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Fast-Flow Study of the CH+ CH Reaction Products

I. Introduction

A. Bergeat, T. Calvo, G. Dorthe, and J.-C. Loison*

Laboratoire de Physico-Chimie Malalaire, CNRS UMR No. 5803, Urarsite Bordeaux |,
F-33405 Talence Cedex, France

Receied: Nawember 5, 1998; In Final Form: May 14, 1999

The multichannel CHt CH reaction was studied, at room temperature, in a low-pressure fast-flow reactor.
CH was obtained from the reaction of CHBwith potassium atoms. An intense chemiluminescence from
C:H(A2II) and a much weaker one from(@I1gy) were observed. TheH (A1) emission spectrum appeared

as a continuum extending from 380 nm to the limit of our detection range at 800AdAlIg) was specifically
produced in the = 2 level, and the relative ratio @I°*[14)/C,H(A?IT) was proportional to the total pressure,
this behavior being attributed to a production ¢ftfy induced collision crossing states from excited vinylidene
to the surface leading to,@fI1g) + H.. Relative product branching ratios were determined over the channels
yielding the following atoms: H+ C,H, >90%; C+ CH,, <10%.

o ) . . . —C,HQRA)+H(S

CH radical is involved in combustion and interstellar chem- CHy*L, HZA yHES)

; . : ol e ————— CH(XTD+CH(X1)
istry.! However the CH+ CH reaction was never experimentally | 5
studied in itself. Its rate was estimated to turn about4) x :ggz&%ﬂ; %((3];))
1020 cm? molecule? s12 and it was proposed to be a -1 s

— Cy(@’T)+H,('E")

contributor to the gH* fluorescence continuum observed in =
the GH,/O/H systen? |2
The product channel exothermicitfeme given hereafter with i Al I+
5 —CATIHH{ Y
respect to ground-state products: Sl 3
CH+CH (+ M)—CH, (+ M) AH®,93= —10.00 af) y CZH(A2H+))+H(ZZS) — —GX'EHL (LY
CHXZE+H(S) —
(+ M)— H,CC (+ M) AH®,qg= —7.98 e(\Z/) =

. Figure 1. Energetic diagram of the CH CH reaction and energy
—CH+H AH%=-431eV (3) level of GH, excited by the Lymarn radiation.

—CtH, AH%y5=—3.79€V  (4) It consisted of a hollowed-out stainless steel block, with four
—CH,+C AH®,0s=—0.86eV (5) perpendicular optical ports for detection by chemiluminescence
and laser-induced fluorescence, in which a 36 mm inner

Ab initio calculations predict that the Citt CH reaction gives  diameter Teflon tube was inserted. The reactor was pumped by
an energized &1, complex which dissociates into;8 + H a Roots blower (Edwards EH 500) backed by a two-stage
and to a lesser extent into;G- H; through the isomerization  mechanical pump (Edwards E2M80). A 10.6 mm diameter
of (HCCH) into (HCC), C + CH, being a minor channel  diaphragm at the inlet of the Roots blower gave a flow velocity
through the HCHC intermediate. _ ~ of 26.5 m s for a total pressure of 2.0 Torr, the buffer gas

A clean source of CH radicals (by the successive abstractionspeing He with a purity> 99.995%. The reactant injector could
of Br atoms in CHBg by K atoms) allowed study of this reaction  sjide along the Teflon inner wall of the reactor. The distance
in a fast-flow reactor. All the experiments were performed at (d) between the window detection and the injector nozzle
room temperature. The chemiluminescent productsi(end aperture could vary over the range 000 mm with a 0.5 mm

C,) were identified, and the branching ratios over the atomic

precision. The pressure was measured by a capacitance ma-

channels (gH + H and CH + C) were determined. These  pometer (Barocel 910 Torr), and the flow rates were adjusted

products were compared with the products gHgexcited by

by thermal mass flow meters (Tylan). As we did not know the

the Lymannec radiation (121.56 nnf)to an energy similar to  precise concentration of CH radical in the reactor, the overall
that of the intermediate 81, complex of the CH- CH reaction  ate constant could not be determined. Since, in these experi-

(Figure 1).

ments, CH was not mixed with other molecules or radicals, the

II. Experimental Section inner diameter of the reactor could be reduced by a Teflon tube

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

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

* Corresponding author. FAX: (33) 556846645, E-mail: jc@Ipcm.u- atom stripping from CHByto CH could be followed. So, we
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could distinguish the CH- CH and CH+ CHBr contributions.
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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.

