-hydrogen 
flameis about 305OoK and that of an oxygen-acetylene flame is about 3325oK. 
Dean gives 245OoK as the operating temperature of an oxygen-hydrogen flame 
and 2800oK for an oxygen-acetylene flame. The seemingly low reference 
temperature was selected primarily to later show that many molecular 
substances are decomposed below this temperature and, therefore, cannot be 
considered as emitters at or above this temperature. The reader is referred to 
Gaydon for information concerning the measurement of flame temperature. 
 
 



(2) There are se veral temperature-energy relationships that will be used for 
estimating certain occurrences. For example, in an oxygen acetylene flame 
(2800oK), emission is limited to lines whose excitation potential is less than ~ 5.5 
ev or 127 K cal/mole. One electron volt per molecule is erquivalent to 23.053 
kilocalories per gram mole. At 2000oK, it is estimated that molecules with a 
dissociation energy of 75 K cal/mole (3.26 ev/molecule) or less will not be 
present in an appreciable amount and that molecules with a dissociation energy 
of 95 K cal/mole (4.13 ev/molecule) and larger can be formed and will be stable. 
Nominally, the 2000oK flame is equated to 3.7 ev/molecule or 85 
K cal/mole. For diatomic molecules, the dissociation energy is related to the heat 
of formation and to bond strength. 
 
(3) It is emphasized that the preceding relationships were presented for 
estimating purposes and must not be used quantitatively. The reason for this 
obv ious lack of accuracy results from the lack of complete understanding of 
pyrotechnic flame mechanisms. The high temperature chemistry involved is not 
always predictable using room temperature theory. Brewer and Searcy were 
quoted as having defined high temperature chemistry as the chemistry of 
systems at sufficiently high temperatures so that the oxidation states 0 
compounds and general chemical behavior differ appreciably from those at room 
temperature. This definition emphasizes the probability that new and possibly 
unorthodox theories must be formulated to explain high temperature 
phenomena. e. Energy Definitions and Relationships 
 
(1) Various energy terms have already been used in this presentation. To make 
certain their usage is understood, they are defined as: 
 
  (a) Excitation Potential = Excitation Energy: 
 
1. The energy necessary to bring an atom, molecule, atomic nucleus, etc.. from 
the ground state into an excit ed state. Example of use: In Appendix I the atomic 
spectrum strontium line Lamba 4607.3 is shown with an excitation potential of 
2.7 electron volts. Thus, 2.7 ev/molecule is necessary to excite this strontium 
line. From the preceding discussion of temperature, a 2000oK flame was 
approximated as 3.7 ev/molecule or 85 K cal/mole. A 2000oK flame, therefore, 
has sufficient energy to excite the Lamba 4607.3 atomic spectrum strontium line 
but will not excite the 4.3 Ev atomic spectrum strontium line Lamba 4832.1. With 
a knowledge of the flame temperature and its relationship to energy, the 
excitation potential is a measure used to determine whether or not a particular 
spectrum line will be emitted. 
 
 
 
 
 
 



(b) Ionization Potential = Ionization Energy: 
 
1. The energy per unit charge, for a particular kind of atom, necessary to remove 
an electron from the atom to infinite distance. Example of use: In Appendix I the 
ionic spectrum strontium line Lamba 4077.7 is shown with an excitation potential 
of 8.7 ev. The ionization potential for strontium is shown as 5.69 ev. Thus, 5.69 
ev is necessary to remove the first electron from the influence of the strontium 
nucleus and an additional 3.01 ev is necessary to excite the Lamba 4077.7 ionic 
line for strontium. The previous discussion of temperature compared the 
oxygen-acetylene flame to 5.5 ev. Thus, the oxygen-acetylene flame cannot be 
expected to excite the Lamba 4077.7 ionic line to any appreciable degree. Some 
ionization of strontium will, however, occur. The first ionization potentials for the 
10 elements being discussed are: 
 
          K cal/mole    electron volts 
Lithium      124.3           5.39 
Sodium       118.4           5.14 
Potassium    100.0           4.34 
Rubidium      96.3           4.18 
Cesium        89.7           3.89 
Thallium     140.8           6.11 
Barium       120.1           5.21 
Strontium    131.2           5.69 
Boron        191.2           8.29 
Copper       178.1           7.73 
 
