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The reactions of the CH radical with several alkanes were studied, at room temperature, in a low-pressure
fast-flow reactor. CH(X2Π, V ) 0) radicals were obtained from the reaction of CHBr3 with potassium atoms.
The overall rate constants at 300 K are (0.76( 0.20)× 10-10 [Fleurat-Lessard, P.; Rayez, J. C.; Bergeat, A.;
Loison, J. C.Chem. Phys.2002, 279, 87],1 (1.60 ( 0.60) × 10-10[Galland, N.; Caralp, F.; Hannachi, Y.;
Bergeat, A.; Loison, J.-C.J. Phys. Chem. A2003, 107, 5419],2 (2.20( 0.80)× 10-10, (2.80( 0.80)× 10-10,
(3.20( 0.80)× 10-10, (3.30( 0.60)× 10-10, and (3.60( 0.80)× 10-10 cm3 molecule-1 s-1, (errors refer
to (2σ) for methane, ethane, propane,n-butane,n-pentane, neo-pentane, andn-hexane respectively. The
experimental overall rate constants correspond to those obtained using a simple classical capture theory.
Absolute atomic hydrogen production was determined by V.U.V. resonance fluorescence, with H production
from the CH+ CH4 reaction being used as a reference. Observed H branching ratios were for CH4, 1.00
[Fleurat-Lessard, P.; Rayez, J. C.; Bergeat, A.; Loison, J. C.Chem. Phys.2002, 279, 87];1 C2H6, 0.22( 0.08
[Galland, N.; Caralp, F.; Hannachi, Y.; Bergeat, A.; Loison, J.-C.J. Phys. Chem. A2003, 107, 5419];2 C3H8,
0.19 ( 0.07; C4H10 (n-butane), 0.14( 0.06; C5H12 (n-pentane), 0.52( 0.08; C5H12 (neo-pentane), 0.51(
0.08; C5H12 (iso-pentane), 0.12( 0.06; C6H14 (n-hexane), 0.06( 0.04.

I. Introduction

The methylidyne radical, CH, is extremely reactive due to
the presence of one singly occupied and one vacant nonbonding
molecular orbitals, both localized on the C atom, allowing
reactions without barriers (addition toπ bonds or insertion into
σ bonds). Because of its high reactivity, the CH radical plays a
major role in hydrocarbon combustion,3 in dense interstellar
clouds (ISCs),4 and in the atmospheres of Titan,5 Neptune,6 and
Triton,7 in which CH radicals are produced by photodissociation
of CH4.8,9 The CH radical reactions provide a way to synthesize
long chain hydrocarbons and complex organic molecules in
dense interstellar clouds (ISCs)4 and planetary atmospheres.10

The kinetics of CH reactions with various alkanes11-16 have
been studied at temperatures ranging from 300 to 650 K and
down to 23 K for CH+ CH4 and CH+ C2H6.17,18 There is
only one experimental study for CH+ neo-pentane15 and none
for other pentane isomers. For the CH+ hexane reaction, there
is no experimental rate constant determination to our knowledge.
The experimental temperature dependences of the CH+ alkane
rate constants between 300 and 650 K suggest that those
reactions proceed without any barrier as confirmed for the CH
+ CH4 and CH+ C2H6 reactions in the Rowe group17,18 by
kinetics studies down to 23 K. Such barrierless reactions are
dominated by the long-range attractive intermolecular potential,
which could also explain the variation of the rate constants with
the size of the alkane. The first step in the reaction of CH with
the alkane is the CH insertion either in a C-H or C-C bond,
leading to an alkyl radical which then quickly evolves. Except
for our studies on CH+ CH4 and CH+ C2H6,1,2 and one study
on the reactions of CH radicals with C2H2, C2H4, C2H6, and

CH + neo-pentane,19 no other branching ratio determination
exists. Equally, if we exclude our studies on CH+ CH4 and
CH + C2H6 systems,1,2 and one study on CH+ CH4 by Taatjes
and Klippenstein,20 there is no extensive theoretical study of
these reactions.

