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CHEMILUMINESCENCE OF FLAMES

[Following is the trenslation of an article
* by V. Kondratfyev entitled "Khemilyuminese

tseatsiyz Plamen® (English version above) in

Uspekhi Khimil (Advances in Chemistry), Vol.

12, Fo. &, 1943, Mescow, pages 308-317.]

In contrast to thermoluminescence, the source of which is

ke thermsl energy of molesules, chemiluminescence represents a
type of emission whose emission is dir%ct&? relatad to the snergy
given off as a result of varions elementary chemical processes.
Hence chemiluminescencs is h&@ieally‘similar to fluoressence, and
the luninescence of rarefied gases in an electric discharge appears
‘t& ke a nonequilibrium emission, i.e. an emission whose intensity
is determined by a nopm-Bolizmann distribution of the energy of exw
eitation.

AL one time there was an inclination to aseribe a purely
thersal origin to the luminsscence of {lames. However, with the
discovery of rarefied flames it was revealed that in the case of a
large nusber of flames the emission proves to be completely unre-
lated to the temperature of the flame. A1l the presently knowm data
poriaining to the emission of flames leads to the conclusion that

the emlssion of most flames represents to a greater or lesser degree
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pure chemiluminescence.

The preblem of the nature of luminescente is resolved with

~ the aid of definite physical eriteria, based on the characteristics

of chemilwrinescence ag a nonequilibrium emission. One of the most

important eriteris of this type is the criterion of gbsolute inten.

sity of emissicn. When the absolute intensity of the emisslon, on
the one hand, and the tempereture of the flame, on the other hand,
are measured, in a number of cases it is possible to ascertain
through a comparison of the measured intensity and that caleulated
from a Boltzmenn distribution that the meagurédvintensity excaeds
the intensity of equilibrium emisslon by many orders of magnitude,
ard that this emission thus represents practieally purs chemilumine
escence., Such is the case, for example, in the emission of the
rarefied flames of €O, HZ’ and GSZ’ whieh burn at pressures of seve
eral tens of millimeters of mercury. Indeed, measuremenis of the
absolute intensity of the emission in the case of the flame 2C0 +
02, vhich burns at 2 pressure of 100 mmi. and has 2 temperature somee
what exceeding 1000%K., show1 that the concentration of excited molw
ecules of 002 == the carriers of the spectrum of the {lame -~ in

this case exceed the equilibriuwm concentration by 10?9

times, The
chemical origin of the emlssion of rarefied flames of carbon monoXe
ide is also an explanation for the fact that the yield of light in
this case is practically completely independent of the temperature

of the flame.? The possibility is not eliminated that the emission
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of the normal flame of CO (p= 1 atm., T= 2000%.) also represents to
a significant degres chemiluminsscencs.

Ezpolly the same intensity of the bhands of hydroxyl in ihe

spectrum of the rarefied flame of hydrogen (p=10 mm,, T={000°)

proves to be a minimum of 1012 times greater than the intensity of
equilibrion emission under the conditions of this flame,B Finally,
goasurenents of the absolute intensily of the emission of rarefied
flames of carbon disulfide give an intensity 1015 - 1016 times in
excess of the intensity of the equilibrium emissien.&

Ho less convineing a criterion permitting the elucidation of
the nature of the emission of one flame or another is the digtribue
tion of intemsity in its spectrum. Thus, for example, measurements
of the relative intsnsities of the bands of hydroxyl 3064 (0% 0%),
2875 (1% 2%}, and 2811 (0" 1%) in the spectrum of the rarefied flame
of hydrogen glve the following figures: 1:0.105:0.09, while in the
¢ase of a purely thermal nature of the emission we should heve had
1:0.00007:0.002 at 1000°K, (the temperature of the flame) and
$:0.004:0,02 at ZOOOOK.3 From a comparison of these numbers we ses
that the actual distribution of intensity has nothing in common with
& distribution caleulated according to Boltzmann.

