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Emission spectra from C2H2 + O flames have been studied in a low-pressure, fast flow discharge system
under highly dilute, fuel-lean conditions from 295 to 873 K. Our previous work with room-temperature flames
has been extended to look for temperature-induced changes in the relative populations of triplet CO(a), (a′),
(d), and (e) reaction products by observing chemiluminescent emission in the 185-900 nm wavelength region.
The effect of temperature on the relative yields of the CO triplet states was small, and the production rates
increased linearly with the temperature-dependent rate of the initial O+ C2H2 reaction step. To test the
importance of C2O as a major pathway to triplet state CO, similar experiments were performed on C3O2 +
O flames. The relative yields of the CO triplet states showed little temperature dependence; however, the
overall triplet production rate increased much faster with temperature than the initial O+ C3O2 reaction and
may be related to temperature variation of the branching ratio yielding C2O in the initial reaction. Relative
vibrational level populations were determined in the CO triplet states and were slightly hotter in C3O2 flames
than in C2H2 flames throughout the temperature range.

1. Introduction

Emissions from electronically excited CO (CO*) are an
important component of spectra from low-pressure hydrocarbon
flames, but the chemical pathways from low molecular weight
hydrocarbons to CO* are not fully understood. Although the
Cameron CO(afX), Asundi CO(a′fa), Triplet CO(dfa), and
Herman CO(efa) emission band systems in hydrocarbon flames
have been reported in several studies, not all band systems are
consistently observed. In our previous work,1 extensive Cameron
and Asundi emissions were observed for the first time in low-
pressure, fuel-lean, highly dilute flames of acetylene (C2H2) and
carbon suboxide (C3O2) with oxygen atoms (O). CO* triplet
yields and vibrational distributions in thea, a′, d ande states
were measured at room temperature with both fuels. Since triplet
production is a relatively minor process in those flames at room
temperature, the potential exists that at higher temperatures
thermal energy may activate reaction pathways, or alter branch-
ing ratios, changing the CO* state distributions and overall triplet
yields.

Burke et al.1 demonstrated from the measured triplet CO*
state distributions in room-temperature C2H2 + O and C3O2 +
O flames that the CO(a) state, which gives rise to Cameron
band emission, was most likely populated via radiative cascade
from the higher triplet states. It was also found that within the
limits of experimental error, the relative populations of all triplet
states (i.e.,a, a′, d, ande) were the same for C2H2 + O and
C3O2 + O flames. The vibrational level distributions in a given
triplet state were also nearly the same for both fuels. Thus, the
same reaction mechanism was inferred for the production of
CO* emission for both fuels, giving a strong indication that
C2O + O is the major reaction pathway in both reaction systems,
at least at room temperature, as was inferred originally by Becker
and Bayes.2

The primary thrust of the present work is to examine the
combustion of C2H2 in O atom flames at elevated temperatures.
The C3O2 + O reaction was also examined as a function of
temperature since it appears that the only viable source of CO*
in this system,

is also the main source of CO* emission when acetylene is
burned in fuel-lean atomic oxygen flames.1-6 The C2H2 + O
reaction process is complex, giving rise to several precursors
that could lead to CO*:

The exothermicity of reaction r4 is based on a value of
∆Hf,298

o (C2O) ) 92 kcal/mol,2,7 although other evaluations
have suggested a value of 68.5 kcal/mol.8 The exothermicities
of reactions r2 and r3 are insufficient to populate the CO(e)
state, so Herman band emissions are not expected unless
significant contribution from reaction r4 is present. It has been
observed that the Herman system is extensively populated in
acetylene combustion,1,2 which is consistent with reaction r4
being the primary source of CO* in room-temperature acetylene
flames, although some participation of reactions r2 and r3 is
not ruled out.

The production of triplet CO in C2H2 and C3O2 flames with
O atoms is a relatively minor process at room temperature under
low-pressure, fuel-lean conditions. The total yield of triplet CO-
(a, a′, d, ande) is approximately 4× 10-4 to 5 × 10-3 per
C2H2 molecule reacted and 7× 10-5 to 1 × 10-3 per C3O2

molecule reacted.1 The small yield is due both to small chemical
yields of CO* precursors and small yields of electronically† Part of the special issue “C. Bradley Moore Festschrift”.

