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Abstract

Absolute rate coe�cients of the reaction of ethynyl radical with methane were measured for the ®rst time at higher

temperatures by a pulsed laser photolysis/chemiluminescence (PLP/CL) technique. Ethynyl radicals (HCC) radicals

were generated pulsewise upon excimer laser photodissociation of acetylene at 193 nm and pseudo-®rst-order expo-

nential decays of thermalized HCC were monitored in real-time by the CH�A2D ! X2P) chemiluminescence produced

by their reaction with O2. The rate coe�cients k�HCC� CH4�, over 2956 T �K� < 800, exhibit strong non-Arrhenius

behaviour, being k�T � � 1:39� 10ÿ18T 2:34�0:40 exp��380� 180� K=T � cm3 moleculeÿ1 sÿ1. Calculations at the CCSD(T)/

aug-cc-pvTZ level reveal that the direct H-abstraction yielding HCBCH� CH3 has the lowest energy barrier of about

10 kJ molÿ1. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Ethynyl radicals (HCC) are primary products
of the decomposition of acetylene. As a result,
there has been considerable interest in their reac-
tions occurring in several di�erent environments,
both natural and man-made, containing acetylene.
The abundance of HCC in interstellar space [1,2]
and planetary atmospheres (such as Titan's) [3,4]
has motivated recent studies of their low-temper-
ature kinetics [5,6]. Also, HCC plays a crucial role
in hydrocarbon combustion processes in which it is
involved in the formation of diacetylene (C4H2)

and the higher polyacetylenes (C2nHn), as well as
of polycyclic aromatic hydrocarbons (PAHs) and
hence of soot [7±15]. In fact, in fuel-rich near-so-
oting ¯ames, the fraction of primary fuel that
passes through C4H2 can amount up to 50% [9,10].
Furthermore, ethynyl radicals react fast with NO
yielding HCN� CO or CN�HCO as likely
products [16±18] and as such, they may intervene
in NOx subchemistry in conditions, where HCC is
an important intermediate, i.e., in fuel-rich hy-
drocarbon ¯ames in general and in high-tempera-
ture `NO-reburning' in particular [19].

Therefore, detailed and quantitative kinetic/
mechanistic information about potentially impor-
tant formation and destruction reactions of HCC
over a broad temperature range is of fundamental
chemical importance. In this work, we set out to
investigate the reactivity of ethynyl radicals to-
wards methane using both experimental and the-
oretical approaches. Although the kinetics have
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been studied by a number of authors [5,6,16,20±
25], most of these studies were at a single tem-
perature, near ambient, and rate coe�cients were
often determined in an indirect or relative way. In
the only measurement covering a wider range of
low-temperatures (T � 154±359 K), using tran-
sient infrared laser absorption spectroscopy, Op-
ansky and Leone [5,6] derived the following
absolute rate constant at T � 298� 2 K : k�HCC
�CH4� � �2:3� 0:1� � 10ÿ12 cm3 moleculeÿ1 sÿ1.
This value is consistent with earlier results obtained
by various groups ranging from 1:2� 10ÿ12

to 4:5� 10ÿ12 cmÿ3 moleculeÿ1 sÿ1 at the same
temperature [5,6,16,20±25]. The primary aim of
the present work was to determine the absolute
rate coe�cient over the T � 295±800 K region.
Use was made of a pulsed laser photolysis/chemi-
luminescence (PLP/CL) technique, our version of
which was validated earlier [17,26,27] as a very
precise, accurate, ¯exible and therefore highly
useful tool for studying the gas-phase kinetics of
the HCC�X2R�� radical, both for reactions with
an appreciable energy barrier [17] and barrier-free
processes [27]. In addition, the experimental study
was supplemented by ab initio calculations of the
transition structures for possible reactions that
thus allow the most favoured transformation to be
identi®ed.

2. Experimental results

The instrumental setup in the PLP/CL experi-
ments is similar to that used in our earlier HCC
kinetic studies [17,26,27]; it is part of a PLP/LIF
setup described in detail previously [28,29].

