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We have studied the quantum dynamics of the N + OH f NO + H reaction for collision energies up to 0.7
eV. The hyperspherical method has been used in a time-independent formalism. State-to-state reaction
probabilities for a total angular momentum J ) 0 have been computed. The results show a high reactivity
below 0.45 eV and a very small one above this collision energy. Rotational and vibrational product distributions
are presented for three collision energies (0.05, 0.1, and 0.5 eV). The vibrational distributions are found to
be noninverted at 0.1 eV and inverted peaking at other energies. Rotational distributions are rather hot even
if some low rotational states are strongly populated. These features are consistent with both direct and indirect
reaction mechanisms.

1. Introduction

Radical-radical reactions, such as reactive collisions
between open-shell atoms (C, N, O) and the hydroxyl radical
OH, play a crucial role in the atmospheric chemistry of the
Earth1 and in astrochemistry.2 Theoretical and experimental
studies of these reactions remain a challenging task and are
still scarce nowadays. From a theoretical point of view, such
systems with two heavy atoms usually involve potential
energy surfaces (PES) which present deep potential wells.
Many channels thus have to be considered to get converged
results. After our studies on O + OH,3-5 and its reverse H
+ O2,6,7 and C + OH,8-10 we focus here on the reaction of
OH with a nitrogen atom in its ground state, i.e., N (4S) +
OH (2Π) f NO (2Π) + H (2S).

This reaction is involved in the chemistry of NO in the
interstellar medium (ISM).11,12 If we accept the current models
of interstellar clouds, the major source of nitric oxide which
has been detected by several groups13-15 is the reaction N +
OH f NO + H and another source is O + NH f NO + H.
The main destruction reaction is N + NO f N2 + O. Thus,
the N + OH reaction is also a key elementary process of the
chemistry of N2 (recently observed in the ISM).16 Indeed the
formation of N2 is controlled by the title reaction and the N
+ NO reaction. These reactions also initiate the formation
of ammonia. The N + OH reaction is also important in the
combustion of nitrogen-containing fuels17 and of great
importance in the oxidation of atmospheric nitrogen and in
the environment as a source of the NO pollutant.

Only a few experiments have been carried out for the title
reaction. Smith and co-workers18-20 have obtained experi-
mental rate constants using a discharge-flow and flash
photolysis techniques. They measure the rate constant down
to 103 K.20 They found that the rate increases as the
temperature decreases. Experimental vibrational distribution
of the NO product has also been measured by laser-induced
fluorescence spectroscopy,21 and it was found somewhat
hotter than statistical. Theoretical approaches provide an
attractive alternative to study in detail the N + OH reaction
and to elucidate its reaction dynamics. Several groups
reported electronic structure calculations for the NOH

system.22,23 In particular, Pauzat et al.22 have characterized
the reaction pathway for the N + OH reaction. The first
realistic global NOH ground PES for use in dynamics
calculations of the title reaction was published in 1995.24 It
was based on CASSCF/internally contracted configuration
interaction calculations. Several theoretical rate constants
have been calculated using the QCT method,25 the TDWP
quantum method,26,27 and other approximate methods, such
as the statistical adiabatic channel model (SACM)28 and the
adiabatic capture centrifugal sudden approximation (ACCSA)
method.29 Very recently, we have performed a QCT study
of the N + OH reaction and gave the rate constant in a wide
temperature range.41

The N + OH f NO + H reaction which belongs to the
class of H + HL f HH + L reactions is highly exothermic
by 1.99 eV. The 3A′′ PES of Guadagnini et al.24 which
corresponds to the ground electronic state of NOH was used
in this work. This PES presents no barrier relative to the
entrance channel and a double well along the reaction path
which correspond to the HON and HNO species. However,
it has been shown that the title reaction leads to the initial
formation of an HON complex24 bound by about 3.07 eV
relative to the entrance channel. The reactant channel N(4S)
+ OH(X 2Π) generates four PESs, namely, 3A′ , 3A ′′ , 5A′ ,
and 5A′′ . Only the triplet surfaces can correlate to the ground
state of the products, i.e., NO(X2Π) + H(2S). The 3A′ surface
is known to be strongly repulsive in the products channel.30

Therefore, the 3A′′ PES is the only surface which is involved
at low energies between the ground states of the reagents
and products. Details of this PES are given in ref.24

