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Abstrat

Reations involving N and O atoms dominate the energetis of the reative air �ow

around spaeraft when reentering the atmosphere in the hypersoni �ight regime. For

this reason, the thermal rate oe�ients for reative proesses involving O(

3
P) and

NO(

2
Π) are relevant over a wide range of temperatures. For this purpose, a potential

energy surfae (PES) for the ground state of the NO2 moleule is onstruted based
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on high-level ab initio alulations. These ab initio energies are represented using the

reproduible kernel Hilbert spae (RKHS) method and Legendre polynomials. The

global PES of NO2 in the ground state is onstruted by smoothly onneting the

surfaes of the grids of various hannels around the equilibrium NO2 geometry by

a distane-dependent weighting funtions. The rate oe�ients were alulated using

Monte Carlo integration. The results indiate that at high temperatures only the lowest

A-symmetry PES is relevant and zero-point vibrational e�ets an be negleted. At the

highest temperatures investigated (20000 K) the rate oe�ient for the �O1O2+N�

hannel beomes omparable (to within a fator of around three) to the rate oe�ient

of the oxygen exhange reation. A state resolved analysis shows that the smaller the

vibrational quantum number of NO in the reatants, the higher the relative translational

energy required to open it and onversely with higher vibrational quantum number, less

translational energy is required. However, the oxygen exhange hannel (NO2+O1) is

aessible at any ollision energy, suggesting that vibrational exitation is more e�ient,

whih is in aordane with the Polanyi's rules. Finally, this work introdues an e�ient

omputational protool for the investigation of three-atom ollisions in general.
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1 Introdution

Nitri dioxide (NO2) plays a major role in atmospheri hemistry, as a smog onstituent and

in ombustion proesses.

1�3

In the atmosphere, nitrous aid (HONO) an be generated from

NO2 through reation with water whih is important beause HONO is a major soure of

OH leading to the formation of ozone and other air pollutants.

4,5

Depending on the hem-

istry involved, HONO formation from NO2 an also involve reatants suh as NO, water on

surfaes

5

or soot surfaes.

6

While most of these proesses our lose to thermal equilibrium

and at moderate temperatures, reations involving NO2 have also attrated interest under

more extreme onditions. This is the ase for the hypersoni �ight regime of spaeraft reen-

tering the atmosphere. The hemistry near the surfae of suh vehiles typially involves

highly non-equilibrium onditions with vibrational and rotational temperatures reahing

several thousand Kelvin.

7

The gas-phase and surfae reations and energy transfer at these

temperatures are essentially unharaterized and the experimental methodologies apable of

probing them are not well established. Under suh irumstanes, validated omputational

investigations beome a valuable omplementary tool.

In the present work, the formation of NO2 from NO(

2Π) and O(

3
P) and its subsequent

dissoiation into oxygen-exhange and O2 formation hannels is investigated. Charaterizing

the kinetis and dynamis of a hemial reation from omputation usually requires a poten-

tial energy surfae (PES) for the interations involved. Within the framework of Moleular

Dynamis (MD) simulations, this an either be an ab initio/semiempirial MD (AIMD) ap-

proah, a model PES or a parameterized, multidimensional PES �tted to eletroni struture

alulations, experimental observables, or a ombination of the two.

8

Using AIMD is usually

only possible for small systems and su�iently short simulation times due to the onsider-

able omputational ost.

9�11

For parametrized PESs the seletion of the grid points on whih

the ab initio alulations are arried out is always a ompromise between the omputational

ost and the intended purpose of overing the most signi�ant regions of the on�guration

spae (whih is a priori unknown). A more e�ient approah is to use separate grids for
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the di�erent regions of interest and join them smoothly. In the asymptoti regions, that is,

reatants or produts, the dynamis is arried out on a single and simpler PES leading to a

faster simulation. In the intermediate regions, the global surfae is represented as a weighted

sum of the ontributions of all individual PESs. This approah has been suessfully applied

to onnet di�erent fore �elds.

12

We will pursue a similar strategy in the present work to

build a global PES for NO2.

A global PES for the 1

2
A1 and 1

2
B2 eletroni states of NO2 based on high-level ab initio

alulations has been omputed some years ago.

13

Very good agreement with the experi-

mental results for the dissoiation energies

14

and the equilibrium geometries was obtained

from this PES.

15

The resulting frequenies alulated using �lter diagonalization reasonably

mathed the experiments and values simulated from other published PESs. Both PESs in

Ref.

13

were represented with three-dimensional ubi splines. In subsequent work, the long-

range part of the 1

2
A1 PES and the lowest 1

2
A

′′
PES were orreted by onsidering the NO

potential energy urve as a separate term in the PES at large NO-O separations. With this

modi�ation, the modeling of the ollision dynamis to study the exhange and reombina-

tion reations in O+NO ollisions was performed.

16

For temperatures between 100 and 2500

K, the reombination (kr
∞
) and exhange rate oe�ients (kex

∞
) varied slightly within a fator

of 2.