In a number of cases the nonequilibrium character of the
emission iz also evident from the distribution ~f intensity among
rotational lines of the bands, which leads to an effective "rota-

tional temperaturs" which differs considerably from the temperature




of the flame. This is true for the spectrum of hydi'ozgrl in the case
of rareiied flames of hmagsaz and acetylenaﬁ a3 well as in the

6 In the latter case, molse

_cage of PBunsen and acetylens-alr flames,
urements of the distribution of intensity among the rotational ’lines‘
of the OH band 3064 £ in the spectrum of the inmer cone of the flame
lead to0 & #mmti_aml temperature® of 5000 - 60&09}(., which excesds
the true temperature of the flame (2100%K, —= inner cone of the
Bunsen flame and 2600%K. = inner cons of the acetylene~air flame)
by two to three times. The same "rotational temperature® of di- |
carbon, 02, in the gpectrum of the inmer cone of the oxyacelylene
flame, according to the measurements of Walfhard,é proves to be
equal to 5160°K., while the true temperature of the cone in the case
of this flame comprises 3300°K, Let us add that the nonequilibrium
character ¢f the emission of 82 is also indicated by the data of
Jobnscen? pertaining to the Bunsen flame; to wit, Johnson found that
the distribution of oscillatory energy in ¢, molecules deviates
substantially from the Boltzmann distribution (the'oscillatory tem

perature® of C, measured by Johnson is egqual te 5000°K. %),

*Wé mast observe that in contrast to the cases under considere

ation, the "rotatiomal temperature® of hydroxyl in the oxyhydrogena

and amce’tyleneé

flames proves to be close to the true temperature
of the flame, from which it follows that there is an equilibrium

character of the emission of hydroxyl in the case of these flames,
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Another distinguishing characteristic of nonequilibrimm ewise
slon is the presense of ' '

mont of ﬂ,uera;meme. The extinguishment of chemiluminescence ex
platne the characteristic drop in the yield of light with an in-
erease in the pressure in the rue‘bion sono. which 13 observad in
m&g es8e8., Such & dmp in the yiald of 1light with an inerease in
the mm at ths exygen ean, in particular, be established from
the dats of Gusllet,’ who studied the luminescence in the oxidation
of phosphorus vapors. Accading to Ousllet, the constant of exting=
ﬁsmt of the carriers of the lumineseence he observed is equal to
bo16"3 ma,~1, from which, on the assumption that the average life.
time of excited molecules is equal to 107 sec., a quite plausible
quantity of the oxder of'0.1 ie obtained for the probability of ex~
tinguislment (caleulated on the basis of cne eollision).

The extinguishment of chemiluminescence was also detectoed by
us in the case of the flawe of carbon monoxide.'® From cur data
the following ml'a,és ars obtained for the oonéﬁant of extingnishment
of exsited molecules of C0, by various g#ses (for temperatures of
about 1000°K,):

gas c0, 0, O, 'xz B 0%
eonstant of oxtimism ?
0,03  0.162 0.28 7.6

1 *In work devoted to the study of the influence of moisture on
%m yield of Tight in the case of the flame of CO (Zh, Fiz, Kbim,
| .
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(Jourml of Physieal Chemistry), 11. 331, 1938), we interpreted the
decresge in the yield of 1ight with &n inorenze in the moisiure Cofe
tent of the mixturs as sn indication of a change in fhe chesdlesl

mechanism of the reaction. However, al this moment, as a result of
newly performed experiments on the influence of moisbure on the rate
of combustlon of CO, we are inclined to postulate an independence of
the reactlon mechanism on the molsture content, aseridblug the infli-
-ence of molsture on the yleld of light to a simple extinguishment

“

of chemiluminescence.