We performed kinetics experiments using a selective source
of CH radicals in a low-pressure fast-flow reactor at room
temperature. The overall rate constants were obtained by
studying the decay of the CH radical, by laser induced
fluorescence (LIF), or by OH chemiluminescence after addition
of a small amount of O2 (CH + O2 f OH(A2Σ) + CO), the
alkane being introduced in excess; the diffusion corrections had
been validated in previous studies.1,2,21,22 Absolute product
branching ratios of the CH+ alkane reactions were estimated
for the channels yielding H atoms by comparison with the CH
+ CH4 f C2H4 + H (100%) reaction,1 the H atoms being
probed by resonance fluorescence in the vacuum ultraviolet.
We performed new ab initio and RRKM calculations on the
CH + C3H8 system to assess precisely the mechanism of this
reaction. To interpret the H branching ratio for the other alkane
reactions, we use the results of the CH+ C3H8 calculations, as
well as our previous calculations on the CH+C2H6 system2

and the extensive experimental and theoretical data on the alkyl
decomposition.23,24

II. Experimental Measurement

The experimental setup has been described in detail previ-
ously,1,2,21,22and only a brief summary is given here. The setup
consists of a fast-flow reactor (i.e., a 36-mm inner tube with
four optical ports for detection). The CH radicals are produced
in an “injector” which slides along the axis of the reactor. At
the end of the injector, the CH radicals are mixed with the alkane
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flow. The distance,d, between the end of the injector and the
observation windows is directly proportional to the reaction time.
The distance can be varied over the range 0-100 mm with 0.5
mm precision, allowing kinetic studies between 0 and 3.3 ms
(the gas speed is around 30 m s-1). The pressure, typically 2
Torr, is measured by a capacitance manometer (Barocel 0-10
Torr), and the flow rates are adjusted by thermal mass flow
controllers (Tylan).

CH radicals were produced from the CHBr3 + 3 K f CH +
3 KBr overall reaction which can be separated into three
elementary bromine abstractions. As all of the K+ CHBrx f
KH + CBrx (x g 0) reactions are endoergic, this source can
only produce CH radicals. As the sum of the exothermicities
of the three abstractions25,26 is 208 kJ mol-1, the production of
CH(a4Σ-) radicals which is 69.9 kJ mol-1 above the ground
state, is possible. However, that would require a high concentra-
tion of metastable species with long lifetimes (such as electroni-
cally excited CHBr) in the oven, which is unlikely in our
conditions. Moreover, the CH(a4Σ-) reactivity is negligible
compared to the CH(X2Π) reactivity toward alkane.27 As a large
excess of potassium is introduced in the injector compared to
the CHBr3 concentration, the precursors (CHBr3, CHBr2, and
CHBr) concentrations in the fast flow reactor are very small
and will not interfere in our study, as well as K atoms which
are not reactive with alkane molecules. The typical conditions
in the reactor are the following:P ) 2 Torr, [K] < 0.1 mTorr,
[CHBr3, CHBr2, and CHBr], 0.001 mTorr, and [CH]≈ 0.3
mTorr (1.0× 1011 molecules cm-3). CHBr3 (99%) was used
without any further purification. The different alkanes were used
directly from the cylinder with a purity of>99%. The carrier
gas He had a stated purity of 99.995%.

The CH radicals are probed by LIF using a ND:YAG laser
(Quantel YG 581C) pumped dye laser (around 100µJ by pulse)
exciting the CH (A2∆ r X2Π) transition near 431 nm or by
OH (A2Σ f X2Π) chemiluminescence detection with an
interferential filter around 305 nm, with electronically excited
OH being produced by introducing a very minor amount of O2

for kinetics experiments (kinetic contribution of the CH+ O2

reaction is always inferior to 5% of the CH+ alkane contribu-
tion).

Hydrogen atoms are detected by resonance fluorescence using
the 2p1 2P0 f 1s1 2S transition at 121.6 nm. Atom excitation is
achieved with the microwave discharge lamp previously de-
scribed.1,2,21,22We also use the microwave discharge lamp in
an absorption setup to check the absorption of H atoms and
alkanes in the reactor. Typically, the maximum H atom
absorption at the LR is 3%, which corresponds to about 4×
1010 molecule cm-3 with our microwave lamp conditions, and
the absorption by alkanes is always inferior to 0.1%. Thus, the
conditions of the presently reported experiments ensure the linear
dependence of the atomic fluorescence signal versus the lamp
emission intensity or the H atoms concentration and also the
negligible influence of the alkane absorption.

III. Results

A. Overall Rate Constant. The pseudo-first-order decays
of the CH radical fluorescence signal were monitored at different
concentrations of alkanes introduced in large excess. To get rid
of the mixing effects, only the last stages of the decay (after 3
cm from the injector exit) have been taken to determine the
pseudo-first-order rate constants. The measured rate constants
were then corrected for radial and axial diffusion from Keyser’s
formula,28 as done previously with good results.1

A typical measurement of the pseudo-first-order rate constant
is displayed in Figure 1, for the CH+ C3H8 reaction, where

axial and radial corrected pseudo-first-order rate constants are
plotted versus the alkane concentrations. The main source of
errors in our measurements is the important radial and axial
diffusions corrections. Moreover, the high wall removal rate
constant, due to wall deposit of potassium, associated with these
diffusions, leads to the limit conditions of the plug-flow
approximation, and the errors quoted take into account these
uncertainties. The second-order rate constants of CH reactions
with the alkanes concerned obtained in this study are sum-
marized in Table 1 and are compared with previous measure-
ments. The present results are in fairly good agreement with
the previous work considering the variety of experimental setups.