17

The aim of the present work is the haraterization of the reation between O(

3
P) and

NO(

2Π) at higher temperatures relevant to the hypersoni �ight regime of reentering spae-

rafts. At a more fundamental level, we are partiularly interested in establishing an e�ient

omputational framework apable of probing small moleular systems for a wide range of

parameters. The general approah is: (1) the onstrution of PESs for the ground state of

the NO2 moleule based on high-level ab initio alulations and their representation with

a reproduing kernel Hilbert spae (RKHS) method ombined with Legendre polynomials;

(2) quasi-lassial trajetory alulations to study the adiabati reation dynamis, and (3)

alulation of the rate oe�ients for the di�erent exit hannels using a Monte Carlo method.
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The results of the simulations will be ompared with previous omputations

16�18

and exper-

iments

13

in order to validate the omputational approah. In the ontext of the hypersoni

�ight regime, the O2 prodution hannel (NO+O→O2+N) is of partiular interest sine the

thermal dissoiation threshold for O2 is lower than that for N2 in air. A entral question is

how translational exitation of the reatants and vibrational exitations of the NO a�et the

rate oe�ient of O2 formation.

A major fous here is to test and implement a omputational protool whih should be

suitable for routine and largely automated proedures in determining important fundamen-

tal inputs for reation networks relevant to atmospheri and astrophysial modeling. The

haraterization of more omplex hemial systems involves the modeling of a olletion of re-

ations whih an be arranged in a reation mehanism where multiple elementary reations

take plae at a wide range of hanging onditions suh as temperature and pressure.

19�24

In

most ases hemial proesses in these networks our out of equilibrium. This ompliated

panorama makes di�ult the possibility of arrying out experiments nowadays. Even in

implementing large sale simulations, a signi�ant amount of data as input is required, for

instane, the rate oe�ients of the elementary reations. This information may ome from

di�erent soures either theoretial or experimental and it happens frequently that important

data are not available. Given this senario, the searh for e�ient omputational frameworks

for the alulation of the rate oe�ients is an issue of primary interest.

The outline of the present work is as follows. In setion II the methodology for onstrut-

ing the PESs, the trajetory alulations and the omputation of the thermal quantities is

disussed. Setion III presents and disusses the results and in setion IV, onlusions about

the validity of the approah are drawn.
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2 Methodology

2.1 Ab initio alulations

The present alulations use Dunning's standard orrelation-onsistent polarized quadru-

ple (-pVQZ) basis set, whih is su�iently large to properly desribe the N-O and O-O

bonds.

25,26

For a meaningful desription of the geometries and energetis of the NO2 moleule,

its dissoiation energetis and the onial intersetions between the ground and the low-lying

exited states, a multion�gurational method is required. For this, the omplete ative spae

self-onsistent �eld (CASSCF)

27

method is employed whih takes into aount stati orre-

lation. For reovering the dynami orrelation, e.g. during bond breaking and formation,

multireferene on�guration interation (MRCI) is used. The Davidson orretion

28,29

is

inluded to estimate the e�ets of higher exitations (MRCI+Q). All alulations are per-

formed with the MOLPRO program ver. 2012.1.

30
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Figure 1: Relevant stages in the NO1+O2 reation. The energies were derived from the ab

initio alulations of this work.
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Figure 1 gives a shemati representation of the general relevant stages of the reation of

interest. NO2 formation has a barrier of 1.3 eV from the N+O1O2 side, whereas from the

NO1+O2 side it is a barrierless proess. Initially, the O(

3
P) atom approahes the NO(

2Π)

moleule. Depending on the impat parameter b, the quantum state of the NO (vibrational

and rotational) and the ollision energy, the NO2 moleule is formed. In the absene of

additional ollisional partners (zero pressure) the NO2 will deay as it was formed with an

energy above its dissoiation limit. The following possibilities exist for the produts: NO2

an (1) dissoiate into the same inoming onstituents (NO1+O2→NO1+O2), (2) dissoiate

into the same onstituents but with the oxygen atoms exhanged (NO1+O2→NO2+O1),

(3) form dioxygen (O2+N) or (4) atomize into the individual atoms (N+O1+O2).

In the presene of additional ollisional partners, the NO2 an loose its exess energy

and stabilize. In the high-pressure limit this ours for all trajetories whih enter the

potential well of NO2 and thereby it is straightforward to determine the high-pressure limit

rate oe�ient for NO2 formation.

In order to desribe the di�erent hannels, three grids in Jaobi oordinates are employed

to systematially over the relevant regions of the PES for NO2 (Figure 1). The �rst grid (for

the NO1+O2 asymptote) inludes the oordinates r1 (the N-O1 distane), R1 (the distane

from the enter of mass of NO1 to the oxygen atom O2), and α1 (the angle formed by O1,

the enter of mass of NO1 and O2 (Figure 1)). With this grid, the entrane (NO1+O2) and

NO2-formation hannels an be desribed. For the oxygen exhange hannel (NO2-O1), a

permutation of the oxygens in the �rst grid is performed. As a result, the seond grid is

de�ned by r2, R2 and α2. For the third grid (O1O2+N), r3 is the O-O distane, R3 is the

distane from the enter of mass of the O2 moleule to the nitrogen atom and α3, is the

angle between O2, the enter of mass of the O2 moleule and the nitrogen atom (Figure 1).

