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The effect of the rotational excitation of NO on the stereodynamics
for the reaction C (3P) + NO (X2Π)→CN (X2Σ+) + O (3P)∗
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The stereodynamic properties of the reaction C (3P) + NO(X2Π)→CN (X2Σ+)+ O (3P) in different rotational states
of reactant NO are studied theoretically by using the quasiclassical trajectory method on 2A′′ and 2A′ potential energy
surfaces (PESs) at a collision energy of 0.06 eV. The vector properties in different rotational states on the two surfaces are
discussed in detail. The results indicate that the rotational excitation of NO has considerable influence on the stereodynamic
property of the reaction occurring on the two surfaces. At the same time, the calculated polarization-dependent differential
cross sections (PDDCSs) in different initial rotational states manifest that products are strongly polarized at three scattering
angles.
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1. Introduction
In recent years, increasing environmental awareness has

focused attention on a variety of undesirable combustion pol-
lutants. The gas-phase reactions of atomic carbon with NO,

C (3P)+NO(X2
Π)→ CN(X2

Σ
+)+O(3P), (1)

C (3P)+NO(X2
Π)→ CO(X1

Σ
+)+N(2D), (2)

have received much attention experimentally[1–7] and theore-
tically,[8–25] owing to their importance in combustion and the
interstellar medium, especially for the understanding of NO
reburning at high temperatures. The three-atom CNO reactive
system exhibits a surprisingly rich chemistry and has many in-
teresting properties.[20] Firstly, it contains fairly few electrons,
which makes extensive high-quality quantum chemical calcu-
lations affordable. Secondly, two distinct chemical products
are formed with different probabilities, on structural grounds,
reaction (1) will be the dominant channel because C atoms
are more likely to be attracted to the valence electron of the N
atom in NO and form the transition complex, CNO*, and reac-
tion (2) is likely to occur by a rearrangement according to the
transition state theory.[5] Finally, there is a deep potential well
on the surface and the linear intermediates (CNO, NCO, CON)
in the ground electronic state 2Π are Renner–Teller molecules,
the 2A′′ and 2A′ surfaces are degenerate for linear configura-
tions. Quantum dynamical calculations are demanded for the
CNO system due to the deep potential wells and the occur-
rence of three heavy atoms.

The experimental studies of this reaction mainly involve
the CN product energy partitioning ro-vibrational distributions
and determination of total rate coefficient and the reaction

cross section. Krause[1] investigated this reaction in a beam-
cell configuration. From the redistribution of total available
energy observed, they concluded that the reaction appears to
proceed via a “direct” mode rather than “complex” forma-
tion. While Naulin et al.[4] studied this reaction with pulsed,
crossed, supersonic, molecular beams at relative translational
energies of 0.06 eV and 0.23 eV. Based on the experiment ev-
idence that the population of distributions shows being defi-
nitely non-statistical and the CN recoil-angle distribution ap-
pears to be non-isotropic (forward peaked), they drew a con-
clusion that the reaction proceeds via a pseudo-direct process
rather than the complex-mode proposed by Sekiya et al.[3]

The theoretical work on this reaction was initiated by
Halvick et al.,[8–11] who began with an ab initio study of
the CNO intermediate and the reaction pathways on multi-
ple potential energy surfaces (PESs), and presented that the
anisotropy of the intermediate well is an important factor
in governing the final distribution of the energy. Wallin et
al.[12,13] statistically simulated the vibrational and rotational
excitation and energy disposal in the crossed beam experi-
ments of Naulin et al.[4] Simonson et al.[15] and Persson et
al.[16] used ab initio molecular orbital theory to probe the
energies of a wide range of configurations of the CNO sys-
tem, attempted to take the global PES into account, i.e., to
include both product channels and all intermediates, and pre-
sented a new many-body expansion fit of the 2A′′ surface asso-
ciated with the reaction of C + NO. Comparisons between the
crossed molecular beam results and the trajectory calculated
reaction rate coefficients for both channels indicated that the
reaction proceeds via a long-lived complex. Recently, Abrol
et al.[22] performed wave packet calculations for the collinear
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C + NO reaction, and observed that the dynamical resonances
are very sensitive to features of the potential energy surface.
More recently, Andersson et al.[20,21] presented a new fit of
both the 2A′′ and 2A′ surfaces based on additional ab initio
points for non-linear geometries and a long-range contribu-
tion corresponding to electrostatic, induction, and dispersion
forces, producing a more realistic analytic representation of
the ground state PES. Using the two surfaces, they performed
quasiclassical trajectory (QCT) calculations to simulate the
crossed molecular beam experiments of Naulin et al.,[4] and
also calculated the thermal rate coefficients separately for the
2A′′ and 2A′ surfaces in a temperature range from 5 K to
5000 K, which shows that the calculation results are in good
agreement with experimental results.[23]

