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The multichannel CH+ CH reaction was studied, at room temperature, in a low-pressure fast-flow reactor.
CH was obtained from the reaction of CHBr3 with potassium atoms. An intense chemiluminescence from
C2H(A2Π) and a much weaker one from C2(d3Πg) were observed. The C2H(A2Π) emission spectrum appeared
as a continuum extending from 380 nm to the limit of our detection range at 800 nm. C2(d3Πg) was specifically
produced in theV ) 2 level, and the relative ratio C2(d3Πg)/C2H(A2Π) was proportional to the total pressure,
this behavior being attributed to a production of C2 by induced collision crossing states from excited vinylidene
to the surface leading to C2(d3Πg) + H2. Relative product branching ratios were determined over the channels
yielding the following atoms: H+ C2H, >90%; C+ CH2, <10%.

I. Introduction

CH radical is involved in combustion and interstellar chem-
istry.1 However the CH+ CH reaction was never experimentally
studied in itself. Its rate was estimated to turn about (1-4) ×
10-10 cm3 molecule-1 s-1,2 and it was proposed to be a
contributor to the C2H* fluorescence continuum observed in
the C2H2/O/H system.3

The product channel exothermicities4 are given hereafter with
respect to ground-state products:

Ab initio calculations predict that the CH+ CH reaction gives
an energized C2H2 complex which dissociates into C2H + H
and to a lesser extent into C2 + H2 through the isomerization
of (HCCH) into (H2CC), C + CH2 being a minor channel
through the HCHC intermediate.5

A clean source of CH radicals (by the successive abstractions
of Br atoms in CHBr3 by K atoms) allowed study of this reaction
in a fast-flow reactor. All the experiments were performed at
room temperature. The chemiluminescent products (C2H and
C2) were identified, and the branching ratios over the atomic
channels (C2H + H and CH2 + C) were determined. These
products were compared with the products of C2H2 excited by
the Lymann-R radiation (121.56 nm)6 to an energy similar to
that of the intermediate C2H2 complex of the CH+ CH reaction
(Figure 1).

II. Experimental Section

A. Fast-Flow Reactor. The fast-flow reactor has been
detailed elsewhere,7 and only a brief description is thus given.

It consisted of a hollowed-out stainless steel block, with four
perpendicular optical ports for detection by chemiluminescence
and laser-induced fluorescence, in which a 36 mm inner
diameter Teflon tube was inserted. The reactor was pumped by
a Roots blower (Edwards EH 500) backed by a two-stage
mechanical pump (Edwards E2M80). A 10.6 mm diameter
diaphragm at the inlet of the Roots blower gave a flow velocity
of 26.5 m s-1 for a total pressure of 2.0 Torr, the buffer gas
being He with a purity> 99.995%. The reactant injector could
slide along the Teflon inner wall of the reactor. The distance
(d) between the window detection and the injector nozzle
aperture could vary over the range 0-100 mm with a 0.5 mm
precision. The pressure was measured by a capacitance ma-
nometer (Barocel 0-10 Torr), and the flow rates were adjusted
by thermal mass flow meters (Tylan). As we did not know the
precise concentration of CH radical in the reactor, the overall
rate constant could not be determined. Since, in these experi-
ments, CH was not mixed with other molecules or radicals, the
inner diameter of the reactor could be reduced by a Teflon tube
from 36 to 24.5 mm, the outer diameter of the potassium oven.
In this configuration the reactant injector was used with or
without the nozzle. In the latter case, the entire process of Br
atom stripping from CHBr3 to CH could be followed. So, we
could distinguish the CH+ CH and CH+ CHBr contributions.
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CH + CH (+ M)f C2H2 (+ M) ∆H°298 ) -10.00 eV
(1)

(+ M)f H2CC (+ M) ∆H°298 ) -7.98 eV
(2)

f C2H + H ∆H°298 ) -4.31 eV (3)

f C2 + H2 ∆H°298 ) -3.79 eV (4)

f CH2 + C ∆H°298 ) -0.86 eV (5)

Figure 1. Energetic diagram of the CH+ CH reaction and energy
level of C2H2 excited by the Lyman-R radiation.
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Unfortunately, the wall reaction (due to the condensed potas-
sium) was enhanced.