For the r1 and r3 oordinates, 12 points (nr = 12) from 1.7 to 2.55 a0 were seleted. These

points inlude the equilibrium positions and the turning points of the �rst four vibrational

levels of the NO and O2 moleules, respetively. Three additional points were used for a
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better desription of the ground-state PES wells of NO and O2 moleules. The turning

points for the NO moleule were those of a spetrosopially aurate Rydberg-Klein-Rees

potential.

31,32

For the O2 moleule, the turning points were obtained from the solution of

the Shrödinger equation for a Morse potential �tted to DFT data.

33

As for the R1 and R3

oordinates, 29 points (nR = 29) between 1.85 and 18.9 a0 were seleted. The α1 and α3

angles (in degrees) are from an 11-point (nα = 11) Gauss-Legendre quadrature (α = 11.98,

27.49, 43.10, 58.73, 74.36, 90.0, 105.64, 121.28, 136.9, 152.5, 168.02). In total, 3828 points

were alulated for eah grid.

2.2 Representation of the PESs

In order to obtain a ontinuous PES for the NO2 moleule from the referene

ab initio alulations, a reproduing kernel Hilbert spae (RKHS) ansatz

34

(see

below) for the distanes (r and R) is ombined with Legendre polynomials for

the angles (α) (see Figure 1). First, for eah ombination (R,α), a set of fun-

tions VR,α(r) is obtained by using a RKHS. In a seond step, sine the ab initio

alulations were arried out at Gauss-Legendre points, the 2d-PES W (R, α) an

be expanded in terms of Legendre polynomials Pλ(cosα) as follows,

W (R, α) =
10
∑

λ=0

fλ(R)Pλ(cosα) (1)

where fλ(R) are radial oe�ients (�radial strength funtions�)

35

and λ is their

order. A senod RKHS interpolation is then used along the R−oordinate.

The energy at an o�-grid point (r′, R′
and α′

) is evaluated as follows. From the

diret evaluation of the funtions VR,α(r) at r′, a set of energies, W (R, α; r′) for

eah ombination of (R, α) on the grid is obtained whih yields a 2-dimensional

PES. By expanding W (R, α; r′) in Legendre polynomials up to order λmax = 10,
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the following nα × nα linear system is obtained

nα−1
∑

λ=0

fλ(Rj)Pλ(cosαk) = W (Rj , αk; r
′) (2)

where αk, k = 1, ..., (nα − 1), are the Gauss-Legendre points. Solving this linear

system for fλ(Rj) on all nR grid points Rj (see Eq. 2) yields new radial strength

funtions whih are represented as a RKHS. These kernels an be evaluated at

position R′
. Finally, evaluating Equation 2 at αk = α′

gives the energy W (R′, α′; r′)

at an o�-grid point. It should be emphasized that trunating the Legendre ex-

pansion at �nite λmax potentially leads to inauraies in regions where variations

along α are appreiable. However, it is found that radial uts along R for neigh-

boring angles αk show similar behaviours. An expliit omparison is provided in

the inset of Figure 4. Based on this, retaining 11 terms in the angular degree of

freedom was deemed su�ient.

Details about the RKHS proedure an be found in the literature.

34

Here, only the essentials

are summarized for ompleteness. Within the RKHS framework, a multidimensional

funtion V (R) (here the PES) whih depends on the moleular oordinates R is

assumed to belong to a RKHS, that is, V (R) is a bounded linear funtion. Thus,

the funtion V (R) an be represented as,

V (R) =

M
∑

k=1

αkQ(Rk,R), (3)

where R = (x′

1, ..., x
′

F ) indiates the F internal oordinates for a given nulear on�guration

of the system, at whih the interpolated energy is sought, Rk = (xk1, ..., xkM) are the oordi-

nates of the M ab initio energies, and Q(Rk,R) is the reproduing kernel whih onsists of

a set of linearly independent funtions also belonging to the RKHS. The αk in Eq. 3 satisfy

the relation
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M
∑

λ=1

Qkλαλ = V (Rk), k = 1, 2, ...,M, (4)

where Qkλ = Q(Rk,Rλ) and V (Rk) are the ab initio energies at the grid points (Figure

1). The αλ are determined one from a Cholesky deomposition.

36

The reproduing kernel,

Q(Rk,R) for a multidimensional PES an be represented as a produt over 1-dimensional

kernels qi(xki, x
′

i)

Q(Rk,R) =
F

Π
i=1

qi(xki, x
′

i). (5)

For 1-dimensional distane-like variables the following expliit expression for the kernel was

employed

qn,m(x, x′) = n2x
−(m+1)
> B(m+ 1, n)2F1 × (−n+ 1, m+ 1;n+m+ 1;

x<

x>

), (6)

where x> and x< are the larger and the smaller of x and x′
, respetively, B(m+ 1, n) is the

beta funtion, and 2F1(−n+1, m+1;n+m+1; x<

x>
) is the Gauss hypergeometri funtion.

37

The supersripts n and m are related to the smoothness of the funtion to be interpolated

and the reiproal power of the distane weighting fator, respetively. In the present work

n = 2 (smoothness riterion applied up to the �rst derivatives of the potential) and m = 6

whih orresponds to a 1/x6
long-range interation, although di�erent dependenies ould

be also onsidered.