B. Product Branching Ratio. Hydrogen atom productions
by the CH+ alkane reactions were determined relative to H
production from the CH+ CH4 reaction by resonance fluores-
cence in the vacuum ultraviolet. As the H atom branching ratio
is known to be 100% in our conditions for the CH+ CH4

reaction,1 the determination of the branching ratio for CH+
alkane reactions thus gives absolute values.

Figure 1. Pseudo-first-order rate constant for the CH+ C3H8 reaction
versus the C3H8 concentration. The gradient of the fitted linear
dependence yields the second-order rate constant,k ) (2.20( 0.8)×
10-10 cm3 molecule-1 s-1 at T ) 300 K andP ) 2.0 Torr in He. The
inset shows two typical CH decay signals, one from CH LIF signal
(full dot) with 3.66× 1012 molecule cm-3 of C3H8 and one from OH*
chemiluminescence signal (cross) with 1.20× 1013 molecule cm-3 of
C3H8.

TABLE 1: Overall Rate Constants at Room Temperature in
10-10 cm-3 molecule-1 s-1

reactions
k298K in units of

10-10 cm-3molecule-1s-1 ref

CH + CH4 0.76( 0.20 1
0.94( 0.20 39
0.66( 0.03 40
0.90( 0.20 41
0.54( 0.10 12
0.97( 0.10 13
1.00( 0.30 11

CH + C2H6 (ethane) 1.60( 0.60 2
2.39( 0.19 11
2.80( 0.30 12
4.00( 0.80 14

CH + C3H8 (propane) 2.20( 0.80 this study
4.12( 0.13 15
1.36( 0.33 16

CH + C4H10(n-butane) 2.80( 0.80 this study
4.80( 0.80 12
5.80( 0.52 13

CH + C5H12 (n-pentane) 3.20( 0.80 this study
5.03( 0.10 15

CH + C5H12 (neo-pentane) 3.30( 0.60 this study
CH + C6H14 (n-hexane) 3.60( 0.80 this study
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To measure the relative H atom production, the fluorescence
signal is recorded successively for CH+ CH4 and CH+ alkane
reactions. The CH4 and alkane concentrations were adjusted in
order to have equivalent global first-order rate constants, the
CH production being constant during a period of more than 1
h. This operation was repeated several times, alternately for
different CH4 and alkane concentrations, under different pres-
sures and different CHBr3 concentrations. In our experimental
conditions, we have to take care to check which secondary
reactions occur. The main one is the CH+ CH f C2H + H
reaction. Other ones could be the C2H + alkane reactions.
However, as these reactions are 10 times slower than the CH
+ alkane reactions and also only lead to direct H atom
abstraction,29,30 they can be neglected. Finally, there are the
alkane reactions with molecules and radicals produced by the
CH + alkane reactions. However, the CH+ alkanes reactions
produce alkene, alkyl radicals, or hydrogen atoms which do not
react with alkane in our experimental conditions. These reactions
are therefore slow enough to be neglected. So the only main
secondary chemical source of H atoms considered here is the
CH + CH f C2H + H reaction, which produces typically 10%
of the total amount of H atoms from the initial CH concentration.
To determine the H atom production of the CH+ alkane
reactions, we performed simulations of H production, including
the CH+ CH f C2H + H reaction, mixing effects, and wall
reactions, for each system: CH alone, CH+ CH4, and CH+
alkane. The contribution from the CH+ CH reaction, when
CH4 or alkane is added has been described and validated in our
previous article.2 This contribution is calculated by integrating
the C2H* chemiluminescence signal convoluted with the wall
loss rate constant of 300 s-1 for H atoms in our experimental
conditions (this fast loss of H atoms is due to the high reactivity
of H atoms with the potassium deposited on the wall). This
contribution is then scaled with the H production signal when
only CH radicals are present in the reactor using the C2H*
chemiluminescence integration ratio. The fitted parameter was
the product branching ratio of H atom production of the CH+
alkane reaction. Typical traces of H atom concentrations,
deduced from the fluorescence signals, versus the distance (i.e.,
the reaction time) are shown in Figure 2 for the CH+ n-C5H12

reaction. Our experimentally determined H atom branching
ratios are presented in Table 2.