(c) Dissociation Energy: 
 
1. The energy necessary for the complete separation from each other of the two 
atoms forming a diatomic molecule, or for the removal of an atom or a group of 
atoms from a polyatomic molecule, More exactly, the dissociation energy is the 
difference between the energy of the molecule and its dissociation products in 
their respective ground states. If, therefore, the actual dissociation process leads 
to atoms (or radicals) in excited states the dissociation energy is the energy 
needed for their separation minus the excitation energy. Example of use: 
Dissociation energies for various diatomic and polyatomic molecules are listed in 
Appendix II. These values in conjunction with the heat of formation and free 
energy of formation are used to hypothesize the existence of molecules in a 
flame. Sodium hydride, for example, has a low dissociation energy and heat of 
formation and slightly negative free energy of formation. Conversely, these 
thermodynamic characteristics are numer ically large for sodium fluoride. Thus, at 
high temperatures, sodium fluoride would be expected to be stable whereas 
sodium. hydride would, be expected to decompose, 
 
 
 



(d) Lnthalpy = Heat Content, H. 
 
1. Thermodynamic potential defined as 
  H = L + PV 
where h is the internal energy of the system and PV is pressure-volume. 
 
(e) Heat of Formation 
 
1. The increase of heat content of the system when one mole of a substance is 
formed from its elements. Example of use: Heats of Formation for various 
compounds are listed in Appendix 11. In a manner similar to that described for 
dissociation energy, heat of formation is used as a measure to estimate the 
existence of a compound in a flame at high temperature. This means is 
somewhat unreliable because of entropy changes. 
 
Entropy, S. 
 
1. The energy per degree of absolute temperature that cannot be recovered as 
work. Entropy, S, is related to free energy and enthalp y by 
 
lH = F + TS 
 
(g) Free Energy of Formation, delta F 
 
1. The free energy change accompanying the formation of the compound at unit 
activity from the elements also at unit activity. Free energy of formation is defined 
by the relationship 
 
delta F = delta H - T delta S. 
 
34 Example of use: The sign of the free energy change of a process is very 
significant. A minus sign denotes that the reaction tends to proceed 
spontaneously. A positive sign indicates that the reaction is non-spontaneous 
and when delta F = 0, the system is at equilibrium. A negative free energy 
change for a process does not necessarily mean that the process will take place. 
It is merely an indication that the process can occur, provided the conditions are 
right. It is the sign of the free energy change which determines whether the 
potentiality to react exists and it is the magnitude of the free energy change 
which tells how large that potentialit y is. Thus, the free energy of formation of a 
compound may be used to hypothesize the existence of the compound in a 
flame. Free energies of formation at 20000K are given for many compounds in 
Appendix II. 
 
 
 
 



f. Ionization 
 
(1) Ten elements have been mentioned previously As being associated with the 
production of a colored flame. It is interesting to note that five of these are in 
Group I of the Periodic Table. They are lithium, sodium, potassium, rubidium and 
cesium. Two of the ten elements, barium and strontium, are in Group II of the 
Periodic Table. In addition, these seven also have ionization potentials of such 
magnitude that ionization in a flame can be expected. Table I gives the percent 
ionization of the aforementioned seven elements in relation to various operating 
flame temperatures. 
 
Table 1 
 
                   Ionization Air- Hydrogen- Acetylene- 
                   Potential Propane Oxygen Oxygen 
Element      ev      2200oK    2450oK     2800oK 
 
Lithium     5.39      <0.01      0.9       16.1 
Sodium      5.14       0.3       5.0       26.4 
Potassium   4.34       2.5      31.9       82.1 
Rubidium    4.18      13.5      44.4       89.6 
Cesium      3.89      28.3      69.6       96.4 
Strontium   5.09      <0.1       2.7       17.2 
Barium      5.21       1.0       8.6       42.8 
 
The Saha equation, 
 
log K =   5050E + 5 log T - 6.50 + log [g+] [g-] 
                                         T         2    [g sup o] 
 
where E is the ionization potential in electron volts, T the absolute temperature 
and the g terms are the statistical weight of the ionized atom, the electron and 
the neutral atom, is used to determine the change in the degree of ionization with 
temperature. For alkali (Group I) metals the final tem is zero; for the alkaline 
earth (Group II) metals the final term is 0.6. 
 