38

The RKHS proedure is a generi and parameter-free method. It an be used for on-

struting n−dimensional PESs from either regular or irregular grids whih is an additional

advantage. The asymptoti behavior of the interations an be expliitly taken into aount

(see above). If moleular symmetry is present, this an also be employed (e.g. permutational

symmetry) and expliit analytial derivatives of the kernel are available. Beause the long-

range behavior an be ontrolled and analytial derivatives are available, an RKHS-based
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PES o�ers potential advantages over ubi (or higher-order) spline interpolations. A possi-

ble drawbak of the RKHS method is the ost of the alulation of the αλ in Eq. 4 whih,

however, needs to be done only one and the evaluation of the reproduing kernel Q(Rk,R)

at every new alulation of the potential energy V (R). This may not be a problem if the

pre-summations of the method are handled in an e�ient manner.

39

To properly desribe the asymptoti behavior of the PES for large separations between

the reatants, Morse potentials (V = De[1 − exp(−β(r − re))]
2
) were �tted to the ab initio

energies for the NO and O2 monomers. The resulting parameters were De = 7.91 eV,

β = 1.34 a−1
0 and re = 2.17 a0 for NO and De = 5.67 eV, β = 1.37 a−1

0 and re = 2.29 a0 for

O2. The reported spetrosopi data are De = 6.623 eV and re = 2.18a0 for NO, and 5.21

eV and 2.28 a0 for O2, respetively.
33

The disagreement in the dissoiation energies of NO

(experimental and alulated) does not a�et the results sine the full atomization proess is

not onsidered here as explained further below. For further haraterization of the NO and

O2 moleules the spetrosopi onstants alulated from the Morse potential parameters

are ompared to experiments in Table 1.

40

The results indiate a better agreement for the

anharmoni term (ωexe) for the NO moleule.

Table 1: Spetrosopi onstants for the ground state of NO and O2 moleules

.

NO moleule Our alulations Experiments (Ref.

33

)

ωe (m
−1
) 1922.01 1904.1

ωexe (m
−1
) 14.48 14.09

O2 moleule

ωe (m
−1
) 1607.5 1580.2

ωexe (m
−1
) 14.1 12.0

For the global PES for the system, the loal PESs determined for the three grids orre-

sponding to the relevant hannels of the reation (Figure 1) need to be joined. For this, the

global PES is written as the weighted sum of the three asymptoti PESs:
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V (x) =

3
∑

j=1

wj(x)Vj(x) (7)

where x = (r12, r13, r23) are the three interatomi distanes of the NO2 moleule (Figure 1),

and V1(x), V2(x) and V3(x) are the potential energies for the three regions for whih the

distanes r12 (N-O1), r13 (N-O2) and r23 (O1-O2) are small, and the remaining distanes

vary from small to large, respetively. The weights wj(x) are oordinate-dependent and

result from the normalization of the following weight funtions,

wj0(xj) = exp(−xj/∆R), (8)

wj(xj) =
wj0(xj)
3
∑

l=1

wl0(xl)

(9)

where xj are either r12 or r13 or r23 and ∆R = 0.05 a0. A similar weighting funtion

was suessfully used in Multisurfae Adiabati Reative Moleular Dynamis (MS-ARMD)

whih uses the energy as the ontrol parameter in onneting multiple fore �elds.

12

2.3 Moleular Dynamis Simulations

Generation of the initial onditions: Armed with a globally valid PES, the dynamial evo-

lution of the system is followed by propagating Hamilton's equations of motions subjet to

initial onditions. The equations of motion are integrated numerially using the Veloity-

Verlet algorithm.

41

Sine the total linear and angular momenta are onserved during the

dynamis, it is onvenient to selet the enter of mass of the NO2 moleule as the origin

of the oordinate system. In order to apture the fastest nulear movements in the sys-

tem, a time step of 2 a.u. (a.u. means atomi unit of time) (4.84 × 10−2
fs) was used for

the propagation. Trajetories were started from an initial separation of (min(15 a0, impat

parameter + 5 a0)) and followed until the fragments had separated to the same distanes.

If this riterion was not met, integration ontinued for a maximum time of the estimated

12



interationless time of �ight through the �reation-zone� plus an additional 100 ps, during

whih most of the NO2 moleules deayed exept for very few low-energy (low Ec and low

rovibrational state of initial NO) trajetories.

Suitable initial onditions for NO were generated from a WKB

42

-quantized periodi or-

bit of the orresponding rotating Morse osillator for given vibrational v and rotational j

quantum numbers.

43

The symmetry axis of the NO moleule and the axis of its rotation,

whih are orthogonal to eah other, was also randomly orientated as was the NO angular

momentum. Sampling of the initial rovibrational quantum states of NO, the impat param-

eter (b) and the ollision energy (Ec) is disussed in the next setion.

For haraterizing the reation at a given temperature, 4 di�erent ases from I to IV are

onsidered:

(I) orresponds to NO2−formation in the high-pressure limit. The NO2 moleule stabilizes

through ollisions with the environment. We will indiate this by �∞� as supersript (k∞(T )).

For the formation of NO2 the same riterion as in Ref.

16

is assumed, that is, the oxygen atom

O2 is aptured one it approahes to within less than 3.78 a0 of the enter of mass of NO1.

(II) is for NO2 formation and survival whih arries the label �NO2� as supersript (k
NO2(T )).

