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A quasi-classical trajectory (QCT) calculation with the fourth-order explicit
symplectic algorithm for the N(4S) + O2(X3Σg

−) → NO(X2Π)+O(3P) reaction has
been performed by employing the ground and first-excited potential energy surfaces
(PESs). Since the translational temperature considered is up to 5000 K, the larger rel-
ative translational energy and the higher vibrational and rotational level of O2 mole-
cule have been taken into account. The affect of the relative translational energy, the
vibrational and rotational level of O2 molecule in the reaction cross-sections of the
ground and first-excited PESs has been discussed in a extensive range. And we exhibit
the dependence of microscopic rate constants on the vibrational and rotational level of
O2 molecule at T =4000 K. The thermal rate constants at the translational temperature
betweem 300 and 5000 K have been evaluated and the corresponding Arrhenius curve
has been fitted for reaction (1). It is found by comparison that the thermal rate con-
stants determined in this work have a better agreement with the experimental data and
provide a more valid theoretical reference.
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1. Introduction

The elementary atmospheric reaction,

N(4S) + O2(X3Σg
−) → NO(X2Π) + O(3P), �rH 0

0 k
= −32.09 kcal/mol (1)

play a meaningful role in the study of the Earth’s atmospheric chemistry,
infrared chemiluminescence and combustion processes [1–3]. The temperature
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dependence of thermal rate constants has been the focus of many experimen-
tal researches about reaction (1). The experimental data of thermal rate con-
stants over the temperature range of 298 � T/K � 5000 for reaction (1), which
has been regarded as one of the best expression of experimental data to this
day, have been recommended by Baulch et al. via the expression k(T )=1.5 ×
10−14 T exp (−3270/T ) cm3 molecule−1 s−1 [4].

It should be noted at this stage that the dynamical study of reaction (1)
primarily involves the potential energy surfaces of 2A′ and 4A′ states of NO2,
the 6A′ state of NO2 makes no contribution for reaction (1) at the transla-
tional temperature considered [5, 6]. There have also been several ab initio stud-
ies on the ground (2A′) and first-excited (4A′) potential energy surfaces (PESs
for brevity) of reaction (1) [7–12], where the complete active space self-consis-
tent field (CASSCF) calculation, multi-reference contracted configuration inter-
action (MR-CI) calculation and the density functional method have been often
employed. The analytical functions about the ground and first-excited PESs for
reaction (1) [7, 8, 10, 11], based on these data of ab initio calculations, have also
been provided with the many-body expansion formalism. To better explain the
exoergicity and the corresponding experimental rate constant at 300 K for reac-
tion (1), Sayós et al. constructed the improved ground and first-excited PESs on
the basis of the accurate ab initio data published in [9, 12] along with their com-
plemented data of second-order perturbation theory [13].

From the point of view of reaction dynamics, reaction (1) can be researched
by the quasi-classical trajectory (QCT) method and the quantum dynamics
method [6, 7, 10, 14].Since the accurate full-dimension quantum dynamics calcu-
lation is computationally expensive for the large number of opening channels,
we will present a QCT study for reaction (1) by the new ground and first-
excited PESs reported by Sayós et al.[13]. In this work, the fourth-order explicit
symplectic algorithm, which has been assessed an effective numerical integral
scheme, has been adopted to improve the availability of the integration of
Hamiltonian equations. And the extensive database about the reaction cross-sec-
tion, the microscopic rate constant and the thermal rate constant of reaction
(1) has been extended to the translational temperature of 5000 K. The present
paper is organized as follows. In section 2, we provide a synopsis of the formal-
ism about the determination of the reaction attributes by the QCT method. The
effect of the relative translational energy, the vibrational and rotational level of
O2 molecule on the reaction cross-section of the ground and first-excited PESs
is discussed in section 3, where the more extensive range about these param-
eters are involved because of the considered temperature up to 5000 K. The
dependence of the net microscopic rate constants on the vibrational and rota-
tional level of O2 molecule have analyzed in detail at T = 4000 K. And we obtain
the Arrhenius curve of thermal rate constants at the translational temperature
between 300 and 5000 K in this work. Finally, some remarks about the results
of this work are concluded in section 4.
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2. The computational method