The detection of CH and CHBr radicals by laser-induced
fluorescence has been previously described.8

The chemiluminescence signal from the reaction zone was
collected by a quartz lens and dispersed over the 200-800 nm
wavelength range by a Jobin-Yvon HRS2 monochromator using
a 1200 g/mm grating blazed at 500 nm (3M210R) or 253.6 nm
(2M210R). The wavelength responses with each of the gratings
have been carefully recorded with a calibrated tungsten lamp
(GAMMA Scientific Inc. RC-10A), and all spectra have been
corrected. Atom detection by their resonance fluorescence in
the vacuum UV has been previously detailed.8 For H atoms,
the relative density was determined from their fluorescence on
the2P0 f 2S transition (Lyman-R) at 121.6 nm and for C atoms
from their fluorescence on the3D0 f 3P transition at 156.1 nm
and the3P0 f 3P transition at 165.7 nm.

B. Source of CH Radical.CH radicals were produced from
the CHBr3 + 3K f CH + 3KBr overall reaction which can be
separated into the elementary steps:

To characterize and optimize the CH production, the CH and
CHBr radicals were probed by LIF when the different param-
eters, such as the oven temperature, the CHBr3 flow, and the
carrier-gas flow, were varied. The CHBr and CH experimental
kinetics could be simulated by using for the successive Br atom
abstractions the following rate constants: (3( 0.5) × 10-10,
(0.9 ( 0.5)× 10-10, and (3( 2) × 10-10 cm3 molecule-1 s-1,
respectively. The simulation has already been given.8

The CH excitation spectrum showed that CH was produced
only in the vibrational levelV ) 0 of the electronic ground state.8

III. Experimental Results

A. Chemiluminescent Products.1. Chemiluminescences.
The CH + CH reaction gives a strong chemiluminescent
continuum (380-800 nm) attributed to C2H (A2Π f X2Σ+)
and also some weaker emissions due to C2 Swan bands (d3Πg

f a3Πu) and Phillips bands (A1ΠufX1Σ+
g), as shown in Figure

2. K lines could also be observed. The C2H emission spectrum
has been first observed by Becker10 from the photodissociation
of C2H2 and then by Okabe,11 Saito,12 Suto,6e Shokooki,13 and
Sander,14 from the photodissociation of C2H2 or C2HBr.
Shokooki et al.13 have studied this fluorescence from visible to
infrared wavelengths with filters and estimated that the major
part was lying in the 1.0-2.75µm region. This chemilumines-
cence was also observed in the system C2H2/O/H,3 the CH+
CH reaction supposedly being involved as well as the CH+
CH2 reaction.

2. Origin of the Chemiluminescences.Due to the relative
complexity of the CHBr3/K system, we checked that the
observed chemiluminescences were not coming from reactions
other than CH+ CH. The kinetics of the successive K+ CHBrx
(x ) 3 to 1) reactions have been simulated to fit the recorded
variations with the time of the CH and CHBr concentrations.8

CHBr3 and CHBr2 react quickly in the first millimeters with

the usual K concentration, and their contributions could be
neglected due to their low concentrations in the reactor. The
only species which could remain at sufficiently high concentra-
tions to react are CH radicals and possibly CHBr radicals. Then,
the exoergic pathway leading to C2 or C2H could be

The first channel of either reaction is sufficiently exoergic
to produce excited C2H, but only the second channel of CH+
CH reaction is sufficiently exoergic to produce excited C2 in
either of A1Πu and d3Πg states. The CHBr+ CHBr reaction
could not give excited C2H or C2. With application of the steady-
state approximation to excited C2H or C2 radicals, the following
expressions are obtained for the radiative species concentrations:

Under our helium pressure, the quenching pseudo-first-order
rate constantkQ[He] was actually negligible with respect to the
emission rate constantke for C2(d3Πg).12,14 By subtracting the
C2H continuum, we obtained the C2(d3Πg) chemiluminescence
spectrum (Figure 3). An unusual intensity of the emission from
V ) 2 could be observed. The intensity of that level was always
proportional to [CH]2, which was not the case for the weaker
signal fromV ) 0 which could be partially populated by the C
+ CH reaction. This point will be discussed later. In Figure 4a,
the C2H and C2(d3Πg,V)2) chemiluminescence signals and the
CH and CHBr LIF signals are plotted against the CHBr3

concentration for a potassium concentration evaluated to 2
mTorr. At the beginning of the curve, the CHBr3 concentration
was much less than the K concentration and the three strippings
of Br atoms in CHBr3 were fast, in order that only CH radicals
were present in the reactor. When the CHBr3 concentration was
greater than 0.1[K], the kinetics of the last abstraction (CHBr

CHBr3 + K f CHBr2 + KBr

∆rH°298 ) -1.02( 0.09 eV9

CHBr2 + K f CHBr + KBr

∆rH°298 ) -0.77( 0.1 eV9

CHBr + K f CH + KBr
∆rH°298 ) -0.38( 0.2 eV9

Figure 2. CH + CH chemiluminescences: C2H(A) continuum, C2(d)
Swan bands, C2(A) Phillips bands, and K lines.

CH + CH f C2H + H -4.31 eV (1a)

C2 + H2 -3.79 eV (2a)

CH + CHBr f C2H + HBr -4.54 eV (1b)

C2H + H + Br -0.82 eV (2b)

C2 + H2 + Br -0.32 eV (3b)

[C2H*] )
kCH+CH

1* [CH]2 + kCH+CHBr
1* [CH][CHBr]

ke + kQ[He]

[C2*] )
kCH+CH

2* [CH]2

ke + kQ[He]
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+ K f CH + KBr) was too slow for full conversion of CHBr
into CH and the CH concentration was no more proportional
to the introduced CHBr3 concentration. The C2(d3Πg,V)2) and
C2H signals actually were proportional to [CH]2 whatever the
CHBr3 concentration and thus the CHBr concentration. The
contribution of any reaction involving CHBr appears negligible,
not only for the C2 chemiluminescence as expected but also
for the C2H chemiluminescence.

This is also seen in Figure 4b which gives both the evolution
of the CH radical concentration and those of the C2H and C2

chemiluminescence signals against the distance in the reactor
used without the nozzle and with [K]≈ 10 × [CHBr3]. In this
case, all the reactions of potassium with CHBr3 occurred in the
reactor. At a distance of 1.2 cm, CHBr3 had been completely
converted into CH and KBr. After, the CH decrease was due to
the CH+ CH reaction and the wall reactions. The C2(d3Πg,V)2)
and C2H chemiluminescence signals here again were propor-
tional to [CH]2. There is no doubt that the C2H* and the C2-
(d3Πg,V)2) chemiluminescence were given by the CH+ CH
reaction. The fact that the CH+ CHBr reaction does not give
C2H* + HBr, despite the exoergicity of the channel leading to
C2H + HBr, suggests that the reaction CH+ CHBr produces
mainly C2H2 + Br (and possibly C2HBr + H) and not C2H +
HBr.