C2O + O f CO + CO* (r1)

CH + O f CO + H ∆H ) -176 kcal/mol (r2)

CH2 + O f CO + H2 ∆H ) -178 kcal/mol (r3)

C2O + O f CO + CO ∆H ) -204 kcal/mol (r4)
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excited CO in the final reaction step. The important reactions
and branching ratios, however, could be temperature dependent.
First, from measurements in the C3O2 + O system,1 the yield
of CO* per C2O + O reaction was estimated to be 3× 10-3 to
5 × 10-2. The somewhat uncertain2,7,8exothermicity of reaction
r4 is only a little larger than the term energies of the CO (d)
and (e) states (i.e., 175 and 184 kcal/mol, respectively). Thus,
the small branching ratios to the different CO* states could be
affected by thermal activation of the reactants. Second, the
production of C2O itself is a minor process with a direct yield
reported to be<1% in the C2H2 + O reaction9 and∼2.3% in
the C3O2 + O reaction10 at room temperature. The production
of C2O could have an activation energy greater than that of the
main branch of the producing reaction in both flame systems,
resulting in higher relative yields at higher temperatures. Third,
it has been suggested on the basis of the relative CO* yields
per C2H2 and C3O2 molecule that the C2O in the C2H2 + O
flame may come predominantly from the reaction of O atoms
with the ketenyl (HCCO) radical.11 HCCO is formed in the C2H2

+ O reaction with a yield of 80( 15% nearly independent of
temperature in the range of 290 to 1200 K.5,12,13 A room-
temperature branching fraction of∼11% into the C2O-producing
channel from the HCCO+ O reaction has been postulated to
explain the intensity of CO* emission in the C2H2 + O flame.1

This minor branch of the reaction (the major products are 2CO
+ H) has not yet been substantiated. If this branch is important
in overall C2O formation, its temperature dependence would
affect CO* yield at high temperatures. An example of the effect
of temperature on branching fractions exists for a different minor
channel of the HCCO+ O reaction. Recently, a channel that
produces CH(a4Σ- and X2Π) was identified and found to
increase with temperature from 6% of the total reaction at room
temperature to 15% at 960 K, corresponding to an activation
temperature of 560 K for the branch compared with 120 K for
the total reaction.14 Finally, precursors other than C2O could
be thermally activated to contribute to CO* production. CH and
CH2 in reactions r2 and r3 are apparently not important sources
of CO* in fuel-lean, low-pressure C2H2 + O flames at room
temperature, although the exothermicities are slightly larger than
the threshold for producing CO(d) and not much below the
threshold for CO(e). It is possible that the CO* yields of these
reactions, as well as the relative rates of the reactions that
produce CH and CH2, could be enhanced at higher temperatures.

The production of C2O in the C3O2 + O flame is an important
element of our analysis of CO* emission. Two branches of the
O atom reaction with C3O2 are10,15

where reaction r5a is the main branch at room temperature. Pilz
and Wagner15 saw little or no CO2 as a gas-phase reaction
product in their mass spectrometer measurement of the effluent
of reaction r5 at low to moderately elevated temperatures. The
implied branching fractionk5b/k5 was small (<1%) between 250
and 450 K. Williamson and Bayes10 observed a 2.3( 0.5%
yield of CO2 from reaction r5 in room-temperature photolysis
of dilute mixtures of N2O and C3O2. Liuti et al.18 reported a
branching fraction of∼7% (with an uncertainty range of 3%-
16%) from mass spectrometer measurements at room temper-
ature. The somewhat uncertain branching fraction is apparently
small at low temperatures, but could be different at higher
temperatures.

2. Experimental Section

2.1. Apparatus.Figure 1 shows a diagram of the fast flow
discharge system (FFDS) heated flowtube. A 1× 1 in. square
quartz tube was heated with heavy-duty Nichrome heating tapes
in two sections, upstream and downstream of the spectrometer
viewing position. The heaters were independently monitored
and controlled by chromel-alumel thermocouples sandwiched
between the tube and heating elements. The chemiluminescence
signal was observed through the walls of the quartz flowtube,
which were comparable in transparency to quartz optical
windows. The spectrometer viewed a narrow axial range of the
hot zone through evacuated quartz inserts (with calcium fluoride
outer windows), which were installed to avoid localized
convective cooling of the viewing region by the ambient air.

All gas flows were fed through stainless steel lines and
metered through MKS, Inc., mass flow controllers. O atoms
were generated by passing 0.5% O2 in Ar through a 40 W
microwave discharge in a 12 mm diam quartz side tube. Surfaces
between the discharge and heated section of the flowtube were
coated with halocarbon wax to reduce O recombination. The O
atom flows were determined before and after each run by
titration with NO2 upstream and downstream of the hot zone.
Typical O atom flows were 0.9 to 1.3 sccm in 570 sccm Ar,
with undissociated O2 flows between 2.3 and 2.5 sccm.
Acetylene and carbon suboxide flows were typically 0.18 and
0.29 sccm, respectively. The total pressure was 3 Torr in all
runs. The velocity of the gas flow in room-temperature regions
of the flowtube was 4 m/s and ranged from 4 to 12 m/s in the
hot zone, depending on temperature.

Fuel (mixed in Ar) was injected 16 cm upstream of the
spectrometer viewing position at the beginning of a hot zone.
The quartz injector at the end of a sliding tube consisted of a
cross with 4 arms extending 0.95 cm radially from the flowtube
centerline and drilled with several 0.05 cm holes to inject fuel
transverse to the main flow. The temperature in the hot zone
was measured in the center of the tube with a sliding chromel-
alumel thermocouple. The temperature increased linearly with
distance from room temperature at the beginning of the hot zone
to a temperature 80% of the way to the set point temperature at
a distance of 6 cm and achieved the set point temperature a
short distance into the remaining 10 cm of the hot zone before
the viewing region.