IV. Discussion

A. Overall Rate Constant. The use of the same apparatus
under the same pseudo-first-order conditions for the measure-
ments of the global rate constants lead to small relative
uncertainties. So comparisons can be easily made, as well as
quantification of the regular increase of the rate constants with
the size of the alkanes. The high values of the rate constants
for these reactions suggest that there are no barriers on the
potential energy surfaces for those reactions. This absence of a
barrier is confirmed for the CH+ CH4 and CH+ C2H6 reactions
by the low-temperature kinetics studies performed at Rennes
with the CRESU technique.11,17,18 As shown by ab initio
calculations for CH+ methane1 and CH+ ethane,2 the first
step is the insertion of the CH radical into an alkane C-H bond,
resulting in a chemically activated alkyl radical. This transient
radical rapidly decomposes. As the threshold energy of this
decomposition step is much lower than the energy of the
entrance channel, the lifetime of the alkyl radical adduct is very
short (typically 10-11 s). Therefore, the rate determining process
is the CH insertion. The same argument can be applied to a
CH radical reacting with larger alkanes. The experimental

increase of the rate constants, which vary with the size of the
alkane reactant, is, consequently, due to the increase of the
collision cross section. As there is no activation barrier during
the CH radical insertion, we can apply classical capture theory.
As alkanes are nonpolar molecules, the main term in the long
range interaction potential is the isotropic dispersion one:-C6/
R6.31 Using the same methodology as Clary32 for C + alkene
and C+ alkyne reactions, the overall rate constant at a given
temperature is proportional to the cubic root of the C6 coefficient
and, consequently, proportional to the cubic root of the alkane
isotropic polarizability.32 As such, polarizabilities are propor-
tional to the numberN of carbon atoms in the molecules,33 and
the rate constant at room temperature (298 K) is directly
proportional to N1/3. Figure 3 plots the experimental rate
constants versusN1/3. The linear dependence provides clear
evidence that capture theory appropriately describes these
reactions which are, indeed, mostly controlled by long-range
intermolecular forces. However, we point out the limits of the
procedure used to fit the rate constants which uses only isotropic
dispersion terms in the interaction potential.

B. Product Branching Ratio. The H branching ratios are
low and inversely proportional to the alkane’s size, with the
notable exceptions of the CH+ n-pentane and CH+ neo-
pentane reactions (see Table 2). Despite the variety of mech-
anisms available in such complex systems, we could use the
previous theoretical study of the reaction prototype CH+ C2H6

2

Figure 2. H fluorescence signals from the reaction of the CH radical
with CH4 or n-C5H12. The concentrations were adjusted to have the
same pseudo-order rate constant: (a) open squares, H production from
the CH+ CH4 reaction, (b) open circles, H production from the CH+
C5H12 reaction, and (c) filled squares, H production contribution from
the CH + CH reaction during the CH+ CH4 or CH + n-C5H12

reactions. The fits linking the H production plot result from a global
simulation of the different reactions (see text).

TABLE 2: Branching Ratio of Atomic Hydrogen

reactions H atom yield ref

CH + CH4 1.00 1
CH + C2H6 (ethane) 0.22( 0.08 2

0.14( 0.06 19
CH + C3H8 (propane) 0.19( 0.07 this study
CH + C4H10(n-butane) 0.14( 0.06 this study
CH + C5H12 (n-pentane) 0.52( 0.08 this study
CH + C5H12 (neo-pentane) 0.51( 0.08 this study

-0.10( 0.12 19
CH + C5H12 (iso-pentane) 0.12( 0.06 this study
CH + C6H14 (n-hexane) 0.06( 0.04 this study
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and thermal decomposition of the alkyl radical23,34 to explain
the general trend. The key steps are as follows:

(1) Insertion into the alkane CH bond is the major attack
step (insertion in a CC bond being unfavorable because of the
steric hindrance).2

(2) The produced alkyl adduct has a large excess of energy,
a narrow energy distribution, and an estimated lifetime close
to 10-11 s,2 which has to be compared with a collision frequency
close to 3× 107 s-1 at 2 Torr, so, the collisional stabilization
of this adduct at 2 Torr is negligible.2

(3) The 1,2 or 1,3 isomerization reactions are minor in C3

and C4 alkyl radicals but 1,4, 1,5, or 1,6 isomerization reactions
appear in C5, C6, and C7 alkyl radicals with rate constants similar
to the direct C-C fission.23,34

(4) âC-C bond cleavage always dominates overâC-H bond
cleavage. The C-C bond fission is always favored because the
threshold energy for the C-C fission and the C-H fission
channels are typically around 125 and 150 kJ mol-1 respec-
tively.23

(5) âC-C bond fission leads to the production of an alkene
and an alkyl radical, the latter one can itself dissociate in some
cases.

