
 

ISSN 0023-1584, Kinetics and Catalysis, 2007, Vol. 48, No. 2, pp. 183–189. © MAIK “Nauka /Interperiodica” (Russia), 2007.
Original Russian Text © N.M. Rubtsov, G.I. Tsvetkov, V.I. Chernysh, V.V. Azatyan, 2007, published in Kinetika i Kataliz, 2007, Vol. 48, No. 2, pp. 197–204.

 

183

 

The

 

  

 

radical is one of the main intermediates in
the oxidation and combustion of hydrogen-containing
compounds [1–4]. In the atmosphere, it is involved in
the catalytic cycle resulting in ozone decomposition.
The 

 

HO

 

x

 

, , ç

 

2

 

é

 

2

 

, and  particles present in the
atmosphere and stratosphere result mainly from ozone
photolysis followed by the reaction between 

 

O(

 

1

 

D)

 

 and
water. The atmospheric photodissociation of OH-con-
taining molecules has attracted great attention [5–8]. In
particular, there have been studies devoted to the pho-
tolysis of OH-containing components by visible light.
This process takes place through the vibrational excita-
tion of the O–H bond in the region of overtones whose
energy is close to or higher than the dissociation thresh-
old of one of the bonds in the molecule [9].

The postulate of  formation in the hydrogen
flame [10], put forward in the early 1930s, has played
an important role in the formation of the theory of
branched chain processes. However, although many
researchers made numerous attempts to identify this
radical directly in the hydrogen flame, this was finally
accomplished in 1982 by the laser magnetic resonance
(LMR) method [11].

The heat of the recombination reaction between H
and 

 

é

 

2

 

 is ~44 kcal/mol [12]. Thus, the  molecule
resulting from this reaction contains excess energy,
which can be localized on vibrational degrees of free-
dom (the energy of the electronically excited state of

 is much lower and falls into the near-IR region
(~1.4 

 

µ

 

m [13]). This energy is sufficient to excite the
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stretching vibrations of the O–H bond to the 

 

ν

 

 = 4 over-
tone, which falls into the visible spectral range. The for-
mation of  radicals in vibrationally excited states
with 

 

ν

 

 > 1 makes it possible to identify these radicals
by measuring their emission in the near-IR region. The
vibrational excitation of 

 

ç

 

2

 

O, ç

 

2

 

é

 

2

 

, and  into
their overtone states can also take place in the combus-
tion of hydrogen and hydrogen-containing compounds
and in plasma chemical or photochemical oxidation.
The detection of the vibrationally excited 

 

ç

 

2

 

é

 

2

 

 and
 species in the overtone region could provide addi-

tional information concerning the mechanisms of these
processes.

It was reported [14] that a band at 852 nm can be
observed for the 

 

ç

 

2

 

é

 

2

 

 molecules resulting from the
reaction

 

 +   ç

 

2

 

é

 

2

 

 + é

 

2

 

 + 33.5 

 

kcal/mol

 

. (I)

 

This band was observed in the study of the flame of
the branched-chain oxidation of dichlorosilane [15].
This band was also observed for hydrogen oxidation
[16], so it is not impossible that the  radical makes
some contribution to emission in this region.

The domination of the branched-chain mechanism
in hydrogen combustion at any pressure shows itself,
e.g., as the inhibiting effect of certain small admixtures
on all combustion regimes (see, e.g., [17, 18]). Exami-
nation of the spectral range of OH overtones during
branched-chain oxidation in the presence of an active
admixture would provide deeper insight into the inhibi-
tion mechanism.
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Abstract

 

—The emission spectra of hydrogen–oxygen and hydrogen–air flames at 0.1–1 atm exhibit a system
of bands between 852 and 880 nm, which is assigned to the 

 

H

 

2

 

O

 

2

 

 molecule vibrationally excited into the over-

tone region. This molecule results from the reaction 

 

 +   H

 

2

 

 + O

 

2

 

. The overtone region also

contains bands at 670 and 846 nm, which are assigned to the vibrationally excited  radical. This radical

results from the reaction between H and 

 

O

 

2

 

. The  radicals resulting from 

 

H

 

2

 

 or 

 

D

 

2

 

 combustion inhibited
by small amounts of propylene are initially in vibrationally excited states. The role of vibrational deactivation
is discussed.
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The purpose of this study is to see whether it is pos-
sible to identify the overtone bands of the hydroxyl
groups of peroxides in the emission spectrum of the
hydrogen flame and to study the effects of active
admixtures on the intensity of these spectra. Propylene
(

 

ë

 

3

 

ç

 

6

 

), a strong inhibitor [19], and sulfur hexafluoride
(

 

SF

 

6

 

), a weak inhibitor with strong deactivating proper-
ties [4], were examined as admixtures. As will be
shown below, these inhibitors exert different effects on
the spectral composition of emissions.