(2) At 2200oK, except for rubidium and cesium, Table 1 shows very little 
ionization. Thus, at the 2000oK reference temperature chosen for this 
presentation, even less ionization can be expected. An increase of relatively few, 
degrees to 2450oK shows a significant increase in ionization. Therefore, unless 
the flare is operating near or below 2200oK, a significant amount of ionization 
must be anticipated. 
 
 
 
 



(3) For purposes of colored flame production, there are several flame 
characteristics associated with ionization which make ionization undesirable. 
This is, of course, why pyrotechnic formula to have always attempted to create 
"cool" burning compositions. The spectrum of the ion is completely different from 
the spectrum of the neutral atom and resembles the spectrum emitted by the 
element of prec eding atomic number. However, because of the additional 
positive charge on the nucleus, the zero energy level is higher than for the 
element of preceding atomic number, and consequently the emission lines are 
displaced toward the ultraviolet. There fore, when appreciable. ionization occurs 
a reduced quantity of the desired wavelength of energy is emitted and as a result 
the flame color deteriorates. This occurs first because the ion is emitting an ionic 
spectrum which, for pyrotechnic purposes, is undesirable and secondly because 
of that ionization, a reduced number of neutral atoms are left to emit in the 
desired atomic spectrum or to form molecules which would emit the desired band 
spectrum. 
 
(4) If ionization occurs in a flame dependent on barium for its color, the 
deterioration in color becomes more noticeable than it would in a comparable 
sodium or st,rontium dependent flare because: 
 
(a) Many emissions within the desirable a tomic and band spectra are in the 
yellowish-green wavelength instead of deep green to blue-green and therefore 
do not, even under ideal conditions, provide a large contrast with yellow ... and 
 
(b) The intensity of the barium spectrum is less than that of strontium or sodium 
and therefore any reduction in emission due to ionization will be more 
noticeable...and 
 
(c) Due to reduced luminous efficiency and increased atmospheric attenuation in 
this wavelength, the visibility is reduced even further. by comparing the 
differences between the ionic and atomic spectrum for barium or strontium, as 
shown in Appendix 1, the reader can readily visualize the color (wavelength) 
shift. No ionic spectrum was given in Appendix 1 for sodium or the other Group I 
alkali metals. These ionic spectra, as indicated earlier, would be expected to 
resemble the atomic spectra of the inert gases with a shift toward the ultraviolet. 
In any event, a strong dis tinct, desirable color would not be expected from 
ionized alkali metals such as are emitted by their neutral atoms as atomic 
spectra. 
 
(5) Ionization in flames has been studied very extensively. The reader is referred 
to Gaydon, Sugden and others for additional information concerning such 
ionization. 
 
 
 
 



g. Ionization Buffer 
 
(1) Occurrence of ionization of metal vapors especially the alkali metals, 
strontium and barium, has already been described. Ionization of barium has 
already been described. Ionization of barium in a barium based f lame has been 
described as being particularly detrimental to emission of the desired green 
color. One means for reducing ionization is to reduce the temperature. This 
relationship was previously described. From a practical standpoint, to reduce the 
operating temperature to the point that ionization of barium would be negligible 
may result in an unserviceable pyrotechnic for reasons other than co lor. It is, 
therefore, desirable to be able to suppress barium ionization by means other 
than temperature reduction. This can be accomplished by the addition of an 
easily ionized metal to the flame. In Military Pyrotechnics, potassium, usually in 
the form of the perchlorate. is used to buffer the ionization. The selection of the 
perchlorate salt of potassium instead, for example, the nitrate salt, is to provide 
not only the buffer effect and oxygen supply but also a halogen supply. Halogen 
influences 'will be discussed separately. 
 
(2) Continuing with the ionization buffer discussion, the ionization of barium can 
be described as: 
 
Ba(o)  <---> Ba(+) + e(-) 
 
Potassium, which is even more readily ionizable than barium, can be described 
in a similar manner: 
 
K(o) <--->  K(+) + e(-) 
 
Ifconditions which approach equilibrium are assumed, then by Le Chatelier's Law 
Of Mass Action, the electrons readil y produced by the potassium ionization will 
bring stress to bear on the barium equilibrium, thereby displacing the barium 
reaction toward the neutral atom. In so doing, less barium is ionized leaving 
more barium to emit its atomic spectrum or to form a compound which will emit 
its band spectrum. 
 