3. Internal Distribution of Energy. C2H(A2Π). The detection
of the chemiluminescence was limited by our experimental setup
to the range 200-800 nm (Figure 2), although the C2H(A2Π)
emission spectrum extends into the infrared.13 Moreover, the
emitting vibrational levels and thus their oscillator strengths were
unknown. Then, the relative branching ratio between C2H(A2Π)
and C2(d3Πg) could not be determined but could only be roughly
estimated as C2H(A2Π)/C2(d3Πg) > 100 at 1.5 Torr. The
recorded part of the C2H* spectrum, with CH concentration
estimated to 0.01 mTorr, has been compared with the OH*
spectrum coming from the CH+ O2 reaction with O2 pressure
of 1.00 mTorr. The C2H* branching ratio exceeds that of the

OH* one by a factor of 10-100. Since the CH+ O2 f OH*
+ CO branching ratio has been estimated to 0.48%,3 we could
estimate that the C2H* branching ratio is equal to at least a few
percent (from the recorded visible part of the chemilumines-
cence) and must actually be much greater, depending on the
ratio of the recorded visible emission to the total emission of
C2H. Such a branching ratio for a chemiluminescent pathway
is unusual.

Even with a resolution of 0.09 nm, the emission of C2H*
appeared structureless. That should be due to the high-level
density of the A state combined with an overlapping of the
different rovibronic A-X transitions. A steep decrease of the
intensity occurred around 490 nm (2.53 eV). At 380 nm, the
signal became buried in the noise, but that wavelength was not
a sharp limit since the signal seemed to still continue to fade
out very slowly with decreasing wavelength, becoming totally
indistinguishable at about 340 nm. According to the channel
exoergicity, 4.31 eV, the chemiluminescence limit should be at
288 nm. The disappearance of the signal, much below the
expected limit, could proceed from a lack of radical population
above 3.3 eV or to a strong decrease of the rovibronic transition
probabilities from levels above 3.3 eV. The chemiluminescence
spectrum of C2H* shows no change with the pressure in the
range 0.500-5.000 Torr, while the lifetime of C2H(A) is

Figure 3. Normalized C2(d3Πg) chemiluminescence spectra given by
the C+ C, C + CH, or CH+ CH reactions (the C2H continuum has
been subtracted).

Figure 4. (a) Normalized intensity evolutions of the CH and CHBr
laser-induced fluorescence and the C2H(A) and C2(d) chemilumines-
cences versus the CHBr3 concentration introduced in the reactant
injector (observation distanced ) 0.5 cm, reaction delay in the nozzle
dc ) 0.8 cm and [K]≈ 2 mTorr. (b) Normalized intensity evolutions
of the CH laser-induced fluorescence and the C2H(A) and C2(d)
chemiluminescences versus the observation distanced (flow velocity
≈ 2600 cm s-1), the injector being without nozzle (dc) 0 cm).
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between 5 and 60µs.12,13This indicates that the relaxation does
not change the population distribution spectrum and, in par-
ticular, that the emission limit is not due to a removal of the
population of higher levels by collisional relaxation.

The atomic hydrogen velocity distribution obtained in the
photodissociation of C2H2 at Lyman-R wavelength by Lai et
al.6b and Zhang et al.15 showed an important contribution of
small velocities associated with a production of C2H mainly in
the excited A state. The comparison between the CH+ CH
reaction and the photodissociation of C2H2 at the Lyman-R
wavelength (121 nm) is difficult due to the lack of theoretical
information about the CH+ CH reaction particularly on the
multiplicity of C2H2 (either in singlet or triplet state) produced
in the addition step (the excitation of C2H2 at Lyman-R promotes
C2H2 in the 3R′′(1Πu)20

1 and the2CH + 2CH reaction could
produce 1C2H2 or 3C2H2). Nevertheless, since C2H(A) is
produced in both cases with a similar available energy and since
the emission spectra are very similar, it is reasonable to think
that C2H(A) is populated up to the population limit set by the
exoergiticity of the CH+ CH f C2H + H channel. The
extremely weak signal, well below the expected limit, should
thus be due to a sharp decrease of the transition probabilities.
This conclusion is consistent with Boggio-Pasqua and Halvick’s
ab initio calculation of the C2H potential energy surface.16 An
isomerization barrier of 1 eV, for the X state, and 3.6 eV, for
the A state (Figure 5), have been found. Above these limits,
the vibronic wave functions are delocalized with a small
maximum just above the barrier. Then, the Franck-Condon
factors become small for transitions betweenE(A) > 3.6 eV
and E(X) > 1 eV (which corresponds to the decrease of the
signal at 480 nm) and very small for transitions betweenE(A)
> 3.6 eV andE(X) < 1 eV.