CH + C3H8. The experimental H production for this reaction
is equal to 19%. This low H atom branching ratio is consistent
with the fact that direct H atom channels play a minor role.
The insertion of the CH radical into one CH bond ofn-propane
can form either ann-butyl radical (CH3CH2CH2CH2

•) or an
i-butyl radical ((CH3)2CHCH2

•). The evolution of these two alkyl
radicals can lead to (thermodynamic data are derived from refs
33, 35, and 36)

As for our previous study of the CH+ C2H6 reaction,2 ab initio
studies of the different stationary points relevant to this reaction

and RRKM calculations, including tunneling effects, of the
various steps of the mechanism were performed. This study is
detailed elsewhere37 and only the results are presented here. As
the threshold energy for three- and four-member ring isomer-
ization is higher than for C-H fission with a tighter transition
state, there is no possibility of isomerization forn-butyl and
i-butyl radicals. To obtain the branching ratio of the various
products, the differential equation system describing the kinetic
evolution of the butyl radicals has been solved using the
calculated microcanonical constants. For then-C4H9 decomposi-
tion, calculations give 95% for the C2H4 + C2H5 channel and
5% for the 1-C4H8 + H channel, and for thei-butyl radical
decomposition, calculations give 96% for the C3H6 + CH3

channel and 4% for thei-C4H8 + H channel. In both cases, the
H channels are unfavorable because of the higher activation
energy (20-30 kJ mol-1) of the butyl decomposition routes.
This calculated H atom production is also much lower than the
experimental one (19%). The higher experimental H atom
production is likely to be explained by prompt dissociation of
alkyl radical products. As the CH3 radical is produced with an
internal energy inferior to its C-H bond energy (462 kJ
mol-1),33 the only secondary source of H atoms is the C2H5

radical produced by reaction 1a. The exothermicity of the CH
+ C3H8 f n-C4H9 f C2H4 + C2H5 reaction is∆rH298

0 ) -319
kJ mol-1 and the energy threshold dissociation of the C2H5

radical (leading to C2H4 + H) is localized 155 kJ mol-1 higher
than the C2H5 energy. The amount of dissociated C2H5 has been
estimated by calculating the amount of C2H5 prompt dissociation
from the nascent population of C2H5 above the dissociation limit
based on the prior distribution, including collisional stabilization,
of the n-C4H9 f C2H4 + C2H5 reaction. An RRKM-Master
equation procedure was used38 where the average energy lost
in deactivating collisions〈∆E〉down, was kept equal to 180 cm-1,
a reasonable value for He buffer gas. The C2H5 nascent
population distribution, produced by reaction 1a is presented
in Figure 4. The pressure dependence of the C2H5 prompt
dissociation process is presented in Table 3. The C2H5 prompt
dissociation from the nascent population of C2H5 above dis-
sociation is equal to 40( 3% (the error is calculated taking
into account the errors in∆fH298

0 of the various species) and
the amount of dissociated C2H5 is equal to 35( 5% at 2 Torr
of He (our experimental conditions; the error is calculated taking
into account the errors in∆fH298

0 and the error in〈∆E〉down

Figure 3. Plot of the experimental rate constant for the reactions of
ground state CH radicals withn-alkanes versusN1/3, N being the number
of carbon atoms of then-alkanes.

Figure 4. Calculated nascent population distribution of C2H5 produced
by CH + C3H8 f 1-C4H9 f C2H5 + C2H4. (continuous curve),
produced by CH+ C4H10 f 1-C5H11 f C2H5 + 1-C3H6. (dash curve),
and produced by CH+ C5H12 f 1-C6H13 f C2H5 + 1-C4H8. (dash-
dot curve). The dashed line indicates the threshold dissociation energy.