In brief, ethynyl radicals were created pulse-
wise by continuously ¯owing a gas mixture of
acetylene, molecular oxygen, methane and helium
through a cylindrical quartz tube towards a
photolysis cell and photolyzing the C2H2 using
the 193 nm output of an ArF excimer laser (30
mJ/pulse at 10 Hz) with the beam section sized
down to 8 mm� 3 mm. The real-time pseudo-
®rst-order decay of the HCC radicals was moni-
tored by measuring the intensity I�CH�� of the
430 nm CH�A2D ! X2P� chemiluminescence
[26,30±32] resulting from their reaction with O2,

present in a large and constant concentration (Eq.
(1)) [27]:

HCC�O2 ! products

! CH�A2D� � CO2

#
CH�X2P� � hm�k � 430 nm� �1�

Given the quasi-steady state for CH�A2D� in the
experimental conditions, the chemiluminescence
signal, I�CH��, is directly proportional to the
ethynyl concentration. The chemiluminescence
was collected perpendicular to the laser beam axis
by means of suitable collection optics. Before en-
tering a photomultiplier tube (PMT), the chemi-
luminescence passed through a narrow-bandpass
interference ®lter (k � 430� 10 nm) to select the
spectral region of interest. The output of the PMT
was fed to a boxcar integrator. The delay between
the laser ®ring and the opening of the 1 ls wide
boxcar gate was gradually increased after each
laser pulse at a rate of 0:1 ls sÿ1. The reaction cell
employed in this work was equipped with an inner
ceramic tube (Al2O3 99.7% with internal gray SiC
coating) with a Ni/Cr resistive wire coil, enabling
the gas mixture ¯owing (slowly) through the
tube to be heated to 800 K. The temperature in
the small observed reaction volume (8 mm �
3 mm� 10 mm) at the center of the cell was
monitored by a movable calibrated chromel/alu-
mel thermocouple. All gases were obtained com-
mercially, and the purities where as follows: He
99.9990%, O2 99.995%, CH4 99.95% (all AIR
LIQUIDE) and C2H2 99.5% (HOEK LOOS).
Since commercial acetylene contains acetone, it
was puri®ed before use by passing it through a dry
ice/acetone trap. The ¯ow rates of the gases were
regulated and measured by calibrated mass ¯ow
controllers. The total gas ¯ow rate was su�cient to
refresh the gas in the observed volume between
two successive laser shots. The concentrations of
the species were determined from their partial
¯ows and from the total reactor pressure. Kinetic
experiments were performed at an acetylene
number density of �4:556:37� � 1014 molecules
cmÿ3, an O2 concentration of �4:04ÿ 6:40� �
1015molecules cmÿ3 and varying CH4 number
densities in the range �0±3:33� � 1016 molecules
cmÿ3. In the experiments, the reactants C2H2; O2
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and CH4 were always present in a very large excess
over HCC (initial ethynyl concentration of about
1012 molecules cmÿ3) such that any contribution
from secondary and/or radical±radical reactions to
the HCC decay could be neglected. In addition,
HCC removal out of the irradiated/observed vol-
ume by di�usion and/or convection occurs on a
time scale of milliseconds in the experimental
conditions and cannot possibly compete with its
loss by chemical reaction on a time scale of mi-
croseconds.

Because pseudo-®rst-order decay obtains, due
to reactions of HCC with CH4; C2H2 and O2, the
decay of HCC can be expressed by:

�HCC�t � �HCC�0 exp�ÿk0t� �2�
with

k0 � kmethane�CH4� � kacetylene�C2H2� � koxygen�O2�
�3�

The total bath gas pressure of 10 Torr He and
the oxygen number densities �O2�P 4� 1015

molecules cmÿ3 ensure the complete thermaliza-
tion of the HCC within the 5 ls period prior to the
decay measurements, as was shown earlier [27]. As
a further test, room temperature measurements
were also performed at a higher total pressure,
yielding identical results (see Table 1). An example
of an HCC exponential decay is shown in Fig. 1.
Bimolecular rate coe�cients kmethane were deter-
mined by measuring the decay constant k0 at
varying �CH4� and at ®xed �C2H2� and �O2�. The
slope of the linear plot of k0 vs �CH4� gives the rate
coe�cient of the reaction with methane, whereas