As far as we know, the existing work on the C + NO re-
action mainly focuses on the study of scalar property, such
as energy distributions, rovibrational populations, and angular
distributions for the O + CN product channel, while there is lit-
tle theoretical and experimental information about the vector
properties of this reaction, except for our preliminary work.[25]

In this paper we further focus our attention on the influence of
rotational excitation of reagent NO on the reaction stereody-
namics.

2. Computational method
In this paper, we employ the standard QCT method (see

Refs. [26]–[48] and the references therein) and stereodynam-
ics QCT software developed by Han et al.[31,35,38–40] Since the
stereodynamics theory used here is the same as that in our pre-
vious work,[41,42] only the details relevant to the current work
are summarized as follows.

The classical Hamilton’s equations are numerically inte-
grated in three dimensions. The PESs used in this work are
those published in Ref. [20] for the 2A′′ state, in Ref. [21] for
the 2A′ state. We do not consider the possible formation of CO
and the formation of CN via the 4Π surface. These problems
will be addressed in future studies. The collision energies are
chosen to be 0.06 eV for the two PESs. The vibrational and ro-
tational levels of the reactant molecule are taken as v = 0, and
j = 0 ∼ 3, respectively. In the calculation, batches of 2×104

trajectories are run for each initial condition, the trajectories
are started at a C(3P)–NO distance of 11.0 Å (1 Å = 0.1 nm)
and a time step of 0.1 fs is used for the integration of the equa-
tions of motion.

3. Results and discussion
The calculated distributions of P(θr) on the 2A′′ and 2A′

PESs for four reagent rotational states ( j = 0–3) are shown
in Fig. 1. Both figures 1(a) and 1(b) present that the distri-
butions of P(θr) peak at θr = 90◦ and are symmetric with re-

spect to 90◦, which indicates that the product rotational an-
gular momentum vector 𝑗 ′ is strongly aligned along the di-
rection perpendicular to the relative velocity vector 𝑘. More-
over, the peaks of P(θr) become lower and broader as the ro-
tational quantum number increases, meaning that the product
rotational alignment effect becomes obviously weaker with the
increase of the value of j. Similar results have also been found
in reactions of O(3P) + H2

[47,48] and N(2D) + H2.[49] This
may be explained from the expectation values of 〈P2(cosθr)〉
which are −0.1716 (−0.2134), −0.1357 (−0.1808), −0.1171
(−0.1600), and −0.0981 (−0.1345), respectively, herein, the
values in the brackets correspond to those on the 2A′ PES.
〈P2(cosθr)〉 values are close to −0.5, which suggests that 𝑗 ′ is
preferentially polarized and perpendicular to the reagent rela-
tive velocity. Generally speaking, the well in the PES can lead
to a weak product rotational alignment effect, because it may
induce “loss” of memory for the angular momentum alignment
in that the separation of the products will take various direc-
tions in space.[40] The intermediate wells on the two PESs are
an important factor in governing the vector properties of re-
action. And the rotational excitations of the reagent NO may
further increase the isotropic distribution of product rotational
angular momentum vector, which weakens the product polar-
ization.
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Fig. 1. (color online) Distributions of P(θr) reflecting the 𝑘–𝑗 ′ corre-
lation at the collision energy of 0.06 eV for the four reagent rotational
states, based on the 2A′′ PES (a) and the 2A′ PES (b).
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Fig. 2. (color online) Dihedral angle distributions of P(φ r) with respect
to the 𝑘–𝑘′ plane at the collision energy of 0.06 eV for the four reagent
rotational states, based on the 2A′′ PES (a) and the 2A′ PES (b).