CH + C3H8 f n-C4H9 f C2H4 + C2H5

∆rH298
0 ) -319 kJ mol-1 (1a)

1-C4H8 + H ∆rH298
0 ) -285 kJ mol-1

(1b)

CH + C3H8 f i-C4H9 f C3H6 + CH3

∆rH298
0 ) -325 kJ mol-1 (1c)

i-C4H8 + H ∆rH298
0 ) -291 kJ mol-1

(1d)

Reactions of Methylidyne CH(X2Π) Radical J. Phys. Chem. A, Vol. 110, No. 50, 200613503



taken equal to(80 cm-1). After fitting our experimental value
of 19 ( 7% for the total H atom production, we obtained 44(
17% of n-C4H9 formation and 56( 17% of i-C4H9 formation
for the CH+ C3H8 reaction. These results are quite surprising
considering the statistical weight of the CH radical insertion
into an alkane C-H bond leading to 75% ofn-C4H9 (6/8) and
25% of i-C4H9 (2/8). This result could be due to the fact that,
for the CH radical attack, the central part of the propane
molecule is more attractive than the outer part, decreasing the
probability of CH insertion into the terminal CH bonds (i.e.,
n-C4H9 production). The final product ratios of the CH+ C3H8

reaction, including secondary prompt dissociation given by the
fit of the experimental H production, are C3H6 (52%), CH3

(52%), C2H4 (44%), C2H5 (30%), and H (19%).
CH + C4H10. The experimental H production for this reaction

is equal to 14%. This result is also in agreement with the fact
that direct H atom channels play a minor role. The insertion of
the CH radical into one CH bond of then-butane could lead
either to a 1-pentyl radical (CH3CH2CH2CH2CH2

•) or a 2-me-
thylbutyl radical (CH3CH2CH(CH3)CH2

•) (i-C5H11). The evolu-
tion of these two alkyl radicals can lead to (thermodynamic data
are taken from refs 33, 35, and 36 with the zero energy
corresponding to the energy of the reactants CH+ C4H10 in
their ground states)

In every case, the H channels are unfavorable because of a
higher exit transition state energy (40 kJ mol-1) and the direct
H atom production is certainly lower than or equal to 5% by
comparison with the CH+ C3H8 study. As five-membered ring
1,4 primary to secondary isomerization is competitive with C-H
and C-C bond dissociations, a part of the 1-•C5H11 will
isomerize into 2-•C5H11. For the 2-•C5H11 evolution, C-H bond
dissociation is very inefficient, and the decomposition of
2-•C5H11 leads mainly to C3H6 + C2H5. The direct H atom
production is then very low (around 5%), and the main source
of H atoms comes from prompt dissociation. Forn-C3H7

dissociation, we have calculated, using the micocanonical rate
constants obtained previously2 and assuming a statistical energy
distribution for n-C3H7 formation, that 92% of then-C3H7 is
dissociated leading to 88% of CH3 + C2H4 and 4% of H+
C3H6. Another source of H atoms is the dissociation of the C2H5

radical. C2H5 is produced either by the dissociation ofi-•C5H11,
or by the decomposition of 2-•C5H11 formed from the isomer-
ization of 1-•C5H11. The energy available in C2H5 in this case

is similar to the case of CH+ C3H8. However, as the coproduct
is larger for the CH+ C4H10 reaction (C3H6) than for the CH
+ C3H8 reaction (C2H4), the statistical distribution energy in
C2H5 is shifted toward low energy, and then the amount of
prompt C2H5 dissociation is smaller. The amount of dissociated
C2H5 was calculated equal to 12%, the C2H5 nascent population
distribution, produced by reaction 2d is presented in Figure 4.
If 6% of H atoms are produced directly and from the dissociation
of n-C3H7, 8 ( 3% come from C2H5 dissociation, which implies
that the total C2H5 production is around 60( 26%. Even if
RRKM coupled ab initio calculations are necessary to fully
describe this system, the global behavior is well understood.
The effective products of the CH+ C4H10 reactions are C2H4,
CH3, C4H8, C3H6, and C2H5.

CH + n-C5H12. The experimental H production for this
reaction is equal to 52%. This result is not in agreement with
the fact that direct H atom channels play a minor role due to
the much favored C-C bond rupture rather than a C-H bond
rupture of the alkyl radical. This unusual result could be due to
a high production of a specific alkyl radical followed by a
prompt dissociation leading to a H atom (such as from the
t-C4H9 radical) or due to the existence of a new H atom channel.
The insertion of the CH radical into one CH bond ofn-pentane
leads either to a 1-hexyl radical (CH3CH2CH2CH2CH2CH2

•) (1-
C6H13), a 2-methyl-pentyl radical (CH3CH2CH2CH(CH3)CH2

•)
(2-CH3C5H10), or a 2-ethyl-propyl radical (CH3CH2CH(C2H5)-
CH2

•) (i-C6H13). As five and six membered ring 1,4 and 1,5
primary to secondary isomerizations are competitive with C-H
and C-C bond dissociation, some of these alkyl radicals will
isomerize leading to a complex alkyl radical distribution. As in
the case of CH+ C3H8 and CH+ C4H10 studies, the direct H
atom productions are unfavorable because of the higher exit
transition state energy (20-40 kJ mol-1),23,24 and it was
estimated to be around 5%. Taking into account the 1,4 and
1,5 isomerizations, the exit channels of the CH+ C5H12 reaction
are then

