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The direct hydrogen abstraction process for the reaction C2H + H2 f C2H2 + H is theoretically investigated
at the UQCISD/6-311+G(d,p) and G2//UQCISD levels. The reaction rate constants over a wide range of
temperatures from 20-5000 K are calculated over a wide range of temperatures from 20-5000 K using the
canonical variational transition state theory along with the small curvature tunneling correction. At the G2//
UQCISD level without and with zero-point vibrational correction, the obtained forward reaction barrier are
2.22 and 2.52 kcal/mol, respectively, which, for the first time, well match the value 2.0-2.5 kcal/mol expected
by many groups. The obtained forward rate constants are also in good agreement with most of the available
experimental results covering a wide temperature range. Furthermore, the calculated reverse rate constants
agree well with two recent experimental estimates yet differ from the other experimental estimates and one
ab initio calculation at lower level. Finally, our calculated results show that for the forward reaction, the
variational effect should be considered at high temperatures whereas the tunneling correction is very important
at the temperatures below 500 K and is much more remarkable below 150 K. For the reverse reaction within
the considered temperature range 800-5000 K, the variational effect should also be included in the calculation
of rate constants at high temperatures while the small-curvature tunneling correction is small.

1. Introduction

The ethynyl radical C2H is of fundamental importance in a
number of chemical systems. It has been detected as one of the
most abundant species in interstellar space1 and in planetary
atmosphere.2 It is also recognized as an important intermediate
in fuel-rich hydrocarbon combustion processes3 and as a
dominant chain carrier during the pyrolysis of acetylene at
temperatures in excess of 1800 K.4,5 To understand the kinetic
properties of the ethynyl radical in diverse environments, it is
very important to know the rate coefficients of the reactions of
C2H. A number of experiments have been carried out to measure
the rate constants of the C2H reactions with H2 and CH4, C2H2

and other small species.6-27 Also, there have been several
theoretical work on the rate constants and potential energy
surface feature of the C2H reactions with H2, O2 and NO.28-33

Among the C2H reactions, the title reaction C2H + H2 f
C2H2 + H is the simplest and has also been the most extensively
studied. Up to now, the rate constants of this reaction have been
measured over broad temperature ranges from 178 to 854 K
and 2580 to 4650 K with most data at room tempera-
ture.6-9,11-13,15,17,19,22,24,26Theoretically, ab initio calculations
of this reaction have been carried out by Harding et al.28 at
SOGVB, SOGVB-CI and POL-CI levels with DZP basis set
and by Kamiya29 at MP2/6-31G(d,p) level. A linear transition
state was located in both calculations and the barrier heights
were computed to be 4.0 kcal/mol at the POL-CI level28 and
4.76 kcal/mol at the MP2/6-31G(d,p) level.29 It has been agreed
upon17,18,24,30that, instead of the calculated barrier heights, the
artificially adjusted value between 2 and 2.5 kcal/mol might
better fit the experimental data over a wide temperature range.
The potential energy surfaces obtained by Harding et al.28 and
Kamiya29 were further made use of to perform other theoretical

treatments17,18,24,30,31on this reaction including the statistical
phase space theory by Herbst30 to evaluate the tunneling effect
at low temperatures from 10 to 300 K and the reduced
dimensionality quantum calculations by Wang et al.31 to explore
the unusual mode specificity within the reaction.

It seems that further theoretical investigation on the title
reaction at higher levels than previously used is still very
desirable. First, the barrier heights calculated by Harding et al.28

and Kamiya29 were significantly higher than the value 2.0-2.5
kcal/mol expected by many groups.17,18,24,28,30Thus, the present
ab initio study attempts to reproduce this long expected value.
Second, this study serves to predict the rate constants for the
low temperatures down to 20 K since the experimental data at
very low temperatures are still not available presently despite
the potential importance of this reaction in interstellar space.
Finally, our study aims to provide an accurate potential energy
surface as a useful basis for future other theoretical treatments
such as statistical phase space theory and quantum calculations.
Actually, Herbst30 has claimed that his statistical phase space
model for calculating the rate coefficients for the title reaction
at low temperature is highly sensitive to the transition state
barrier and the imaginary frequency of vibration.