the ordinate intercept is equal to the contributions
of both precursor and oxygen to the total decay
constant k0: kacetylene�C2H2� �koxygen�O2�. A typical
example of such a plot is shown in Fig. 2. The
kmethane�517 K� value obtained from the slope of
this plot is �6:2� 0:6� � 10ÿ12 cm3 moleculeÿ1 sÿ1.
The ordinate intercept (at �CH4� � 0) of �1:98 �
0:01� � 105 sÿ1 matches perfectly with the expected

Fig. 1. Typical decay and semilog plot of the relative HCC

concentration vs reaction time; T � 517 K; ptot � 10 Torr (He

bath gas); �C2H2� � 4:79� 1014 molecules cmÿ3; �O2� � 4:81�
1015 molecules cmÿ3; �CH4� � 6:04� 1015 molecules cmÿ3.The

straight line represents the weighted linear least-squares ®t.

Table 1

Bimolecular rate coe�cients kmethane in cm3 moleculeÿ1 sÿ1 for

the reaction of HCC with CH4

T �K� 1000=T �Kÿ1� kmethane � 10ÿ12

295 3.39 2.91 � 0.29

331 3.02 3.56 � 0.36

351 2.85 3.71 � 0.37

385 2.60 3.92 � 0.39

415 2.41 4.29 � 0.43

445 2.25 5.48 � 0.55

517 1.93 6.23 � 0.62

589 1.70 8.05� 0.81

704 1.42 10.5 � 1.1

779 1.28 13.2 � 1.3

Fig. 2. Pseudo-®rst-order decay constants k0 plotted vs [CH4] at

T � 517 K; ptot � 10 Torr (He bath gas); �C2H2� � 4:79�
1014 molecules cmÿ3; �O2� � 4:81� 1015 molecules cmÿ3. The

solid line represents a weighted linear least-squares ®t to the

data points. The slope of the line yields kmethane�517 K�
� �6:23� 0:62� � 10ÿ12 cm3 moleculeÿ1 sÿ1.
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value of kacetylene�C2 H2� � koxygen�O2� � �1:9� 0:2��
105 sÿ1, using our results kacetylene�517 K� �
1:3� 10ÿ10 and koxygen�517 K� � 2:6� 10ÿ11 cm3

moleculeÿ1 sÿ1 [31,32]. Such internal consistency
was observed at all temperatures.

Our complete set of kmethane data in the range
T � 295±779 K is given in Table 1. The statistical
error was 2±5%. The stated total errors, amount-
ing to about 10%, include estimated maximum
systematic errors due to inaccuracies in the abso-
lute reactant concentrations and in other experi-
mental parameters. Fig. 3 displays log kmethane vs
1000=T . The plot features a strong non-Arrhenius
behavior showing an upward curvature. A non-
linear least-square analysis leads to the following
three-parameter modi®ed Arrhenius expression for
the range 300±800 K.

kmethane�T �
� 1:39� 10ÿ18T 2:34�0:40

� exp��380� 180� K=T � cm3 moleculeÿ1 sÿ1:

Our value k�T � 295 K� � �2:9� 0:2� � 10ÿ12

cm3 moleculeÿ1 sÿ1 is nearly identical to the av-
erage of 2:8� 10ÿ12 cm3 moleculeÿ1 sÿ1 of the six
previous determinations, which range from
1:2� 10ÿ12 to 4:5� 10ÿ12 cm3 moleculeÿ1 sÿ1

[5,6,16,20±25].

3. Quantum chemical calculations

Having established the rate coe�cients of the
HCC� CH4 reaction for the ®rst time over an
extended range of higher temperatures, we now
attempt to identify the most likely product channel
using ab initio molecular orbital calculations. The
(C3H5) system contains several low-energy isomers
including methylvinyl and allyl radicals. It is not
our intention here to explore fully this interesting
potential energy surface. Our search was rather
limited to the part of the energy surface compris-
ing the reaction pathways starting from
HCC� CH4. That means that we were not
searching for the connections between the prod-
ucts of the various possible pathways.