For this ase, the �oxygen apture riterion� (see item (I)) is ombined with a lifetime rite-

rion, de�ned as t
life

= t
traj

− t
tof

> 0. Here, t
traj

is the total time of the trajetory, whih is

either (a) t
traj

= 100 ps for the ase that NO2 does not dissoiate or (b) the time until any

of the interatomi separations is larger than the initial separation of NO1-O2. The intera-

tionless time of �ight t
tof

= 2
√

(R2
ini − b2)/vini is determined from the initial onditions.

(III) is the oxygen atom exhange reation, �ex� with assoiated rate oe�ient kex(T ). The

riterion for this ase is that the N-O2 distane is small and the N-O1 or O1-O2 distanes

are large.

(IV) refers to oxygen moleule formation (O1O2+N) and the orresponding rate oe�ient

is kO2+N(T ). This ase is enountered if the O1-O2 distane is small and the N-O1 or N-O2
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distanes are large.

An additional possible proess is full atomization into N+O+O. However, this

hannel is not onsidered beause even at T = 20000 K, when the NO2 omplex

potentially ontains su�ient energy for atomization, the probability to deay

through this hannel is small. This is based on onsidering the probability distri-

butions for the rovibrational energy of the NO and O2 moleules in the produt

hannels and the following reasoning.

First, diret three-body breakup is extremely unlikely whih only leaves dis-

soiation into an atom plus diatom system. After breakup a onsiderable amount

of energy is in the relative translation of the atom + diatom produts. Disso-

iation of the diatomi ours whenever the vibrational energy (on the e�etive

potential) exeeds the dissoiation energy level of the diatomi moleule. When

the rotational number j of the produt diatomis is smaller than j = 50 (see

inset in Figure 2), the e�et of rotation on dereasing the dissoiation energy

via entrifugal fores will be insigni�ant. Figure 2 reports the rovibrational

energy distributions for NO and O2. They indiate that the probability for NO-

dissoiation is very small whereas dissoiation of O2 is more likely (about 20 %).

However, this ours still with very low probability sine the entrifugal barrier

of the rotating diatomis does not allow the moleule to dissoiate in a lassial

simulation, even if its energy is larger than the asymptoti energy level for de-

omposition but still less than the top of the entrifugal barrier. This explains

why fewer dissoiation events are found than expeted based on energetis alone

and is on�rmed in the simulation. Only 63 out of the 10 000 trajetories end

up in N+O+O and all of them take plae via O2 dissoiation. The impliation

is that dissoiation into either the O2 or NO hannels are fast and the �nal frag-

mentation to the fully atomi hannel is slow. Therefore, the atomi hannel

14



will not a�et the rate oe�ients of the diatomi hannels.
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Figure 2: Probability distributions of the rovibrational energy for NO and O2 moleules in

the produts at 20000 K are shown separately. The blue vertial dashed line indiates the

alulated dissoiation energy for O2 and the red vertial dashed line the orresponding value

for NO. The inset in the �gure shows the e�etive potential of the O2 moleule (V Morse(r) +
j(j+1)h̄2/2µr2, where µ is the redued mass between the oxygen atoms and r the interatomi

distane) for j = 0, 50, 100, 150 and 200.

2.4 Monte Carlo alulation of the thermal rate oe�ients

The thermal rate oe�ient

44�46

an be determined from,

k(Tt, Trv, Te) =
βt

g(Te)

√

8βt

πµ

∞
∫

0

σ(Ec;Trv)Ece
−βtEcdEc, (10)

where βt = kBTt and kB is the Boltzmann onstant, Tt, Trv, Te are the translational temper-

ature of NO and O, the rovibrational temperature of NO and the eletroni temperature of

NO , respetively, g(Te) is the eletroni degeneray fator,
17,47 µ is the redued mass of NO1

and O2, respetively, and σ(Ec;Trv) is the integral ross setion as a funtion of the ollision

energy, Ec and Trv. In our studies it was assumed that Tt = Trv = Te. In other words,

15



the various degrees of freedom in the reatants are in thermal equilibrium. If no subsript

is shown for T then it orresponds to the ommon temperature. In a similar manner, the

reation ross setion σ(Ec;Trv) for a given ollision energy Ec is

σ(Ec;Trv) =

vmax
∑

v=0

jmax(v)
∑

j=0

(2j + 1)e−βrvEvjσvj(Ec; vj)

vmax
∑

v=0

jmax(v)
∑

j=0

(2j + 1)e−βrvEvj

, (11)

where σvj(Ec) is the (v, j)−state dependent ross setion at ollision energy Ec. The energy

Evj of a rovibrational state (v, j) is alulated aording to a Morse osillator model for the

NO moleule.

43

The ross setion as an integral of the opaity funtion Pvj(b;Ec) for given

Ec and rovibrational state (v, j) is

σvj(Ec) =

∞
∫

0

Pvj(b;Ec)2πbdb (12)

Assuming a thermal distribution of the reatants O(

3
P) and NO(

2Π) the expression for the

eletroni degeneray fator, g(Te)
17,47

is

g(Te) = [5 + 3 exp(−227.8K/Te) + exp(−326.6K/Te)] [1 + exp(−177.1K/Te)]. (13)

The integral in Eq. 10 an be alulated by using an Importane Sampling Monte Carlo

sheme.