Another objective of the present paper is to study the rate
constants of the reverse hydrogen abstraction reaction C2H2 +
H f C2H + H2. This reaction has been believed to play a
significant role in the oxidation, photolysis, and pyrolysis of
hydrocarbon compounds at high temperature. Both experi-
mental34-38 and theoretical31,39rate constants have been reported.
However, these experimental investigations are indirect and we
note that some distinct discrepancies still exist. For example,
the estimated experimental rate constants in one experiment36

were about one order greater than the later experimental
estimates,34,35 whereas the theoretical work at the PUMP3/6-
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311G(d,p)//UHF/6-31G(d) level by Fu et al.39 supported ref 36.
Therefore, it is in great need to perform higher level calculations
to test these experimental results.

In this paper, we decide to perform high level ab initio
calculations to obtain the electronic structure information on
the reactants, products, transition state and some selected points
along the minimum energy path, and use the canonical
variational transition state theory incorporating a small-curvature
tunneling correction method (CVT/SCT) to calculate the rate
constants and activation energies in an extremely wide temper-
ature range from 20 to 5000 K. The present obtained barrier
height of 2.22 kcal/mol exactly falls in the region 2.0-2.5 kcal/
mol by many groups.17,18,24,28,30The forward reaction rate
constants are in good agreement with most of the available
experimental data over a broad temperature region. Also, the
obtained rate constants for the reverse reaction of C2H2 with H
agree well with some experiments34,35yet differ from the other
experimental estimates36-38 and one low level ab initio calcula-
tion.39

2. Computational Methods

The geometries and vibrational frequencies of the stationary
points, i.e., reactants, products, and transition state, are calculated
at the UQCISD/6-311+G(d,p) level by using the Gaussian 98
program package.40 At the same level, the minimum energy path
(MEP) is obtained by the intrinsic reaction coordinate (IRC)
calculations with a gradient step size of 0.05 (amu)1/2 bohr.
Furthermore, the stationary points and selected points along the
MEP are refined by the G2//UQCISD method41 which applies
the G2 calculation at the UQCISD/6-311+G(d,p) geometries
and frequencies rather than the UMP2/6-31G(d) geometries and
UHF/6-31G(d) frequencies.

By means of the POLYRATE8.0 program,42 the theoretical
rate constants and activation energies are calculated using the
conventional transition state theory (TST), canonical variational
transition state theory (CVT), and canonical variational transition
state incorporating a small-curvature tunneling correction (CVT/
SCT) method. Throughout the CVT and CVT/SCT calculations,
the reorientation of the dividing surface (RODS) method43 is
employed. The Euler single-step integrator with a step size of
0.0001 (amu)1/2 bohr is used to follow the MEP, and the
generalized normal-mode analysis is performed every 0.01
(amu)1/2 bohr. The curvature components are calculated using
a quadratic fit to obtain the derivative of the gradient with
respect to the reaction coordinate. Within the temperature range
20-5000 K, the rate constants at some temperature points and
the reaction activation energies for several temperature pairs
are computed using mass-scaled Cartesian coordinate.

3. Results and Discussions

3.1. Stationary Points.The optimized geometric parameters
of the reactants (C2H and H2), product (C2H2) and transition
state at the UQCISD/6-311+G(d,p) level are shown in Figure
1. The optimized bond lengths of the reactants and products
are in good agreement with the experimental data.44-46 The
transition state is a planar structure withCs symmetry. In the
transition state structure, the bond C(1)-H(3) is cis with respect
to the C(2)-H(4) bond, and the bond H(3)-H(5) is cis with respect
to the C(1)-C(2) bond. The angles∠C(2)C(1)H(3), ∠H(4)C(2)C(1),
and ∠C(1)H(3)H(5) are 168.51°, 177.03°, and 179.92°, respec-
tively. The length of H(3)-H(5) bond that will be broken is only
5% larger than the equilibrium bond length of the hydrogen
molecule. The length of bond C(1)-H(3) that will be formed is
by 50% larger than the equilibrium bond length of acetylene.

Therefore, the transition state structure is reactant-like, and the
hydrogen abstraction reaction will proceed via an early transition
state.

The harmonic vibrational frequencies of the reactants, product,
and transition state are listed in Table 1. The maximum error
of the calculated frequencies of H2 and C2H2 is 7% compared
with the experimental values.47,48For the ground state C2H, the
calculated C-H stretching, C-C stretching and C-H bending
frequencies are greater than the experimental values49 by 5.5%,
11% and 26%, respectively. The transition state possesses one
and only one imaginary frequency.