The dihedral angular distributions of P(φr) shown in
Fig. 2 describe the 𝑘–𝑘′–𝑗 ′ correlations. Both figures 2(a) and
2(b) indicate that the distributions of P(φr) tend to be asym-
metric with respect to the 𝑘–𝑘′ scattering plane. The peaks of
P(φr) appear at φr = 90◦ and 270◦, respectively, and the peaks
at φr = 90◦ are not equal to those at φr = 270◦, meaning that
the angular momentum vector 𝑗 ′ is not only aligned, but also
oriented along the y axis. The orientation degree of angular
momentum 𝑗 ′ depends sensitively on the initial rotational state
of reactant. As shown in Fig. 2(a), for reaction occurring on
the 2A′′ PES, as the value of j increases, the peak at φr = 90◦

tends to become obviously weaker and broader while that at
φr = 270◦ becomes slightly weaker and broader. When j = 0,
the angular momentum 𝑗 ′ is preferentially oriented along the
positive direction of y axis. And as the j increases, the 𝑗 ′ tends
to be oriented along the negative direction of y axis. While for
that occurring on the 2A′ PES, Fig. 2(b) shows that all the
peaks at φr = 90◦ are slightly lower than those at φr = 270◦

for the four different initial rotational excitations of reactant,
which implies that the product lightly tends to be oriented
along to −y axis (i.e., it prefers the left-handed product rota-
tion in planes parallel to the scattering plane). On both PESs,
the peaks at both φr = 90◦ and φr = 270◦ become lower and
broader with the increase of j, indicating that the product rota-

tional polarization is weaker and the product molecule rotation
preferentially changes from the in-plane reaction mechanism
to the out-of-plane mechanism at the same time.[46] The asym-
metric distributions of P(φr) observed can be explained by the
impulse model.[50,51] In the chemical-bond forming and break-
ing processes in the reaction, the preference for the direction
influenced by the repulsive energy between atom N and O will
lead to the preferred orientation of the product’s angular mo-
mentum. In addition, the reagent rotational excitation weakens
the repulsive energy, which is the most likely reason why the
product alignment and orientation becomes weaker at higher
rotational excitation levels.[49]
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Fig. 3. (color online) Minimum energy paths connecting the reactants
(C (3P) + NO (X2Π)) with the two sets of the products (CN (X2Σ+) + O
(3P), CO (X1Σ+)+ N (2D)) via potential minima and transition states.
The energies are relative to separated atoms, based on the 2A′′ surface
(a) and the 2A′ surface (b). Reference data are cited from Refs. [20]
and [21]. The dash–dot line are related to the product channel CO
(X1Σ+)+ N (2D).

The difference in the distribution of P(φ r) between on
both PESs with the reagent rotational excitations can be as-
cribed to the difference in structure between the two PESs.
The minimum energy paths connecting the reactants (C (3P) +
NO (X2Π)) with the two sets of the products (CN (X2Σ+) + O
(3P), CO (X1Σ+)+ N (2D)) are shown in Fig. 3. We can easily
see from Fig. 3 that the major difference between the 2A′′ and
2A′ surfaces lies in the presence of the triangular minimum (∆-
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CNO) and nonlinear transition state NCO on the 2A′′ surfaces.
Besides, in regions close to the linear minima (CNO, CON,
NCO), the 2A′ surface slightly is lower in energy than the 2A′′

surface. For the nonlinear stationary points on both PESs, due
to an effect of the triangle minimum ∆-CNO, potential pro-
files for the different angles of approach of C to NO demon-
strate the difference between the surfaces. In long range and
for geometries not corresponding to the linear minima (such
as transition state TS-CNO), the situation is reversed (i.e., the
2A′′ surface slightly is lower in energy than the 2A′ surface),
and all of them will have an important influence on reaction
stereodynamics.
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Fig. 4. (color online) Plots of PDDCS P00(ωt) versus θt for four reagent
rotational excitations at a collision energy of 0.06 eV, based on the 2A′′

PES (a) and the 2A′ PES (b).