In the present apparatus, the opportunity for thermalization
and mixing of the O atom and fuel flows was better than in our
previous work.1 The distance from the microwave discharge
source to the fuel injection point was∼0.6 m, providing extra
opportunity for quenching of metastable species before mixing
with the fuel. Location of the fuel injection position 16 cm
upstream of the viewing region allowed ample time for mixing
of the fuel and O atom flows. In C2H2 flames, visible emission
from CH(AfX) and other minor species was seen to fill the

C3O2 + O f 3CO ∆H ) -116 kcal/mol (r5a)

C3O2 + O f C2O + CO2 ∆H ) -39.3 kcal/mol (r5b)

Figure 1. Diagram of the fast flow discharge system.
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flowtube cross section∼3 cm downstream of the injector. The
observation is in agreement with the calculated time of 7-10
ms (i.e., distance of 3-4 cm at a flow speed of 4 m/s) for
molecular diffusion to spread fuel from the initial injected radial
locations to the walls of the flowtube.

A 0.3 m f/5.3 McPherson folded-beam spectrometer was used
to record the chemiluminescence signal through a 3.5 cm diam,
f/5 calcium fluoride lens. Two 1200 line/mm gratings were used
to cover the spectral region from 185 to 900 nm, one blazed at
200 nm and the other at 500 nm. The beam-folding mirrors in
the spectrometer were coated with LiF to maximize UV
reflectivity, and the spectrometer was continuously purged with
dry nitrogen. The spectrometer was fitted with a Princeton
Instruments optical multichannel analyzer (OMA), recording
about 700 channels over an average 32.5 nm range. Continuous
spectral plots were obtained by rotating the grating 25 nm with
a stepper motor under computer control between each exposure.
The two gratings were manually interchanged at 325 nm. Two
long-pass interference filters were inserted at the appropriate
wavelengths to prevent interference from second-order spectral
components. Sixty signal spectra with fuel on and background
spectra with fuel off were taken for each run covering the range
from 185 to 900 nm.

The relative sensitivity of the spectrometer as a function of
wavelength was calibrated from 300 to 900 nm using a standard
tungsten filament lamp traceable to NIST data. The 185-300
nm wavelength range was calibrated with a deuterium lamp and
found to be relatively flat until near the 185 nm cutoff of the
OMA. Wavelength calibration was accomplished with a quartz-
jacketed Hg pencil lamp in the UV and visible portions of the
spectrum and with Ar emission lines from a plasma discharge
in the near-IR. The wavelength accuracy was better than(1
nm over the entire spectral range.

Matheson 99.994% purity Ar was used as the buffer gas.
Acetylene was purchased as 2.0% in Ar from Matheson.
Methane, ethane and ethylene were commercial purity and
diluted to 2.0% in Ar in a stainless steel bomb prior to use.
Carbon suboxide was prepared by dehydration of malonic acid
with phosphorus pentoxide, as described previously.1 The
sequence of preparation and distillations used in our previous
work was found to yield 50-60% C3O2, along with 40-50%
CO2. No additional attempts were made to remove CO2, since
in these experiments the residual CO2 is an insignificant
contributor with respect to combustion of the fuels, or quenching
of CO(a). The C3O2/CO2 mixture was diluted to 10% in Ar in
a Pyrex bulb to facilitate accurate metering of the fuel flow.

2.2. Calibrations and Corrections.Since fuel and O atoms
were partially consumed in the FFDS before reaching the
spectrometer viewing position, it was necessary to correct the
input flows for consumption and for temperature to obtain
densities at the viewing position. The fuel+O reaction losses
were integrated numerically from the injector position (assuming
initial uniform mixing) to the viewing position, using the
measured temperature profile to determine densities, flow speed,
and reaction rate constants. For C3O2 fuel, one O atom was
removed per fuel molecule reaction, corresponding to the main
reaction channel, C3O2 + O f 3CO. For C2H2, 2.3 O atoms
were depleted per fuel molecule reaction, including the average
additional 1.3 O atoms removed by the sequence of fast,
branched reactions that follow the initial step. Table 1 shows
the reaction rate constants used in the analysis.12,15-18 Figure 2
shows the calculated species densities at the spectrometer
viewing position as a function of temperature for typical sample

flows of 570 sccm Ar, 1.2 sccm O, 2.4 sccm O2, and either
0.18 sccm C2H2 or 0.29 sccm C3O2.