Figure 2 shows the minimum energy path (MEP) at the
UQCISD and G2//UQCISD levels without ZPE correction.
It should be pointed out that the saddle point along the
G2//UQCISD MEP does not correspond to the transition
structure optimized at the UQCISD/6-311+G(d,p) level.
According to the discussion of Garcı´a et al.,50 the energy
differences between the saddle point at the G2//UQCISD MEP

Figure 1. Optimized geometric parameters (in angstroms and degrees)
of the reactants, product, and transition state at the UQCISD/6-311+G-
(d,p) level. The values in the parentheses are the experimental
values.44-46

TABLE 1: Calculated Harmonic Frequencies (in cm-1) and
Zero-Point Energies (ZPE, in kcal/mol) of the Reactants,
Product, and Transition State at the UQCISD/6-311+G(d,p)
Level

species frequenciesa ZPEb

H2 4422 6.32
C2H 3479 2038 69(2) 9.23
C2H2 3534 3436 2017 771(2) 569(2) 16.68
TS 3480 3350 2030 602 582 471 444 105 679i 15.82

a The experimental vibrational frequencies are 4355 for H2;47 3372,
3289, 1974, 729(2), 609(2) for C2H2;48 3298, 1840, 372(2) for C2H.49

b The frequencies (in cm-1) and the zero-point energy for the transition
state at the POL-CI level by Harding et al.28 are 3367, 2940, 2091,
674, 538, 139, 902i, and 15.8 kcal/mol.

Figure 2. MEP curves at the QCISD/6-311+G(d,p) and G2//QCISD
levels.
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and the reactants and products at the G2//UQCISD level can
be well adopted as the forward and reverse barriers, respectively.
In Table 2, we list the total energies (E+ ZPE) and relative
energies (∆(E + ZPE)), (set the sum of the total energies of
the two reactants calculated independently to be zero of energy)
of the reactants, products, transition state, and the saddle point
along the G2//UQCISD MEP. In Table 3, we report the forward
and reverse barriers at the UQCISD and G2//UQCISD levels.
From Table 2, the heat of reaction with ZPE correction at the
UQCISD and G2//UQCISD level are-26.95 and-29.01 kcal/
mol, respectively, while the experimental heat of reaction, based
on the heats of formation of the reactants and products, is
-28.72 kcal/mol.51 The forward and reverse barriers obtained
at the UQCISD/6-311+G(d,p) level without ZPE correction are
4.37 and 32.45 kcal/mol, respectively. At the G2//UQCISD
level, the forward and reverse barriers without ZPE correction
are 2.22 and 32.36 kcal/mol, while with ZPE correction the
barriers are 2.52 and 31.53 kcal/mol, respectively. We can see
that the forward barrier height of 2.22 kcal/mol without ZPE
correction and 2.52 kcal/mol with ZPE correction at the G2//
UQCISD level exactly reproduces the value of 2.0-2.5 kcal/
mol proposed by many groups.17,18,24,28,30Since the forward
barrier is far less than the reverse barrier, the forward reaction
happens more easily than the reverse reaction.

It should be noted that our bent transition state structure
obtained at the UQCISD/6-311+G(d,p) level is different from
the linear transition state obtained at the POL-CI level by
Harding et al.28 and at the MP2/6-31G(d,p) level by Kamiya.29

Although the linear transition state can be reproduced at the
MP2/6-31G(d,p) level with only one imaginary frequency, the
optimization of transition state under the assumption of a linear
geometry leads to a three-imaginary-frequency structure at both
the MP2/6-311+G(d,p) and UQCISD/6-311+G(d,p) levels. The
three-imaginary -frequency linear structure is only 0.3 kcal/mol
over the bent transition state at the QCISD/6-311+G(d,p) level
and the energy difference between them is near zero at the G2//
QCISD level. At the QCISD/6-311+G(d,p) level, the spin
contaminations for both the bent transition state and the linear
three-imaginary structure are almost the same, i.e., their〈S2〉
values are both about 1.17 (0.87 after annihilation) while the
normal value is 0.75.

