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Abstract

We present the results of quasiclassical trajectory calculations for the N(4S) + O2 reaction over

a broad range of collision energies with scaled ab initio potential energy surfaces of the 2
A

′ and

4A′ electronic states. The analysis of product rovibrational distributions supports the suggestion

that this reaction is a source of highly excited NO in the upper atmosphere. The computed NO

vibrational distribution is found to be in good agreement with a recent measurement.
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1 Introduction

The observation of highly rovibrationally excited NO in the lower thermosphere by the CIRRIS

1A Space Shuttle experiment [1, 2] has given rise to much interest in the chemistry of NO and its

abundance in the upper atmosphere. The formation of NO in the upper atmosphere occurs through

the following elementary reactions which constitute the Zeldovich mechanism [3]:

O(3P ) +N2 → NO + N, (1)

N(4S) + O2 → NO + O. (2)

Of these, the first reaction is highly endothermic (∆H◦

0 � 318 kJ/mol) while the second is highly

exothermic (∆H◦

0 � −133 kJ/mol). Reaction (1) is not expected to be an important source of

NO in the atmosphere under thermal conditions but the presence of energetic oxygen atoms and

vibrationally excited N2 may induce reactivity. The reaction of electronically excited N(
2
D) atoms

with O2 also contributes to NO production, especially in the lower thermosphere. Here we focus

on reaction (2) which has been suggested [4] as the source of the highly rovibrationally excited NO

observed in the CIRRIS 1A experiments.

Despite the large exothermicity associated with reaction (2) it is slow at room temperature and

requires an activation energy of about 0.3 eV. Hence energetic N(4S) atoms are required for the

reaction (2) to proceed efficiently. The importance of energetic N(4S) atoms as a source NO in

the thermosphere has become a topic of considerable interest because superthermal N(4S) atoms

are produced in the thermosphere by a variety of processes [5,6]. Due to the high exothermicity of

(2) and the involvement of energetic N(4S) atoms, the product NO is expected to be formed with

significant vibrational and rotational excitation. Infrared emission from rovibrationally excited NO

has long been known to be an important cooling mechanism in the terrestrial thermosphere.

Laboratory investigations of the N(4S) + O2 reaction have provided thermal rate constants

over a wide range of temperatures [7—9] but data on NO vibrational distributions have been rather

limited [10—14]. Measurement of product vibrational distributions in the reaction is complicated

by the rapid vibrational quenching of excited NO molecules by O2. Theoretical studies of this

reaction have focused on the calculation of thermal rate constants [15—21] and product vibrational
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distributions [17, 19]. The investigations by Gilibert et al. [15] used a potential energy surface

that has an unphysical barrier in the entrance channel giving rise to an activation energy that is

about 0.2 eV higher than the experimentally determined value of 0.3 eV. Bose and Candler [19]

have reported product NO vibrational distributions but at temperatures that typically exist in hot

plasmas.

In this Letter, we report the results of quasiclassical trajectory (QCT) calculations on the N(4S)

+ O2 reaction using the potential surfaces of Duff et al. [16] for the
2
A

′ and the 4A′ electronic states.

The goal of this study is to examine the NO rotational distributions in the various vibrational levels

populated as a result of the reaction at the ambient temperatures of the thermosphere. The large

number of product rovibrational states accessible to the reaction makes a fully quantum mechan-

ical treatment or mixed quantum-classical methods [21] prohibitively expensive. At the ambient

temperatures of the thermosphere, the QCT method offers a good balance between accuracy and

computational effort.

2 Calculations

Three electronic states arise from the combination of the reactants N(4Su) + O2(X
3Σ−

g
), namely,

2
A
′, 4A′ and 6

A
′. Of these, 2A′ and 4

A
′ states correlate with the products NO(X 2Π) + O(3Pg), and

the 6A′ state correlates with product states that lie at much higher energy. This study makes use

of the potential surfaces for the 2
A
′ and 4

A
′ states obtained by Duff et al. [16] by fitting adjusted

ab initio energies of Walch and Jaffe [22]. The adjustments were aimed at reproducing the reaction

barriers estimated from experimental data. The reaction barriers are 0.30 eV on the 2A′ surface

and 0.65 eV on the 4A′ surface. The potential well corresponding to the NO2 molecule lies on the

2A′ surface, on the product side of the reaction barrier. Although the potential surface is known

to be inaccurate in the vicinity of the NO2 equilibrium geometry, it is not expected to seriously

affect studies of the N + O2 reaction since the total energy available to the system to surmount

the reaction barrier is far above that of the NO2 minimum.

The center of mass collision energies for QCT calculations were taken to be in the range 0.3 eV

to 3.0 eV. At each collision energy, at least 3,000 trajectories were initiated from the O2(v = 0, 1)

states. Larger number of trajectories were used at collision energies close to the reaction threshold

in order to increase the accuracy of the calculated reaction cross sections. The O2 rotational state
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for each trajectory was selected randomly from a Boltzmann distribution at four temperatures: 200,

415, 742, and 1000 K. These temperatures correspond to the ambient temperatures at altitudes of

100, 120, 140 and 200 km. We have also propagated a total of 80,000 trajectories (40,000 on each

electronic surface) at a fixed collision energy of 3.0 eV, which roughly corresponds to the conditions

present in the recent experiments of Caledonia et al. [14]. The rotational temperature of the O2 in

these calculations was chosen to be 1000 K, which is probably higher than that in the experiments

but closer to the conditions found in the upper atmosphere.