It was also necessary to account for quenching of CO(a) by
the species in the flowtube. The CO(a) state is long-lived (∼7.6
ms)19 and is strongly quenched by C2H2, O, O2 and presumably
also by C3O2, although no quenching rate constants are available
for C3O2. For our conditions, quenching by Ar is more than 2
orders of magnitude slower than quenching by the other
species.19 Table 1 lists the quenching rate constants used in the
data analysis. A temperature dependence proportional to the
collision rate was used (i.e.,T1/2), based on measurements for
a variety of quenchers in the 77-300 K range.20 The rate
constant for quenching by C3O2 was taken to be the same as
for C2H2, although quenching by the fuel species is a minor
factor. Possible quenching of the CO(a′), (d) and (e)states is
considered with the data analyses in section 3.

Since pyrolysis of C3O2 could yield products that would react
with O atoms to produce CO*, as well as alter the calculated
fuel density in the spectrometer viewing region, we performed
mass spectroscopic studies to look for dissociation of Ar-diluted
C3O2 in the FFDS hot zone in the absence of oxygen atoms
and molecules. An Extrel quadrupole mass spectrometer was
installed to sample the flowtube gases 10 cm downstream of
the hot zone via a length of fluoropolymer tubing. At room
temperature, the C3O2 mass spectrometer signal was determined
to vary linearly with the measured flow of fuel into the FFDS.
When the flow was held constant and the FFDS heated, the
C3O2 signal remained constant, even at temperatures up to 673
K, indicating excellent short-term stability of C3O2 in the hot
zone.

3. Results

3.1. Acetylene Flame.The CO* band systems observed in
the C2H2 + O flame emission spectra are illustrated in Figures
3 and 4, which cover the UV and visible/near-IR spectral

TABLE 1: Rate Constants Used in Data Analysisa

reaction E/R (K) A (cm3 molecule-1 s-1) rate const

C3O2 + O f products 1070 1.67× 10-11 A e-E/RT

C2H2 + O f products 1740 5.05× 10-11 A e-E/RT

CO(a) + O2,O f CO + O2,Ob 2 × 10-10 A(T/295)1/2

CO(a) + C2H2 f CO + C2H2 7.4× 10-10 A(T/295)1/2

a References 12 and 15-19. b O and O2 have similar rate constants
((10%).

Figure 2. Calculated species number densities at spectrometer viewing
position as a function of temperature. Results are for typical C2H2

(triangles) and C3O2 (squares) flames. Argon density (not shown) is
238 times the O2 density.
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regions, respectively. For display purposes, the spectra in Figures
3 and 4 are offset and scaled so that the spectra have similar
intensities at the different temperatures. The CO(afX) Cameron
band system dominates the UV portion of the spectrum, with
the ν′fν′ - 2, ν′ - 1, ν′, ν′ + 1, ν′ + 2, ν′ + 3, andν′ + 4
vibrational progressions proceeding to the red from wavelengths
of approximately 192, 199, 206, 216, 226, 237, and 250 nm,
respectively. At low temperatures, there is a trace of CO(AfX)
Fourth Positive emission between 185 and 192 nm, particularly
on the (1,6) vibrational transition at 186 nm. Between 280 and
450 nm, no significant emissions from CO* were observed, but
strong CH(AfX) and (BfX) and OH(AfX) emissions were
seen. In the 460-520 nm region, the C2(dfa) Swan bands are
prominent at low temperatures, but decrease rapidly at higher
temperatures relative to the CO* emissions. In the red and near-
IR portions of the spectrum, the Herman (efa), Triplet (dfa),
and Asundi (a′fa) band systems of CO are observed. Adjust-
ment of the fuel flow, while maintaining a large excess of O
atoms, yielded fuel reaction orders for the observed emission
band systems from electronically excited CO, CH, OH, and C2.
The CO bands were all first order in fuel over the entire

temperature range. The apparent reaction order of the CH, OH,
and C2 bands was higher than first order and increased with
temperature. The apparent order in fuel ranged between 1 and
2 for OH(AfX) and between 2 and 5 for CH(AfX). The order
for CH(AfX) agrees with the production mechanism established
by the group of Peeters21 in dilute, low-pressure C2H2/O/H
flames, where the total order in C2H2 and C2H2-derived H atoms
would be 2-4 for the different contributing reaction sequences.

At each temperature, the total band system intensity of each
of the four prominent CO* band systems was determined by
summing the intensities of the individual vibrational components
of the system. All band systems were essentially complete,
except for the Asundi system, which included only the (4,0)
and higher vibrational transitions. The total band system
intensities at each temperature were then normalized by dividing
by the calculated reactant concentrations (i.e., C2H2 and O
atoms) at the spectrometer viewing position, and CO(a) emission
was corrected for quenching. The resulting total band system
relative intensities are shown in an Arrhenius plot in Figure 5.
For comparison purposes, the intensities of each system have
been multiplied by a factor that normalizes the system’s intensity
to 1 at 473 K. The total intensities of the Triplet, Cameron, and
Asundi band systems have a very similar temperature depen-
dence from room temperature through 873 K. The small
deviation of the Herman band system intensity from the common
trend at high temperature may be the result of incompletely
resolving the Herman bands from the C2 Swan bands, which
change in intensity dramatically with temperature (Figure 4).
We note that at room temperature the production rates of the
CO(a′), (d) and (e) states in the O+ C2H2 flame were
determined to be in the ratio of 84:29:7 and that the CO(a) state
production rate was essentially equal to the sum of the upper
state rates, since thea state was produced entirely (within
experimental uncertainty) by radiative cascade from those
states.1 Figure 5 shows that the rates of production of thea, a′,
d ande states remain essentially the same with respect to each
other from room temperature up to 873 K (i.e., the slopes of
the curves for each system are about the same).