EXPERIMENTAL

Experiments were carried out in a static vacuum
apparatus [20] coupled with an OSA-500 multichannel
optical spectral analyzer (which is sensitive in the 200–
900 nm range). The total pressure was 0.1 to 1 atm, and
the temperature was varied between 300 and 800 K.
Two different reactors were used. Reactor I was a
quartz cylinder 4 cm in diameter and 30 cm in length. It
was fitted with a furnace and an initiating source and
had removable quartz windows at its ends [20]. The fur-
nace temperature was controlled using a KVA-501 tem-
perature regulator with an accuracy of 

 

±

 

0.5

 

 K. Reactor II
was a stainless steel cylinder 16 cm in length and 8 cm
in diameter. It had removable covers and organic-glass
optical windows. Spark ignition electrodes were placed
in the center of the reactor. Ignition was initiated with a
spark with an energy of ~0.9 J or with a nichrome coil
(eight turns, 

 

d

 

 = 0.3 mm) energized by pulsed voltage
from a capacitor battery with a capacitance of 300 

 

µ

 

F.
From the spark ignition system, a 6-V rectangular pulse
was directed to the synchronization input of the optical
spectrum analyzer OSA-500. This made it possible to
scan spectra starting at a chosen wavelength during
ignition and to rule out noise accumulation (the time
interval between the spark and the ignition event was no
longer than 0.5 ms). The resolving power of the optical
system was 0.15 nm per channel. The required number
of spectral data accumulations (one accumulation =
500 channels (72 nm); 32 ms) were saved in the com-
puter memory of the OSA-500 instrument. The active
element of OSA-500 was cooled in a thermostat to
223 K. This significantly extended the signal storage
time before signal “readout” by the electron beam. The
spectrum addition and multiplication function made it
possible to reliably record emission lines in the speci-
fied spectral range.

The surface of reactor I was washed with hydroflu-
oric acid. Stoichiometric mixtures of 

 

ç

 

2

 

 (

 

D

 

2

 

) and 

 

O

 

2

 

and mixtures consisting of 16.5 or 33% hydrogen and
air were examined. The amount of an admixture was
varied between 0 and 8%. The emission from the flame
was focused with a collimator (fluorite; focal length,
7 cm) on the entrance slit of the optical device. The
lower ignition limit was determined by the admission
method [4], and combustion kinetics was controlled by
luminescence measurements. Emission from the elec-

tronically excited radical 

 

 (

 

A

 

2

 

Σ

 

+

 

)

 

 at 

 

λ

 

 = 306 nm
was measured using an interference filter (

 

∆λ

 

 = 25 nm)
and an FEU-71 photomultiplier (spectral sensitivity
range, 200–600 nm). The emission bands arising from
combined transitions in 

 

ç

 

2

 

é

 

 (823 nm) and 

 

ç

 

2

 

é

 

2

 

(852 nm) [15, 16] were recorded using an MDR-3
monochromator and an FEU-62 photomultiplier (spec-
tral sensitivity range, 600–1300 nm). The signal from
FEU-71 was directed to the synchronization input and
then to one of the inputs of an S9-8 dual-trace memory
oscilloscope operating in the leading mode. The signal
from FEU-62 was fed to the other input of the S9-8 oscil-
loscope. During combustion, along with recording the
emission from 

 

 (A

 

2

 

Σ

 

+

 

)

 

, we measured emission

around 1.4 

 

µ

 

m (

 

,

 

 

 

ν

 

 = 2) using an MDR-3 mono-
chromator (grating with 300 grooves per millimeter, sil-
icon filter). The spectral width of the slit was ~0.005 

 

µ

 

m.
The monochromator was calibrated against the charac-
teristic absorption bands of chloroform as described in
[17]. The emission measurement system consisted of
an FD-10 photodiode; a preamplifier; and U3-29, V6-9,
and U2-8 amplifiers connected in series. The signal
from the last amplifier was directed to an S9-8 oscillo-
scope. The variable signal was recorded by modulating
the emission with a mechanical shutter operating at a
frequency of 3300 Hz. The modulation envelope repre-
sented the time variation of the chemiluminescence
intensity.