 
 
 
 
 
 
 
 
 
 
 



(3) The effect of potassium on color should be noted. The ionized potassium will 
emit a spectrum which resembles the atomic spectrum for argon whose 
strongest lines are in the deep red and near infrared. As seen from the 
thermodynamic properties listed in Appendix 11, except for the halogen salts, 
potassium will exist as the neutral atom in flames over 2000oK and, therefore, 
will emit the characteristic purplish-red and bluish purple a atomic lines listed in 
Appendix 1. Flame emission spectra for the potassium-halogen salts could not 
be located. The ionic and atomic potassium spectra will not cause appreciable 
interference in a strontium-red flame. Somewhat more interference would be 
expected in a barium-green flame., Fortunately, however, the benefits of the 
ionic buffering action outweigh the disadvantage of the off-color ionic and atomic 
spectral emissions. 
 
h. Halogen Influences and Color Production 
 
(1) Long ago, pyrotechnicians started to add halogens, in some form, to 
pyrotechnic compositions in order to intensify or enhance the color. Chlorine in 
the form of a perchlorate salt is frequently used for this purpose. In addition, 
non-oxidizing chlorinated additives such as hexachlorobenzene and 
polyvinylchloride are also usea. Although the effect is known, the mechanism is 
not completely understood. 
 
(a) Barium-Strontium 
 
1. Ellern credited Hart as referring to the red flame as due to molecular bands in 
the red region, caused by molecular strontium oxide and chloride, and diluted 
with other lines and bands -from incandescent particles, Hart also referre d to the 
green flame as being due to bright blue bands from copper and barium chloride 
in the 4000-5000 and 5000-5500 angstrom region. More recent information leads 
to a slightly different explanation. 
 
2. Colored flame pyrotechnic compositions contain organic 
binders and chlorinated organic molecules. The combustion (oxidation) of these 
organic molecules provides the flame gases with a source of atomic and 
molecular hydrogen, neutral and negatively charged hydroxyl radicals, 
atomic and anionic chlorine and other materials. The low., 57 K cal/mole, 
dissociation energy of molecular chlorine as shown in Appendix 11 leads to the 
absence of molecular chlorine from the flame. Using barium as the example 
metal, several combinations can be expected. 
 
Cl + H + OH <---> HCl + OH 
OH + Ba <----> BaOh 
CI + Ba <----> BaCl. 
 
 
 



The combination of chlorine and hydrogen to form hydrochloric acid is 
spontaneous at 2000oK since the free energy of formation is -25.5 K cal/mole. 
Once formed, the HCl can be expected to be stable at temperatures in rea- 
sonable excess of 2000oK since the dissociation energy is about 103 K cal/mole. 
The high likelihood of HCI formation plus the stability after formation causes an 
excess of the OH radical. This excess, in turn, represses the diatomic metal 
chloride, BaCl, formation and increases the triatomic metal hydroxide, BaOH, 
formation. Another conside ration with respect to the suppression of the BaCl 
formation is the low, 51 K cal/mole, dissociation energy of the diatomic chloride. 
Enhancement, therefore, results by shifting the equilibrium toward the formation 
of BaOH which, as shown in Appendix 11, emits in the green wavelength. 
Pyrotechnicians prefer BaOH formation over BaO formation because the BaO 
band spectrum encompasses many undesirable wavelengths. BaO would 
probably form in greater quantities if the Ba0H formation were not promoted by 
the equilibrium shift caused by the chlorine addition. As a consequence, if BaOH 
formation is increased at the expense of BaO, this, in itself, will result in a more 
desirable or enhanced color. 
 
3. Halogen enhancement of strontium is analogous to that described for barium. 
In both instances, because the pyrotechnic compositions are usually saturated 
with the metal and halogen, a very substantial amount of the metal halide will be 
present in the flame in addition to the hydroxide. The halide formation with 
barium and strontium is not objectionable because these molecules fortunately 
also emit energy as defined by their molecular band spectrum in the desired 
wavelength. 
 