48

For this, the vibrational and rotational quantum numbers v and j, and the ollision

energy (Ec) are sampled from the following probability distributions,

pvj(Trv) =
(2j + 1)e−βrvEvj

vmax
∑

v′=0

jmax(v′)
∑

j′=0

(2j′ + 1)e−βrvEv′j′

, (14)

and

16



ρ(Ec)dEc = β2
tEce

−βtEcdEc, (15)

respetively.

For the determination of the upper limit (bmax) of the relevant sampling interval for the

impat parameter, b, preliminary tests were arried out at low temperatures (100 and 200

K). As NO2 was not formed for b ≥ 26 a0, the impat parameter was uniformly sampled

from 0 upto bmax = 26 a0.

After evaluating the integral in Eq. 10 over v, j and Ec, the resulting expression for k(T ) is

k(T ) =

√

8

πµβ

2πbmax

g(T )Ntot

Nreac
∑

i=1

bi , (16)

where Nreac and Ntot are the number of reative and the total number of trajetories, re-

spetively, and bi is the impat parameter of reative trajetory i. The onvergene of the

integral in Eq. 10 was monitored by the derease of the Monte Carlo error.

3 Results and disussion

3.1 The ground state 12A′
PES

In the present work, the reation dynamis of NO2 on the ground-state (12A′
)

PES is onsidered. Even when the exited states an approah the ground state

PES for ertain on�gurations (see Figure 1 in the Supplementary Material),

their in�uene an be onsidered to be minor as it requires 6 eV to aess them.

Aording to the Maxwell-Boltzmann distribution for 20000 K, translational en-

ergies beyond 6 eV are aessed with little probability (0.06). This is further

dereased if one takes into aount that some energy goes into rotational and

vibrational states of NO whih are distributed aording to the Boltzmann dis-

17



tribution before the reation takes plae. Furthermore, lifetimes of the exited

states are smaller the higher the rovibrational energy. This auses the system

to rapidly return to the ground state.

17

The expeted e�et of inluding the

exited states in the dynamis would be a slight lowering of the reation rate

oe�ients. Therefore, in this work we �rst onsider only the ground state PES

sine it dominates the reation dynamis under the relevant physiohemial

onditions.

The smoothness of the RKHS interpolation is evident in the ontour plots of Figure 3. In

panel (a), the PES for the �NO1+O2� hannel is shown. The global minimum was found

at R1 = 3.21 a0 and α1 = 150.8◦ (rNO = 2.25 a0 and θ
O-N-O

= 133.1◦ (Table 2) in internal

oordinates). The PES for the �O1O2+N� hannel is reported in panel (b). Two symmetri

minima are observed for the same R3 Jaobi distane whih is measured from the enter of

mass of O2 to the N atom.

In order to assess the quality of the interpolated RKHS PES, an additional

(o�-grid) ut for r = 1.21A (N-O1 distane) and α = 34◦ was alulated along

the R−oordinate at the MRCI+Q/-pVQZ level. The omparison between

the omputed ab initio energies and those from the 3d-interpolant is reported

in Figure 4. The average mean di�erene over the entire range is 0.03 eV (see

inset in Figure 4). The uts for two Gauss-Legendre quadrature angles, that is,

(α = 27.5 (open squares) and 43.1 degrees (open triangles)), are also inluded

in order to show that by onstrution, the RKHS urves go through the grid

points.

Some features of the present ground state PES are summarized in Table 2 and ompared

to results from previous alulations

13

(using iMRCI+Q/-pVQZ with CASSCF(13,10))

and to experiments

14,15,49�51

(high-resolution mirowave spetrosopy

15

and laser indued

�uoresene

50

). Good agreement with previous omputations and experiments was found

18
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Figure 3: Contour plots for the NO1+O2 (panel a) and O2O1+N (panel b) grids in R1, α1

and R3, α3 Jaobi oordinates, respetively. The N-O1 (r1) and O2-O1 (r3) distanes were
set to 2.25 a0. In both ases the ontour levels are separated by 0.5 eV.

from the methods used in the present work.

3.2 Thermal rate oe�ients

A total of 10 000 individual trajetories was run at eah temperature, inluding T = 100,

200, 300, 400, 1000, 1500, 2000, 2700, 5000, 7000, 10000, 15000 and 20000 K. In the fol-

lowing, the thermal rate oe�ients obtained from the trajetory alulations are presented.

The onvergene of the omputed rate oe�ient is reported in Figures 5 (a) and (b). In

panel (a), the thermal rate oe�ient for NO2 formation in the high-pressure limit, k∞(T ),

is shown as a funtion of the number of trajetories for T = 10000 K. The relative error

19
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Figure 4: MRCI+Q/-pVQZ energies along the R oordinate for r = 1.21A (N-O1 dis-

tane) and α = 27.5, 34.0 and 43.1 degrees (open squares, open irles and open triangles,

respetively). R, r and α are Jaobi oordinates. The solid lines are RKHS interpolants.

The inset in the graph represents a lose-up of the ut for α = 34.0 degrees whih is not a

Gauss-Legendre quadrature angle.