Among all of the various alkyl radicals eventually produced,
the only sources of H atoms from their prompt dissociation are
C2H5 (giving C2H4 + H), n-C4H9 (giving C2H4 + C2H5 followed
by C2H5 f C2H4 + H), and i-C3H7 (giving C3H6 + H). The
amount of dissociated C2H5 is calculated equal to 4%, and the
C2H5 nascent population distribution, produced by reaction 3c,
is presented in Figure 4. So, most of the H atoms come from
the dissociation ofi-C3H7, estimated to be equal to 45%. These
results explain a slightly higher H atom production than for the

TABLE 3: Amount of Prompt C 2H5 Dissociation, from CH
+ C3H8 f 1-C4H9 f C2H5 + C2H4, and t-C4H9 Dissociation,
from CH + neo-C5H12 f C6H13 f t-C4H9 + C2H4, at
Various Pressures of He

P(Torr) % of dissociated C2H5 % of dissociated t-C4H9

0.001 40 94
0.01 39 88
0.1 38 81
2 35 60

25 25 26

1-•C5H11 f C2H4 + n-C3H7 ∆rH298
0 ) -317 kJ mol-1

(2a)

n-C5H10 + H ∆rH298
0 ) -273 kJ mol-1 (2b)

i-•C5H11 f C4H8 + CH3 ∆rH298
0 ) -334 kJ mol-1 (2c)

C3H6 + C2H5 ∆rH298
0 ) -330 kJ mol-1 (2d)

i-C5H10 + H ∆rH298
0 ) -288 kJ mol-1 (2e)

CH3CH2CH2CH2CH2CH2
• f n-C4H9

• + C2H4 (3a)

f CH3CH•CH2CH2CH2CH3 f C3H6 + n-C3H7
• (3b)

f CH3CH2CH•CH2CH2CH3 f C4H8 + C2H5
• (3c)

f •CH3 + C5H10 (3d)

CH3CH2CH2CH(CH3)CH2
• f C3H6 + n-C3H7

• (3e)

f •CH3 + 1-C5H10 (3f)

f •CH2CH2CH2CH(CH3)CH3 f C2H4 + i-C4H9
• (3g)

f CH3CH•CH2CH(CH3)CH3 f C3H6 + i-C3H7
• (3h)

CH3CH2CH(C2H5)CH2
• f C4H8 + C2H5

• (3i)

f •CH2CH2CH2CH(CH3)CH3 f C2H4 + 2-C4H9
• (3j)
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CH + butane reaction considering that several opened channels
could lead to H atom production by alkyl radical dissociations.
Taking into account only C-C bond rupture and 1,4 and 1,5
isomerizations, we obtain 12 different exit channels, 4 exit
channels producing C2H5 radicals, and 1 exit channel producing
i-C3H7 radicals. However the C2H5 andi-C3H7 prompt dissocia-
tions cannot explain the very high experimentally observed H
atom production (52( 8%). Indeed, the percentage of dissoci-
ated C2H5 andi-C3H7 is less than 50%, and there are other open
exit channels without H production, such as CH3 production.
For example, from the study of Yamauchi,23 1,5 isomerization
of 1-C6H13, leading to C3H6 + n-C3H7

•, occurs at a similar rate
to decomposition at high temperatures.

The other possibility for the high H atom branching ratio is
the existence of a “new” channel producing H atoms. This
channel could be the most exothermic exit channel for the
1-C6H13 evolution: the formation of cyclohexane (c-C6H12) +
H localized -354 kJ.mol-1 below the reactants and-16
kJ.mol-1 below the second most exothermic channel (C4H8 +
C2H5

•). Unfortunately, ab initio calculations show that the exit
transition state of this channel is located much higher than for
other exit channels and has a much tighter structure. So, this
channel should play a minor role even considering the tunneling
effect. New ab initio calculations are currently being performed
on all of the intermediates and products of this system to obtain
a better understanding of it.

CH + neo-C5H12. The experimental H production for this
reaction is equal to 51%, similar to the CH+ n-C5H12 one.
This result is not in agreement with the fact that direct H atom
channels play a minor role due to the much favored C-C bond
rupture rather than C-H bond rupture of an alkyl radical, and
moreover, it is also not in agreement with the experimental
determination by McKee and al19 which is equal to-0.10 (
0.12, then close to zero.