! From these data it follows that the greatest extinguishing
aotion is possessed by water. Assuming that the probability of eXe
tinguishzent in this case is equal to 1, we find for the average
lifetime of an excited moleguls of 002 a quantity 7 = 2*10“6 sec,
The unususlly large valune of this quantilty is in complete agreement
with the conclusion of Mulliken'' that the trensition te which the
emission of Cﬁg wncer consideration is related is a forbidden transe
1tion (apparently 7 711-r 1503,
| Finzlly, we have also established the exbinguishment of chene
iluminescence in the case of the rarefied flames of hyﬁrugan»iz
The drop in the yleld of light with an increase in the pressure of
the detonating mixture cbserved in this case is sufficiently well
described by the well.lmown constant of exbingulshment for hydroxyl
(extinguishment by water vapors), equal to 10 ma,~1.




Let us add that in the presence of mercury vapors in the zone

P e o, ™ : s gl B & e v ) S 3 wn g / ~
of combustion of CO we cbserved a gengitization of chemiluminescense

by mﬁf&u?ygS (similar to the sensitization of TIU0Te208N0E) wm &
| phenomenon which is also characteristic of nonequilibrium emission.

Thus a large number of experimental faets give evidence that
the emission of 2 number of flames —- both rarefied, comparatively
low~temperature flames and the normal flames -- represent practicsle
1y pure chemiluminescence.

In contrast to all the stable forms of luminessence, the
nechanisnm of excitation of which can be considered essentially ree=
vealed, the mechanism of exeitation of chemiluminescence, i.e., the
mechanism of conﬁersion of chemical energy freed as a result of vare
ious elementary processes to energy of electronic excitation of the
corresponding molecules, still seems, to a considerable degree, to
be an wnresolved problem. Considering the processes of excitetion
of chemiluminescence as a rolation of prosesses lying at the basis
of the mechanism of extinguishment of fluorescence (collisions of
a seccnd type), it is possible to postulate the following two basie
mechanisms of excitation,

A nuzber of considerations indicate that the extinguishment
of fluorescence is often related to the dissociation of the exting
uishing moleeule. Such, in particular, is ths mechanism of the exe
tinguishment of fluorescence of mercury by hydrogen:

Hg'(OP) + Hy —> Hg(1s) + 21,
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The reverse of this process is the process:
2 4+ Hg ~—> Hg' + HZ’
in which the chemical energy liberated as a regult of rezombinstion
of H atoms is converted to energy of electronic exeitation of the
He atom. The mechanism of excitation of chemiluminescence, which
is related to the recombination of various molecules, ¢an be called
the recombination mechanism. Here it is notl essential that Just
the third pariner of the collision be excited in fha process of re-
combination. Indeed, considering the process of recombinatlon as
the reverse of the process of induced predissociation, for example,
the procsessg:
Iz‘ M 22T + M
(M is any particle), we should conclude that in the process of re
combination, excitation of the newly formed molecule itself can also
take place. The possibility is not eliminated that there is just
such a mechanism of excifaiion of hydroxyl in the combustion zone,
where the concentration of étams of H and 0 is sufficiently great,
There is no doubt that the recombination mechanism:
CO+ 04+ ¥ = GQZ' + M or €O + 0 —¥C0,°
lies at the basis of the excitation of luminescence of the flame of
£0, & weighty argument in favor of this mechanism is the fact that
wder the conditions of the cambustion-cf €O the process CC + 0 =
SQZ is the elementary process whose thermal effect is closest to the

enargy of excitation of the COz molecule. The correctness of thig




mechanism is also confirmed by iﬁvéstigations of the emission which
aew@mﬁ.ﬁzs the l@@mﬁ@s’g@émmm oxidatdon of CO by czonized oxyzen
;, (see below). |

A second mechanism of the exéitation of chemiluminescence is
g‘stained as the reverse 'cf the process of extingulshment in which |
the exeited molecule enters into an exchange reaction with the ex-
tinguishing molegule., Such, for example, is the process:

Heg! + HZ -> HgH + H

This mechanism of excitation can be called the gzchange mechanism.