The reaction cross-sections calculated from the 2A′ and 4A′ surfaces were found to be very

similar to those obtained by Balakrishnan and Dalgarno [21] using a quantum-classical approach.

As a further check on the accuracy of the QCT calculations, we calculated thermal rate coefficients

from the cross-sections for each electronic state, weighted by appropriate degeneracy factors,

k =
1

6
k(2A′) +

1

3
k(4A′). (3)

These values were also found to be in close agreement with the quantum-classical results of Bal-

akrishnan and Dalgarno [21]. The high exothermicity of this reaction allows a very large number

of product vibrational levels to be populated. In each vibrational level, the rotational distribution

was obtained by a binning procedure based on the rotational quantum number calculated from the

rotational energy of NO. These results are presented and discussed in the following Section.

3 Results and Discussion

The NO vibrational distributions obtained from O2(v = 0, 1) by QCT calculations at a relative

translational energy of 3.0 eV and an O2 rotational temperature of 1000 K are shown in Figure

1. In combining the distributions from the two electronic surfaces, the same weights as in Eq.

(3) were used. The normalization of these distributions is such that the the sum of the v = 0

and v = 1 curves peaks at unity. It is clear that, in keeping with the propensity rules established

by Polanyi and coworkers [23], the early barriers on the two potential surfaces cause the reaction

cross-section to decrease with vibrational excitation of the reactant molecule. Also, in keeping with

these propensity rules, the relative translational energy of the reactants is efficiently channeled into

internal energy of the products. The present vibrational distributions bear close similarity to the

lower temperature results of Bose and Candler [19], including the location of the maxima of the

distributions, at v
′ = 2.
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The rotational distribution in the NO(v′ = 2) state under the same conditions as those present

in Fig. 1 is shown in Figure 2. The rather large variations in the relative populations of adjacent

rotational levels appear to be due, at least in part, to incomplete convergence of the distributions.

The oscillations become less pronounced as the total number of reactive trajectories increase, indi-

cating that they are due to statistical noise, but they appear to converge at slow rate. For example,

the results presented in Fig. 2 represent 41,166 reactive trajectories. Analogous results from about

20,000 trajectories are only slightly more oscillatory. A convenient way to estimate the rotational

distributions that would result from an extremely large ensemble of trajectories is to smooth the

distribution using, say, a sliding average of the populations of several neighboring levels. Such

a smoothed distribution which weights the neighboring rotational states using a Gaussian with a

HWHM of 5 is also shown in Fig. 2. The smoothed distribution is faithful to the local trends and

the general shape of the distribution. The normalization in this figure is such that the maximum

value of the sum of the smoothed distributions for v = 0 and v = 1 is unity.

Due to the large number of the vibrational and rotational states populated, it is most convenient

to present the rovibrational distributions as a three-dimensional function of both v′ and j ′. We

present two types of distributions: one type includes the rovibrational distributions at all collision

energies studied, and the other shows the results for a single collision energy. A typical example

of the first type is shown in Fig. 3. These distributions are smoothed in the j′ direction as in

Fig. 2 but no smoothing is done for the v′ direction. Panels (a) and (b) respectively show the

distributions resulting from the O2 v = 0 and 1 states, at an O2 rotational temperature of 742

K. The normalization is once again such that the sum of the two distributions peaks at unity.

The unusually broad distributions of both vibrational and rotational quantum numbers are clearly

identifiable in these figures, indicating that a large fraction of the reactant energy is channeled into

the internal energy of the products.

In Figure 4, we present the rovibrational distributions resulting from N + O2 collisions at a

fixed relative translational energy of 3.0 eV, where the initial O2 rotational temperature is 1000

K. The two panels of this figure are arranged and normalized in the same manner as Fig. 3. The

main difference between Fig. 3 and 4, which is immediately obvious, is the sharp drop-off of the

distributions at the high j′ values in the latter. Similar behavior is also more clearly seen in Fig.

2 which is based on a subset of the data plotted in Fig. 4. At fixed collision energies, the highest

energetically accessible product rotational state in each vibrational manifold is populated, further
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underscoring the efficiency with which reagent energy is channeled into the internal energy of the

products.

Caledonia et al. [14] have measured the vibrationally resolved cross sections for the N(4S) + O2

reaction at a center of mass kinetic energy of 3 eV. In Fig. 5 we compare their data with our results

in which the initial O2 rotational temperature was taken to be 1000 K. Noting that the uncertainty

in the experimental data is about a factor of two [14], the agreement with the experimental results

is quite satisfactory. The experimental data show a dip in the production of v′ = 3 relative to

v′ = 2 and 4 and also of v′ = 6 relative to 5 and 7. QCT results do not reflect these oscillations

but are in good agreement with those of Duff et al. [16,27].

