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Abstract. Based on the 12A” global three-dimensional adiabatic potential energy sur-
face [Boggio-Pasqua et al., Phys Chem. Chem. Phys 2:1693-2000], a theoretical study
of the stereodynamics of the reaction C(3P)+CH(X2Π) (v=0; j=0-6) has been performed
using the quasi-classical trajectories(QCT) method. The cross sections are caculated.
The differential cross sections (DCSs) and the distributions of P(θr), P(φr) are pensented
in detail at the selected collision energy of 0.3 eV. The product rotational alignment pa-
rameter < P2(j′ ·k)> are also obtained as a function of the regent rotational quantum
number. The results show that the reagent rotational excitation plays an important role
in the title reaction.
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1 Introduction

The ethanol radical C2H is one of the most abundant polyatomic species in carbon-rich
stars and interstellar clouds [1,2]. C2H is believed to be the major source of C2 in comets
and interstellar media [3-6]. It’s an important intermediate species of numerous combus-
tion reactions [6,7]. It is also the simplest organic triatomic molecule involving a triple
C≡C bond and has a low-lying electronic state. What’s more, C2H plays an important
role in the formation and the destruction of carbon chain molecules C2Hn (with n=2-6)[8].
To shed more light on the details of the formation and destruction of C2H, it is essential
to study the relevant property of the molecular reaction dynamics.
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In experiments, the researchers have done many spectroscopic studies of C2H and
its isotopic species using a variety of techniques, including Laser Magnetic Resonance
(LMR) [9, 10], microwave and millimeter-wave spectroscopy [11-13], color center laser
spectroscopy [14-16] and Fourier Transform Infrared Spectroscopy (FTIR) [17]. Mean-
while, these experimental studies have been accompanied by the extensive theoretical
work and promoted the development of the understanding of the spectroscopy of C2H
[18-20]. However, the experimental work concerning the dynamics of the title reaction
is very sparse. To our knowledge, only three estimated values of the rate constant can
be found in the literature and databases [22-24]. Theoretically, a series of high-level ab
initio studies of the X and A state of CCH by Peyerimhoff and co-workers have shown
that two A’ surface intersect at the C-C distance are near 2.5 bohrs [25, 26]. More recently,
Boggio-Pasqua and co-workers [1] build an analytical representation of the three lowest
adiabatic potential energy surfaces which correspond to the states X2Σ+ and A2Π of C2H.
These three surfaces belong to the 2A’ or 2A” symmetry species [1, 6, 27]. In 2001, Tang
et al. calculated the dynamics of the title reaction by using a quantum time-dependent
wave packet method on the 12A’ and 22A’ surface [6, 27]. In 2010, Yang et al. studied the
effect of initial rotational quantum number on the 12A’ surface [28]. However, there are
only four report on properties of its vector properties about this reaction on 12A” EPS
[29-32]. Zhang et al. found the cross sections and the value of <P2(j′ ·k)> of the title re-
action decrease with the increase of collision energy [29]. Liu et al. reported the product
C2 is mainly backward-forward scattering and the orientation of the product rotational
angular momentum tends to point to the negative direction of the y-axis at Ecol=0.1eV
on the 12A” PES [30]. Wu et al. discovered that the title reaction performed a preference
of forward scattering and a weak of product rotation alignment considering isotopic ef-
fect of CH [31]. Recently, Our team studied the effect of reagent vibrational excitation for
this title reaction and it increased the total reaction probability and enhanced the forward
scatting [32].

To gain more insight into the detailed dynamics of the title reactions, we have carried
out quasiclassical trajectory for the C(3P)+CH(X2Π)(v=0, j=0-6)→C2+H reaction at 0.3 eV
based on the 12A” PES [1]. The paper is organized as follows: Section 2 provides a brief
review of the theoretical methodologies. Section 3 discusses the results. Finally, the main
conclusions are presented in Section 4.

2 Theory

2.1 Vector correlations

Fig. 1 illustrates the CM reference frame used in the present investigation. The reagent
initial relative velocity vector k is parallel to the z-axis of the CM frame. The scattering
plane (x-z plane) contains k and relative velocity vector k′ of final product. The scattering
angle θt is the angle between k and k′. θr and φr are the polar and azimuthal angles of the
final rotational angular momentum j′, respectively.
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Figure 1: The center-of-mass frame used to describe the k, k′ and j′ correlations.