C2(d3Πg) Vibrational Distribution.The exoergicity of the CH
+ CH f C2 + H2 channel allows one to populate C2(d3Πg) up
to V ) 6. The C2(d3Πg) chemiluminescence spectrum showed
an unusually intense signal fromV ) 2, the second in importance
being that fromV ) 0 (Figures 4 and 6). It was kinetically
demonstrated that C2(d3Πg), V ) 2, was actually produced by
the CH+ CH reaction while we could not check it forV ) 0
which could thus be partially filled by other exoergic reactions
such as C+ CH f C2 + H and C+ C + M f C2 + M, C
atoms being produced by CH+ CH f CH2 + C or by CH+
CH f C2H + H followed by H + CH f C + H2. The
termolecular reaction C+ C + (M) is known to produce C2-
(d3Πg) high-pressure bands characterized by a prominent

emission fromV ) 6.17 It results that this reaction cannot
contribute toV ) 0 and even toV ) 2, except a significant
collisional relaxation decreasingV ) 6 to the benefit of lower
levels. To check it, C atoms were produced by the successive
abstraction of Cl atoms in CCl4 by potassium18 (since the C+
CCl f C2 + Cl reaction is not sufficiently exoergic to produce
C2(d3Πg), the only reaction able to produce C2(d3Πg) is the C
+ C + M reaction). We actually recorded C2 high-pressure
bands with emission fromV ) 6 as expected, those fromV )
0 and V ) 2 being negligible (Figure 3). The C+ C + M
reaction could thus be discarded. Then, we observed the
modification of the chemiluminescent spectrum by introducing
a contribution of the C+ CH reaction. For that purpose, a
mixture of CCl4 and CHBr3 precursors was used. The spectrum
changes according to the proportions of CCl4 and CHBr3. For
weak relative concentrations of CCl4, we tended to recover the
chemiluminescence spectrum of CH+ CH, and for strong
relative concentrations of CCl4, we tended to recover the
chemiluminescence spectrum of C+ C + M. We could obtain
a spectrum (Figure 3) ascribed mainly to C+ CH with minor
contributions of CH+ CH and C+ C + M. The corresponding
vibrational distribution is given in Figure 6. The population
decreases fromV ) 0 toV ) 2 in agreement with the exoergicity
of the reaction C+ CH, which allows population up toV ) 2.
However, the weak population ofV ) 2 could partly be due to
CH + CH which could not be completely removed, the latter
reaction producing more specifically that level. The actual
population ofV ) 2 by C + CH should be negligible with
respect to that ofV ) 0.1. The comparison with all these
experiments suggests that in the experiments with CHBr3 alone,
used for the CH+ CH reaction, the contribution from C+ C
+ M and C+ CH toV ) 2 should be negligible, which explains
that the signal from that level was found to be proportional to
[CH]2. In return, V ) 0, whose signal intensity was not
proportional to [CH]2, was partially populated by C+ CH. From
the evolution with the time of C atom and CH radical densities,
we determined the nascent vibrational distribution of C2(d3Πg)
produced by the CH+ CH reaction (Figure 6). This distribution
shows a very specific production ofV ) 2. A second feature to
point out was the linear increase of the C2*(V′)2)/C2H(A) ratio
with the total pressure (Figure 7).

Such a vibrational population distribution in C2(d3Πg),
peaking atV ) 2 and being pressure dependent, is characteristic
of a collisional transfer from a nonradiative level to C2-
(d3Πg,V′)2), as it occurs for the case of high-pressure bands
peaking atV ) 6 due to the transfer from C2(5Πg,V)0) to C2-

Figure 5. Ab initio calculations on the isomerization barriers in C2H-
(X2Σ+) and C2H(A2Π) by Boggio-Pasqua and Halvick,16 which could
explain the experimental decrease of the chemiluminescence signal at
490 nm and its cutoff at 380 nm.