The reactor was pumped to 

 

2

 

 × 

 

10

 

–3

 

 Torr. The gas
pressure in the reaction zone was measured with
VDG-1 and VIP-2 vacuum gages. 

 

ç

 

2

 

, D

 

2

 

, é

 

2

 

, SF

 

6

 

,

 

 and

 

C

 

3

 

H

 

6

 

 were reagent grade.

RESULTS AND DISCUSSION

 

Emission Spectra of the Branched-Chain Hydrogen 
and Deuterium Oxidation Flames

 

Figure 1 shows emission intensity data for the
spark-initiated combustion of stoichiometric hydro-
gen–oxygen and deuterium–oxygen mixtures in reactor I
in the presence and in the absence of the above admix-
tures in the spectral range of 820 to 860 nm. In this
spectral range, the 

 

2D

 

2

 

 + é

 

2

 

 mixture does not emit light
(curve 

 

1

 

). The emission spectrum of the 

 

2ç

 

2

 

 + é

 

2

 

 mix-
ture at 100 Torr (curve 

 

2

 

) contains bands at 823, 846,
and 852 nm. The bands at 823 and 852 nm are due to
the 

 

ç2é and ç2é2 molecules, respectively [14, 16].
The assignment of the 852 nm band to ç2é2 [14, 16] is
based on the fact that there are no bands assignable to
ç2é in the 840–892 nm range [21]. Comparison of
curves 1 and 2 suggests that the molecule emitting at
846 nm contains hydrogen atoms. The literature con-
tains no information concerning the assignment of the
846 nm band.

Figure 2 (curve 3) shows the emission spectrum of
the 2ç2 + é2 mixture in the 630–670 nm range
obtained under the same conditions. This spectrum

OH.

OH.

OH.
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contains two bands. The band at 656 nm is due to the
excited hydrogen atoms (656.3 nm) [12], which form in
the spark discharge. This is confirmed by the emission
spectrum of the spark in pure hydrogen (curve 1). The
excited deuterium atom gives rise to a band at 656.1 nm
[12] (Fig. 2, curve 2). However, the spectrum of the
hydrogen flame contains a band at 670 nm due to mol-
ecules containing hydrogen and oxygen atoms. Again,
the literature contains no information concerning the
assignment of the 670 nm band.

In reactor II, we investigated stoichiometric hydro-
gen–oxygen and deuterium–oxygen mixtures spark-
ignited at 230 Torr and mixtures consisting of 16.5 or
33% hydrogen and air ignited at atmospheric pressure
(Fig. 3). The data obtained with this reactor are similar
to the above data for the bands at 670, 846, and 852 nm.
Reducing the proportion of hydrogen in the mixture
eliminates the 846 nm band (curve 4). As can be seen in

Fig. 3, some ten bands adjoin the 852 nm band on its
long-wavelength side (∆λ ≈ 45 cm–1). These bands are
affected by the admixtures in the same way as the
852 nm band, so they can tentatively be assigned to
ç2é2. These bands occur at 852.1, 856.9, 860.0, 863.4,
866.7, 870.0, 872.4, 876.0, 881.4, and 886.0 nm.

Figure 4 shows the plots of the wave numbers of the
strongest overtone bands of the hydroxyl group of the
water, ç2é2, and çéNé2 molecules versus the num-
ber of the vibrational level, which are derived from ear-
lier reported data [6, 22, 23] (ν1 and δ are, respectively,
the wave numbers of the asymmetric stretching and
bending vibrations of OH). The overtones of the OH
stretches in the ç2é2 and çéNé2 molecules occur at
smaller wave numbers because the ν1 value is smaller
for these molecules than for ç2é. Obviously, this situ-
ation will also be observed for combined overtone
vibrations nν1 + δ since δ(ç2é) > δ(ç2é2) [22]. Thus,
the bands at 852, 846, and 670 nm are likely due to
combined OH vibrations in a molecule containing a
peroxide group. A portion of the absorption spectrum