The exchange mechanisa liés at the bhasis of the exeitation of
luminescence of a large number of flames. Thus, according to
Polanyl and Schay,'” the excitation of the spectruwn of an alkali
metal (Me) in the zone of highly rarefied alkali halide flames is
related to the precesses:

X+ He, ~7» MeX* + Me

2
and MeX¥ + Me -—> MeX + Me!
(¥ is 2. halogen atom)., Here as a result of an exchange reaction of
an atom X with & molecule Me,, energy-rich (excited) molecules MeX
appear; they transfer their energy to an atom of Me by means ¢f a
collision of the second type. Analogous to this is the mechanism
of the excitation of chemiluminescence in the reaction of halide
salts of mercury with alkall metals, ;where we L2ve the following

combination of processes:
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Bzl + Me —» MeX* + Kg
NaX# & Ho ~» Mal + Hel',

Orne of the eszential conditions determmining the possibility
of the exchange mechanism of exeitation of chemilwminescerce is the
gufficiency of the thermal effect of the resction for the excitation
ef the eorresponding spestrum. In.%;ha preceding exsmples this cone
dition is fulfllled thanks to the comparatively low stability (la-
bility) of the molecules Me,, HeX, and HO,e

In the flames of hydrcearbons we must assume, on the basis ef
" speetroscopic data, the pressonce to a sufflieclient degree of the
labile redical HCOg the exolitation of hydroxyl can also be relat-
ed to the exchange reaction of this radical with stomic oxygen:

BCO + 0 —¥ GO + OHt,

We might have been able to attempt to explain a number of
other cages of excitation of chemiluminsseence (far‘ammple, the
appearance of the spectra of the radicals CH and C,, which are norw
mal for the flames of hydrocarbons) with the a2id of exchange reacw
ticns of anslogous labile intermmediate substances; however, our ine
formation both on the substances of this type themselves and on
thoge elementary processes in which they participate is still ine
sufficient by far i’m:*v the construction of any wellegrounded mechine
ism of the exeifation of chemiluminescence in every eoncrete cass,

Tagatmxﬁ with direel exeitation of the carriers of the spece
trum of ﬁh@e‘iﬂi}n@ﬁﬁﬁwﬁé immediately in the precess of the elemen~




tary chemical reactlon itself, gsecopdary excitation of these carriers
should also be comsidered probeble. We have alresdy had emanples of
this type of secondery excltation in the faze of kighly rarefied
flages, where the energy-rich melecules of MeX* which appear as a
result of the primery exothermic process do not themsslves appear to
be carriers of the spectrum of chemiluminescence. The carviers of
the spectrum (exclited atoms of Me) here appear only as 2 result of
2 gecondary process (MeX® + Me —» MeX* + Me'), The case mentioned
abové of the sensitization of chemiluminescence by mercury can alse
be considered as an example of $eﬁaﬂd@ry excitatlion of chenilumines-
cence. The corresponding secondary pr@aasé in this case is obvicusw
1y connected with a collision of the secord type, the participants
- of which are an excited molscule of CGZ and an atonm of mercury:
6021 + Hg - CQZ + Hgt,

However, cases of seeondary excitation of chemiluminescence
apparently rare encugh. We arrive at this conclusion on the besis
of the following considerations. The carriers of the speotrm of

chemlluminescence in the oxidation of sulfur and the sulfurecontsine

[ S

ng compounds C8 H?S, and C0S are the radicals S,, OH, CS, and 30,

2 2
whose energy of emvitation comprises, respectively, 90.0, 92.1,

110.0, and 111.0 Cal, If a secondary excitation took place in the
reaction zone, then t&gether vith the spectra of these radieals we
should also have expseted the appearance of intense spactra of the

saz melecules, which are present in the reaction zone in lsmeaswsbly




large concenirations and possess an energy of execitation close to
that cited above {90.5 Cal.)., DMearwhile the bards of SGE BIE OO
‘ pletely absent in the spectra of the flames specified. Secondary
excitation of chemiluminescence seems improbable to us for the ade
ditlonal reason that a strong dispersion of the energy of the ene
ergy-rich molscules which appear first must be assumed in the come
bustion zone as a resuli of their eollisions with the surrounding
molecules. Thle dispersion is considerably worse under the condi-
tions of highly rarefied flames, in the case of which, for example,
an insignificant admixture of nitrogen (in a éuantity of several
tenths of a millimeter) leads to a sharp decrease in the yield of
1ight.1a