All calculations were performed using the
GAUSSIANAUSSIAN94 suit of programs [33]. Geometry
optimizations were initially conducted using mo-
lecular orbital theory at the Hartree±Fock (HF),
second-order perturbation theory (MP2) and
subsequently re®ned using coupled±cluster theory
with all single and double excitations plus pertur-
bative corrections for triple substitution (CC
SD(T)) levels in conjunction with the 6-31G(d,p)
atomic basis set. The unrestricted formalism
(UHF, UMP2 and UCCSD) was used for open-
shell states. Harmonic vibrational wave numbers
were calculated at both UHF and UMP2 levels to
characterize the stationary points as equilibrium
and transition structures. The zero-point energies
(ZPE) were derived from UMP2 frequencies scaled
down by a uniform factor of 0.95. Electronic en-
ergies were further improved by single-point
CCSD(T) calculations with the 6-311++G(d,p)
basis set and MP2 calculations with the even larger
6-311++G(3df,2p) and aug-cc-pVTZ basis sets. In
(U)MP2 and (U)CCSD(T) calculations, the core
orbitals were kept frozen. The improved relative
energies were then obtained using a simple addi-
tivity approximation (4) in which L stands for a
large basis set, either 6-311++G(3df,2p) or aug-cc-
pvTZ, and S for the smaller 6-311+G(d,p) set. We
thus assume that the correlation energy accounted
for in going from MP2 to CCSD(T) is the same for
both small and large basis sets. The results ob-
tained by both large basis sets are quite close to
each other. To simplify the presentation of data,

Fig. 3. Arrhenius plot showing the rate coe�cients k methane

obtained for the gas-phase reaction HCC� CH4: The full curve

represents a ®t using a three-parameter modi®ed Arrhenius

expression. Error bars include possible systematic errors.
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only the CCSD(T)/aug-cc-pVTZ are given and
referred to hereafter.

E�CCSD�T�=L� � E�MP2=L�
� E�CCSD�T�=S� ÿ E�MP2=S�

�4�
The ethynyl radical exhibits a 2R� electronic
ground state in which the unpaired electron is
mainly located in the 2pr orbital of the terminal
carbon atom. Upon bending, a certain amount of
the unpaired electron is actually transferred to the
central carbon in such a way that the latter could
also act as a radical center. Due to the fact that the
bending of HCC is a quite facile motion with a
vibrational frequency of only 371 cmÿ1 [34], it
seems reasonable to consider both carbon atoms
of HCC as reactive radical sites. A priori, each
radical center could either abstract or substitute
a hydrogen of methane, or insert into one of its
C±H bonds. In fact, we have been able to locate
®ve (5) distinguishable transition structures (TS)
connecting the starting point HCC� CH4 1 to
di�erent products. The selected geometrical
paramaters of these TS's at both UMP2 and
CCSD(T) level using the 6-31G(d,p) basis set are
shown in Fig. 4. The latter include the two TS's for
hydrogen abstraction Ab/2 and Ab/3, the two TS's
for hydrogen substitution Sub/4 and Sub/5 and
®nally the TS for C±H insertion Ins/6. As for a
convention, the number /x ranging from x � 2 to 6

indicates the corresponding products. To simplify
the presentation of data, optimized geometries of
the reactants and products are omitted here. They
are rather simple and can readily be reproduced.
Fig. 5 displays schematic energy pro®les illustrat-
ing the reaction pathways.