λ, nm
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Fig. 1. Emission spectra of the flames of stoichiometric
mixtures of (2, 6, 7) hydrogen, (1, 4, 5) deuterium, and (3–
7) propylene with oxygen in the 810–860 nm range at T =
300 K and P = 100 Torr (spark initiation): (1) 2D2 + é2,
(2) 2H2 + O2, (3) 3% ë3ç6 + O2, (4) 1% ë3ç6 + 2D2 + O2,
(5) 2% ë3ç6 + 2D2 + O2, (6) 1.5% ë3ç6 + 2H2 + O2, and
(7) 3% ë3ç6 + 2H2 + O2.

λ, nm
630 650 670
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3

Fig. 2. Emission spectra of the flames of stoichiometric
mixtures of hydrogen and deuterium in the 630–680 nm
range at T = 300 K and P = 100 Torr (spark initiation):
(1) pure H2, (2) 2D2 + O2, and (3) 2H2 + O2.
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of HéNO2 in the ν(OH) = 3.4 overtone region [23] is
presented in Fig. 3 (curve 6). In this spectrum, the
bands at 877 and 883 nm were assigned [23] to the 3
combination and the band at 845 nm was assigned to
the 3 combination. By analogy, the bands at 852 and
670 nm in Fig. 3 (curves 1, 2) are assignable to the 3ν1

+ ν(N=O) combination, while the band at 846 nm has
no analogues. Note that the procedure described above
does not allow the 3ν1 band for ç2é2 to be recorded

because the spectral sensitivity of the OSA-500 instru-
ment is limited by λ = 900 nm on the long-wavelength
side.

With reactor II, it is possible to record the combined
bands of ç2é around 697 and 723 nm for the spark-
ignited stoichiometric ç2 + é2 mixture at 200 Torr.
Thus, the above procedure allows one to record all
expected overtone bands of the hydroxyl group in the
given wavelength range.

It was found that the intensity of the 852 nm band,
which is due to ç2é2, is much reduced by adding 2%
SF6, while the 846 and 670 nm bands persist up to 7%
SF6. The extinction effect of SF6 is unlikely to be selec-
tive, since the separation between the bands at 852 and
846 nm is 85 cm–1, which is smaller than kí. Further-
more, the intensity of these bands is as low as the noise
level in the self-ignition reaction at 733 K. This possi-
bly indicates that these bands are due to one chemical
compound other than ç2é2. This is also indicated by

λ, nm
840 870

λ, nm
850825 875 900

6

1
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3

4

5

CO

850 860 880

Fig. 3. (1–5) Emission spectra of the spark-initiated flames
of stoichiometric mixtures: (1) H2–O2 (230 Torr), (2) H2–
O2 in the presence of 2.7% ë3ç6 (230 Torr), (3) 33% H2 in
air (1 atm), (4) 16% H2 in air (1 atm), and (5) 16% H2 in air +
2.5% ë3ç6 (1 atm). (6) Portion of the overtone spectrum of
HONO2 [19].
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Fig. 4. The wave number of the vibrational transition in the
hydroxyl group as a function of the vibrational quantum
number for H2O, H2O2, and HONO2.
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the fact that the 846 nm band is missing from the spec-
tra of hydrogen-depleted mixtures, while the bands at
852–870 nm are reliably recorded (Fig. 3, curve 4).
Note that if vibrationally excited molecules of hydro-
gen peroxide result from reaction (I), there will be
insufficient energy for the excitation of the next OH
overtone in ç2é2, so this overtone will not be observed
in the spectrum. Indeed, we were unable to record the
4ν1 band of hydrogen peroxide (755 nm [22]). How-
ever, the recording of bands in this spectral range is
complicated by the fact that this range is very close to
the doublet due to potassium, whose traces are always
present in glasses [24] and give rise to very strong emis-
sion lines as compared to the OH overtones.