The distribution P(θr) describes the correlation of the two vectors k− j′, which can be
expanded in a series of Legendre Polynomials:

P(θr)=
1

2 ∑
k

(2k+1)a
(k)
0 Pk(cosθr). (1)

The polarization parameter are given by

a
(k)
0 =

∫ π

0
P(θr)Pk(cosθr)sinθrdθr =<Pk(cosθr)> . (2)

The coefficients ak
0 is called orientation parameter (when k is odd) or alignment parameter

(when k is even). As k=2, the expression for the expansion coefficient a
(k)
0

a2
0= 〈Pk(cosθr)〉=

1

2
〈3cos2θr−1〉 (3)

which expresses the degree of the product rotational alignment, therefore, it is also called
the rotational alignment parameter of the product.

The dihedral angle distribution function P(φr) describing k−k′− j′ correlation can be
expanded as a Fourier series:

P(φr)=
1

2π
(1+ ∑

even,n≥2

an cosnφr+ ∑
odd,n≥1

bn sinnφr) (4)

with

an =2〈cosnφr〉 and bn =2〈sinnφr〉. (5)

In this work, P(φr) is expanded up to n=24, which shows a good convergence.
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Figure 2: Total reaction cross section for C(3P)+CH(X2Π)(v=0, j=0-6)→C2+H as a function of j at different
collision energies.

2.2 Quasiclassical trajectory calculations

We employ the standard quasi-classical trajectory (QCT) method to study the stereody-
namics of the title reaction. The QCT methodology here employed is standard, and only
some brief details will be given here. During the calculation, the classical Hamilton’s
equations are numerically integrated for the motion in three dimensions, and the accu-
racy of the integration is verified by checking the conservation of the total energy and
total angular momentum for every trajectory. Batch of 100,000 trajectories have been cal-
culated on the 12A” PES for the title reaction. The selected collision energy Ecol is chosen
as 0.3 eV and the initial CH rovibrational states are taken as v=0 and j=0-6, respectively.
The integration step is chosen as 0.1 fs. In order to ensure no interaction between attack-
ing atom C and the center-of-mass (CM) of the molecule CH, the distance between them
is set to be 10 Å. The impact parameters are optimized before running the trajectories.

3 Results and discussion

Fig. 2 shows the influence of the initial reagent rotational excitation on the reaction cross
sections for C(3P)+CH(X2Π)(v=0-6, j=0) at the relative collision energies Ecol=0.03, 0.1,
0.3, 0.5 eV, respectively. Considering the four energies, it is easy to conclude that the re-
action cross sections decrease with the increase of the collision energies, which is due to
no energy barriers on the PES of the title reaction. For the given collision energy, it can
be seen that the values of cross section decrease when the rotational quantum number.
What’s more, the effect of reagent rotational excitation at lower energy 0.03 eV is more
obviously than other one’s. The cross sections changes little at higher energy. This phe-
nomenon may due to the ratio of rotational energy and collision energy. The higher ratio
of rotational energy, the more obvious the tendency becomes.
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Figure 3: Differential cross section for C(3P)+CH(X2Π)(v=0, j=0, 2, 4, 6) at the collision energy Ecol=0.3 eV.

Fig. 3 represents the calculated DCSs for C(3P)+CH(X2Π)(v=0, j=0, 2, 4, 6) at the
collision energy Ecol=0.3 eV. We can see clearly that the C2 molecules scattered mainly in
the forward-backward direction. Owing to the effect of the potential well of PES, a long-
life complex compounds are formed [40], which leads to the same chance between the
forward scatting and the backward scatting when the initial rotational quantum number
jCH=0. However, when rotational energy increases, it changes the scatting directions.
Overall, the reagent rotational excitation enhances the strength of the backward scatting.
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Figure 4: The distribution of P(θr) for C(3P)+CH(X2Π)(v=0, j=0, 2, 4, 6) at the collision energy Ecol=0.3
eV.