(b) Alkali Metals 
 
1. The halogen effect with respect to the alkali metals is different front that just 
described for barium and strontium. Generally, because the desirable emission 
from the alkali metals is the atomic spectrum of the neutral atoms, the addition of 
a halogen will not result in enhancement. The desired emission of the atomic 
spectrum will be substantially reduced because of salt formation. 
 
2. All the alkali metals will not behave identically because of 
the stability differences in their hydroxide. Sugden points out that at 2245oK, 
LiOH is very stable whereas NaOH is so unstable as to be effectively absent 
from the flame. Among the alkali metals, the stability in decreasing order is 
 
LiOH>CsOH>RbOH>KOH>NaOH. 
 
 
 
 
 
 



In a manner similar to that used for barium and strontium, and using rubidium as 
the example metal, several combinations can be expected 
 
Cl + H + OH  <----->  HCl + OH 
Cl + Rb   <---->  RbCI 
HCl + Rb  <----->  RbCI + H 
OH + Rb  <----> RbOH 
 
The equilibrium of the last equation will shift considerably for different alkali 
metals because of the previously mentioned stability differences. The variation in 
this equilibrium will effect the quantity of halogen salt formed. Sodium will form NaCl 
with little or no NaOH formation, whereas lithium will form LiOH and a significant 
amount of LiCl. In any event, wheth er it be hydroxide or halide formation, the 
formation of any alkali metal compound will reduce the amount of alkali metal 
neutral atoms available to radiate their atomic spectrum. because halides 
stimulate alkali metal compound formation, the halogens must be classed as 
negative enhancement agents in flames containing alkali metals. In contrast, 
halogens are positive enhancement agents in flames containing the alkaline 
earth metals because, under those conditions, the hydroxide and halide band 
spectra are preferred over the atomic spectrum. 
 
(c) boron 
 
1. When boron is added to a flame, the green color which results is due 
predominantly to BO2.  Some BO is probably also formed. which emits mostly in 
the blue to ultraviolet. From thermodynamic data listed in Appendix 11, it is 
concluded, that the boron oxides are not only very likely to form (delta FHigh) but 
also very stable (High dissociation energy). Except for iodine, the boron halides 
also. are identified with high free energy of formation and dissociation energy. If 
the halide band spectrum were predominantly green in nature, the addition of a 
halide would be beneficial. On the contrary, however, BF has an undesirable 
yellow system and BBr and BCl emit primarily in near ultraviolet. If, therefore, a 
halogen other than iodine were introduced, a stable halide would form. This, in 
turn, would reduce the amount of the oxide present which was radiating in the 
beneficial green wavelengths. The net result would be a shift toward blue with a 
negative enhancement with respect to green. 
 
 
 
 
 
 
 
 
 
 



(d) Thallium 
 
1. The great bulk of the thallium in a flame is present as the free element. The 
green flame color is, therefore, due to the neutral atom atomic spectrum. Oxide 
and hydroxide formation do not occur in the flame to any appreciable degree. 
The more electronegative halogens will form reasonably stable halides i n the 
flame. These can be expected to emit band spectra. Thallium fluoride, chloride 
and bromide emit in the deep blue to near ultraviolet wavelength. These 
emissions are of no particular value for green flame production. Thus, when a 
halogen is introduced, some stable halide forms. This in turn reduces the amount 
of the neutral atoms which are radiating in the desired green lines. The net result 
is a shift toward blue with a negative enhancement with respect to green. 
 
(e) Copper 
 
        1. The great bulk of the copper in a flame is present as the free atom with 
not more than 10% as CuO. Appendix I shows an undesirable band spectrum for 
CuO in the orange region and weak bands 
in the green region. The free copper atoms emit a weak green line at 5105A. The 
composite of these emissions would indicate a weak polluted greenish color. 
Contrary to this, copper when introduced into a flame, exhibits a strong yellowish 
green color. This is attributed to CuOH molecular emission. Note that CuOH 
formation is recognized even in the absence of halogens. In limited amounts, this 
is true also of barium, strontium and lithium. 
 
