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Rate constants for the reactions of CH(X 2I1) with N, O,, N,Q, H,, D, and H were measured under pseudo-first-order condi-
tions at 297 K and 2 Torr total pressure. CH(X IT) radicals were generated by excimer laser photolysis (248 nm) of CH,Br,/Ar
and CHCIBr,/Ar mixtures and detected by laser-induced fluorescence (LIF). The values obtained (cm® s') are:
kn, =(8.0120.6) X107 kg, =(5.1+0.3) X107 Y, knyo=(6.910.9)X 107", ky,=(2.0+0.3) %1072, kp,=(1.73:0.4) X 101!

and ky=(1.4£0.5) x 10~ 11,

1. Introduction

The methylidyne radical is one of the most prom-
inent radicals involved in hydrocarbon combustion
processes [ 1] as well as in planetary atmospheres [2]
and interstellar clouds [3]. In hydrocarbon oxida-
tions it is thought to be a precursor of soot particles
[4,5]. The formation of chemiions via the reaction
with oxygen atoms [6] and the formation of elec-
tronically excited flame species, e.g. OH(AZZ*) via
the reaction CH+0O,-0OH*+CO [7,8], are further
examples of important CH reactions in hydrocarbon
oxidations. In addition, the reaction of CH radicals
with N; is considered as the main source for the
“prompt” NO [9] in combustion systems. Because
of the importance of the methylidyne radical in these
different reaction systems, a knowledge of the rate
constants for the reactions of CH radicals with dif-
ferent reactants is of great interest.

In 1967 Braun et al. [10] and in 1971 Bosnali and
Perner [11] measured a few rate constants for CH
reactions at room temperature. Between 1979 and
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1986 several papers were published in which the
temperature and pressure dependences of rate con-
stants for the reactions of CH radicals with several
molecules relevant to hydrocarbon combustion were
determined. The present knowledge of CH kinetics
was recently reviewed [12]. However, the reactions
of methylidyne with other radicals have only been
investigated for the reactions CH+O [13,14] and
CH+N [13]; product analyses were carried out only
for the reactions CH+NO and CH+0, [15,16].
More recently, Anderson et al. [17] have studied the
kinetics of CH{X 2I1) reactions in a flow tube using
the reaction of alkali atoms with bromoform as the
source of methylidyne radicals. Despite the numer-
ous investigations large discrepancies exist for some
of the rate constants given in the literature. In the
present work rate constants for the reactions of CH
radicals with O,, N, N,O, H,, D, and H atoms were
measured at 297 K and a total pressure of 2 Torr us-
ing a pulsed UV laser photolysis-laser-induced flu-
orescence (LIF) technique. One of the aims of the
present work was to improve the data needed for
modeling low-pressure hydrocarbon atom flames.
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2. Experimental

All measurements were carried out at room tem-
perature in a black anodized cubic aluminum cell
having a volume of 730 cm®. CH radicals in their
electronic ground state were generated by multiple-
photon dissociation of ~1.5 mTorr CH,Br; or =1
mTorr CHCIBr,, both diluted in argon to a ratio of
1/20, using a focused KrF excimer laser at 248 nm
(Lambda Physik, EMG 102, 15 ns pulse width, max-
imum energy 300 mJ/pulse ). The excimer laser beam
was focused by a quartz lens (f=1000 mm ) through
a system of several diaphragms into the center of the
cell. The relative CH radical concentrations were
monitored by LIF. In the case of CH,Br; as the par-
ent molecule methylidyne radicals were excited by a
tunable nitrogen-pumped dye laser (Lambda Phy-
sik, K 300, maximum energy 20 pJ/pulse). The dye
stilbene 3 was used in these experiments. With
CHCIBr, as the parent molecule methylidyne radi-
cals were excited by a Nd** : YAG-laser-pumped dve
laser (Quantel TDL 1V) frequency mixed with the
1064 nm line of the YAG laser (Quantel YG 481).
The dye used in these experiments was pyridine 2.
In order to minimize scattered light the dye laser
beam was passed through a special light buffle sim-
ilar to that used previously [18].

The fluorescence signal was monitored at right an-
gles to the laser beams through a bandpass filter cen-
tered at 430 nm by a photomultiplier (1P28). The
output of the photomultiplier was gated, integrated
and averaged by a boxcar signal averager (Princeton
Applied Rescarch model 162) and recorded with a
strip chart recorder or a microcomputer. The time
delay between the photolysis and the probe laser pulse
was varied between O and several hundred micro-
seconds using a digital delay generator (BNC model
7010). The lasers were operated at a repetition rate
of 30 or 10 Hz, respectively. All measurements were
carried out in a slowly flowing gas mixture (flow <0.5
m/s). Pressures were measured by capacitance ma-
nometers (MKS Instruments). The concentrations
of the gases used were determined from their partial
flows measured with calibrated flow meters (Rota-
meter). Most of the measurements were carried out
at a total pressure of 2 Torr using argon as a buffer
gas.