The chemiluminescence signal from the reaction zone was
collected by a quartz lens and dispersed over the-300 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 detaifeflor H atoms,
the relative density was determined from their fluorescence on
the?P? — 2S transition (Lymany) at 121.6 nm and for C atoms
from their fluorescence on ti®° — 3P transition at 156.1 nm
and the3P° — 3P transition at 165.7 nm.

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

CHBr, + K — CHBr, + KBr
AH®,05=—1.02+ 0.09 eV°

CHBr, + K — CHBr + KBr
AH05=—0.77+ 0.1 eV°

CHBr+ K — CH —+ KBr
AH°,05=—0.38+ 0.2 eV°

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 GHIBw, 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: 30.5) x 10719,
(0.9£ 0.5) x 10719, and (3% 2) x 10719 cm® molecule’l s71,
respectively. The simulation has already been given.

The CH excitation spectrum showed that CH was produced
only in the vibrational level = 0 of the electronic ground stafe.

Ill. Experimental Results

A. Chemiluminescent Products.1. Chemiluminescences.
The CH + CH reaction gives a strong chemiluminescent
continuum (386-800 nm) attributed to &4 (A1 — X2=T)
and also some weaker emissions due $d&@an bands @1,

— &1,) and Phillips bands (A1,—X="y), as shown in Figure
2. K lines could also be observed. TheHemission spectrum
has been first observed by Beckdrom the photodissociation
of C;H, and then by Okab¥, Saitol? Suto® Shokooki!® and
Sandei?* from the photodissociation of £, or CHBr.
Shokooki et alt? have studied this fluorescence from visible to
infrared wavelengths with filters and estimated that the major
part was lying in the 1.62.75um region. This chemilumines-
cence was also observed in the systeshl£O/H.2 the CH +
CH reaction supposedly being involved as well as the €H
CH, reaction.

2. Origin of the Chemiluminescence3ue to the relative
complexity of the CHB#K system, we checked that the
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Figure 2. CH + CH chemiluminescences: ,8(A) continuum, G(d)
Swan bands, £A) Phillips bands, and K lines.

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 ©r C;H could be

—4.31eV
—-3.79 eV (2a)
—454eV  (1b)

—-0.82eV (2b)
—-0.32eV (3b)

CH+CH—CH+H
C,+H,
CH + CHBr— C,H + HBr
C,H+H+Br
C,+H,+ Br

(1a)

The first channel of either reaction is sufficiently exoergic
to produce excited £H, but only the second channel of CH
CH reaction is sufficiently exoergic to produce exciteg i€
either of A1, and &Hg states. The CHB# CHBTr reaction
could not give excited gH or C,. With application of the steady-
state approximation to excited& or C; radicals, the following
expressions are obtained for the radiative species concentrations:

_ ken:crlCHI® + ks CHIICHBY]
ke + ko[He]

_ KhicalCHI®
ke 1 Ko[He]

Under our helium pressure, the quenching pseudo-first-order
rate constanitg[He] was actually negligible with respect to the
emission rate constat for Cx(d®I1g).1214 By subtracting the
CzH continuum, we obtained the,E&°[1g) 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}, 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 GH and G(d®[1g,v=2) chemiluminescence signals and the
CH and CHBr LIF signals are plotted against the CEBr
concentration for a potassium concentration evaluated to 2

[CH1

[C,"]

observed chemiluminescences were not coming from reactionsmTorr. At the beginning of the curve, the CHRroncentration

other than CHt+ CH. The kinetics of the successivetKCHBIy

(x = 3 to 1) reactions have been simulated to fit the recorded
variations with the time of the CH and CHBr concentratiéns.
CHBr; and CHBp react quickly in the first millimeters with