2. During the discussion of the other metals, thermally stable salt formation was 
described as a result of halogen addition. Appendix II shows generally low 
dissociation energies for copper compounds. This accounts for the flame 
composition being predominantly free copper. When halogens are added to a 
copper flame, the color changes from green to blue. By the postulates laid down 
for barium and strontium* the addition of halogen to a copper flame would be 
expected to form the halide acid causing excess OH which, in turn, would 
combine with the metal to enhance the color emission by radiating the band 
spectrum. because of the low dissociation energy, the halide salt would not be 
expected to form in large a-mounts. Th is explanation based on thermal 
considerations and room temperature theory does not appear to hold true for 
copper. This is obvious because blue color results instead of an enhanced 
green. 
 
 
 
 
 
 
 
 



3. What appears to be a serious flaw in the argument is, in fact, support for the 
theory of chemiluminescence and is readily explained without deviation from the 
basic argument. When halogen is added to a flame containing copper, a small 
amount of the copper halide salt will form. A small amount (as contrasted to 
large) is formed because of the low dissociation energy. Thus the equilibrium 
favors dissociation. The small amount of halide salt formed emits a blue band 
spectrum. This emission dominates that of the CuOH emission which leads to 
the conclusion that CuOH is probably present in an extremely small quantity. As 
in the case of barium and strontium, the halogen combines with hydrogen to form 
the halide acid, thereby causing an 01i excess whic h, in turn, contributes to 
formation of more CuOH. Also, as in the case of barium and strontium, although 
more metalhydroxide is formed, the metal halide is formed in even greater 
amounts. because the strontium and barium inetal halides emit in desirable 
wavelengths, the.net result is a quantitative increase of emission in desirable 
wavelengths. In the case of copper, however, the increase in CuOH is 
outweighed by the increase in copper halide formation, thus resulting in a shift 
from CuOH green emission to blue copper halide emission. 
 
4. The preceding discussion was based on thermal considerations. Gaydon, in 
discussing carbon monoxide flames, suggested a catalytic effect which should 
be considered in addition to thermal possibilities. lie stated, "Another persistent 
impurity in the spectra of CO flames is CuCl. These bands are strongest in the 
blue and bluegreen and are degraded to the red. The reason why these bands 
occur so read ily in CU but not other flames is something of a mystery; it is 
possible that CuCl acts as a catalyst in the oxidation and receives ex.citation 
energy from the process". 
 
(f) Metal Halide Molecule Excitation 
 
i. Dean states that the halide radical will tend to lessen the attraction of the 
electron to the nucleus and thus render easier the excitation process. This 
feature is of importance particularly in flames containing barium or strontium. In 
these flames a major part of the color is due to molecular excitation and a 
significant portion of the emitting molecules are the halide salt. The fact that the 
excitation 
process is made easier by the halide leads to a net increase in emission. This 
increase is also considered to be halide enhancement. 
 
 
 
 
 
 
 
 
 



(g) halogen Selection 
 
1. The color of pyrotechnic flames is dependent on the volatile material in the 
flame. This material may be the neutral atom, a diatomic or polyatomic molec ule 
or ions. Color then is dependent on the ability to keep the material volatilized 
within the flame. The ability to keep material volatilized within the flame is, 
among other things, related to its boiling point and heat of fusion. It is logical to 
conclude that, for a flame with a given amount of energy, the amount of the 
material in the flame is a ecreasing function of its boiling point. Thus a low boiling 
point favors a larger quantity of volatilized matter in the flame. 
 
2. It has already been established that halogens are added to pyrotechnic 
colored flare compositions to benefit from their enhancement effect. When the 
Dietal halide is used as an emitter, it is desirable to keep it volatilized. Since the 
more electronegative halogens form salts with higher boiling points, the 
electronegativity of the halogen will be related to the quantity of halide salt which 
a flame can keep volatilized. The halogen electronegativity scale is: BR>F>CI>Br>l 
 
The complete electronegativity scale of the elements has been tabulated by 
Pauling. Without considering other factors, iodine would be the best choice to 
provide a low boiling material. See Appendix 11 for a listing of melting and 
boiling points. Some iodides are however, unstable at the flame temperature. 
A more electronegative halogen must, therefore, be selected. Another important 
consideration is the band spectrum that the metal halide will emit. These band 
spectra are described in Appendix 1. Although, for example, a metal iodide is 
stable, its spectrum may not be beneficial to the desired color. In this instance, a 
compromise will probably result. A more electronegative halogen with a higher 
boiling point will probably be selected in order to obtain a preferred spectrum. 
The selection of the halogen, therefore, is not an arbitrary matter. Consideration 
must be given to such factors as stability, spectru m and boiling point of its salt. 
 