All gases employed in this work were from Messer
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Griesheim and used without further purification.
CH,Br, (Merck, 99% purity) and CHCIBr, (Alfa,
99% purity) were carefully degassed before use. Hy-
drogen atoms were generated by a microwave dis-
charge in an H,/Ar mixture. Their concentrations
were calibrated by titration with NO,.

3. Results and discussion

The retative CH(X 2[1) concentrations were mea-
sured by LIF from the integrated intensity of the Q-
branch of the A2A-X 2T (0, 0) transition at 431.5
nm. Fig. 1 shows a typical semi-log plot of the rel-
ative CH concentration as a function of time after
the 248 nm laser pulse for H, as reaction partner.
For hydrogen and nitrogen as reactant gases an in-
crease of the LIF intensity was observed (up to a fac-
tor of two compared to that with only argon pres-
ent). This behaviour was not seen when other gases
were added. The time profile of the CH signal did
not show any increase at early times.
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Fig. 1. Semi-log plot of CH decay after excimer laser photolysis
of 1.5 mTorr CHCIBr; with a focused laser beam in the presence
of different H, concentrations, total pressure 2 Torr argon, H, 0
mTorr H,; [, 404 mTorr H,; ®, 694 mTorr H,.
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Fig. 2. Plot of first-order decay constants of CH radicals versus
the concentration of molecular hydrogen at 2 Torr total pressure.
[1, CH,Br, as CH source, buffer gas: argon; i, CHCIBr, as CH
source, buffer gas: argon.

From the slopes of the decay curves with different
concentrations of the reactants bimolecular rate con-
stants were derived for the depletion of CH as shown
in fig. 2 for H, as reactant. For the evaluation of the
rate constant of the CH+H reaction the reaction of
undissociated H, which was always present in the re-
action system due to the method of H atom gener-
ation had to be considered. Table I summarises the
rate constants measured in this work in comparison
with literature values.,

3.1 Reaction with O,

The highly exothermic reaction of CH(X 2I1) rad-
icals with O, is thought to be responsible for the OH*
chemiluminescence that can be observed in many
hydrocarbon flames:

CH(XI)+0, —I: OH(AZX*)
products . (1)
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Table 1

Rate constants for the reactions of CH(X 2IT) radicals with se-
lected species R at room temperature and a total pressure of 2
Torr

R k(10="cm3s=") Ref.
* this work @ literature values

0, 51403 8.0 +3.0 [15]
3.3 +0.4 [16]
2.3 %05 [17]
59 +08 [19]
5.1 +0.5 (20]
0.2 t0.02%® [21]
0.43£0,04 © [21]

N, 0.008 £0.0006 0.003 9 [22]
0.005 (23]
0.0078+0.0001 [24]

N,O 6.9+0.9 42+0.7 {17]
7.8+ 1.4 (23]
0.58 (24]

H, 0.2:+0.03 0.1 {10]
0.063+0.012 (17}
0.02¢ (25)
0.065+0.016 * [26]
0.09 +0.03° [26]

D, 1704 -

H 1.4+0.5 0.2-0.6° (27]
16 (28]
1.21° [29]
299 [30]
49 (31}

*) The uncertainties represent 1 and are based on the statistical
precision of the least-squares fit only.

*) Total pressure 10 Torr, measured for CH (X [1, v=0).

) Total pressure 10 Torr, measured for CH (X 2I1, v=1).

¢ Extrapolated from ko and k.. given in ref. [22] and ref. [25],
respectively.

) See text.

The OH* chemiluminescence in the 305-319 nm re-
gion occurring from the above reaction was inves-
tigated recently by Lichtin et al. [15] and Messing
et al. [16], who found the reaction to be indepen-
dent of pressure. These authors obtained rate con-
stants for the overall reaction (1) of (8 +3)x 101!
and (3.3£0.4) x 10~ cm? s~!, respectively. These
results and the values of (5.920.8) 10~ "' cm?®s—!
determined by Butler et al. [19] and of
(5.1£0.5)x10-"" cm?® s—! determined by Berman
et al. [20] are in good agreement with the value of
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(5.110.3)x10~" c¢cm?® s~! of the present work.
However, the values obtained by Duncanson and
Guillory [21] 0f 2.1 X 10~ "2 and 4.3 10~ "2 cm?*s~!
for ‘the vibrational levels v =0 and v” =1, respec-
tively, are much smaller.