In 2 nmumber of cases gonblnuous spectra of chemiluminescence
are observed, Of course, some of them prove upon more thorcugh ine
vestigatlon to have a discrete line-band structure. Such, in par-
ticular, is the "continuous" spectrum of the flame of CO, which
proved, upon the use of a speectral apparatus of sufficlently high
resolving power, to consist in fact of a large number of closely
situatsd bands.15 The visible spectrum of the hydrogen flame also
exhibits the same quasi-continuous appearance. According to the

research of Pavlov,16

this spectrum should with a high probability
be ascribed to hydroxyl. However, cases of chcmiluminessence are
known where the continuous character of the spectrum is not open to

doubt. Such, for example, is the spectrum of chemiluminescence oObw
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served by Polanyi and Schay'’ in the reaction of the alkali metals

with &nxgg According to these authors, the continuous spestrum here

ig related to the process

ZSﬁXB e Sn}lg "!‘ SnXLp + hv,

Aecording to the calevlations of Polanyl and Sechay, the thermal

b

effect of this rescliion comprises approximstely 70 Cal., which is
in cloge agreement with the ensrgies corresponding to the shoris
wave limit of the continuous spectrum under consideration.

& contimuous spectrunm (t@geﬁher with the discrste specira) is
also cobssrved in the enission of the flames of suliwr and sulfur-
containing compounds. JThe short.wave limit of this spectrum lies at
about 3000 £ (95 Cal.). As in the case of the majority of continue
ous spectra, here slsc the act of emission evidently coincides with
an act of chemieal conversion, a feot which is confirmed by the in-
dependence of the yield of light on the pressure which we have €3
tablished¢4 However, as regards the cenér@te chermical mechanism of
the process to which the emissgion of the continuous spectrum iz re.
lated, in this case we can as yet construst only wmore or less probe
able hypotheses,

Let us indicate alss that cases of emission of contimuous
speetra upon direcst recombination of atoms or radicals are theorete
ically possible, Such procssses can be censlucred as the reverse

of photochemical dissociation. We should state, however, that the




" probability of recombination accompanied by emission is very small!®
a faot to which the cormporatively small extent of the contimuous
spectira of chemiluminescence should apparently be ascribed. 4&s an

. example of a continuous spectrum related to the recombination of
atons, we can indicate the speetfa observed in flames contalining the

nologens. 7 These spectra are due to the process:

X + X > X, + b
(Xt is a metastable halogen aton).

Thanks to the low probability of direct recombination of ate
ome and radicals, the yield of light in the region of the contimuous
spoctrum of emission should be low in comparison with the yields of
1ight in the reglon of the discrete spectra. It is possible that
the fact that the continuous spectra of flames usually represent only
a comparatively weak background on whish considerably more intense
bands {or lines) of the diécmt& spectrum emerge should be ascribed
to this eircumstance. ' "

As for the absolute ylelds of lieht in general in the case of
chapiluninescence, here we can cite the following figures, which are
the result of the measurements performed by us on various [lames.

In ouy experiments the number of quanta emitted, related to the nume
ber of rescted molecules, was taken as the measure of the yield of
light (i), The yield of light in the case of the rarefied flames of
hydrogen 1is eomparatively small.” Here one quantum is emitted for
approximately every 106 reacted molecules of Hy, Taking into comw

— ¢ { -




sideration the extinguishment of chemiluminescence, we obtain in this
case one excited molecule of OH for every 10,000 reacting molesules
of Hz. The yield of light in the case of CO flames, which, as is

‘ wall known, are among the most actinis flames, is considerably highe
er, Here the quantity i couprises about 10‘3, i.e,, one quantum .