((2σS/k
∞
)100%, where σS is the standard deviation) dereases to ≈ 2.5 % if all 10000 tra-

jetories are used to ompute k∞(T ). In panel (b), the derease of the relative error with

the number of trajetories is shown for seleted temperatures. The horizontal line indiates

10 % of the relative error for whih ≈ 600 trajetories are required. This indiates that

the omputational strategy is very e�ient in exploring the relevant regions of the initial

phase-spae for the thermal rate oe�ient alulations.

In Figure 6, the thermal rate oe�ients for NO2 formation in the high-pressure limit,

k∞(T ), are shown and ompared with published omputational and experimental results.

Even though the major interest here onerns the high-temperature range, these data pro-

vide a validation of the omputational proedure put forward in the present work. We report

the error bar as twie the standard deviation (σS) in order to inlude 95.4 % of the ases in the

on�dene interval. In the following it is important to emphasize that the present results are
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Table 2: Equilibrium geometries and normal mode frequenies from the present work and

from referene

13

and experiments. The variables r1,e = r2,e, θO-N-O

and De are the equilib-

rium N-O distane, the O-N-O angle and the well depth for the global minimum of NO2,

respetively.

Equilibrium NO2 Present work Ref.

13

Experiments

r1,e = r2,e (a0) 2.25 2.26 2.255

15

θ
O-N-O

(

o
) 133.1 134.3 133.9

15

De(eV) 3.21 3.11 3.23

14,50,51

Normal frequenies (m

−1
)

Symmetri streth 1322.7 1333.6 1319.794

49

Asymmetri streth 1623.3 1658.0 1616.852

49

Bending mode 759.6 755.0 749.649

49

from simulations using the 12A′
PES only (open squares with solid line). The present results

are in reasonable agreement with results from previous alulations

17

(solid down-oriented

triangles) whih also used the 12A′
PES only, although with a di�erent parametrization.

Both alulations underestimate the experimentally determined thermal rate oe�ients at

T = 200, 300 and 400 K (solid irles and squares). At 2700 K the omputed rate oe�ient

ompares favourably with experimental data.

52,53

No orretion was made for zero-point energy (ZPE) and other quantum e�ets, suh as

tunneling through the entrifugal barrier whih an be still signi�ant at low temperatures.

The entrifugal barrier originates from the onservation of the total angular momentum

and onsists of the rotational energy assoiated with the orbital angular momentum of the

olliding partner with respet to the enter of mass of the whole system. The orbital angular

momentum is diretly proportional to the impat parameter and with the initial relative

momentum of reatants. An inrease of the thermal rate oe�ient for lower temperatures

has been found to be related to tunneling through the entrane barrier in the reation of

OH with methanol (T < 200 K) and O(

3
P) with alkenes (T ∼ 20 K).

54,55

This has also

been shown in theoretial studies of HCOH isomerizations.

56

On the other hand, results
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Figure 5: Convergene of the Monte Carlo integral for the thermal rate oe�ients for NO2

formation in the high-pressure limit at T = 10000 K versus the number of trajetories (panel

a). The on�dene interval orresponds to two times the standard deviation (σS). In panel

(b), the relative error as a funtion of the number of trajetories is reported for T = 300 K

(solid), 1000 K (dashed line), 5000 K (dotted line) and 10000 K (dash-dotted line). The red

horizontal line indiates a relative error of 10 %.

when using the two lowest 1

2
A

′

and 1

2
A

′′

PESs indiate that the 1

2
A

′′

PES might play

an important role along with quantum e�ets at temperatures below 400 K. However, for

temperatures above 1000 K the results using only the 1

2
A

′

PES reasonably math with the

experimental results, e.g. for 1500 and 2700 K. This an be explained by noting that the

well of the eletronially exited C-state of NO2 (C 1

2
A

′′

) is omparatively small and leads

to redissoiation of NO2 at high temperatures.

17

Given this, the in�uene of tunneling and

the 1

2
A

′′
PES at high temperature appear to be negligible.

For pratial work in reation networks

19

it is advantageous to use a parametrized form
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17
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16
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[d℄=Ref.,

52
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53

and [f℄=Ref.

57

for k∞(T ). A previously onsidered empirial expression

17

has been �tted to the results from

simulations using the 1

2
A

′
PES,

k∞(T )/(10−11cm3/s) = 2.715 + 0.4490 lnT/K+ 0.3385 (lnT/K)2 − 0.7134 (lnT/K)3 . (17)

This yields the red solid line in Figure 6.

The thermal rate oe�ients for temperatures between T = 5000 K and T = 20000 K

are reported in Figure 7 for ases I to IV studied in this work. With inreasing temperature

a slight inrease in the thermal rate oe�ients is found. At 20000 K, they inrease to k∞ =

5.5 · 10−11
m

3
/s, kNO2 = 3.4 · 10−11

m

3
/s, kex = 1.9 · 10−11

m

3
/s and kO2+N = 0.65 · 10−11

m

3
/s. Again, for pratial purposes the data for k∞(T ) were �tted to a linear equation as
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Figure 7: High-pressure limit thermal rate oe�ients for NO2 formation (squares) (�t with

blak solid line), NO2 formation and dissoiation (irles), oxygen exhange hannel (up-

oriented triangles) and oxygen prodution hannel (diamonds).