3.2.. Reaction Path Properties.The minimum energy path
(MEP) is calculated at the UQCISD/6-311+G(d,p) level by the

intrinsic reaction coordinate theory and is further refined by
the G2//UQCISD method. As shown in Figure 2, the shapes of
the two MEP profiles at the UQCISD and G2//UQCISD levels
are very alike but the position of the maximum value along the
G2//UQCISD refined MEP is located at abouts ) -0.140
(amu)1/2 bohr. On the basis of the G2//UQCISD refined MEP,
the classical potential energyVMEP(s) and the adiabatic ground-
state potentialVa

G(s) along the MEP as functions of the reaction
coordinate s are plotted in Figure 3. TheVMEP(s) and Va

G(s)
curves are similar in shape. For a deeper understanding of the
variational effect, the dynamic bottleneck properties of the
reaction are listed in Table 4. It is shown that the positionss of
the variational transition state at various temperatures deviate
from the saddle point ats ) 0. The deviation ofs is small at
low temperatures and the differences betweenVMEP(s) and
VMEP(s) 0), andVa

G(s) andVa
G(s)0) are both small. With the

increasing of temperature, the deviation of s becomes larger
and the maximum deviation at 5000 K is 0.2101 (amu)1/2

bohr(amu)1/2 bohr, and the corresponding absolute values of
VMEP(s)0.2101)- VMEP(s)0) andVa

G(s)0.2101)- Va
G(s)0)

are 1.17 and 1.64 kcal/mol, respectively. It means that the
variational effect is small at low temperatures but should be
considered at high temperatures in the calculation of rate
constants of this reaction.

Figure 4 shows the bond length changes along reaction
coordinates. It is shown that the bond lengths, C(1)-H(3) and
H(3)-H(5), change strongly in the course of reaction. The bond
that broke, H(3)-H(5), elongates afters ) -0.5 (amu)1/2 bohr.

TABLE 2: Total Energies (in hartree) and Relative Energies
(in kcal/mol) of the Reactants, Products, Transition State,
and the Saddle Point on G2//QCISD MEPa

UQCISD G2//UQCISD

E + ZPE ∆(E+ZPE) E + ZPE ∆(E+ZPE)

C2H + H2 -77.558 974 50 0 -77.643 204 0 0
C2H2 + H -77.601 924 2 -26.95 -77.689 452 0 -29.01
TS -77.551 746 9 4.64 -77.639 518 7 2.31
saddleG2 -77.551 716 4 4.55 -77.639 184 7 2.52

a The experimental result of the heat of reaction based on the standard
heats of formation of the reactants and products are-28.72 kcal/mol.51

TABLE 3: Forward and Reverse Barriers at the UQCISD
and G2//UQCISD Levels (in kcal/mol)a

UQCISD G2//UQCISD

VE VE+ZPE VE VE+ZPE

forward 4.37 4.64 2.22 2.52
reverse 32.45 31.59 32.36 31.53

a The forward or reverse barrier at the G2//UQCISD level is the
relative energy between reactants or products and the saddle point on
the G2//UQCISD MEP.

Figure 3. Classical potential energy (VMEP) and ground-state adiabatic
potential energy (Va

G) at the G2//UQCISD level as functions ofs
(amu)1/2 bohr.

TABLE 4: Bottleneck Properties of Reaction (Based on the
CVT Method)

T (K) s (amu)1/2bohr VMEP (kcal/mol) Va
G (kcal/mol)

0 -0.0037 2.22 18.04
20 -0.0036 2.22 18.04
50 -0.0036 2.22 18.04

100 -0.0035 2.22 18.04
150 -0.0034 2.22 18.04
191 -0.0030 2.22 18.04
293 -0.0009 2.22 18.04
325 0.0001 2.22 18.04
500 0.0182 2.18 17.98
854 0.0653 2.03 17.75

1000 0.0808 1.96 17.65
1500 0.1207 1.74 17.35
2000 0.1472 1.56 17.10
3000 0.1793 1.32 16.77
4000 0.1980 1.16 16.56
5000 0.2101 1.05 16.40
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The C(1)-H(3) bond rapidly shortens from reactants side and
arrives to the equilibrium bond length of C2H2 at abouts ) 1.5
(amu)1/2 bohr. It can be seen that the geometric changes mainly
take place in the region from abouts ) -0.5 to 1.5 (amu)1/2