The P(θr) distribution of the product C2 is shown in Fig. 4, which describes the k− j′

correlation. One can see that the peaks of P(θr) distribution are at the angle θr = 90◦

and they are symmetric with respect to θr = 90◦. It implies that the product rotational
angular momentum vector j′ is strongly aligned along the direction at a right angle to the
relative velocity direction k [33]. We also observed that the peak of the P(θr) distributions
becomes lower and wider with the increasing of the reagent rotational excitation of the
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Figure 5: Rotational alignment parameter of the product C2 < P2(j′ ·k)> for the reaction C(3P)+CH(X2Π)
(v=0, j=0-6) at the collision energy Ecol=0.3 eV.

title reaction. This means that the increase of the reagent rotational energy will decrease
the anisotropic distribution of the product rotational angular momentum vector j′.

To obtain a better understanding of the product rotational alignment distribution of
C2, we calculate the product rotational alignment parameter < P2(j′ ·k)>, which shows
in Fig. 5 <P2(j′ ·k)> can give us a quantitative description of the degree of the product
rotational alignment. The value of < P2(j′ ·k)> changes from 1 to -0.5. The smaller the
expectation value of < P2(j′ ·k) > is, the stronger the degree of the product rotational
alignment is. It can be seen from Fig. 5 that the value of <P2(j′ ·k)> increases when the
reagent rotational quantum number increases. It is consistent with the P(θr) distribution.
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Figure 6: The dihedral angle distribution of the product C2 for the reaction C(3P)+CH(X2Π)(v=0, j=0, 2, 4,
6) at the collision energy Ecol=0.3 eV.

Fig. 6 shows the calculated P(φr) distribution for product C2 at the reagent rota-
tional quantum number of 0, 2, 4, 6, respectively. We can see that the P(φr) distributions
are asymmetric with respect to the k−k′ scattering plane, with the peaks appearing at
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φr = 90◦ and 270◦, which reveals that there is a strong polarization of the product angu-
lar momentum j′ of the title reaction [34]. It is clear that the peak at φr = 90◦ decreases
with the increase of rotational number. This behavior implies that the product rotational
angular momentum vector j′ is not only aligned, but also the oriented directions changes
from the positive to negative y-axis. As a general view, the peak of P(φr) distribution
decreases and becomes a little wider with the increase of the reagent rotational quantum
number, which reflects that the rotational polarization of the product is weakened with
the increase of the reagent vibrational quantum number. Therefore, the reagent vibra-
tional excitation has a negative influence on the polarization of the product rotational
angular momentum.

4 Conclusions

In this work, we study the sterodynamics of C(3P)+CH(X2Π)(v=0, j=0-6)→C2+H reaction
using a QCT method on the 12A” PES constructed by Boggio-Pasqua et al. The Cross
Sections and DCSs are obtained. The cross sections decrease with the increase of the
reagent rotational quantum number. The calculated DCSs show that it enhances the trend
of the backward scatting of the title reaction. The distributions of P(θr), and P(φr) in
the different rotational states of the reagent are also discussed. The P(θr) distribution
shows that the alignment degree of the product angular momentum is weakened with
the increase of jCH . The P(φr) distribution indicates that the product rotational angular
momentum vector j′ is not only aligned, but also the oriented directions changes from
the positive to negative y-axis. The increase of jCH reduces the orientations degree of
the product rotational angular momentum. We concluded that the stereodynamics of the
title reaction is sensitively affected by the reagent vibrational excitation.

Acknowledgments. This work was supported by the National Natural Science Foun-
dation of China (Grant Nos. 11474142, 11074103) and Discipline Construction Fund of
Ludong University. All calculations were carried out in the Shuguang Super Computer
Center (SSCC) of Ludong University. The authors also appreciate Professor Han for pro-
viding the QCT code of stereodynamics, as well as some precious advice.

References

[1] Boggio-Pasqua, M.; Voronin, A. I.; Halvick; Rayez, J.-C. Phys. Chem. Chem. Phys. 2000, 2,
1693-1700.

[2] Duflot, D.; Robbe,J. M.; Flament J. P. J. Chem. Phys. 1994, 100, 1236-1246.
[3] Jackson, W. M.; Bao, Y.; Urdahl, R. S.; J. Geophys. Res.,1991, 96, 17569-17572.
[4] Hsu, Y. C.; Jr-Min. Lin, J.; Papousek, D.; Sai, J.-J. J. J. Chem. Phys. 1993, 98, 6690-6696.
[5] Lambert, D. L.; Sheffer, Y. A.; Danks, C.; Arpigny, C.; Magain, P. Astrophys. J. 1990, 353,

640-653.
[6] Tang, B.Y.; Chen, M. D.; Han, K. L.; Zhang, J. Z. H. J. Chem. Phys. 2001,115,731-738.
[7] Suzuki, H. ; Astrophys. J. 1983, 272, 579-590.



