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Abstract. The vector correlations between products and reagents for the reactions
H+CH— H+C('D) at different collision energy have been studied by using the quasi-
classical trajectories (QCT) on an ab initio potential energy surface of 1A’ symmetry.
Four polarization-dependent generalized differential cross-sections (PDDCSs) have
been calculated in center-of-mass (CM) frame. The distribution P(6;) of the angle be-
tween k and j/, the distribution P(¢,) of dihedral angle denoting k—k’ —j' correlation
in the form of polar plots are calculated as well. The effect of deep well in potential
surface and differ collision energies on the alignment and the orientation of product
molecule H rotational angular momentum vectors ' is revealed.
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1 Introduction

In the recent decade, the CH reactive system have been received considerable attention
because of their importance in combustion reactions[1], gasification of coal[2], and astro-
chemistry[3]. For instance, the generation of methylene radical CH; by the title reaction is
a key parameter in the chemistry of hydrocarbon combustion. From a practical perspec-
tive, CH) reactive system has important implications in organic chemistry, particularly in
understanding the mechanisms of a large number of carbon-alkane reactions. Much ex-
periment have focused on the C('D)+ Hy — CH+H reaction[4-9]. In recent years, Bergeat
et al. measured the product angular and time-of -flight (TOF) distribution for the C(1D)+
Hp reaction using the crossed molecular beam (CMB) experiment[10]. Balucani et al. ob-
tained the product angular and velocity distributions in crossed beam experiments[11].
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Theoretically, CH; reactive system contains only eight electrons and is thus amenable
to high level ab initio calculations of its potential energy surface. Indeed, a highly ac-
curate global potential energy surface of the 1A’state has been reported by Bussery-
Honvault et al.[12]. They constructed the PES of CH; system and calculated the reaction
probabilities for the reaction C(* D)+ H; and present that the state-to state reaction proba-
bilities as a function of the collision energy show a dense resonance structure, which is the
first time reported for this type of atom + diatom reaction. Subsequently, the availability
of the high quality potential energy surface has stimulated several dynamical studies of
the reaction C(*D)+Hp. Balucani et al.[13] performed the quantum mechanical (QM) scat-
tering calculations and quasi-classical trajectory (QCT) calculations for the translational
energy distributions. Banares et al. calculated integral and differential cross sections at
80meV collision energy and they also obtained the total and vibrationally state-resolved
reaction probabilities in the 0-0.5eV collision energy range. Later, wave packet studies
for integral cross sections and rate constants were reported by Lin and Guo[14,15].

As mentioned above, most of the studies so far have focused on the C(!D)+H, +CH+H
reaction. Because the importance in atmospheric and combustion chemistry, we also
should pay attention to the reverse reaction H+CH—>H2+C(1D). However, we have not
found any experimentally nor theoretically research about the reverse reaction. This
work is the first example for reverse reaction H+CH—H,+C(!D). Although the QCT
method yields important information with relatively low computational costs, the re-
sults may be plagued by the neglect of quantum effects such as zero-point energy and
tunneling. These difficulties have until now prevented us from an accurate result of
scalar properties, such as reaction probability, reactive cross sections, thermal rate co-
efficient. However, vector properties (such as velocities and angular momentum) based
on QCT calculation will be more accurate. In order to understand the dynamics of the
H+CH reaction completely, it is necessary to study its vector properties, which can pro-
vide more information about chemical reaction stereo-dynamics [16-30]. By comprehend-
ing the scalar and vector properties together, the full picture of the scattering dynamics
can be presented.

2 Quasi-classical trajectory calculations

In this paper we only summarize the details relevant to the present work. In the center-
of-mass (CM) frame shown in Fig. 1, the reagent relative velocity vector k is parallel to
the z-axis. The x—z plane is the scattering plane containing the initial and final relative
velocity vectors, k and k’. 6; is the angle between the reagent relative velocity and prod-
uct relative velocity, namely, scattering angle. The angles 6, and ¢, are the polar and
azimuthal angles of the final rotational momentum j'. The distribution function P(6,)
describing the k—k’ correlation can be expanded in a series of Legendre polynomials [24]
and the dihedral angle distribution function P(¢,) describing the k—k’ —j correlation ex-
panded in a Fourier series. The full three-dimensional angular distribution associated
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Figure 1: The center-of-mass coordinate system used to describe the k, k' and j’ distribution.

with k—k'—j' can be represented by a set of generalized polarization-dependent differ-
ential cross-sections (PDDCSs) in the CM frame that is described in Ref 22.