Energy sufficient for the excitation of the 670 nm
band is released in the reaction H + é2  .
Therefore, the 846 and 670 nm bands can tentatively be
assigned to combined transition in the OH group of the
çé2 radical. A study devoted to calculation of the
vibrational levels of the  radical [25] predicted the
existence of high-lying combined levels in 
around 850 nm (which have not been observed as yet).
Furthermore, the energies of the low-lying levels calcu-
lated using the same algorithm are in good agreement
with experimental data. This can be viewed as an argu-
ment in favor of our assignment. The wave functions of
the excited states containing a significant contribution
from the bending vibrations of OOH were also consid-
ered [25]. The wave numbers for the high-lying levels
(0, x, 0) and (1, x, 0), where x = 6–8, are reported to be
11377, 11607, 11840, and 11790 cm–1 [25]. These val-
ues are similar to the values measured in this study.
Thus, it is possible that the 846 nm band is not assign-
able to the frequency combinations considered in the
analysis of Fig. 4. Further studies are required for cor-
rect assignment of the spectral transitions.

Note that, of the ç2é overtones between 640 and
900 nm, only an emission band at 823 nm is observed
in the experiments in reactor I. As is noted above, the
bands at 697 and 723 nm [22] are observed only during
the combustion if stoichiometric hydrogen–oxygen
mixtures in reactor II. The overtone excitation can be
due the exothermic reaction

ç + é2 + å   + å. (II)

In the case of M = ç2é, the heat of reaction (II) is
47 kcal/mol [14, 26, 27], which is sufficient for the
excitation of the ç2é molecule in the overtone region.
Thus, the absence of emission at 697 and 723 nm in
reactor I, in which the heat-transfer conditions are bet-
ter than in reactor II, characterizes the specific features
of energy distribution in reaction (II), indicating that a
significant part of the released energy remains in the
vibrational degrees of freedom of the hydroxyl radical.

With reactor I, the  (A2Σ+) chemiluminescence
peak time is equal to the ç2é2 emission and λ = 846 nm

HO2
.

HO2
.

HO2
.

HO2
.

OH.

emission peak times, as well as to the time at which the
buildup rate of the luminescence of ç2é in the states
3ν1 + δ and 2ν1 (1.41 µm) reaches its maximum
(Fig. 5). The finding that the intensity peaks of the
emission bands at 823, 852, and 846 nm are separated
in time is further evidence that the bands at 852 and
846 nm are not due to the ç2é molecule and is in
agreement with earlier findings [16].

Note that the observed ç2é(v), (v), and
ç2é2(v) species cannot result from a thermal process
involving no chain reaction. Indeed, the flame tempera-
ture reported for the stoichiometric hydrogen–air mix-
ture (see, e.g., [4]) is 2050 K at atmospheric pressure.
At thermodynamic equilibrium, the concentration of
water vapor in the reaction product under these condi-
tions far exceeds the equilibrium concentrations of ç2

and é2 molecules and the  and ç2é2 concentra-
tions are too low to be detected in our experiments. At
the same time, as is demonstrated above (see, e.g., Figs.
1 and 3), detectable amounts of excited  and ç2é2

result from combustion. Therefore, the amounts of
vibrationally excited species ç2é2(v) and (v) that

HO2
.

HO2
.

HO2
.

HO2
.

0 40 6020 t, ms
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Fig. 5. Kinetics of luminescence at λ = (1) 306 nm, (2)
823 nm, (3) 846 nm, (4) 852 nm, and (5) 1.41 µm (T =
300 K, P = 100 Torr, spark initiation).
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result from the exothermic reactions are much greater
than the equilibrium amounts of these species.

Emission Spectra Arising from Hydrogen and 
Deuterium Oxidation in the Presence of ë3ç6

Figure 6 plots the self-ignition delay τ as a function of
the total gas pressure for the stoichiometric ç2 + é2 mix-
ture containing 1.5% ë3ç6. The inhibited self-ignition
limit under the conditions examined (τ  ∞) is 29 Torr.
The lower self-ignition limit for the propylene-free sto-
ichiometric mixture is 1.5 Torr, indicating the high inhib-
iting efficiency of ë3ç6 in hydrogen oxidation [19].

Figure 1 (curve 3) shows the emission spectrum for
the initiated ignition of 3% ë3ç6 in é2. This spectrum
differs from the spectra observed during ç2 + é2 com-
bustion (Fig. 1, curve 2; Fig. 3, curve 3). The character-
istic ignition time in this case is much longer than the
same time for the ç2 + é2 mixtures. Since the band at
859 nm (Fig. 1, curve 3) is not observed in hydrogen
combustion, it is not assignable to molecules contain-
ing an OH group. This band should be assigned to the
a'3Σ  a3Π transition in CO [28]. Note that the igni-

tion of a ë3ç6–é2 mixture containing more than 2.7%
ë3ç6 can be initiated under our conditions only with a
spark (0.9 J).