bohr.
The vibrational frequencies of generalized normal modes are

shown in Figure 5 as functions of the reaction coordinates. In
the negative limit ofs, the frequencies correspond to those of
the reactants, mode (1) to H2 and modes (2)-(5) to C2H, and
in the positive limit ofs, the frequencies are associated with
the product, modes (1)-(7) to HCCH. The vibrational frequency
of mode (1) changes dramatically in the course of the reaction,
corresponding to the H(3)-H(5) stretching of molecule hydrogen
at s ) -∞ (reactants region), and the C(1)-H(3) stretching in
C2H2 at s ) +∞ (products region). The vibrational transforma-
tion from H(3)-H(5) stretching vibration to C(1)-H(3) stretching
vibration takes place in the range-0.5 to 1.5 (amu)1/2 bohr.
Therefore, the mode (1) can be referred to as the “reaction
mode”. The frequency of mode (2) correlating with the C(2)-
H(4) stretching vibration almost remains unchanged, and the
frequencies of mode (3) correlating with the C(1)-C(2) stretching
vibration has a small fluctuation at 0.25 (amu)1/2 bohr < s <
1.75 (amu)1/2 bohr. It means that the H(3) abstraction process
does not influence the C(2)-H(4) stretching vibration but the

forming of C(1)-H(3) bond has a little influence on C(1)-C(2)

stretching vibration. The modes (4) and (5) are the degenerate
bending vibrations with respect to C(1)-C(2)-H(4) on the
reactants’ side; they transform to degenerate bending modes of
acetylene in the course of reaction. The two new bending
vibrations of mode (6) and (7) form another degenerate bending
modes in the products side. The mode (8) is a binding vibration
correlating with the formation of transition state, so it only
appears near the transition state region and disappears toward
both the directions of the reactants and the products.

3.3. Rate Constants.In the calculation of rate constants, we
shift the whole MEP curve at the G2//UQCISD level along the
reaction coordinate s so that its maximum energy corresponds
to the transition state structure optimized at the UQCISD level
(s ) 0). Sixteen extra points near the transition state region
along MEP, eight points in the each side of reactants and
products, are selected in the canonical variational transition state
theory calculation. The energies of reactants and products are
calculated at the G2//UQCISD level, and the energies of the
transition state and extra points along reaction path are taken
artificially from the shifted G2//UQCISD MEP. For the purpose
of comparison, calculations by means of the conventional
transition state theory (TST), the canonical variational transition
state theory (CVT), and the canonical variational transition state
theory with small-curvature tunneling correction (CVT/SCT)
are performed for obtaining the reaction rate constants and
activation energies for the forward reaction in the temperature
range from 20 to 5000 K, and the reverse reaction in the
temperature range from 800 to 5000 K. The reorientation of
the dividing surface (RODS) method43 is used in the calculation
of rate constants. The RODS method significantly improves low-
temperature rate constants.

Table 5 lists our theoretical forward rate constants at the
temperatures from 20 to 5000 K together with recent measured
experimental results.6-9,11-13,15,19,22,24,26For the simplicity of
discussion, the TST rate constants, CVT rate constants, CVT/
SCT rate constants, and the experimental results of the forward
reaction are plotted against the reciprocal of temperature in
different temperature ranges, 150 to 1000 K and 2500 to 5000
K, respectively, in Figure 6a,b. The calculated forward rate
constants at temperatures lower than 150 K are plotted against
temperature in Figure 6c. From Table 5, and Figure 6a-c, we
can see that the variational effect and the difference of TST
and CVT rate constants are not significant except for very high
temperatures. Because of the small-curvature tunneling effect,
the CVT/SCT rate constants are greater than the CVT rate
constants for temperatures below 500 K, especially at the
temperatures below 150 K. For example, the ratios ofkf

CVT/SCT/
kf

CVT are 1.06 at 500 K, 1.41 at 300 K, 2.51 at 191 K, 5.04 at
150 K, 64 at 100 K, and 4.9× 106 at 50 K. At very low
temperatures, i.e., 20-50 K, the CVT/SCT rate constants are
still in the magnitude of 10-15 cm3 molecule-1 s-1. It should
be noted that the CVT/SCT rate constant decreases to a
minimum value of 3.15× 10-15 at about 50 K, then becomes
larger with the decrease of temperature. This conclusion is
similar to that of Herbst.29 He predicted the negative temperature
dependence for the forward reaction at temperatures below 40
K.

In comparison of the theoretical result with the experimental
values, we limit our discussion to the CVT/SCT rate constants.
The CVT/SCT rate constants are in much better agreement with
four recent experimental values18,19,22,24measured in the tem-
perature range 178-854 K. The rate constant ratio ranges of
kf

CVT/SCT:kf
exptl for the four measurements are 0.99-1.07 for

Figure 4. Changes of the bond lengths (in angstroms) as functions of
s (amu)1/2 bohr at the UQCISD/6-311+G(d,p) level.