The calculations of product rotational polarization for the H+CH reaction have been
performed on the BHL PES constructed by Bussery-Honvault et al.[12]. This potential
energy surface has a calculated well depth of 99.7 kcal/mol relative to the C(*D)+H,
asymptote. The surface has no barrier for the perpendicular Cp, geometry, but presents
a large barrier 12.35 kcal/mol for the collinear C., geometry. The ab initio calculations
were carried out over 1748 geometries and the resulting energies were fitted to a many
body expansion.

The QCT calculations are standard [21, 25, 28] , which have been performed for the
collision energies 0.3eV, 0,7eV and 1.1eV. The sixth-order symplectic routine with en-
ergy and total angular momentum conservations checked is used for the numerical solu-
tion[31]by running batches of 100,000 trajectories. The vibrational and rotational levels of
the reactants molecules are taken as v=0 and j=0, respectively. The initial azimuthal ori-
entation angle and polar angles for the reactant molecule internuclear axis is randomly
sampled using Monte Carlo method.

3 Results and discussion

The polarization-dependent generalized differential cross-sections (PDDCSs) are the stere-
odynamical quantities amenable to direct experimental determination, in which they
contain all the information about the k—k’—j" vector correlation. The calculation of the
PDDCSs for the title reaction on the BHL PES is shown in Fig. 3 with the corresponding
collision energy of 0.3eV, 0.7eV and 1.1eV, respectively.

The PDDCS [(27t/0)(doo /dwt)], which is simply proportional to the differential cross-
section (DCS), only describes the k—k’ correlation or the scattering direction of the prod-
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Figure 2: The polarization dependent generalized differential cross section of the title reaction for different
collision energies. Panel (a) shows the PDDCS with (k,q) =(0,0). Panels (b)-(d) depict the PDDCSs with
(k,q£)=1(2,0), (2,2+), and (2,1—), respectively.

uct. As can be seen from Fig. 2(a), the products are both strongly scattered forward
(6 =0°) and backward (6; = 180°), and weakly symmetry for different collision en-
ergy. With the collision energy’s increasing, the tendency of forward-scattering increases
and the backward-scattering decreases. The PDDCS [(271/0)(d2/dwt)] is the expecta-
tion value of the second Legendre moment. As shown in Fig. 2(b), The behavior of
[(27t/0)(dao/dwt)] shows the trend is opposite to that of [(27t/0)(doo/dwt)] , which in-
dicates that j' is aligned perpendicular to k. These result from the fact that the [(277/0)
(d2o/dwt)] is related to alignment moment < P,(cos,) >, and the calculated values of the
< Py(cosb,) > are -0.327, -0.323 and -0.321 corresponding to the collision energy 0.3eV,
0.7eV and 1.1eV, respectively. Thus, the product rotational alignment at low collision
energy is stronger than that at high collision energy.

It can be also seen in Fig. 2(c) and Fig. 2(d) that the PDDCSs with g # 0 are zero at
the extremities of forward and backward scattering. The behavior of PDDCSs g # 0 at
the scattering away from extreme forward and backward direction is more interesting. It
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Figure 3: The distribution of P(0;), reflecting k—j’ correlation at different collision energies.