The Arrhenius plots of the total band system relative
intensities yield an apparent activation temperature (i.e., apparent
activation energy divided byR) for the production of the CO
triplet states. A least-squares fit to the data givesE/R ) 1970
( 300 K and is indicated by the heavy line in Figure 5. The

Figure 3. Ultraviolet emission spectra from C2H2 + O flame, showing
Cameron band emissions, as well as dim Fourth Positive emissions
below 192 nm. For comparison, the spectra have been offset and scaled
to yield approximately the same intensity for different temperatures.

Figure 4. Visible/near-IR emission spectra from C2H2 + O flame,
showing Herman, Triplet and Asundi bands, as well as C2 Swan bands
below 520 nm. For comparison, the spectra have been offset and scaled
to yield approximately the same intensity for different temperatures.
The (ν′,0) vibrational assignments for theefa, dfa anda′fa systems
are shown.

Figure 5. Arrhenius plots of the total band system relative intensities
of Cameron, Herman, Triplet and Asundi systems in acetylene flame.
For comparison, the relative intensities of each system are normalized
to 1 at 473 K; the base e logarithm is plotted. The heavy line is the
least-squares fit of an activation temperature.
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result is a little higher than the value of 1740 K in Table 1 for
the activation temperature of the first reaction step in acetylene
combustion, C2H2 + O f products, but is within the combined
experimental uncertainties. It is noted that over the wide
temperature range of 195-2500 K the rate constant for the
reaction, C2H2 + O f products, is best fit with a temperature-
dependent Arrhenius preexponential factor;12 however, in the
295-873 K range of interest, the simple two-parameter Arrhe-
nius expression in Table 1 is an excellent fit.

In normalizing the band system intensities in Figure 5, a
correction was applied for quenching of CO(a), but not the other
triplet states. Although the radiative lifetimes of thea′, d ande
states (∼5 µs)19 are 3 orders of magnitude shorter than thea
state, it appears from a sparse collection of quenching rate
constant data19 that some quenching of these states may occur
for our conditions. The available rate constants are inadequate
for a detailed quenching correction, so we have estimated the
effect of a “strong quenching” condition. Assuming that the
quenching rates are much greater than the radiative rates of the
a′, d ande states and that the quenching rate constants have a
T1/2 dependence, a correction was applied to the band system
intensities analogous to the correction to the Cameron band
intensities. The resulting Arrhenius slopes of thea′, d and e
state band system intensities were slightly smaller than in Figure
5, giving a least-squares fit activation temperature of 1790 K,
approximately 180 K less than the original fit. The best
activation temperature probably lies between the uncorrected
and “strong quenching” results.

The total band intensity data are most simply interpreted to
suggest that the temperature dependence of the intensity of all
of the triplet CO* band systems is due to the temperature
dependence of the initial C2H2 + O reaction step, and that the
subsequent steps to produce CO* are relatively independent of
temperature as to CO triplet state yield and distribution. The
subsequent steps that are expected to generate CO* are very
fast and are unlikely to kinetically limit the production rate of
CO*. These observations, when combined with the conclusions
of other work regarding the C2O intermediate,1,2,6 suggest that
under dilute, low-pressure, fuel-lean conditions, C2O is the major
precursor to CO* over a broad range of temperature in the C2H2

+ O flame system and that the branching fractions for the
reactions that produce C2O and the relative CO* triplet yields
from the C2O + O reaction are relatively temperature indepen-
dent.

3.2. Carbon Suboxide.When C3O2 was used as fuel, spectra
very similar to those obtained with C2H2 were recorded. At room
temperature, however, emission from the C3O2 flame was too
dim to accurately record, even with very long integration times.
Above 350 K, the increase in CO* emission intensity with
temperature was dramatic. This behavior appears to be due partly
to the rapid reactive depletion of C3O2 and partly to increased
branching to reaction r5b with increasing temperature (see
below). Figures 6 and 7 show carbon suboxide flame emission
spectra in the UV and visible/near-IR regions, respectively. The
CO* triplet state emissions from the C3O2 flame appear to be
vibrationally hotter than those from the C2H2 flame. The higher
vibrational bands of the Triplet and Herman systems are
significantly more pronounced with respect to the lower bands
in the C3O2 flame spectra (Figure 7) than in the C2H2 flame
spectra (Figure 4), although the highest bands are slightly
obscured by overlap with CH and C2 emissions in the C2H2

spectra. Also, CO(AfX) Fourth Positive bands are seen just
inside the 185 nm cutoff of the OMA in the C3O2 spectra,

whereas the same bands are barely observable in the analogous
C2H2 flame spectra.