Figure 5. Changes of the generalized normal mode vibrational
frequencies as functions ofs (amu)1/2 bohr at the UQCISD/6-311+G-
(d,p) level.
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Koshi et al. (298-438 K),18 0.61-0.89 for Farhat et al. (295-
854 K),19 0.79-1.50 for Opansky et al. (178-359 K),22 and
0.64-1.15 for Peeters et al. (295-440 K).24 The CVT/SCT rate
constants at the temperature range 2580-4650 K are lower than
those but also agree well with the experimental values obtained
by Kruse et al.26 Thekf

CVT/SCT:kf
exptl ratio is in the range 0.22-

0.44, and the CVT/SCT rate constants at higher temperatures
are closer to the experimental values. The CVT/SCT rate
constant of 4.42× 10-13 cm3 molecule-1 s-1 at 295 K and 4.59
× 10-13 cm3 molecule-1 s-1 at 298 K agree very well with the
later experimental values of Farhat et al.,19 Stephens,13 and
Lander,15 but is about a factor of 2.1 lower than the experimental
value of Okabe,9 and a factor of 3 higher than the experimental
values of Langer6 and Laufer.7,8 The reason for the lower rate
constant of Langer has been judged to be incomplete mixing in
their observation zone. The early room-temperature rate con-
stants obtained by Renlund,11,121.2× 10-11 cm3molecule-1s-1,
is much higher than the CVT/SCT rate constant and those of
all the other experiments because of the contribution of the
vibrationally and/or electronically excited C2H radical. There

are no available experimental rate constants for temperatures
below 150 K.

Table 6 lists activation energies based on CVT/SCT method
for several two-temperature fits. The activation energy for each
temperature fit at the G2//UQCISD level is less than that at the
UQCISD level. At both levels, the activation energy gets smaller
with the decrease of temperature. In the following discussion,
we will adopt all theoretical activation energy values at the G2//