Because the QCT method is widely described in the dynamics calculations
of the chemical reaction [10], here we only summarize the details relevant to the
present calculations. The reaction cross-section on the given PES of reaction (1)
assumes the general form

Sr(v, J, Et) = πb2
max(v, J, Et)[Nr(v, J, Et)/N(v, J, Et )], (2)

where bmax(v, J, Et) is the maximal impact parameter, Nr(v, J, Et) and
N(v, J, Et ) are the numbers of reactive collisions and total collisions at a given
set of initial conditions (v, J, Et), respectively. For each set of initial conditions,
a mean number of 10000 trajectories are enough to estimate the reaction cross-
section with a standard deviation of less than 5%.

The microscopic rate constant on the given PES can be computed by the
following equation

k′(T , v, J ) = ge(T )

(
2

kBT

)3/2

(πµ)−1/2
∫ Em

E0

Sr(v, J, Et )Et exp
(

− Et

kBT

)
dEt,(3)

where ge(T ) is the electronic degeneracy factor, kB is the Boltzmann constant, T

the translational temperature associated to the relative translational energy, µ is
reduced mass of the reactants, E0 and Em are the energy threshold and the max-
imal relative translational energy, respectively. The electronic degeneracy factors
of the ground and first-excited PESs for reaction (1) should be taken equal to
1/6 and 1/3, respectively. Neglecting the non-adiabatic coupling between 2A′ and
4A′ states of NO2, the net microscopic rate constants of reaction (1) can be eval-
uated by

k(T , v, J ) = k′(T , v, J )(2A′) + k′(T , v, J )(4A′), (4)

where k′(T , v, J )(2A′) and k′(T , v, J )(4A′) are the microscopic rate constants on
the ground and first-excited PESs, respectively.

The thermal rate constants for reaction (1) can be obtained by the weighted
summation of the net microscopic rate constant

k(T ) =
∑
v,J

pv,J (T )k(T , v, J ), (5)

where pv,J (T ) is the distribution function of the rovibrational level of O2 mol-
ecule which is regarded as the Maxwell–Boltzmann distribution in this work. In
all, millions of trajectories have been run to estimate the thermal rate constants
at the translational temperature range from 300 to 5000 K for reaction (1).

Because of the translational temperature considered up to 5000 K, the rel-
ative translational energy with a range from the energy threshold to 4.0 eV is
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necessary. The (J = 0, 4, 8, 12, 16, 20, 40, 60, 80 and v = 0, 1, 2, 4, 6, 8) ro-
vibrational levels of O2 molecule have been chosen because the range represents
the majority of the rovibrational levels of O2 molecule at the high-translational
temperatures considered. The fourth-order explicit symplectic algorithm that can
conserve not only the symplectic structure of Hamiltonian system but also the
total energy of the reaction system is used during the numerical integration with
a constant time step size (1.0 × 10−16 s) [15]. All trajectories are started from
a N–O2 distance of 20 Å, and ended when the product species are formed and
found at least 20 Å away from each other. In calculations, we have employed a
homemade parallel program that consists of the standard Fortran code and the
MPICH function.