was much less than the K concentration and the three strippings
of Br atoms in CHBj were fast, in order that only CH radicals
were present in the reactor. When the CEl@ncentration was
greater than 0.1[K], the kinetics of the last abstraction (CHBr
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Figure 3. Normalized G(d3I1g) chemiluminescence spectra given by 3 .‘x "
the C+ C, C+ CH, or CH+ CH reactions (the €1 continuum has E \ - PR
been subtracted). “ 02 Irfimyy "
K‘x‘
. * R
+ K — CH + KBr) was too slow for full conversion of CHBr {
into CH and the CH concentration was no more proportional 0.0 1 S L S,
0.0 0.5 1.0 1.5 2.0 2.5 3.0

to the introduced CHBrconcentration. The £d°I1g,0=2) and
C,H signals actually were proportional to [CHlhatever the
CHBr3 concentration and thus the CHBr concentration. The Figure 4. (a) Normalized intensity evolutions of the CH and CHBr
contribution of any reaction involving CHBr appears negligible, !aser-induced fluorescence and thgH(A) and G(d) chemilumines-

- . cences versus the CHBconcentration introduced in the reactant
Poort tﬁgbé:;:')rctr]heemﬁuﬁiir;g::]?:Scence as expected but also injector (observation distanae= 0.5 cm, reaction delay in the nozzle

i e . ) . dc = 0.8 cm and [K]~ 2 mTorr. (b) Normalized intensity evolutions
This is also seen in Figure 4b which gives both the evolution of the CH laser-induced fluorescence and th¢d@) and Gy(d)

of the CH radical concentration and those of th#d@nd G chemiluminescences versus the observation distdr{flew velocity
chemiluminescence signals against the distance in the reactors 2600 cm s7), the injector being without nozzle (de 0 cm).

used without the nozzle and with [K} 10 x [CHBr3]. In this

case, all the reactions of potassium with CkiBeccurred in the OH* one by a factor of 16-100. Since the CH+ O, — OH*
reactor. At a distance of 1.2 cm, CHBnad been completely ~ + CO branching ratio has been estimated to 0.48%, could
converted into CH and KBr. After, the CH decrease was due to estimate that the £1* branching ratio is equal to at least a few

d (cm)

the CH+ CH reaction and the wall reactions. Thg(@I1g,v=2) percent (from the recorded visible part of the chemilumines-
and GH chemiluminescence signals here again were propor- cence) and must actually be much greater, depending on the
tional to [CHE. There is no doubt that the,8* and the G- ratio of the recorded visible emission to the total emission of
(d®I1g,v=2) chemiluminescence were given by the GHCH C.H. Such a branching ratio for a chemiluminescent pathway

reaction. The fact that the CH CHBr reaction does not give  is unusual.
C,H* + HBr, despite the exoergicity of the channel leading to Even with a resolution of 0.09 nm, the emission gH&®
C,H + HBr, suggests that the reaction CHCHBr produces appeared structureless. That should be due to the high-level
mainly GH, + Br (and possibly gHBr + H) and not GH + density of the A state combined with an overlapping of the
HBr. different rovibronic A-X transitions. A steep decrease of the
3. Internal Distribution of Energy. §H(A2I). The detection intensity occurred around 490 nm (2.53 eV). At 380 nm, the
of the chemiluminescence was limited by our experimental setup signal became buried in the noise, but that wavelength was not
to the range 208800 nm (Figure 2), although thel@(A1T) a sharp limit since the signal seemed to still continue to fade
emission spectrum extends into the infratéddoreover, the out very slowly with decreasing wavelength, becoming totally
emitting vibrational levels and thus their oscillator strengths were indistinguishable at about 340 nm. According to the channel
unknown. Then, the relative branching ratio betwee (@211) exoergicity, 4.31 eV, the chemiluminescence limit should be at
and G(d®[g) could not be determined but could only be roughly 288 nm. The disappearance of the signal, much below the
estimated as H(A2IT)/Cy(d®1g) > 100 at 1.5 Torr. The expected limit, could proceed from a lack of radical population
recorded part of the ££* spectrum, with CH concentration  above 3.3 eV or to a strong decrease of the rovibronic transition
estimated to 0.01 mTorr, has been compared with the OH* probabilities from levels above 3.3 eV. The chemiluminescence
spectrum coming from the CH O, reaction with Q pressure spectrum of GH* shows no change with the pressure in the
of 1.00 mTorr. The @H* branching ratio exceeds that of the range 0.500-5.000 Torr, while the lifetime of @H(A) is
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459 exothermicity of the CH + CH reaction
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Figure 5. Ab initio calculations on the isomerization barriers igH=
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explain the experimental decrease of the chemiluminescence signal atFlgure 6. Relative G(d3l1g) vibrational population distribution given