¢f light iégemi%%ed for approximately every 1000 rescited molecules
of C0. Thers is an even higher yield of light in the case of the
uigame of carbon disulfide:k the maxinum yield of light measured by
ué\§émyrises here 1/40, i.e., ons quaaﬁum for 40 reacted molecules
ef CSz.f
“ In contrast to the casss congidered, where the yleld of light
alther practically does not depend at all on the temperature or de-
pends very weakly on it (csz + 02}, in the case of the reastion of
GO with ozonized oxyzen we @avg a sharp expenential inerease in the
value of i with the temperature of the flame;ZC here at 150°C. we
have i = 105 and at 250%. 1 ¥ 4.1072, which gives one sxcited mole
eenle of GQZ for svery 1000 reacting molecules of CO at 1509C. amd
one excited molesule for 20 rescting molecules at 2509C,

The carriers of the speetra of chemiluminescence appear in
the reaction zone as a result of variocus elementary chemical procese
ses which enter into the complex mechanism of the reaction., Hence
thareigzuiddefinite, well-defined conmnection betwsen the concentra-

tion of the carriers and the rate of the reaction. The presence of

such a connection is indicated, in particular, by the messurements
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of the distribution of the intensity of OH emission and of the dise
teibution of the reaction preduct HEO along the zone of the statione
ary rarefied flame of hydrogen, performsd by E.’-Stea;}.{c»v.'[?"i From the
data of Slakov it follows that the maximum of the concentration of
excited hydroxyl (obtained while taking info consideration the ex~
tinguishment of chemiluminescence) coineides with the maximm of the
reaction rate. This agreement of the maxima of the OH concentration
and the reaction rate takes place in the case of mixtures of various
concentrations (2Hp + Op, Hp + Op, and Hp + 202),

From the data cited it follows that a simple relationship
should exist between the concentrations of the carriers of the spece
trum of chemiluminescence and the rate of the reaction. It is most
natural to assume that there is a direct proportionality Letween
the concentrations of the carriers and the reaction rate, an ase
sumption which in fact does find direct experimental confirmation.
Te wit, by measuring the relative intensities of the band of hydroxe
vyl 3064 2 in the spectrum of the rarefied flame of acetylens at var-
ious pressures and compositions of the combustible mixturse, Avramen-

’ found that for every composition of the mixture there is a

ko
dinear dependence of the concentration of the exeited hydroxyl mole
ecnles (caleulated from the measured intensities of the emission by
means of a consideration of the extinguishment of chemiluminescence)
on the pressure in the reaction zone. On the other hand, Avramenko

showed that the reaction rate (measured according to the amount of
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water formed after a definite interwal of time) also varies with the
pressure of the mixture according to & linsur law. From this 4%
follows that the concentration of excited hydrexyl in the zogs of
combusticn of acetylene is proportional to the reaction rate.

It is inveresting to indicate that according to the measure.
ments of Avrameako the concentration of unexsiited hydroxyl in the
acetylene flame (measured according to the absorptiocn spechrum of
hydroxyl) also proves to be proportional to the reaction rate.
Introducing & purely formsl factor of exeitation of hydroxyl F, the
eoncentrationsof excited snd unexcited hydroxyl can be related by
the following ratio: |