3. Results and discussion

In figure 1, we have plotted the variation of reaction cross-sections on
the ground and first-excited PESs for reaction (1) with the relative translational
energy at the (v = 0; J = 20) rovibrational level of O2 molecule. As depicted by
the plot of figure 1, the function of Sr(v, J, Et ) on the ground and first-excited
PESs versus Et rises rapidly with the relative translational energy. When the
relative translational energy exceeds the value of about 2.0 eV, the function of
Sr(v, J, Et ) versus Et gradually becomes smooth and tends slowly to saturation.
The character of the function of Sr(v, J, Et) versus Et in this work is consistent
to that of the reaction system with an energy barrier, which can be interpreted
by the ADLOC model in the literature [16] at the relative translational energy
range considered. Apparently, from the comparison in the plot of figure 1, the
reaction cross-sections on the ground PES have a systematical enhancement than
the ones on the first-excited PES at the (v = 0; J = 20) rovibrational level of O2
molecule because the energy barrier of the ground PES is a clearly lower with
respect to the one of the first-excited PES. As a result, the area under the curve
of Sr(v, J, Et ) versus Et on the first-excited PES is lower than the one on the
ground PES at the (v = 0; J = 20) rovibrational level of O2 molecule.

The variation of reaction cross-sections on the ground and first-excited
PESs with the rotational level of O2 molecule has been analyzed in figure 2. In
two plots of figure 2, the rotational level of O2 molecule does not play a signifi-
cant role in enhancing the reaction cross-sections of the ground and first-excited
PESs as the rotational level of O2 molecule is less than 20, which is attributed
to that the O2 molecule is rotationally frozen at the low rotational level of O2
molecule and relative translational energy [16]. When the rotational level of O2
molecule exceeds the value of 20, the reaction cross-sections on the ground and
first-excited PESs have the rapidly ascending trend with the rotational level of
O2 molecule increasing. However, for the reaction system with an energy barrier
like reaction (1), the general behavior of the reaction cross-sections varying with
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Figure 1. Dependence of the reaction cross-section on the relative translational energy for O2
molecule at v = 0 and J = 20.

Figure 2. Variation of the reaction cross-section with the rotational level for O2 molecule at
Et = 1.50 eV and v = 0.

the rotational level of reactant molecule indicates a fall in the reaction cross-sec-
tion followed by a subsequent rise because of both the competing orientation
and energy effects [17, 18]. Since the orientation effect unfavorable to the reac-
tion has effectively compensated by the anisotropic character of the PESs and
the system is forced back to the preferable orientation [18], the fall of reaction
cross-sections with the rotational level of O2 molecule does not happen in this
work.
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Figure 3. Variation of the reaction cross-section with the vibrational level for O2 molecule at
Et = 1.50 eV and J = 20.

The plot of figure 3 has described the influence of the vibrational level of
O2 molecule placed at Et = 1.50 eV and J = 20 on the reaction cross-sections
of the ground and first-excited PESs. We can see that the reaction cross-sections
enhance linearly with the vibrational level of O2 molecule moving from 0 to 8,
which indicants that the vibrational level of O2 molecule contributes modestly
to the enhancement of the reaction cross-sections. The moderate effect of the
vibrational level of O2 molecule on the reaction cross-sections is due to that the
enhancement of the vibrational energy promotes the relative motion perpendic-
ular to the coordinate over the energy barrier to reaction. As shown by the plot
of figure 3, the difference between the reaction cross-sections on the first-excited
PES and the ones on the ground PES is visible at the low vibrational level of O2
molecule and slowly shortens at the high vibrational level of O2 molecule. Thus,
the fact has revealed that the gradient of the curve of Sr(v, J, Et ) versus v on
the first-excited PES is larger than the one on the ground PES at Et = 1.50 eV
and J = 20. It is suggested that the contribution of the first-excited PES to the
thermal rate constants of reaction (1) will become important at the higher trans-
lational temperature.