3.2. Reaction with N,

The reaction of CH with N, seems to be one of the
best studied reactions in CH chemistry {10,11,19,21-
24]. This reaction is considered to be responsible for
the “prompt” NO formation in high temperature
combustion systems [9] forming a complex fol-
lowed by the oxidation of the products:

CH+N,-™L [HCN,]-HCN+N. (2)

In the present measurements the addition of N, to
the reaction system caused a significant increase of
the CH LIF signal. A comparison of the energy of the
v" =1 levels of CH(X 1) and N,(X 'Z7 ) exhibits
a reasonably good resonance between the states; this
may result in a fast vibrational relaxation of any
CH(vz1). The reaction of CH radicals with molec-
ular nitrogen was first measured by Braun et al, [10].
The rate constant obtained by these authors was
7.2x 10" cm?s~! at 300 K and a total pressure of
about 10 Torr.

Measurements by Berman and Lin [22] showed
that the reaction is pressure and temperature depen-
dent over a wide range. From the &, and k., values
obtained in their study a rate constant of 3x 104
cm?® s—! was extrapolated for a total pressure of 2
Torr. Wagal et al. [23] reported a value of 5x 10—'*
cm? s~ ! at 2 Torr total pressure, which is in reason-
able agreement with the present value of
(8.01£0.6)x10 " cm?s .

Thermodynamically reaction (2) is endothermic
by 15.4 kJ/mol, which can explain the rather slow
rate constant. Reaction (2) should be forbidden as
it does not follow spin conservation. The spin con-
servation rule generally holds for simple abstraction
reactions. Because of the pressure dependence of re-
action (2) Butler et al. [19] proposed a long-lived
complex [HCN,] as an intermediate which can
undergo multiple crossings between several potential
energy surfaces of different spin configurations.
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3.3. Reaction with N,O

The value (6.9+0.9) X 10~} cm? s~! obtained for
the rate constant of the reaction of CH(X 1) rad-
icals with N,O is in good agreement with the value
of (7.8 1.4)x 107" cm?s~! measured by Wagal et
al. [23], who used a laser photolysis/LIF technique
in their experiments similar to that applied in the
present study. On the other hand, Anderson et al.
[17] and Nesbitt [ 24 ] have measured rate constants
that are factors of 2 and an order of magnitude
smaller, respectively, than the present value. Both
groups used a conventional fast-flow reactor in com-
bination with LIF detection of the CH(X 2IT) rad-
icals; however, the CH radical sources were different.

Compared with other radical + N,O reactions, e.g.
the reaction with O('D) [32] or C(°P) [33], the
rate constant for the reaction with CH(X 2IT) radi-
cals is not unusually fast. Thermodynamic consid-
erations show that the reaction might lead to several
different reaction products. Wagal et al. [23] pro-
posed NO, HCN and N, as the most probable prod-
ucts. Accordingly, the reaction of CH radicals with
N.,O opens another reaction path for the formation
of nitric oxide in combustion systems. Because N,O
is a pollutant formed in the combustion of fossil fuels
[34-37] it might be necessary to include the above
reaction in modeling schemes of combustion systems.

3.4. Reaction with H, and D,

The reaction of CH radicals with H,, which was
found to be pressure dependent over a wide pressure
range [25,38], has two available reaction channels,
a slightly endothermic abstraction and an addition:

—[lﬂ+CH3. (3)

Very recently Zabarnick et al. [26] investigated the
temperature dependence of this reaction in the tem-
perature range 372 to 675 K at a total pressure of
100 Torr. They found that the production of CH;
radicals dominates at temperatures <300 K, whereas
at temperatures > 400 K the formation of CH, rad-
icals becomes more important.

As we observed in the CH+ N, system the maxi-
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mum of the LIF signal from CH typically increased
by a factor of two when H, was added. The increase
in the CH concentration cannot be attributed to a
rapid generation of CH by reaction of a photolysis
fragment (carbon atoms) with hydrogen, as pro-
posed by Berman and Lin [25] because the same ef-
fect was observed when N, was added as reactant. It
seems likely that the increase has to be attributed to
relaxation processes as in the CH+ N, reaction sys-
tem. Very recently Nishiyama et al. [39] found that
the CH(X I, v” =1) level rapidly relaxes to v* =0
by collisions with H,. A comparison of the present
rate constant with literature values (table 1) shows
some discrepancies. The value of Anderson et al.
[17] is a factor of three smaller than the present
value. From the k, and k., values obtained by Ber-
man and Lin [25] in their investigation of the pres-
sure dependence of the reaction of CH+ H; over the
range from 25 to 600 Torr a rate constantof 2x 103
cm? s—! was extrapolated for 2 Torr total pressure.
However, because ky and k., are associated with large
error limits the extrapolated rate constant should only
be considered as a rough estimate. From a more re-
cent study of the temperature dependence of reac-
tion (4) Zabarnick et al. [26] obtained an Arrhen-
ius expression for the abstraction channel of (3) of
k=(238+0.31)x10"exp[(—1760+60)/T] cm’
s~!. The rate constant of (6.511.6)x 10" 3 cm®s~!
calculated for a temperature of 297 K can be com-
pared with the present rate constant for the reaction
of CH radicals with H, because at 2 Torr total pres-
sure the abstraction channel of reaction (3) should
be the dominant reaction path. Using the Arrhenius
expression obtained from a transition state theory
{RRKM) calculation by Zabarnick et al. [26] a rate
constant of (913)X10~'% cm3 s—! was calculated.
Similar to the previous findings of Berman and Lin
{25] the rate constant of the reaction of CH radicals
with D, was found to be 8.5 times larger than that
of CH+H,. Berman and Lin [25] explained the large
difference between these two rate constants by a re-
action mechanism involving a rapid isotopic ex-
change, e.g.