(CH") = Fs(OH),

g
el

sording to the data of Avramenks, the quantity F remains approxi-

ot

1

wately constant in all reglons of steady combustion of acetylene
and depends nelther on the pressure nor on the compesition of the
combustible mixbure, This experimental fact is of extremely vital
significance, First of all, it gives evidence of the constancy of
the chamiesl wechanism of the reaction in the whole rogion of steady
combustion of Gzaz, Furthermors, it permits the substitution of
considerably simpler measurements of intensities in the emission
spectrum for the complex and often jmpﬁssibla {in the case of low
concentrations of OH) measurements of relative woncentrations of

hydrozyl. In particular, the constancy of the quantity £ permite

the study of the distribution of hydroxyl in the reaction zone {(ace




cording to the intensity of the emission), i.e., the resoclution of
2 pmblém which is extremely impertant for chemieal kinetics and
which, st least in the case of ravefied flames, is insoluble by
| other methods, Finally, as a result of the experiments of Avramenko
we have a good basis for making definlte conciusions on the concens
tration of the wvarious intermediate substances on the basis of the
intensities of @he spectra of chemiluminescence, which has constant=
1y been dcne«wiihont any such grounds,

As for the absolute magnitude of the factor of excitation of
hydroxyl, we caﬁ evaluate it on the basis of the following data per-
taining to the;rarefied flame of hydrogen, assuming that here also
there 1s a proportionality between the concentration of the exeited
hydroxyl and the rate of the reaction (the proportionslity of the
concentration of the exeiied hydroxyl and the reaction rate in this
case was also experimentally demonstrated by Avramenko). According
to the measurements of Ziskin and Kondrat'yev,3 the concentration of
exciteé hydroxyl in the zone of the rarefied flames of hydrogen,
vhieh burns at a pressure of about 10 mm., correspords to a partial
pressure of the order of 5'10"8 ma. According to the same authors,
the aoncéhtration of unexcited hydroxyl in ihis flame corresponds to
a pressure of the order of 0.1 mf. From this we obtain for the facw
tor Fy 54107 == a quantity 1017
function & QQE%QQ (e, above).

times larger than the Boltzmann

The proportionality of the concentration of the carriers of
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" the spectrum of chemiluminescence to the reactlon rate alsc exists
in the sese of the CO flawe., This proportionality is manifested in
| the gonstancy of the "mawimum® yield of light i, (i.e., the yield of
| 1ight which should have existed in the absence of extinguisiment of
cheniluninescence), related to the nsasured yleld of light i by the
relationship:

1 = wi0

Ladaing ot Y

i1+ kp
where k is the constant of extinguishment. Our investigations of
the CO fiame®? show that the quantity i, remsins constant in the
rather broad interval of pressure, temperature, composition of the
mixture, and degres of its humidiiy which we studied (ses note to
Po 5)» In cur opinion, this constancy of the quantity i, indicates
that the chemical mechanism of ithe reaction is unchanged in the
region of cosbustlon studied.

A list of luminescent reactions, even if limited only to gas
reactions, would be extremely diverse, The ma jority of the cases
are luminescencss of flames. However, luminescense is freguently
observed in the case of the so-called slow reactions, Thus, the
weak luminescence which accompanies the slow oxidation of carbon
monoxide outside the region of combustion is well known. We also
had an opportunity to observe an anslogous luminescence in the re.
action of conversion of water gas {molst carbon monéxide, p=latm, ,

£%=7000C. ). E@rthermnra, a weak luminescence accompanies the slow




reaction of oxidation of sulfur monoxide.23 The slowness of this
resction may be judged by the long duration of the luminescence,

Tiais, at 50%C. the duration of the luminescence resches 30 v,

Manometric investigatlons indicate that the resction of oxidation of
sulfur monoxide does noit cease with the disappearance of visible
luminescence. This compels us to assume that the excitation procesw

ses also take place after the disappearance of luminescence; however,

the concentration of exeited particles in this case is lower than

tﬁ;\minimum observable concentration. .Evidﬁntly we also have an
analogoug situation in the transition from the cold flame of hydrow
carbons te the reaction of slow oxidation, which is not accompanied
by noticeable luminescence., The following faect, in particular,
spoaks in favor of the hypothesis expressed above. Using a biologe
ical method developed by Prof. A. G. Gurvich for the recording of
emlssion, Ziskin and Tverskly (unpublished work) succeeded in dew
tecting hydroxyl emission in the reaction of slow oxidation of hy-
drogen (p=iatm., t°¥500°C.). The intensity of the emlssion in this
case lies at the threshold of the sensitivity of the usual proto-
graphlc method. The observed hydroxyl emission in the slow oxida-
tion of hydrogen is a direct indication of the presence of processes
of excitation under the conditiona\of a slow reaction as well,
Investigations of chemiluminescence do not have independent
value. The basic task of these investigations consists of revealing
the intermediate substances and the individual elemeniary processes,