Let us ®rst examine the geometrical aspects of
the TS's. The TS Ab/2 is no doubt the most ex-
pected one, as HCC uses its terminal carbon to
perform the H-abstraction producing CH3�
HCCH 2. A previous study using both UHF and
UMP2 methods with various basis sets [35] re-
ported a C3v TS for this abstraction implying a
linear C±H±C framework. On the contrary, our
UMP2/6-31G(d,p) calculations indicate a signi®-
cant deviation from the linearity (up to 13°) in TS
Ab/2. Although this bending induces only a tiny

Fig. 4. Selected optimized geometrical parameters of ®ve

transition structures connecting to the HCC� CH4 starting

reactants 1 (UCCSD(T)/6-31G(d,p) values). Bond lengths are

given in angstrom and bond angles in degree. See text for def-

inition.
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energetic consequence, it could become apprecia-
ble in the kinetic treatments where the hindered
internal rotational modes would have to be con-
sidered instead of degenerate vibrations. The
CCSD(T) method suggests a more compact form
of Ab/2. Nevertheless, we wish to stress that the
basis set employed here is only of moderate qual-
ity; a strictly linear C±H±C framework in TS Ab/2

could not be ruled out if larger basis set could be
used. In accord with the large exothermicity of the
abstraction, the methane C±H bond in Ab/2 is only

marginally stretched (1:13 �A vs 1:089 �A in meth-
ane). Similarly, the intermolecular C±H distance of
1:55 �A is also much larger than the corresponding
of about 1:37 �A obtained at the UMP2 level for
the H-abstraction from methane by the vinyl
radical.

The second TS for H-abstraction Ab/3 corre-
sponds in fact to a radical attack of the central
carbon generating CH3 �H2C@C 3. The C±H±C
framework becomes now more bent (around 155±
160°). Because vinylidene is a higher-energy isomer

Fig. 5. Schematic potential energy pro®les illustrating the di�erent pathways of the HCC� CH4 reaction. Relative energies given in

kJ molÿ1 are obtained from approximate CCSD(T)/aug-cc-pVTZ //CCSD(T)/6-31G(d,p) + ZPE.
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of acetylene, according to the Hammond postulate,
this TS is expected to lie higher in energy than Ab/2.
In Ab/3, both C±H distances become more com-
parable in such a way that the migrating H atom
lies in the middle of the C±C distance. This is in-
dicative of the fact that both radical centers, HCC
central carbon and methyl carbon, have somehow
a similar radical reactivity, and in addition, the
former could also be compared with vinyl carbon.

Perhaps both TS's Sub/4 and Sub/5 are less
expected as they represent the substitution of a
methane hydrogen by the ethynyl radical. In some
respects, they resemble the TS of a nucleophilic
substitution (SN2) in which the entering and the
departing groups are connected by an almost
planar methyl moiety. It seems that the lack of a
negative charge tends to destabilize this type of TS.
It is worth mentioning that this type of process is
not unprecedented. In a previous study on the
CH3CO� Cl reaction [36], we found indeed that
the CO displacement by the Cl atom is quite
competitive with the direct hydrogen abstraction.
Thus, when a methyl group is present in a sub-
strate which undergoes a reaction with a radical, a
substitution at the methyl carbon atom is in
principle possible, irrespective of the multiplicity
of the departing group.

The TS Sub/4 involves the HCC terminal car-
bon, but again, it is not associated with a C3v

symmetry ± while the C±C±C framework is bent by
about 10°, both entering and departing groups are
slightly deviated by 2° around the virtually planar
methyl group. The ratio of both stretched dis-
tances C±H/C±C in Sub/4 turns out to be in the
same order of magnitude as that in typical C±H/
C±C bond lengths (about 0.7). In contrast, the
departing C±H distance in Sub/5 is markedly
longer than that in Sub/4. It is likely due to the
di�erence in exothermicities of both reaction
pathways. Again, because the acetylenic product
CH3CBCH�H 4 is more stable than its vinylid-
ene isomer CH3CH@C�H 5, Sub/4 is expected to
be energetically lower-lying than Sub/5. Note that
in both TS's Ab/3 and Sub/5, the HCC central
carbon carries out an attack in a nearly perpen-
dicular angle to the target.