490 nm and its cutoff at 380 nm.

between 5 and 60s1213This 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 g4, at Lymane. wavelength by Lai et
alb® and Zhang et aP° showed an important contribution of
small velocities associated with a production gHGnainly in
the excited A state. The comparison between the €i€CH
reaction and the photodissociation ofHG at the Lymane.
wavelength (121 nm) is difficult due to the lack of theoretical
information about the CH+ CH reaction particularly on the
multiplicity of C,H, (either in singlet or triplet state) produced
in the addition step (the excitation ofid; at Lymane. promotes
C,Hs in the 3R’(1Hu)2$ and the2CH + 2CH reaction could
produce 1C;H, or 3CyHy). Nevertheless, since ,8(A) is

by the C+ CH and CH+ CH reactions.

emission fromy = 6.17 It results that this reaction cannot
contribute tor = 0 and even taw = 2, except a significant
collisional relaxation decreasing= 6 to the benefit of lower
levels. To check it, C atoms were produced by the successive
abstraction of Cl atoms in Cgby potassiurtf (since the G+
CCl— C, + Cl reaction is not sufficiently exoergic to produce
Cy(d®ITy), the only reaction able to produce(@I1y) is the C

+ C + M reaction). We actually recorded,®igh-pressure
bands with emission from = 6 as expected, those from=

0 andv = 2 being negligible (Figure 3). The & 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 CCl, and CHBg precursors was used. The spectrum
changes according to the proportions of ¢@hd CHBg. For
weak relative concentrations of CClWwe tended to recover the
chemiluminescence spectrum of CH CH, and for strong

produced in both cases with a similar available energy and sincerelative concentrations of Cglwe tended to recover the
the emission spectra are very similar, it is reasonable to think chemiluminescence spectrum of#€C + M. We could obtain

that GH(A) is populated up to the population limit set by the
exoergiticity of the CH+ CH — C,H + H channel. The
extremely weak signal, well below the expected limit, should

a spectrum (Figure 3) ascribed mainly totCCH with minor
contributions of CHt+ CH and C+ C + M. The corresponding
vibrational distribution is given in Figure 6. The population

thus be due to a sharp decrease of the transition probabilities.decreases from= 0 to v = 2 in agreement with the exoergicity

This conclusion is consistent with Boggio-Pasqua and Halvick’s
ab initio calculation of the gH potential energy surfadé.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 Fran€london
factors become small for transitions betwdgi) > 3.6 eV
andE(X) > 1 eV (which corresponds to the decrease of the
signal at 480 nm) and very small for transitions betw&é)
> 3.6 eV andE(X) < 1 eV.

Co(d®I1g) Vibrational Distribution.The exoergicity of the CH
+ CH— C; + H; channel allows one to populate(@Ilg) up
to v = 6. The G(d®I1g) chemiluminescence spectrum showed
an unusually intense signal from= 2, the second in importance
being that fromy = 0 (Figures 4 and 6). It was kinetically
demonstrated that QIly), v = 2, was actually produced by
the CH+ CH reaction while we could not check it fer= 0
which could thus be partially filled by other exoergic reactions
suchasC+CH—C +HandC+C+M—C,+M,C
atoms being produced by CiH CH — CH, + C or by CH+
CH — C,H + H followed by H+ CH — C + H,. The
termolecular reaction G- C + (M) is known to produce &
(d®1g) high-pressure bands characterized by a prominent

of the reaction C+ CH, which allows population up to = 2.
However, the weak population of= 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 ofy = 2 by C + CH should be negligible with
respect to that ofr = 0.1. The comparison with all these
experiments suggests that in the experiments with GldBne,
used for the CH+ CH reaction, the contribution from & C

+ M and C+ CH to v = 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}, was partially populated by & CH. From
the evolution with the time of C atom and CH radical densities,
we determined the nascent vibrational distribution efc€IT,)
produced by the CH- CH reaction (Figure 6). This distribution
shows a very specific production of= 2. A second feature to
point out was the linear increase of thgt@G'=2)/C,H(A) ratio
with the total pressure (Figure 7).