Figure 8 is an Arrhenius plot of the total band system relative
intensities of CO* triplet emission from the C3O2 + O flame.
The spectral data were summed to get total band system
intensities, normalized to reactant concentrations in the viewing
region, and corrected for quenching of CO(a) in the same way
as the acetylene spectra, using the same band integrations. For
comparison purposes in Figure 8, the intensities of each system
have been multiplied by a factor that normalizes the system’s
intensity to 1 at 473 K. An apparent activation temperature can
be derived for production of CO* in thea′, d ande triplet states,
which display essentially the same relative behavior with
temperature. A least-squares fit gives the valueE/R ) 3040(
300 K in the temperature range 373-873 K and is indicated by
the heavy line in Figure 8. If thea′, d ande state emissions are
corrected with a “strong quenching” approximation, analogous
to the procedure described for the C2H2 data, the fit gives an
activation temperature of 2780 K. The relative production rates
of thea′, d andestates with respect to each other are essentially
the same at high temperature as at room temperature. The
intensity of the Cameron band system (excluded from the fit)
appears to increase a little more rapidly with temperature than

Figure 6. Ultraviolet emission spectra from C3O2 + O flame. For
comparison, the spectra have been offset and scaled to yield ap-
proximately the same intensity for different temperatures.

Figure 7. Visible/near-IR emission spectra from C3O2 + O flame.
For comparison, the spectra have been offset and scaled to yield
approximately the same intensity for different temperatures. The (ν′,0)
vibrational assignments for theefa, dfa anda′fa systems are shown.
A distortion near 762 nm is due to O2(bfX) background emission.
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the Herman, Triplet, and Asundi band systems. It is unlikely
that this indicates a difference in quenching of CO(a) by C2H2

and C3O2, which is estimated to be relatively unimportant
compared with quenching by O and O2 (Figure 2 and Table 1).
A possible explanation could be the thermal activation of another
minor chemical pathway that populates CO(a) in the C3O2 flame.

The apparent activation temperature for CO* emission is
much greater than the activation temperature of 1070( 165 K
for the initial reaction, C3O2 + O f products, deduced from
rate constant measurements in the 250-450 K temperature
range.15,18The range of Arrhenius slopes implied by the reported
activation energy of the initial reaction is shown as a shaded
region in Figure 8, anchored to a relative intensity value of 1 at
473 K for comparison purposes. Since the CO* activation
temperature is much larger than the value observed for CO*
emission from C2H2 + O, which also presumably involves C2O
+ O as the main chemiluminescent step, it is unlikely that it is
associated with the C2O + O reaction. A possible explanation
is that the activation temperature measured for the initial reaction
at lower temperatures is inaccurate, although the reported
uncertainty is small. Another possible explanation is a large
activation temperature for the branch of the C3O2 + O reaction
that produces C2O.

We consider here the possibility that the measured activation
temperature describes reaction r5b. Because the rate constant
for reaction r5b implied by our measured activation temperature
and a room-temperature branching fraction of a few percent
becomes comparable to the presumed total reaction rate constant
(Table 1) at high temperature, a correction to our procedure for
calculating species densities at the viewing position is required.
An iterative solution to expressions fork5a and k5b was
performed, subject to the constraints imposed by the measured
value of k5 ) k5a+k5b in the 250-450 K range, a room-
temperature branching fractionk5b/k5 of approximately 1%-
3%, and our measured activation temperature fork5b. Expres-
sions fork5a andk5b were postulated, and species densities were
calculated at the viewing position, followed by an Arrhenius
fit to the band system intensities (corrected by the new species
densities) to obtain a new activation temperature fork5b. The
iteration was repeated and converged toward the approximate
solutions,k5a ) 1.2× 10-11 exp(-900/T) andk5b ) 2.7× 10-11

exp(-2500/T). The corresponding total reaction rate constant

is well fit in the 250-450 K range by the expression,k5 ) 1.4
× 10-11 exp(-933/T), which is within uncertainty limits of the
measured value.15,18 At 295 K, k5b/k5 is 0.01, comparable to
the low end of the range of reported values.10,15The activation
temperature of 2500 K fork5b agrees with the value of∼2700
K that results from the iterated Arrhenius fit to the intensity
data. The derived rate constant expressions imply a large
increase with temperature for the branching fractionk5b/k5,
reaching a value of 0.26 at 873 K.