A comparison of some of the results from the present QCT calculations with the experimental

results of Caledonia et al. [14], expressed as cross sections divided by π, is presented in Table I.

Also given here is the mean value of the rotational level populated for each v′, calculated as

〈
j ′
〉
v′ =

∑
j′(2j′ + 1)j′Pv′j ′

∑
j ′(2j′ + 1)Pv′j′

. (4)

From the 〈j′〉 value thus obtained, a mean rotational temperature Trot for NO is calculated under

the assumption that for a linear molecule, 〈εrot〉 � kBTrot, where kB is the Boltzmann constant. The

〈j′〉 values vary from 118 for v′ = 0 to 17 for v′ = 24. The corresponding rotational temperatures

are in the range 1200—34000 K, which completely encompasses the range of 4000—10000 K (which

corresponds to 〈j′〉 = 40 − 64) used by Caledonia et al. [14] in their spectral fits. The Table also

shows that the product vibrational level resolved cross-sections from the O2(v = 0) state in the

present calculations are in excellent agreement with the results of Duff [27].

In summary, we confirm that at the ambient temperatures in the thermosphere the N(4S) +

O2 reaction produces NO in highly vibrationally and rotationally excited levels. However, our

QCT calculations do not reflect the oscillatory behavior of the product vibrational distributions

observed in the experiments [14]. Although the absolute cross-section values reported in Ref. [14]

may be uncertain by a factor of 2, Caledonia et al. state that the relative values of the cross-

sections should have considerably smaller errors. The disagreement would imply that the observed

oscillatory behavior is due to quantum effects or due to the inaccuracies in the potential surfaces

used. Since the experiments have been conducted under single-collision conditions, the collisional

quenching of NO by the unreacted O2 is not an important consideration.
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Nitric oxide is also produced in the reaction of electronically excited N(2D) atoms with O2 [24—

26]. Due to the large exothermicity (∆H◦

0 � −362 kJ/mol) of this process, NO is formed with high

vibrational and rotational excitation. Therefore, the actual rovibrational distribution of NO in the

thermosphere will depend on the relative contribution from (2) and the N(2D) + O2 reaction [6].

After this manuscript was submitted, Braunstein and Duff [28] have reported ab initio calculation

of potential energy surfaces for the N(2D) + O2 reaction and product NO vibrational distributions

that are inverted.
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Table I. Comparison of selected results from the present calculations with the

experimental results of Caledonia et al. [14] and the calculations of Duff [27].

v′ jmax 〈j ′〉 Trot(〈j ′〉) σv′(Å2)/π σ
v

′(Å2)/π σ
v

′(Å2)/π σv=0
v

′ (Å2)/π

(K) This work Ref. [14] Duff [27] This work

0 155 118 17221 0.28 - - 0.24

1 151 110 14975 0.41 0.49 0.37 0.38

2 147 104 13393 0.46 0.65 0.42 0.42

3 144 100 12387 0.44 0.20 0.39 0.40

4 139 97 11659 0.37 0.69 0.36 0.34

5 137 93 10722 0.32 0.37 0.31 0.29

6 133 90 10045 0.28 0.20 0.27 0.25

7 130 87 9390 0.24 0.25 0.23 0.21

8 126 83 8551 0.22 - - 0.19

9 121 79 7751 0.18 - - 0.16

10 118 76 7177 0.14 - - 0.11

11 112 74 6807 0.11 - - 0.09

12 109 70 6096 0.08 - - 0.07

13 103 66 5423 0.07 - - 0.06

14 98 62 4791 0.06 - - 0.05

15 92 58 4197 0.04 - - 0.04

16 85 54 3643 0.04 - - 0.03

17 80 53 3510 0.03 - - 0.02

18 78 47 2767 0.02 - - 0.02
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Erel = 3.0 eV

N + O2(v = 0, 1) → NO(v ′) + Ο

0.0 5.0 10.0 15.0 20.0 25.0

v ′

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

R
el

at
iv

e
po

pu
la

tio
n

0.8

Figure 1: Product vibrational distributions at Erel = 3.0 eV. The O2 rotational temperature is

assumed to be 1000 K.
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Erel = 3.0 eV
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N + O2(v = 0, 1; j) → NO(v ′ = 2, j ′) + O

Figure 2: Product rotational distribution in NO(v′ = 2) from N + O2(v = 0, 1) collisions at a

collision energy of 3.0 eV. The reactant rotational temperature is 1000 K. The smoother lines

represent smoothed distributions using Gaussians of HWHM = 5 (see text).
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(a)

(b)

Figure 3: Product rovibrational distributions from N + O2 reactive collisions corresponding to a

reactant rotational temperature of 742 K, over a range of collision energies from 0.30 to 3.0 eV. (a)

Distribution resulting from the O2 v = 0 state, and (b) distribution resulting from the O2 v = 1

state.
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(a)

(b)

Figure 4: Same as Fig. 3, but for the fixed collision energy of 3.0 eV and O2 rotational temperature

of 1000 K.
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Figure 5: Comparison of the experimental [14] cross sections for N + O2(v = 0, 1) → NO(v′)+ O

with the results of the present calculations and those of Duff [27].
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