We specifically show the net microscopic rate constant of reaction (1) and
assess its dependence on the vibrational and rotational level of O2 molecule at
T = 4000 K in figure 4. The enhancements of log10 k(T , v, J ) at T = 4000 K are
almost identical while the vibrational level of O2 molecule varies from 0 to 8
with the increment of 2 over the range of the rotational level of O2 molecule.
The linear variation of log10 k(T , v, J ) with the vibrational level of O2 mole-
cule has been exhibited, although there casually is a little anomaly. The fact
reveals that the vibrational level of O2 molecule has a moderate affect on the net
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Figure 4. Variation of the net microscopic rate constants (4000 K) for reaction (1) with vibrational
levels of O2 molecule at various rotational levels.

microscopic rate constants. It is also observed from figure 4 that log10 k(T , v, J )

rapidly increase as the rotational level of O2 molecule moves from 0 to 80 at
the given vibrational level, and the higher rotational level of O2 molecule con-
tributes much more to the enhancement log10 k(T , v, J ) than the lower rotational
level. The phenomenon in figure 5 of Ref. [6] that there is a slight reduction of
log10 k(T , v, J ) when the rotational level of O2 molecule rises from 0 to 40 at the
(v = 0, 1, 2) vibrational level of O2 molecule, which is possibly irrational, does
not appear in this present work.

The thermal rate constants determined in this work can conform to the fol-
lowing Arrhenius expression of the standard three-parameter equation

k = AT neB/T, (6)

where A, n and B are the parameters that can optimize by means of a non-
linear least-squares procedure. The corresponding Arrhenius equation to ther-
mal rate constants calculated in this work has the form of k(T ) = 1.6467 ×
108T 1.5576 exp (−3089/T ) cm3 mol−1 s−1. Figure 5 has exhibited the Arrhenius
curve of thermal rate constants at the translational temperature between 300 and
5000 K determined in this work, and these curves of the previously experimental
and theoretical study have also been inserted for comparison [4, 6]. As depicted
by the plot of figure 5, the Arrhenius curve of log10 k(T ) versus T fitted in this
work is in good agreement with that of the experimental data under the trans-
lational temperature value of 2000 K [4]. The Arrhenius curve given by Bose
and Candle is clearly below that of the experimental data, especially the differ-
ence is about an order of magnitude at T = 300 K [6]. The main reason is that



J. He and J. Li / N(4S)+O2(X3Σg
−) → NO(X2Π)+O(3P) reaction 1191

Figure 5. Comparison of thermal rate constants (300–5000 K) for reaction (1) obtained in this work
with previously theoretical and experimental values.

the barrier heights of the ground and first-excited PESs employed by Bose and
Candle have the higher values than those of both PESs adopted in this work.
While the translational temperature is over 2000 K, we can obviously see a good
agreement between the Arrhenius curve fitted by Bose and Candle and that of
the experimental data. But this agreement may be of no significance because
the experimental data of thermal rate constants for reaction (1) have a possi-
ble greater underestimate at the higher translational temperatures [6]. From the
point of view, it is concluded that the thermal rate constants of the QCT study
in this work have contributed the more accurate theoretical data of reaction (1)
at all the translational temperatures considered for reference.

4. Conclusions

In this work, we have used the ground and first-excited PESs reported by
Sayós et al. [13] to carry out an extensive QCT study with the fourth-order
explicit symplectic algorithm for reaction (1). At the relative translational energy
regime, the function of Sr(v, J, Et ) on the ground and first-excited PESs ver-
sus Et indicates a rapidly rise followed by a trend to reach saturation. The
reaction cross-sections on the ground and first-excited PESs are almost not
sensitive to the rotational level of O2 molecule as the rotational level is less
than 20, however, they rise rapidly with the rotational level of O2 molecule
while the rotational level exceeds the value of 20. And the vibrational level
of O2 molecule has a modest contribution to the enhancement of the reac-
tion cross-sections on the ground and first-excited PESs at the given relative
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translational energy. By the study of the dependence of the net microscopic rate
constant on the vibrational of O2 molecule, we have found that the value of
log10 k(T , v, J )varies almost linearly with the vibrational level of O2 molecule.
The Arrhenius curve of thermal rate constants in this work with the form of
k(T ) = 1.6467 × 108T 1.5576 exp (−3089/T ) cm3 mol−1 s−1 show excellent agree-
ment with the experimental data at the translational temperature range from 300
to 2000 K, and provides a good theoretical reference of reaction (1) at the higher
translational temperature.
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