3.3. Comparison of C2H2 + O and C3O2 + O Flame
Spectra.To quantitatively compare the CO triplet state vibra-
tional distributions for C2H2 and C3O2 flames, the (ν′,0)
vibrational bands within a given band system were individually
integrated and converted to a relative upper vibrational level
population with the equation

wherePν′ is the relative population of theν′ upper level,Iν′,0 is
the integrated intensity of the (ν′,0) transition,νν′,ν′′ is the
frequency of the (ν′,ν′′) transition,qν′,ν′′ is the Franck-Condon
factor,1 and the sum is over allν′′ lower states. The (4,0) Asundi
band was close to the OMA cutoff wavelength, resulting in more
uncertainty in the relative population of thea′, ν′ ) 4 level.
Figures 9 and 10 show the relative vibrational level populations
of the CO(a′) and (d) states, respectively, for both the C2H2

and C3O2 flames. For display purposes, the relative vibrational
populations derived for the two fuels are normalized to theν′
) 5 result in the Asundi (a′fa) system (Figure 9) and to theν′
) 0 result in the Triplet (dfa) system (Figure 10). Higher
vibrational levels of the Asundi and Triplet systems, as well as
the entire Herman (efa) system, were not included in the
comparisons, due to overlap with other CO* emissions and with
C2 Swan bands in the C2H2 flame. Aside from small differences
near the uncertainty level, the vibrational distributions were
relatively independent of temperature over a range of high
temperatures. Therefore, the data from the higher temperature
runs were pooled, and the results shown in Figures 9 and 10
are actually average relative vibrational population distributions

Figure 8. Arrhenius plots of the total band system relative intensities
of the Cameron, Herman, Triplet and Asundi systems in carbon
suboxide flame. For comparison, the relative intensities for each system
are normalized to 1 at 473 K; the base e logarithm is plotted. The heavy
line is the least-squares fit of an activation temperature (neglecting
Cameron). The shaded region is the range of activation temperatures
reported for the C3O2 + O reaction at low to moderate temperature.

Figure 9. Relative vibrational level populations of CO(a′) typical of
the 473-873 K temperature range. “Carbon suboxide (1)” refers to
the result at room temperature with the fuel injection point located 1
cm upstream of the spectrometer viewing position. Populations are
normalized to 1 atν′ ) 5.

Pν′ ) Iν′,0[ υν′,0
3 qν′,0

∑
ν′′

υν′,ν′′
3 qν′,ν′′]-1
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over the temperature range of 473 to 873 K. For both fuels, the
vibrational distributions in Figures 9 and 10 are a little hotter
than the distributions measured in our previous work at room
temperature,1 possibly due to the extra thermal energy available
to the reactants in the higher temperature experiments.

A few additional experiments were performed at room
temperature on the C3O2 + O flame with the fuel injector located
1 cm upstream of the spectrometer viewing position, instead of
at the normal location 16 cm upstream of the spectrometer. This
arrangement simulates the conditions of our previous room-
temperature experiments in a different apparatus where the
spectra were recorded from a region 1-3 cm downstream of
the fuel injection point. With the same flows as in other
experiments reported here, the entire spectral signature of CO*
was observed at room temperature. The CO(a′) and (d)
vibrational populations derived with the injector located 1 cm
upstream of the spectrometer are included in Figures 9 and 10,
labeled “Carbon Suboxide (1)”. On average, the vibrational
distributions in thea′ and d states are very similar to those
observed at high temperatures with the injector located 16 cm
upstream.

The relative vibrational populations of the CO(a) state are
not included in the comparisons in Figures 9 and 10, but were
essentially identical for the two fuels and independent of
temperature (e.g., Figures 3 and 6). The vibrational populations
in thed state (and to a lesser extent thea′ state), however, appear
somewhat hotter in the C3O2 + O flame spectra. The difference
between the Cameron emission and the other triplet emissions
may reflect the different dominant population mechanisms of
the triplet states. At room temperature1 and probably at higher
temperatures, the CO(a) state is populated almost entirely via
radiative emission from higher triplet states involving highly
nondiagonal Franck-Condon factors. The resulting vibrational
distribution in thea state may not reflect very strongly the
vibrational distributions in the upper electronic states of the
radiative transitions. Thea′ andd states, however, are populated
directly in the chemical reaction, and thus their vibrational
distributions would be more sensitive to the internal energy of
the C2O precursor. The C2O may be more highly vibrationally
excited in the carbon suboxide flame due to the higher
exothermicity of the C3O2 + O reaction, compared with the
reactions that generate C2O in the acetylene flame. The
exothermicity to ground electronic states of the C3O2 + O f

C2O + CO2 reaction (i.e.,-39.3 kcal/mol, based on∆Hf,298
o )

92 kcal/mol for C2O)2,8 is larger than the exothermicity of the
C2H2 + O f C2O + H2 reaction (i.e.,-21.8 kcal/mol),2,8 or
the HCCO+ O f C2O + OH reaction (i.e.,-1 kcal/mol),2,8,22

which are the postulated sources of C2O in the acetylene flame.
Extra internal energy deposited in C2O could be passed to CO*
in the subsequent C2O + O reaction. The enhanced presence
of CO(AfX) Fourth Positive emission in the C3O2 flame is also
consistent with a more energetic CO*. The CO(A) state is
apparently populated via intersystem crossing from high-lying
triplet states,23,24 and only CO(e) and CO(d, v > 3) states are
energetic enough for this transfer to occur.25