It is clear from Fig. 1 (curves 6, 7) that, in the pres-
ence of propylene, the relative intensity of the 846 nm
band (J846) is higher than the intensity of the 852 nm
band (J852). The reverse situation (J852 > J846) is
observed for the ignition of the propylene-free mixture
(Fig. 1, curve 2). The same relationship between the
band intensities is observed for mixtures in which hydro-
gen is replaced with deuterium (Fig. 1, curves 4, 5) and
is independent of the initiation technique. In the ignition
of the pure 2D2 + O2 mixture, there is no emission in this
wavelength range. The redistribution of emission inten-
sity between the 846 and 852 nm bands in the presence
of propylene is reproducible and is independent of the
order of runs involving and not involving propylene.

As is noted above, the combustion of the ë3ç6 + é2
mixtures containing less than 2.7% ë3ç6 and no hydro-
gen can be initiated neither with a hot coil nor with a
spark under the conditions examined. Observation of
the band at 846 and 852 nm in the mixtures containing
deuterium in place of hydrogen suggests that the band
due to ç2é2 and the band that we assigned to 
arise only from the deuterium-promoted oxidation of
the hydrocarbon. Therefore, these bands arise from the
reaction between propylene and the active sites of deu-
terium combustion. The finding that the 846 nm band is
missing from the spectra of the flames of lean hydro-
gen–air mixtures and appears in the presence of propy-
lene (Fig. 3, curves 4, 5) provides independent evidence
that the reaction involving propylene yields .

Thus, if the assignment of the 846 nm band to the
3ν1 + δ ( ) overtone is assumed to be correct on the
strength of the above arguments, the increase in the
intensity of this band can be ascribed to the buildup of
the vibrationally excited  species in the presence
of propylene, as was done in a previous study [11].

There has been a report on the mechanism of the
effect of propylene on hydrogen combustion [29]. The
ë3ç6 molecule adds a H atom without overcoming any
significant energy barrier. This is followed by the gen-
eration of a hydroperoxyl radical:

ç + ë3ç6 + (å)  ë3  + (å),

ë3  + é2  ë3ç7 ,

ë3ç7   ë3ç6 + ç .

This inhibition mechanism was verified experimentally
by using the EPR and LMR methods [11]. According to
LMR data, the introduction of a small amount of the
hydrocarbon into a steady-state hydrogen flame causes
a buildup of hydroperoxyl radicals in the combustion
zone. However, the question as to whether the hydro-
peroxyl radicals are in an overtone excited state was not
raised in that study. It can be assumed that the energy

HO2
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HO2
.
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*
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Ignition delay, s
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300 1.5% C3H6 + 2H2 + O2

733 K
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Fig. 6. Ignition delay as a function of total pressure for the
1.5% ë3ç6 + 2H2 + O2 mixture at T = 733 K.
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released in the last reaction is sufficient to excite the
 radical into the region of overtones. Indeed, the

overall heat of the above three reactions is 44 kcal/mol
[12]. The alkyl peroxy radical ë3ç7  decomposes,
having no time for deactivation. After its decomposi-
tion, part of the excitation energy resides in the vibra-
tional degrees of freedom of the  radical. Possibly,
this is not the only hydroperoxyl radical excitation
pathway in hydrocarbon oxidation.

For the oxidation of deuterium in the presence of
propylene, the most likely sequence of reactions is sim-
ilar to that presented above:

D + ë3ç6 + (å)  ë3ç6  + (å),

ë3ç6  + é2  ë3ç6D ,

ë3ç6D   ë3ç5D + .

Thus, a system of emission bands between 852 and
880 nm is observed for hydrogen–oxygen and hydro-
gen–air mixtures. These bands are assigned to the ç2é2
molecule excited into the overtone energy range. This
molecule results from the reaction  +  

ç2  + é2. Bands at 670 and 846 nm are also
observed in the overtone range, which are assigned to
the vibrationally excited radical  resulting from
the H + é2 reaction. Hydrogen combustion inhibited by
small admixtures of propylene also yields vibrationally
excited  radicals.
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