136 J. Liu, M.-S. Wang, et al. / J. At. Mol. Sci. 6 (2015) 129-136

[8] Richardson, S. L.; Francisco, J. S.; Mol. Phys. 1994, 83, 1041-1044.
[9] Saykally, R. J.; Veseth, L.; Evenson, K. M. J. Chem. Phys. 1984, 80, 2247-2255.

[10] Brown, J. M.; Evenson, K. M. J. Mol. Spectrosc. 1988, 131, 161-171.
[11] Bogey, M.; Demuynck, C. J.; Destombes, L. Astron. Astrophys. 1985, 144, L15-L16.
[12] Endo, Y.; Kanamori, H.; Hirota, E.; Chem. Phys. Lett. 1989, 160, 280-284.
[13] Vrtilek, J. M.; Gottlieb, C. A.; Langer, W. D.; Thaddeus, P.; Astrophys. J. Lett. 1985, 296,

L35-L38.
[14] Yan, W.-B.; Dane, C. B.; Zeitz, D.; Hall, J. L.; Curl, R. F.; J. Mol. Spectrosc. 1987, 123, 486-495.
[15] Yan, W.-B.; Hall, J. L.; Stephens, J. W.; Richnow, M. L.; Curl, R. F. J. Chem. Phys. 1987, 86,

1657.
[16] Stephens, J. W.; Yan, W.-B.; Richnow, M. L.; Solka, H.; Curl, R. F. J. Mol. Struct. 1988, 190, 41.
[17] Vervloet, M.; Herman, M. Chem. Phys. Lett. 1988, 144, 48-50.
[18] Shih, S.-K.; Peyerimhoff, S. D.; Buenker, R. J. J. Mol. Struct. 1979, 74, 124-135.
[19] Kraemer,W. P.; Roos, B. O.; Bunker, P. R.; Jensen, P. J. Mol. Struct. 1986, 120, 236-238.
[20] Reimers, J. R.; Wilson, K. R.; Heller, E. J. S. R. Langhoff, J. Chem. Phys. 1985, 82, 5064-5067.
[21] Millar, T. J.; Farquhar, P. R. A.; Willacy, K. A. Astrophys. 1997, 121, 139-185.
[22] Westley, F. NSRDS-NBS Report No. 67, 1980.
[23] Markus, M. W.; Roth, P. Int. J. Chem. Kinet. 1992, 24, 433-445.
[24] Thummel, H.; Peric, M.; Peyerimhoff, S. D.; Buenker, R. J. Z. Phys. D:At., Mol. Clusters. 1989,

13, 307-316.
[25] Peric, M.; Buenker, R. J.; Peyerimhoff, S. D. Mol. Phys. 1990, 71, 673-691.
[26] Tang, B. Y.; Yang, B. H.; Han, K. L.; Zhang, R. Q.; Zhang, J. Z. H. J. Chem. Phys. 2000, 113,

10105-10113.
[27] Yang, H.R.; Liu, Z.Y.; Sun, S.H. J. Theor. Comput. Chem. 2011, 10, 75-91.
[28] Zhang, H. H.; Hu, C. J.; Wei, Q.; Zhang, B. Mol. Phys. 2009, 107, 2503-2509.
[29] Liu, Z.Y.; Hu, B. T. J. Theor. Comput. Chem., 2010, 9, 1065-1073.
[30] Wu, J.C.; Wang, M.S.; Yang, C.L.; Li, X.H.; Chen, X.Q. Chin. Phys. Lett. 2011, 28, 063401(1)-

063401(4).
[31] J. Liu; M.S. Wang; C.L. Yang; M.X. Wang; X.L. Sui; Z.H. Gao. Commun. Comput. Chem.

2015. 2. 137-145 .
[32] Han, K.L.; He, G.Z.; Lou, N.Q. J. Chem. Phys. 1996,105, 8699-8704.
[33] Han K.L.; He G.Z.; Lou G.Z.; Chin. Chem. Lett. 1993, 4, 517-520.