The polarization-dependent differential cross sections
(PDDCSs) can be used to describe the correlation of 𝑘–𝑘′–
𝑗 ′ and the scattering direction of the product molecule. Sev-
eral PDDCSs (P00(ωt), P̃20(ωt)P̃22+(ωt)) calculated on the two
PESs are depict in Figs. 4–6. The distribution of P00(ωt) is
simply proportional to the differential cross section, and only
describes the 𝑘–𝑘′ correlation or the scattering direction of
the product. As shown in Fig. 4, the product molecule is scat-
tered strongly forward on either PESs for different initial rota-
tional levels, which is coincident with the experiment results
detected by Naulin et al.[4] The distributions of the renormal-

ized PDDCS P̃20(ωt) are drawn in Fig. 5, which are related to
the expected value 〈P2(cosθr)〉. We can see from the distri-
butions of P̃20(ωt) that the 𝑗 ′ is preferentially polarized along
the direction perpendicular to 𝑘 at θt = 0◦ and 180◦ for each
of four reagent rotation states. The values of all P̃kq±(ωt) with
q 6= 0 are equal to zero at θt = 0◦ and 180◦. The values of
P̃22+(ωt) are related to

〈
sin2

θr cos2φr
〉
. From Fig. 6, it is easy

to see that the values of P̃22+(ωt) are negative at all scatter-
ing angles, which indicates the marked preference of prod-
uct alignment along the y axis. More interestingly, we no-
tice that at the scattering angles close to 40◦, 85◦, and 131◦,
the products are strongly polarized, which, as mentioned in
our previous paper,[25] may be considered to be related with
three different transition states (CNO, NCO, CON) existing in
the C + NO entrance channel.[20,21] When the scattering angle
is near the bond angle which is energetically the most favor-
able for reaction, the alignment of 𝑗 ′ along 𝑘′ is greatest.[25,51]

From Figs. 5 and 6, we can easily note that the degrees of prod-
uct polarization become weaker with the value of j increasing,
which is consistent with the change tendency of distributions
of P(θr) and P(φr) with j. Further experimental and theoreti-
cal work is still necessary for better understanding its reaction
dynamics.
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Fig. 5. (color online) Plots of PDDCSs P̃20(ωt) versus θt for four
reagent rotational excitations at the collision energy of 0.06 eV, based
on the 2A′′ PES (a) and the 2A′ PES (b).
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Fig. 6. (color online) Plots of PDDCS P̃22+(ωt) versus θt for four
reagent rotational excitations at a collision energy of 0.06 eV, based
on the 2A′′ PES (a) and the 2A′ PES (b).

In the above theoretical calculations, we have neglected

the coupling effect between the two PESs, and treated them

as separate surfaces. In fact, the linear intermediates (CNO,

CON, and NCO) are Renner–Teller molecules, both surfaces

(2A′′ and 2A′) are degenerate in the linear configurations, and

in a fully accurate study they should be coupled through the

Renner–Teller interaction. Besides, additional excited 4Π sur-

faces could come into play through non-adiabatic and spin–

orbit couplings, and all of them will possibly play an impor-

tant role in reaction dynamics. However, to our knowledge, at

present there is little information about couplings between two

surfaces on this reaction.

4. Conclusion

In this paper, the reaction C(3P) + NO(X2Π) (v = 0, j =

0 ∼ 3)→ CN(X2Σ+)+ O(3P) is theoretically studied through

the QCT approach on two PESs (2A′′ and 2A′) at a collision

energy of 0.06 eV. Stereodynamics information is obtained for

different initial rotational states of reactant NO. Results show

that the rotational excitation of the reagent molecule obviously

weakens the polarization degree of the rotational angular mo-

mentum vector of product CN. Furthermore, we also show

QCT calculated PDDCSs on the two PESs, which more clearly

illustrates the product rotational angular momentum vectors
varying with scattering angle at different rotational states, at
three scattering angles they are remarkably polarized. Besides
the distribution of P(φr), product polarization varying with the
j on the two PESs shows the similar characteristics and change
tendencies, which can be ascribed to the similarity between the
structures of the two PESs. Compared with the effects of the
collision energy,[25] the rotational excitations of the reagent
molecule have more considerable influence on the product po-
larization.
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