Figure 6. Relative C2(d3Πg) vibrational population distribution given
by the C+ CH and CH+ CH reactions.
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(d3Πg,V)6).19 As there is no corresponding crossing state in
C2 allowing a specific transfer to d3Πg(V′)2), this transfer
should proceed from another way. We propose a transfer which
could stem from the crossing of an excited state of CCH2

(vinylidene) with the C2(d3Πg) + H2 surface specifically at the
level of V ) 2, CCH2 coming from an isomerization of C2H2

produced by the CH+ CH reaction. The increase of the C2*/
C2H* ratio with pressure indicates that this transfer is collision
induced. For comparison, it may be noticed that in the case of
the vacuum UV photodissociation of C2H2, the channel leading
to H + C2H has been estimated to 10-30%,6c while CCH2 has
been detected in absorption.6d As will be shown later, the main
pathway leading to atoms is the H+ C2H pathway.

B. Atomic Branching Ratio. To determine the product
branching ratios over the channels yielding H+ C2H and C+
CH2, the H and C atoms were probed by their resonance
fluorescence in the vacuum UV. First, it was checked that the
atomic absorption was small. In this condition, the fluorescence
signal divided by the emission intensity was proportional to (fA/
δA)[A], [A] being the atomic concentration,fA the oscillator
strength,20 and δA the Doppler broadening (T ) 300 K).21 A
typical atomic fluorescence spectrum, at a distance of 1.5 cm,
is shown in Figure 8. Examples of the evolutions of the CH
radical and C and H atom fluorescence intensities are given
normalized to their maximum in Figure 9. The fact that the C
atom density rise is delayed with respect to that of H atoms
shows clearly that the probed C density, proceeding at the

beginning from the CH+ CH f CH2 + C reaction, benefits
later from the increasing contribution of the H+ CH f C +
H2 reaction, H being produced by the main reaction channel
CH + CH f C2H + H. The ratio between the maximum
densities of hydrogen atoms and carbon atoms which is actually
equal to 6 is thus lower than the ratio of the production rates of
these atoms by the CH+ CH reaction. Actually, the ratio of
the slopes at the origin of the atom density evolutions which
should reflect the ratio of their production rates is about 30
corresponding thus to 97% C2H + H and 3% CH2 + C which
should thus be a very minor channel. Due to the uncertainties
attached to our experiments, we cannot put forward a precise
branching value but we can ascertain that the branching ratio
between C2H + H and CH2 + C is g90% in favor of C2H +
H, in full agreement with the suggestion, from a theoretical
analysis of the CH+ CH reaction,5 that the channel leading to
CH2 + C should be of no importance.

IV. Conclusion

Our efficient CH radical source allowed us to study the CH
+ CH reaction. We determined that the branching ratio between
C2H + H and CH2 + C wasg90% in favor of C2H + H, in
agreement with theoretical investigations5 concluding that C2H
+ H should be the main product channel of the CH+ CH
reaction, followed by C2 + H2, C + CH2 being a minor channel.
We also observed a strong chemiluminescence of C2H without
any pressure dependence of the emission spectrum. The C2H
emission spectrum appeared identical to that previously observed
from the vacuum UV Lyman-R photodissociation of C2H2,
excited at an energy level very close to that of C2H2 formed as
a complex of the CH+ CH reaction. We observed a pressure
dependent chemiluminescence of C2 (d3Πg) specifically pro-
duced by CH+ CH in the vibrational levelV ) 2. Such
specificity was not previously observed in other cases of C2

(d3Πg) chemiluminescence and cannot be explained by a
collision-induced transfer between C2 vibronic states. We
imagine that it reflects some collision-induced transfer in the
energetized vinylidene complex leading to its dissociation into
C2 (d3Πg,V)2) + H2.
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