As all of the CH bonds of neo-pentane are equivalent and
neglecting C-C bond insertion, the reaction of the CH radical
with neo-pentane yields (CH3)3CCH2CH2

• by insertion of the
CH radical into one CH bond of the neo-pentane. As C-H bond
breaking and 1,2 and 1,3 H atom transfers are not competitive
with C-C bond dissociation, (CH3)3CCH2CH2

• would decom-
pose to C2H4 + t-C4H9 (C-C bond rupture) or isomerize to
•CH2C(CH3)2CH2CH3 after 1,4 H atom transfer. The main
possible reactive pathways are then

In this case, C2H5 could produce not only secondary H atoms
by prompt dissociation but alsot-C4H9 radicals. The nascent
population distribution of thet-C4H9 produced by (4a) is
presented in Figure 5, and the amount oft-C4H9 prompt
dissociation at various pressures is presented in Table 3. At our
experimental pressure, 2 Torr, 60% of thet-C4H9 are dissociated
and 4% of the C2H5 are dissociated, so the high experimental
H atom production could be explained with adequate branching
ratios, namely 85% giving oft-C4H9

• + C2H4 production.
McKee et al. obtained a much lower H atom production,19

namely near 0%, but they were working at higher pressure (25
Torr of He) for which the stabilization of thet-C4H9 radical
(and also C2H5) is higher and so the dissociation toward C4H8

+ H correspondingly much lower. RRKM calculations give, at
25 Torr, 26% of the dissociatedt-C4H9 and 2% of the dissociated

C2H5. Thus, the H atom production in the McKee experiment
is expected to be close to 22%, higher than their result. However,
collisional stabilization oft-C4H9 could be more efficient in their
experiment as they used a higher neo-C5H12 concentration,
which is a more efficient collider than He.

CH + iso-C5H12 (2-Methyl-Butane). For this other pentane
isomer, the experimental H production is equal to 12%. This
result is more in agreement with the fact that direct H atom
channels play a minor role due to the much favored C-C bond
rupture rather than C-H bond rupture of an alkyl radical. The
insertion of the CH radical into one CH bond of the iso-pentane
could lead to four isomers. Taking into account only C-C bond
rupture and 1,4 and 1,5 isomerizations, we obtain 13 different
exit channels. Among them, only two exit channels produce an
alkyl radical, C2H5, able to produce a H atom by prompt
dissociation. The low experimental H atom production seems
to be consistent, 5% coming directly from the intermediate alkyl
radicals and around 7% coming from the C2H5 dissociation.

CH + n-C6H14. For this reaction, the experimental H
production is equal to only 6%. This result is in agreement with
the fact that direct H atom channels play a minor role due to
the much favored C-C bond rupture rather than C-H bond
rupture of an alkyl radical. The insertion of the CH radical into
one CH bond of then-hexane could lead to various isomers,
and considering the 1,4, 1,5, and 1,6 isomerizations pathways,
we obtain a quite complex system. The low experimental H
atom production seems to indicate that small amounts of C2H5,
i-C3H7, or t-C4H9 are produced and as such there are no major
secondary sources of H atom from alkyl prompt dissociations.
In this case, calculations will also be required to identify the
products of this reaction.

V. Conclusion

In the present study, the first-order rate constants and the H
atom branching ratios for the reaction of CH radicals with a
series of alkanes from methane ton-hexane have been inves-
tigated experimentally. The high values and the increase of the
rate constants with the size of the alkane are predicted from a
simple classical capture theory with a single dispersion term
for the potential energy surface. The experimental decrease of
H atom production with the size of alkane is related to the
decrease of the direct H atom channel occurrence, due to the
much favored C-C bond rupture rather than C-H bond rupture
of an alkyl radical. However, the H atom production is in general
higher than the calculated direct one because of prompt
dissociation of products, namely C2H5, i-C3H7, and t-C4H9.
RRKM predictions have been performed on CH+ C3H8 and

Figure 5. Calculated nascent population distribution oft-C4H9,
produced by CH+ C5H12 f C6H13 f t-C4H9 + C2H4. The dashed line
indicates the threshold dissociation energy.

(CH3)3CH2CH2
• f t-C4H9

• + C2H4 (4a)

f •CH2C(CH3)2CH2CH3 f C4H8 + C2H5
• (4b)

f C5H10 + •CH3 (4c)
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will be developed in a later paper. For one particular reaction,
CH + n-C5H12, the H atom branching ratio could not be
explained and should be investigated by further theoretical
studies.
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