CH+D,=CHD3=CD-+HD. (4)

However, no Kinetic data are available for the re-
action CH+D, at a total pressure of 2 Torr which
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can be compared with our experimental value of
(1.7£0.4)x 10" cm3 s~ 1.

3.5. Reaction with hydrogen atoms

The reaction of hydrogen atoms with CH (X 2I1)
radicals was predicted to form ground state carbon
atoms via [8]

CH+H—C+H,. (5)

Reaction (5) is exothermic by 97 kJ/mol. Another
possible path could be the addition of atomic hy-
drogen leading to methylene radicals:

CH+H+M-CH,+M. 6)

In this work, the overall rate constant for the reac-
tion of CH+ H was determined over a pressure range
from 2 to 12 Torr. A rate constant of (1.4+0.5)
X 10~ ¢m?® s=! for the reaction of CH(X3II)
+H was obtained independent of the total pressure
within the experimental error limit (see fig. 3).
Only a few data derived from theoretical calcu-
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Fig. 3. Plot of first-order decay constants of CH radicals versus
the concentration of atomic hydrogen at different total pressures:
A, 2 Torr argon, @, 6 Torr argon; M. 12 Torr argon.
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lations or indirect observations in different reaction
systems are available for comparison with the pres-
ent result. Meuser [27], who measured the forma-
tion of CH(X 2I1) radicals in the reaction of C,0
radicals with atomic hydrogen at 2 Torr total pres-
sure, estimated a rate constant of between 2X 10~!2
and 6x10-'2 cm?® s~' for the reaction
CH(XI)+H. Peeters and Vinckier [28] pub-
lished an upper limit of 1.6 x10~'° cm? s—! for the
destruction of CH radicals by hydrogen atoms at a
temperature of 2000 K in the CH,+O and C,H,+ O
flames, which is one order of magnitude larger than
the present value. Lange et al. [29] estimated a rate
constant of 1.2 10~ "' ¢m?®s—! from self-absorption
experiments on CH generated in a pulsed discharge
of methane, which agrees well with our value.
Eschenroeder and Lord [30] calculated a rate con-
stant of 2.9 10~ ¢m3 s—! at 4500 K with respect
to the role of this reaction in rocket exhausts. More
recently Murrell and Dunne [31] carried out quasi-
classical trajectory calculations for the triplet ground-
state surface of methylene in order to evaluate the
rate constant for reaction (5) over the temperature
range from 1000 to 2000 K. They determined a rate
constant of 4X 10~ !! cm?s~! almost independent of
temperature. All these previous values are depen-
dent on several assumptions and can only be con-
sidered as rough estimates.

Our experimental results support reaction (5) as
a source of carbon atoms in hydrocarbon flames
because

(1) no dependence of the rate constant on the to-
tal pressure was observed (reaction (6) should have
a pressure dependence), and

(2) the calculated third-order rate constant of
10-2% cm® molecule=2 s~! would be unreasonably
large for the recombination step, reaction (6), at 2
Torr.

4. Conclusions

In conclusion, we have obtained absolute rate con-
stants for the reaction of CH (X 1) radicals with O,
N,, N,O, H,, D, and H atoms at 297 K and a total
pressure of 2 Torr using a laser flash photolysis—LIF
technique. For the reactions of ground-state CH rad-
icals with O, and N, the present rate constants are
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in pood agreement with most literature data. How-
ever, the rate constants for the reactions of CH rad-
icals with N,0, H, and D, obtained from fast-flow
studies of the CH kinetics are all smaller than those
obtained from laser photolysis/LIF experiments.

The rate constant for the reaction CH+H was de-
termined for the first time. The experimental results
support the formation of ground-state carbon atoms
as reaction product although carbon atoms were not
directly detected in the system.
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