TABLE 5: Forward Reaction Rate Constants (cm3

Molecule-1s-1) for the Temperature Range 20-5000 K

T (K) TST CVT CVT/SCT exptl

20 8.18× 10-38 7.68× 10-38 5.10× 10-15

40 1.54× 10-24 1.50× 10-24 3.29× 10-15

50 6.56× 10-22 6.40× 10-22 3.15× 10-15

60 3.64× 10-20 3.57× 10-20 3.26× 10-15

100 1.07× 10-16 1.06× 10-16 6.78× 10-15

150 5.70× 10-15 5.67× 10-15 2.86× 10-14

178 2.00× 10-14 1.99× 10-14 5.90× 10-14 (5.0( 1.1)× 10-14a

191 3.17× 10-14 3.16× 10-14 7.96× 10-14 (5.3( 0.9)× 10-14a

213 6.11× 10-14 6.09× 10-14 1.26× 10-13 (1.1( 0.2)× 10-13a

215 6.44× 10-14 6.43× 10-14 1.30× 10-13 (9.0( 0.3)× 10-14a

228 8.91× 10-14 8.89× 10-14 1.66× 10-13 (2.1( 0.4)× 10-13a

293 3.01× 10-13 3.01× 10-13 4.32× 10-13 (7.1( 1.1)× 10-13b

295 3.10× 10-13 3.10× 10-13 4.42× 10-13 4.7× 10-13c

(6.9( 0.7)× 10-13d

298 3.24× 10-13 3.24× 10-13 4.59× 10-13 1.5× 10-13e

(4.8( 0.3)× 10-13 f

9.7× 10-13g

300 3.34× 10-13 3.34× 10-13 4.70× 10-13 (4.6( 0.7)×10-13a

(1.2( 0.3)× 10-11h

320 4.38× 10-13 4.38× 10-14 5.89× 10-13 1.7× 10-13 i

325 4.67× 10-13 4.67× 10-13 6.22× 10-13 8.7× 10-13d

344 5.85× 10-13 5.85× 10-13 7.53× 10-13 9 × 10-13 d

355 6.61× 10-13 6.61× 10-13 8.36× 10-13 (6.7( 0.9)× 10-13a

359 6.90× 10-13 6.90× 10-13 8.67× 10-13 (7.5( 0.8)× 10-13a

380 8.52× 10-13 8.52× 10-13 1.04× 10-12 1.06× 10-12d

412 1.14× 10-12 1.14× 10-12 1.34× 10-12 1.22× 10-12d

425 1.27× 10-12 1.26× 10-12 1.46× 10-12 1.27× 10-12d

440 1.42× 10-12 1.42× 10-12 1.61× 10-12 1.41× 10-12d

466 1.72× 10-12 1.71× 10-12 1.87× 10-12 2.8× 10-12c

500 2.15× 10-12 2.13× 10-12 2.25× 10-12

660 4.88× 10-12 4.66× 10-12 4.41× 10-12 7.10× 10-12c

854 9.72× 10-12 8.81× 10-12 7.73× 10-12 1.27× 10-11c

1000 1.45× 10-11 1.26× 10-11 1.07× 10-11

1500 3.85× 10-11 3.01× 10-11 2.42× 10-11

2000 7.52× 10-11 5.46× 10-11 4.35× 10-11

2500 1.25× 10-10 8.62× 10-11 6.91× 10-11

2580 1.34× 10-10 9.19× 10-11 7.39× 10-11 3.29× 10-10 j

3000 1.89× 10-10 1.25× 10-10 1.01× 10-10 3.96× 10-10 j

3500 2.66× 10-10 1.71× 10-10 1.41× 10-10 4.65× 10-10 j

4000 3.58× 10-10 2.25× 10-10 1.86× 10-10 5.25× 10-10 j

4650 4.98× 10-10 3.05× 10-10 2.58× 10-10 5.92× 10-10 j

5000 5.83× 10-10 3.54× 10-10 3.01× 10-10

a Reference 22, values of temperature points,T ) 178-359 K.
b Reference 17.c Reference 19, values of temperature points,T ) 295-
854 K. d Reference 24, values of temperature points,T ) 295-440 K.
e Reference 7.f Reference 13.g Reference 9.h Reference 12.i Reference
8. j Reference 26, values of the Arrhenius expression 7.4× 1014-
exp(-3400/T) cm3 mole-1 s-1, T ) 2580-4650 K.

Figure 6. (a) Forward rate constants as functions of the reciprocal of
the temperature (K-1) over temperature range150-1000 K. (b) Forward
rate constants as functions of the reciprocal of the temperature (K-1)
over temperature range 2500-5000K. (c) Forward rate constantskf (cm3

molelecule-1 s-1) as functions of the temperature (K) over temperature
range 20-150K.
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UQCISD level. At low temperatures, the calculated activation
energy values of 1.89 and 2.31 kcal/mol are respectively in good
agreement with the experimental activation energies, 1.98(
0.11 kcal/mol for the temperature region 178-359 K22 and 2.16
( 0.59 kcal/mol for the temperature region 298-438 K,18

respectively, deduced from the rate constant expression of
Opansky et al.22 and Koishi et al.18 At high-temperature range
2580-4650 K, we find that the activation energy obtained by
CVT/SCT calculation, 14.38 kcal/mol, is much greater than the
value of 6.76 kcal/mol deduced from temperature dependence
expression of Kruse et al.,26 although the CVT/SCT rate
constants are still in agreement with the experimental values.
We think that the temperature dependence of the rate constants
at high-temperature region may need careful reinvestigation. At
very low-temperature region, the reaction activation energy
becomes very small. The predicted activation energy for
temperature region 50-100 K is only 0.153 kcal/mol. At
temperature range 20-50 K, the activation energy takes a
negative value of-0.032 kcal/mol. As a result of negative
activation energy at temperatures below 50 K, the CVT/SCT
rate constants should be negative temperature dependent.

The calculated reverse reaction rate constants and some
reported results at temperatures between 800 and 5000 K are
listed in Table 7 and also are plotted as functions of the
reciprocal of the temperature in Figure 7. For the reverse
reaction, the available literature rate constants are indirect and
thus have some uncertainty. From Table 7 and Figure 7, we
can see that the CVT/SCT rate constants are in agreement with
the recommendations in the two recent evaluations by Baulch
et al.,34,35 but differ from those of some others.24,36-38 It can
also be seen that the variational effect gets greater with the
increasing of temperature and should be taken into account at
high temperatures while the small-curvature tunneling correction
is small for the whole temperature range. Fu et al.39 have

reported an ab initio study on the rate constants of the reaction
between acetylene and hydrogen atom at the UHF/6-31G(d)
level incorporating PUMP3 single-point energy calculation. With
a barrier height of 25.56 kcal/mol, their rate constants results
for the reverse reaction at 800-1200K are in agreement with
the experimental results of Dagaut et al.36 and Tanzawa et al.37

but much higher than ours. We think that direct experimental
measurement on the reverse rate constants of this reaction is
very desirable.