Finally, we have also located the TS Ins/6,
which characterizes an insertion of the HCC cen-

tral carbon into a methane C±H bond. Attempts to
locate a TS for insertion involving the HCC ter-
minal carbon were not successful. The reason is
probably the fact that this TS easily collapses into
the TS for abstraction Ab/2, which is situated in
the same region of the energy surface but which
instead has a much lower energy. The product 6 is
ethylcarbyne which normally exhibits a quartet
ground state. The doublet excited state 6 is ex-
pected to be of high-energy and to readily rear-
range into more stable isomers such as the
methylvinyl radical, by simple 1,2-H shifts. It is
relevant to note that the insertion of HC into a C±
H bond of ethene giving allyl radical is essentially
a barrier-free process [37].

With regard to energetic aspects, a rapid com-
parison of the results recorded in Fig. 5 clearly
points out that the abstraction of a methane hy-
drogen by HCC terminal carbon, HCC� CH4 !
TS Ab=2 ! HCCH � CH3, is by far the most
favoured process. On the other hand, the H-ab-
stractions are inherently more favorable than the
radical substitutions irrespective of the attacking
site. The insertion via Ins/6 is an energy-demand-
ing but reachable route. As stated above, the
pathway leading to a vinylidene isomer is consis-
tently more di�cult to achieve than that to its
acetylene counterpart.

Overall, it can be con®rmed that the gas-phase
reaction of the ethynyl radical with methane is a
classical direct H-abstraction reaction. Our best
estimate predicts an energy barrier of 10 kJ molÿ1

for this motion. Use of the estimate in conjunction
with the geometrical and vibrational parameters,
allows the rate coe�cient to be evaluated within
the framework of the conventional transition state
theory (TST). For CH4 and C2H, experimental
rotational constants and frequencies were used,
whereas for the transition structure the computed
UMP2/6-31G(d,p) geometry and frequencies
(scaled by 0.95) were adopted. All internal modes
of the TS were treated as harmonic vibrations.
Rotational symmetry numbers were not included,
but a reaction path degeneracy of four was taken
into account. Tunneling was treated by the Eckart
equation [38]; this correction is small, ranging
from a factor of 1.35 at 200 K to 1.01 at 2000 K.
For an energy barrier of 10 kJ molÿ1, the theo-
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retical k(TST) values for the 200±2000 K range can
be represented by a modi®ed Arrhenius expres-
sionk�TST� � 1:66� 10ÿ17T 2:30�0:04 exp�ÿ�760�20�
K=T � cm3 moleculeÿ1 sÿ1. The k (TST) is too small
at the lower temperatures, by a factor of �4 at
300 K, and too large at higher temperatures, by a
factor of �2 at 800 K. Clearly, the theoretical pre-
exponential factor is overestimated by an order of
magnitude. There are di�erent reasons for such a
variation: (i) some of the computed TS frequencies
at the UMP2/6-31G(d,p) level are markedly too
low; (ii) the problem of the linearity of TS Ab/2
might be important; (iii) at the same time, the ab
initio barrier height appears to be too high by
about 3 or 4 kJ molÿ1; and (iv) due to the ¯atness
of the potential energy surface in the saddle region,
the classical TST treatment might be not appro-
priate; a variational TST treatment is likely to be
needed. It is clear therefore that higher levels of
theory in conjunction with larger basis sets are
required for the characterization of the TS, to-
gether with the use of ®ner kinetic treatments, in
order to derive quantitatively correct theoretical
predictions of the kinetics of this reaction.

4. Concluding remarks

In the present study, the absolute rate coe�-
cients of the gas-phase reaction of the ethynyl
radical with methane �HCBC� CH4� were mea-
sured for the ®rst time at higher temperatures.
The result in the 295±800 K range can be expressed
by: k�T ��1:39�10ÿ18T 2:34�0:40exp��380�180�K=T �
cm3 moleculeÿ1 sÿ1. Ab initio MO calcula-
tions up to the CCSD(T)/aug-cc-pVTZ//CCSD(T)/
6-31G(d,p) level revealed that among the possible
mechanisms of hydrogen abstraction, insertion
and substitution reactions, the direct H-abstrac-
tion yielding CH3 �HCBCH is associated with
the lowest barrier height of 6 10 kJ molÿ1.
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