1.6., in the end resuli -- the establishment of the chemical mechane
ism of the reactions. Very little has as yet been done in this di-
rection; however, in a number of cases investigations of chemilume
inescence have played a definite positive role. Here we should inw.
dicate first of all highly rarvefied flames, for the establishment

of the mechanism of which investigations of chemiluminescence have
been of decisive significance, Furthermore, these investigations
have led to the discovery of a great mmber of labile intermediate
substances, without a knowledge of which the construction of 3 chem
ical mechanism of the reaction would be inccnceivable. Let us ine
dicate, for example, hydroxyl and atomic oxygen, whose presence in
the zone of combustion of CO and definite role in the mechanism of
the reaction follow directly from the spectra of chemiluminescence
of the €O flame. Investigations of the lwuminescence of the flames
of CO and HE have also permitied the establishment of the predominat-
role of the surface reaction clese to the lower limit of ignition of
these gases, which indicates that the generation of the reaction
takes place on the surface of the reaction vessel. Let us indicate
alzo that investigations of chemiluminescence in the case of the
oxidation of CO by ozonized oxygen have permitted the formlation
of the chemicsl mechanism of this reaction. We hope that further,
particularly quantitative, investigations of chemiluminescence will
play a large role in the resalution of the busle problem of shemical

kinetics == the problem of constructing a chemiecal mechanism for the




mwost important gas reactions.
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Characteristic of chemiluminescence as nonequilibrium emis.
sion are a mmber of indications, according io which the chamical
origin of the emiszsion can be established in each individusl case,
The basic physical criteria of luminescence are the following: an
exaess of absolute intensity of emission over intense thermel emisw
sion, a non=Soltzmann diétributi&n of the intensity in the spectrum
of luminescence, snd the presence of extinguishment of luminescence,
The study of rarefised, ésmgarativaly low-temperature {lames practi-
cally withoul exception, as well as of a number of nomal flames,
iz based on theae criteria of chemiluhineseenee.

The mechandsu of the excitation of chemiluminescence, i.e.,
the wmachanise of the conversion of chemical energy into energy of
electronic excitation of the carriers of the spectra of chemilumie
nescence, can e obtained as the reverse of processes of extinguishe
ment of fluorezcence. Two basic concents of the mechanism of exe
citation of chemiluminescence are: the recombination mechanism, conw
gisting of the exsiiation of the carrier as a result of the recofe
vination of free atoms or radicals, and the exchange mechanism, o
lated to the exchange chamical reaction. In various luminescent re-
actions one mechanism or the other is realized. In most cases priw

mary excitation of luminescence, i.e., excitation directly in




the process of the elementary réaction itself, predeminates. Pro-
csszes of excitation take place both in the ease of rapid (flamas)
and in slow reactions. The fact that luminescence in the cass of
certain slow redetions is not observed is due to the low concentra.
tion of the carriers.

The chemiesl origin of chemiluminescence is manifested in
the presence of a direct relationship of the concentration of the
carriers of the:spectrum of chemiluminescence and the rate of the
reazction. In individual cases the concentration of the carriers
proves to be prépor‘cional to the reaction mate, Ths indeperdence of
the proportionality factor on various other factors (pressure, iem.
perature, composition of the mixture, impurities) appears to be a
eriterion for the invariability of the reaction mechanism.

Invsstigations of chemiluminescence are essential for the

construction of the chemical machanisn of the reaction,
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