4. Conclusions

The hydrogen abstraction reaction between ethynyl and
hydrogen molecule are investigated theoretically. The transition
state geometry optimized at the UQCISD/6-311+G(d,p) level
is a planar structure and reactant-like. At the G2//UQCISD level,
the forward barrier heights without and with zero-point energy
correction are obtained to be 2.22 and 2.52 kcal/mol, respec-
tively. The changes of geometry and generalized normal modes
mainly take place from abouts ) -0.5 to 1.5 (amu)1/2 bohr.
The forward CVT/SCT rate constants are in good agreement
with most of the experimental results at the temperature range
178-854 K, and also agree well with the experimental result
at the temperature range 2580-4650 K. The activation energy
of the forward reaction is in agreement with the experimental
values at temperature range 178-854 K, but much lower than

TABLE 6: Activation Energies (kcal/mol) for C 2H + H2 f
C2H + H

T range (K) CVT/SCT (G2) CVT/SCT (UQCISD)

20-50 -0.032 -0.026
50-100 0.153 0.296

100-150 0.811 1.353
178-359 1.89 2.984
295-440 2.31 3.803

1000-2000 5.57 8.084
2580-4650 14.38 16.754

a Activation energies deduced from experimental rate constants
expression: 2.16( 0.59 kcal/mol (295-440 K),18 1.98 ( 0.11kcal/
mol (178-359K),22 6.76 kcal/mol (2580-4650K).26

TABLE 7: Reverse Rate Constants (in cm3molesule-1s-1) at Temperatures of 800-5000 K

T (K) TST CVT CVT/SCT ref 24a ref 34,35b ref 36c ref 39d

800 1.69× 10-19 1.55× 10-19 1.38× 10-19 5.57× 10-18 8.30× 10-17 5.89× 10-17

900 2.04× 10-18 1.83× 10-18 1.59× 10-18 5.39× 10-17 3.94× 10-16 2.28× 10-16

1000 1.52× 10-17 1.32× 10-17 1.12× 10-17 3.36× 10-16 9.15× 10-17 1.37× 10-15 6.76× 10-16

1100 7.92× 10-17 6.74× 10-17 5.61× 10-17 1.52× 10-15 3.27× 10-16 4.50× 10-15 1.66× 10-15

1200 3.16× 10-16 2.63× 10-16 2.16× 10-16 5.40× 10-15 9.43× 10-16 8.83× 10-15 3.51× 10-15

1500 6.86× 10-15 5.36× 10-15 4.31× 10-15 9.16× 10-14 9.73× 10-15

1800 5.52× 10-14 4.12× 10-14 3.29× 10-14 6.32× 10-13 4.61× 10-14

2000 1.59× 10-13 1.15× 10-13 9.20× 10-14 1.69× 10-12 1.00× 10-13

2500 1.10× 10-12 7.60× 10-13 6.10× 10-13 1.04× 10-11 6.34× 10-13

3000 4.16× 10-12 2.75× 10-12 2.23× 10-12 3.65× 10-11 1.03× 10-12

3500 1.10× 10-11 7.05× 10-12 5.79× 10-12 9.24× 10-11

4000 2.31× 10-11 1.45× 10-11 1.21× 10-11

5000 6.82× 10-11 4.14× 10-11 3.51× 10-11

a From rate constants expressionkr ) 1.5 × 10-13T1.32exp(-15400/T), ref 24.b From rate constants expressionk ) 1.1 × 10-10exp(-14000/T)
cm3molecule-1s-1, T ) 1000-3000 K, error limit∆log k ) (1.0. References 34 and 35.c T ) 800-1200 K, ref 36.d CVT/SCSAG rate constants
of Fu et al.39

Figure 7. Reverse reaction rate constantskr (cm3 molelecule-1 s-1) as
functions of the reciprocal of the temperature (K-1) over the temperature
range 800-5000 K.
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the experimental values at temperature range 2580-4650 K.
At temperatures below 50 K, the forward CVT/SCT rate
constants are found to be negative temperature dependence. The
variational effect is small at low temperatures but should be
considered at high temperatures. The small-curvature tunneling
correction is very important at low temperatures especially at
temperatures below 150 K for the forward reaction. For the
reverse reaction C2H2 + H f C2H + H2 in the temperature
range 800-5000 K, the calculated rate constants are in good
agreement with two recent recommendations, and the variational
effect should be taken into account at high temperatures while
the small-curvature tunneling correction takes less importance
in the considered temperature range.
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