1 3. Composite flame spectra for copper, barium and strontium are included in 
Appendix 1. Those hypothetical spectra would only exist if all of the halogens 
were present in the flame simultaneously. Such a condition would have no 
practical advantage. They were included, however, to illustrate wavelength shifts 
which can be expected by halogen variation. 
 
 
 
 
 
 
 
 
 
 



i. Chemiluminescence 
 
(1) Chemiluminescence was discussed briefly-in the Spectrtm Vs Emitter 
Section. This phenomenon was also mentioned in the description of copper color 
production. The characteristic of C-Type chemiluminescence that is of particular 
importance is the ability of a small number of a small number of molecules to 
emit an abnormally large amount of radiation. The effect is remarkable. BaO has 
a dissociation energy of 124 K cal/mole and BaOH is estimated to have a 
dissociation energy (into Ba and 0H) of less than 60 K cal/mole. Su gden based 
on that data estimated the ratio of BaO:Ba:8aOH in a typical flame to be roughly 
10 sup3 :1: 10 sup-3. It, therefore, is remarkable that such a small quantity of 
BaOH will emit such an intense green color. C-Type chemiluminescence is, 
therefore, suggested. 
 
(2) It is emphasized that C-Type chemiluminescence results from the formation 
of an excited molecule directly in the excited state in amounts bearing little or no 
relation to the ground-state concentrations. The molecular emissions are 
probably due to molecules that have no independent existence outside the 
flame. The phenomenon is not a thermal type excitation and, therefore, must be 
considered as a radiation source in addition to thermal radiations. The strong 
strontium red, barium green and copper green colors in a flame have been 
attributed primarily to C-Type chemiluminescence of SrOH, BaOH,and CuOH. 
 
j. Emission Suppression and Intensification 
 
(1) Pyrote chnicians empirically learned to avoid the use of various compounds in 
colored flame compositions. When used, serious degeneration of the color often 
results. Emission suppression of alkaline earth radiations is caused by elements 
such as aluminum, boron, chromium, phosphorus, silicon, iron, beryllium and 
sulfur. The suppression appears to be based on the formation of molecular 
compounds with the alkaline earth metals which are either difficult to evaporate 
or difficult to dissociate. Many of the suppressors possess the ability to form 
anion such as the aluminates, borates, phosphates, chromates and sulfates. 
This phenomenon is one of the reasons why magnesium is used as a fuel 
instead of aluminum and why pyrotechnicians have been unable to color the 
flame from standard day-night type phosphorus compositions. 
 
(2) The red burning railroad "fusee" is shown by Ellern to contain 10% sulfur. 
Sulfur is described along with other materials as having desirable properties from 
the viewpoint of being slow and coolburning. These references to successful 
commercial use in a colored flame composition and to its desirable properties 
emphasize that an element or its compound may be used to advantage when the 
suppression properties are outweighed by desirable thermodynamic, chemical 
and physical properties. When ultimate performance is required the use of any of 
the listed suppressors should be considered very carefully. 
 



(3) Although the oxalate anion is reported to seriously repress sodium emission, 
sodium oxalate is frequently used as. a sodium donor in yellow flame 
formulations. From a practical standpoint, the suppression can frequently be 
tolerated because of the extremely high intensity of the sodium atomic lines. The 
oxalate ion does not appear to seriously suppress strontium or barium emission. 
 
(4) Phosphates and sulfates strongly inhibit the emissions of most metals 
although sulfate has been reported as an intensifier of boron emission. The 
acetate anion is generally considered to be an intensifier. This suggests that for 
yellow flames, sodium acetate may be better than sodium oxalate. For that 
matter, some benefits may be realized from using strontium or barium acetate 
instead of their oxalates. 
 
k. Flame Equilibria 
 
(1) Throughout the discussions, molecule formations, dissociations, ionization 
and similar events were described by indicating whether or not the event would 
take place. Since most of the reactions in the flame are reversible an equilibrium 
for each event must be considered. Because, for example, of incomplete 
combustion and turbulence, there is departure from equilibrium within the flame. 
 