provides information on the ¢, dihedral angel distribution, and the fact that the values
are nonzero at scattering angles away from 6; =0° and 180° indicates that the P(6,,¢,)
distribution is not isotropic for backward scattering products. The negative value of
[(27t/0)(do2+ /dwt)], which is related to < sin26,cos2¢, >, indicates the product align-
ment along the y-axis, while the positive value indicates the product alignment along
the x-axis. Moreover, the larger the absolute value, the stronger the degree of prod-
uct aligning along the corresponding axis. In Fig. 2(c), it can be seen that the value of
[(27t/0)(dy2+/d )] is always negative around at 6; =130°, which indicate that the prod-
uct is preferentially aligned along the y-axis at the scattering angle is around 130°. With
the collision energy increase, the value of [(27t/0)(dx+ /dwt)] change from positive to
negative at about 40°, the product alignment change from along x-axis to y-axis. At the
scattering angle is about 100°, the product is aligned along the y-axis only on the collision
energy 0.7eV. The value of [(271/0)(da1 — /dwt)] is related to < —sin26,cos¢@, >, and the
behavior of it is similar to that of [(27t/0)(d—22+ /d:)]. It is necessary to notice that the
stronger polarization of the H2 for these three collision energies is all at about 15° and
165°. When the collision energy is 1.1eV, the value of [(27t/0)(d21 — /dwt)] is clearly pos-
itive at about 15, indicating the product alignment along the direction of vector x+z. It is
interesting that, only at the collision energy is 0.7eV, the value of [(271/0)(dy1 — /dwt)] is
negative at the scattering angle is about 165° and the product alignment along the direc-
tion of vector x-z. However, the collision energy is become larger or smaller, the direction
will be along x+z.

To get a better graphical representation of the polarization of the product, the P(6,)
and P(¢,) distribution at different collision energy are shown in Fig. 3 and Fig. 4. The
P(6,) distribution, as shown in Fig. 3, describes the k—j" correlation. For three collision
energies, the peaks of P(6,) are at §,=90° and symmetric with respect to 90°, which shows
that j’ is symmetry distributed in the product scattering frame and is always perpendicu-
lar to k. But the span of curves is broad, which shows that the product rotational angular
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Figure 4: The dihedral angle distribution of P(¢;), reflecting k—k’—j’ correlation at different collision energies.

momentum vector is weakly aligned along the direction at right angle to the relative ve-
locity direction. It is also clear that the peak of P(6,) at 6, closed to 90° is higher with
the decrease of collision energy, indicating that the degree of alignment of production at
low collision energy is slightly stronger. The reason for the results may be ascribed to the
structure of the BHL PES which there is a deep well in the reaction path. Since the reac-
tion rapidly strides over the well when the collision energy increases, there is no enough
time for the molecule to rotate towards the preferred alignment direction. As a result, the
product rotational angular momentum is weakly aligned at high collision energy. The
dihedral angle distribution P(¢,) shown in Fig. 4 describe k—k’—j’ correlations. These
P(¢,) distributions tend to be asymmetric with respect to the k—k’ scattering plane, di-
rectly reflecting the strong polarization of product rotational angular momentum. As
seen in Fig. 4, there is no obvious single peak of P(¢,) for the three different collision
energy. This means that the product rotational angular momentum vector j’ is no prefer-
entially alignment and orientation. The reason for the results is the existence of the deep
well in the PES and the participation of long-lived resonance states during the reaction
process.

It seems interesting that the title reaction is symmetric about the relative velocity
vector, while the distribution of P(¢,) is asymmetric. For the reaction H+C(!D)H —
Hy+C(1D) orientation of the product H, results from the repulsive energy between H
and C atoms, which leads to the violation of the symmetry when the reaction occurs.
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According to the impulse model[28, 32] about the molecular reaction for the reaction
A+BC— AB+C,we have

j = Lsin®B+jcos® B+ Jimp/map,

where L is the reagent orbital angular momentum and J; = ,/jipc (rapXrcB), *AB, TCB
are unit vectors, where B points to A and C, respectively; ppc is the reduced mass of
the BC molecule and R is the repulsive energy. During the chemical-bond forming and
breaking for reaction, the term Lsin?8+jcos?f in the equation is symmetric, while the
term Jymp/mp shows a preferential direction because of the effect of repulsive energy,
which leads to the orientation of the product H».

4 Conclusions

Quasi-classical trajectory calculations of the product rotational polarization for the reac-
tion H+CH — H,+C(!D)(v=0,j=0) have been performed on BHL PES constructed by
Bussery-Honvault et al. at different collision energies. The Four PDDCS predicts that the
products Hy mainly tends to closely backward-forward symmetric, and with the collision
energy’s increasing, the tendency of forward scattering increases to some extent. We get
the P(6,) and P(¢,) distribution at the different collision energy, Due to the deep well
in the PES, the alignment and orientation for the product rotational angular momentum
vectors are weak.
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