(solid line in Figure 7)

k∞(T ) /(10−11cm3/s) = 2.497 + 0.1529(T/K). (18)

Figure 8 reports the rate oe�ient for NO2 formation and deay, kNO2(T ), for di�erent

thresholds for the lifetime of the NO2 moleule. Panel (a) shows results for lower tempera-

tures (100-2700 K) and panel (b) those for higher temperatures (5000-20000 K). The results

indiate that the NO2 moleule lifetimes (see de�nition of lifetime (tlife) in the methodology

setion) are mostly below 16 ps and 1.6 ps for low and high temperatures, respetively.

In order to identify whih proess is relevant for higher temperatures, the ratios between

the thermal rate oe�ients are shown in Figures 9 (a) and (b) for the di�erent ases. In all

ases the ratios beome almost onstant at higher temperatures. The values for 20 000 K

are: k∞/kex ≈ 3, kNO2/kex ≈ 1.8, k∞/kNO2 ≈ 1.6, k∞/kO2+N ≈ 8.4, kNO2/kO2+N ≈ 5.2, and

kex/kO2+N ≈ 2.8. At this temperature the oxygen exhange hannel is about 3 times faster
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Figure 8: Thermal reation rate oe�ients for NO2 formation and deay, kNO2(T ) for dif-
ferent thresholds of the lifetime. Results for lower temperatures (100-2700 K) are shown in

panel (a) and for higher temperatures (5000-2000K) in panel (b).

than the �O2+N� hannel.

For a more detailed desription of the O2 prodution hannel, Figure 10 (panel (a))

reports the fration of initial vibrational energy of NO relative to the total energy versus the

vibrational quantum number of NO (vNO) for 8 values of the ollision energy. The fration

of ollision energy is omplementary to the vibrational energy to give the total energy of

the system (Ec + Evib = Etot). In panel (b), the ontour plot of the hannel probability is

shown. In all ases, the rotational ground state (jNO = 0) is assumed. For this alulation,

2500 trajetories were run for eah ombination of Ec ={0.82, 1.09, 1.36, 2.18, 2.72, 4.08,
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Figure 9: Ratios of the rate oe�ients of di�erent hannels.

4.63, 5.44} eV and vNO ={0, 1, 2, 3, 4, 6, 9, 12, 15, 20} values. The results indiate that for

vNO = 0 the O2−hannel opens only for very high ollision energies (> 4.63 eV). However,

for an initial NO-state with vNO = 9 (orresponding to Ec = 0.82 eV) prodution of 0.6 %

of O2 is observed. This qualitatively follows from Polanyi's rule

44

whih predits

that the reation should go to the late-barrier �O2 + N� hannel when the NO

moleule is initially vibrationally highly exited even for low ollisional energies.

In order to give a learer piture of this, the reation is onsidered to start

from N+O2 (left side in Figure 1). In this situation, the reatants experiene an

early barrier of about 1.3 eV (Figure 1 and 3b). The exit hannel in this ase is

barrierless (NO1 + O2). Aording to Polanyi's rule, the exess energy released

after rossing the early barrier goes predominantly into the internal degrees of
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Figure 10: Fration of initial vibrational energy of NO with respet to the total energy versus

the vibrational quantum number for 8 values of the ollision energy (panel (a)). The ontour

plot of the hannel probability as perentage is shown in panel (b). Only data for �O2+N�

hannel are shown.

freedom in the produts (NO1) rather than into their (relative) translational

energy.

For the set of vibrational quantum numbers and energies studied, the maximum hannel

probability of 13 % for O2−formation is reahed at vNO = 20. In general, the trend indiates

that for lower vibrational quantum numbers, more energy needs to be in the translational

degree of freedom. Conversely, for higher vibrational exitation of the NO, less ollision

energy is required. When both the ollision energy and the vibrational quantum number of

NO are high, the reation probability of N+O2 formation is maximal.
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4 Conlusions

The O(

3
P) + NO(

2Π) reation has been studied over a range of temperatures relevant for the

hypersoni �ight regime (5000-20000 K). For this purpose the thermal ross setions and rate

oe�ients were alulated for the di�erent exit hannels. The results indiate that oxygen

exhange (NO2+O1) ours at all temperatures. However, O2−formation is only found for

T ≥ 5000 K. For both hannels, the thermal rate oe�ient inreases as the temperature

inreases (T = 5000 to 20000 K). A more detailed srutiny of the �O1O2+N� hannel in-

diates that the smaller the vibrational quantum number of NO, the higher translational

energy is required to open it; and the ontrary, the higher the vibrational quantum number,

the less translational energy is needed. Our results for lower temperatures are disussed and

ompared to previous experimental and omputational results. In this respet, this work

also presents the validation of an e�ient omputational protool for the investigation of

reation dynamis of triatomi systems. Two aspets make the approah e�ient and au-

rate. Firstly, the ab initio energies are handled by means of a RKHS representation whih is

aurate, omputationally onvenient and orretly desribes the asymptoti regions of the

PESs. Seondly, thermal quantities are alulated by using Importane Sampling whih is

e�ient to evaluate multi-dimensional integrals over the phase-spae of initial states. With

less than 1000 lassial trajetories a relative error below 10 % for the rate oe�ients is

obtained.
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