Chemiluminescence from O atom flames with methane (CH4),
ethane (C2H6) and ethylene (C2H4) was also briefly investigated.
Tjossem and Cool3 have reported the detection of the C2O
radical in several light hydrocarbon/O2/Ar flames at low
pressure, using multiphoton ionization techniques. On the basis
of the presence of C2O, the detection of CO* emissions from
these fuels might reasonably be expected, although to our
knowledge, these emissions have not been previously reported,
at least under very fuel-lean conditions. Because of the slow
reaction of O with CH4 and C2H6, the emission was weak, but
Cameron bands were clearly observed above temperatures of
∼600 K for our typical fuel and O atom concentrations.
Cameron, Asundi, and Triplet emissions were observed from
C2H4 flames at temperatures above 373 K, with a CO(a)
vibrational distribution similar to that of the acetylene and
carbon suboxide flames.

4. Summary and Conclusions

A comparison of CO* triplet state yields and vibrational
populations was used in previous work to infer that the same
reaction is responsible for CO* formation in dilute, low-pressure,
fuel-lean flames of C3O2 and C2H2 with O atoms at room
temperature.1,2 Specifically, the C2O + O reaction appeared to
be the main source of CO* for both fuels. Essentially the same
relative triplet state yields and vibrational level distributions in
the upper states were observed for both fuels in the Cameron,
Asundi, Triplet and Herman band systems.

In the present study, we have examined the temperature
dependence of the previous observations. The close similarity
of the C3O2 and C2H2 flame emission spectra at high temperature
was consistent with previous work at room temperature. For
both fuels, the relative yields of thea, a′, d, ande triplet states
with respect to each other remained essentially constant
throughout the 295-873 K temperature range. At high tem-
peratures, the vibrational distributions in the triplet states were
also similar to the room-temperature results. These observations
support the conclusion that the same precursor (i.e., C2O) is
the main source of CO* throughout the temperature range.

In the acetylene flame, our measured activation temperature
for production of each of the CO* triplet states was essentially
the same and was very close to the accurate value reported for
the initial reaction, C2H2 + O f products. It is therefore
concluded that the overall production rate of CO* is controlled
by the initial reaction step and that branchings in the subsequent
steps that lead to the triplet states of CO are relatively
temperature independent. This observation is consistent with
the conclusion that the main CO* production mechanism is the
C2O + O reaction throughout the temperature range, as appears
to be the case at room temperature,1 and that the relative triplet
state yields in the reaction are essentially independent of
temperature.

In the carbon suboxide flame, although the relative CO*
triplet yields and upper state vibrational populations were nearly

Figure 10. Relative vibrational level populations of CO(d) typical of
the 473-873 K temperature range. “Carbon suboxide (1)” refers to
the result at room temperature with the fuel injection point located 1
cm upstream of the spectrometer viewing position. Populations are
normalized to 1 atν′ ) 0.

10200 J. Phys. Chem. A, Vol. 104, No. 45, 2000 Sheaffer and Zittel



independent of temperature, the observed activation temperature
for production of the triplet states was found to be much greater
than the value reported at moderate temperatures for the initial
reaction, C3O2 + O f products. This result suggests that C2O
remains the main CO* precursor at high temperatures, but that
the minor reaction branch that produces C2O may have a higher
activation energy than the major branch of the initial reaction.
By this interpretation, the activation temperature for the reaction,
C3O2 + O f C2O + CO2, would be∼2.5 times larger than the
value reported in the low end of our temperature range for the
total reaction, C3O2 + O f products (i.e.,∼2500 K vs∼1000
K). Further investigation of the reaction rates of the separate
branches of the C3O2 + O reaction is necessary at high
temperature.

At high temperatures, the CO(d) (and possiblya′) state
vibrational populations were somewhat hotter with C3O2 fuel
than with C2H2, in accord with previous room temperature
observations.1 In addition, the C3O2 flames exhibited distinct
CO Fourth Positive emission at all temperatures, whereas the
C2H2 flames showed only traces of these emissions at low
temperatures, which disappeared altogether at higher tempera-
tures. These observations are also consistent with C2O as the
precursor to CO* throughout the temperature range, since C2O
(and subsequently its CO* daughter product) can be formed
with more internal energy in the C3O2 flame.

Emissions from OH(AfX), CH(AfX) and (BfX), and C2-
(dfa) were observed in the acetylene flame as a function of
temperature and fuel concentration. The intensities of these
emissions decreased rapidly with increasing temperature relative
to the CO* emission, and exhibited higher than first-order
dependence on fuel concentration. Although C2 is a potential
source of CO triplet and Fourth Positive emission in reactions
with O2,24,26,27these reactions do not appear to be a major source
of CO* in dilute acetylene/O atom flames when O and O2

densities are comparable.
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