Such a vibrational population distribution in,@I1),
peaking at = 2 and being pressure dependent, is characteristic
of a collisional transfer from a nonradiative level to-C
(d®1g,0'=2), as it occurs for the case of high-pressure bands
peaking atv = 6 due to the transfer from £1I1g,0=0) to G-
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Figure 9. Kinetics of the CH laser-induced fluorescence signal and H
and C atomic resonance fluorescence (ARF) signals. All signals are
normalized to their maximum. The C density maximum is actually 6
times lower than that of H.

‘50} beginning from the CH+ CH — CH, + C reaction, benefits
(P - °P) later from the increasing contribution of the HCH — C +

H, reaction, H being produced by the main reaction channel
CH + CH — CyH + 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%,8 + H and 3% CH + 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 GH + H and CH + C is 290% in favor of GH +
Figure 8. Typical maximal atomic resonance fluorescence spectrum H, in full agreement with the suggestion, from a theoretical
dugring the éIFiH CH reaction study (lamp line intensities wgre as analysis of the CHt- CH reactiorf; that the channel leading to

follows: H, 1.00; C (156 nm), 7.00; and C (165 nm), 4.30). CH; + C should be of no importance.
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(d®[1g,0=6).1° As there is no corresponding crossing state in 1V. Conclusion

C; allowing a specific transfer to *lly(v'=2), this transfer Our efficient CH radical source allowed us to study the CH

Shotﬂd procefed frorrr: anothe_r Way% We proposde a transf;er V;’:h:'Ch—F CH reaction. We determined that the branching ratio between
could stem from the crossing of an excited state of @ C,H + H and CH + C was>90% in favor of GH -+ H, in

(vinylidene) with the Q(d3r_lg) T H surf_ace sp_ecifi_cally at the agreement with theoretical investigati®reencluding that gH
level of v = 2, CCH coming frqm an |sqmer|zat|on of &z + H should be the main product channel of the GHCH
produceq bY the CH- CH rgactlon. The Increase OT thQ¢ ) reaction, followed by €+ H,, C + CH, being a minor channel.
C,H* ratio with pressure indicates that this transfer is collision We also observed a strong chemiluminescence,bf@ithout
induced. For comparison, it may be noticed that in the case of any pressure dependence of the emission spezctrum THe C

the vacuum UV photodissociation 0£8;, the channel leading i : . .
; . emission spectrum appeared identical to that previously observed
to H + C;H has been estimated to-$80%* while CCH; has from the \f)acuum UR? Lymaru photodissocigtion ofygl:-lz

been detected in absorptiéhAs will be shown later, the main excited at an energy level very close to that eHgformed as

paltahw:y 'e?‘digg to ﬁ.tom‘;is.the_:-l %H pat_hwayk.] d a complex of the CHt- CH reaction. We observed a pressure
- Atomic Branching Ratio. To determine the product dependent chemiluminescence of @[1g) specifically pro-
branching ratios over the channels yieldingtHC,H and C+ duced by CH+ CH in the vibrational levels = 2. Such

]fl:Hz’ the H ‘?”dthc atoms V{‘S‘i/reppr?bid by tEe'rk rzst%n?r;ﬁe specificity was not previously observed in other cases pf C
uorescence In the vacuum LV. First, it was checked that (e qary 3 chemiluminescence and cannot be explained by a

a.tomllcdalll:).zordpttl)or;r:/vas smqll. 'f‘ tth's (;tondltlon, the f:yorerszence collision-induced transfer between, Gzibronic states. We
signal divided by the emission intensity was proportionaf#b ( imagine that it reflects some collision-induced transfer in the

0a)[Al], [A] being the atomic concentratiorfa the oscillator tized vinvlid lex leadina to its di iation int
strength?® and 6, the Doppler broadeningl(= 300 K)2t A eczta(:jglgllzz?_z\;wlz/ :_';ane compiexieading fo Its dissociation into
glU= .

typical atomic fluorescence spectrum, at a distance of 1.5 cm,

is shown in Figure 8. Examples of the evolutions of the CH References and Notes
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shows clearly that the probed C density, proceeding at the 233.
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