(2) A quasi-equilibrium is probably established between the reactants and 
reaction products. in addition, there are temperature gradients within the flame 
which tend to upset established equilibria. It would be an advantage to described 
each occurrence in a flame with an equilibrium constant. Under given and 
constant flame, conditions, it would then be possible, for example, to calculate 
the quantity of a reactant or reaction product in the flame. because, however, of 
departure from equilibrium, temperature gradients, turbulence, incomplete 
knowledge of existing reactions in the flame and other causes of variability, 
absolute statements of quantity were not used to describe events within the 
flame. 
 
(3) When it was stated that an event would or would not occur, the reader must 
recognize that these judgments are not absolute with respect to quantity. In 
addition, many events were described using relative quantity descriptions. In 
most instances, the assessment was made based on hermodynamic properties 
of the materials involved. For example, it was stated that the low, 57 K cal/mole 
dissociation energy of molecular chl orine leads to its absence from the flame. 
This was made because of the relatively large separation between the 57 K 
cal/mole dissociation energy and the energy of a 20000K flame which was 
nominally equated to 85 K cal/mole. If the dissociation energy of Cl2 had been 
even lower, an even smaller amount of C12 would form. Conversely, the more 
the dissociation energy is larger than the nominal flame energy, the more likely it 
is that the flame will not dissociate the material, thereby allowing more of the 
material to be present in the flame. It is in such a relative manner that each 
event's occurrence was described,. 



 
4. POSTULATES AND SUMMARY 
 
a. An ideally formulated pyrotechnic colored flame composition is one which, 
when burned, produces combustion products all of which readily emit radiation in 
the wavelength of the desired color. The preferred emitters of various elements 
are: 
 
Lithium 
Sodium 
Rubidium 
Cesium 
B arium 
Strontium 
Boron 
Thallium 
Copper 
 
 
Ionized potassium, rubidium and cesium are useful ionization buffers. 
 
To prepare efficient formulations, pyrotechnics must be compounded to form the 
neutral atoms or molecules. in large amounts. To do this, the approach will vary 
with the element used to produce the color. Certain postulates apply which 
disregard all practical material considerations, such as sensitivity, stability, 
hygroscopicity, combustion properties, cost and toxicity. Such postulates which 
apply only to the production of color in a flame are: 
 
(1) Formulate the composition so that a maximum amount of the preferred 
emitter is produced in the flame as a vapor. 
 
(2) Adjust tile flame operating temperature in relation to tile production of the 
maximum amount of excited emitter. This requires that tile temperature be kept 
low to reduce ionization and that it be kept high enough to produce vaporization 
a nd excitation of preferred species and dissociation of unwanted molecules. 
 
(3) Use an ionization buffer to aid in ionization suppression. This is of particular 
advantage when the color is the result of tile alkali or alkaline earth metals. 
 
(4) For elements whose color depends on the neutral atom, avoid the addition of 
materials whose elements can combine with the neutral atoms to form 
molecules. For the remaining elements, add materials whose elements will 
combine to form the preferred molecules. 
 
(5) Formulate to benefit from chemiluminescence and enhancement effects. 
 



(6) Select materials to reduce emission suppression which results from many 
anions and numerous metals. 
 
(7) Do not introduce material which is not essential to the production of color. 
This will reduce unwanted emissions and background radiation. 
 
b. With consideration only to color production, it is concluded that simultaneous 
compliance with all th e postulates is impossible. This reason alone makes 
compromise mandatory. When considerations related to practicality arc 
introduced, additional concessions result. It is, therefore, fortunate for the author 
that the purpose of this presentation is to describe only the theory of colored 
flame production. Thus, it is not necessary to list flare formulae which will 
produce colored flames under all conceivable conditions and in fulfillment of all 
requirements. A better understanding of the chemical and physical processes 
involved in colored flame production will, however, enable the preparation of 
compositions in a more rational manner. It was for this purpose that the theories 
and attributes associated with colored flame production were discussed and 
enumerated. 