Some of the theoretical studies mentioned above also
reported quantum-mechanical (QM) total reaction probabil-
ities26,27 using a TDWP method which is not well adapted to
the low energies because of an incomplete damping of the
slowly moving components of the wave packet. However
there is no quantum study of the product distributions. In
particular no QM state-to-state reaction probabilities have
been published for the title reaction, although we know that
the deepest possible understanding (how energy actually flows
among the different degrees of freedom of the products and
how chemical reactions actually take place) of reaction
dynamics requires full-dimension QM state-to-state calcula-* Corresponding author, pascal.honvault@univ-fcomte.fr (P. Honvault).
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tions or state-to-state measurements. Furthermore, detailed
comparisons between state-to-state QM results and the
measurements from high-resolution experiments allow us to
improve our knowledge of the chemical reactions. For
instance, only a state-to-state QM study can answer funda-
mental questions, such as the question of whether the
vibrational or rotational distributions of the product states
are statistically or dynamically controlled. The features of
the N + OH reaction yield a great challenge for accurate
quantum dynamical calculations. First, the deep potential well
and the heavy oxygen and nitrogen masses necessitate a large
quantum basis set. Second, many partial waves have to be
included for this barrierless reaction, and the floppy nature
of the HON complex entails strong Coriolis coupling. In the
present work, the title reaction has been studied at the state-
to-state level. We have performed time-independent quantum-
mechanical (TIQM) calculations of state-to-state reaction
probabilities for a total angular momentum J ) 0 for collision
energies up to 0.7 eV. Vibrational and rotational product
distributions are also reported.

2. Quantum Mechanical Method

All the QM scattering calculations have been performed
on the 3A′′ PES determined by Schatz and co-workers24 using
a TIQM method. Details of the hyperspherical method can
be found in ref 31, and only a brief description is given here.
This method has previously proved successful in describing
the quantum dynamics of atom-diatom insertion reactions

such as N(2D) + H2 f NH + H,32,33 O(1D) + H2 f OH +
H,34,35 C(1D) + H2 f CH + H,36 S(1D) + H2 f SH + H,37

the O + OH reaction,3-5 the H + O2 reaction,6,7 and also
ultracold alkali-dialkali collisions.38,39 Nuclear motion in the
NOH system is represented by a set of coordinates which
are a modified version of the Smith-Whitten democratic
coordinates. They consist of three Euler angles, representing
the orientation of the triatomic system in space and three
internal coordinates: the hyperradius F, which characterizes
the size of the system, and two hyperangles (θ, φ), which
characterize its shape. We first determined a set of surface
states Φk(F; θ, φ), eigenfunctions of a fixed- F reference
Hamiltonian which incorporates the kinetic energy arising
from deformation and rotation at fixed hyperradius around
the axis of least inertia, and the potential energy. The Φk

states were expanded on a basis of pseudo-hyperspherical
harmonics. The system N + OH is the most difficult and
demanding ever studied among the atom + OH reactions in
quantum dynamics calculations, because the three atoms are
different and so there is no permutation symmetry, in contrast
with the O + OH system.3-5 Essentially we have to check
two crucial parameters for convergence, the number of states
(the size of the basis sets), and the asymptotic matching
distance. For the J ) 0 partial wave, the scattering wave
function was expanded on a basis with 1000 states Φk

dissociating at large hyperradius into the NO (110, 106, 101,
96, 91, 85, 79, 72, 65, 57, 48, 37, 21) and OH (14, 3)
rovibrational sets (this notation indicates the largest rotational
level j for each vibrational manifold V). The range of variation
of the hyperradius is divided into 147 equal sectors between
2.9 and 21.1. We then perform a close-coupling expansion
of the full NOH wave function onto the surface states. The
hyperradial components satisfy a set of second-order coupled
differential equations in which all couplings neglected in the
first step are taken into account and which arise from the
difference between the exact Hamiltonian and the reference
Hamiltonian. The logarithmic derivative matrix is propagated
inside each sector using the Johnson-Manolopoulos algo-
rithm.40 Basis transformations are performed at the boundary
between sectors and at large hyperradius, the numerically
integrated wave function is matched onto a set of regular
and irregular asymptotic functions expressed in the laboratory
frame. The K and S-matrices are then extracted and state-
to-state reaction probabilities are obtained from standard
equations.

3. Results and Discussion

The HON hyperspherical adiabatic energies as a function
of hyperradius F for Ω ) 0 (Ω is the projection of the total
angular momentum J on the axis of least inertia) are displayed
in Figure 1. It shows the large number of channels (1000)
which have been considered in this study and exhibits a deep
well which is directly linked to the potentiel well of the 3A′′
PES. The lowest energy has a minimum of about -3.07 eV
relative to the N + OH asymptote at F ) 4.15a0. At large
hyperradius, the hyperspherical states describe configurations
where an atom is far away from two others, forming a
diatomic molecule (OH or NO) lying in a specific rovibra-
tional bound state (V,j). The (V ) 0, j ) 0) state of OH and
some rovibrational states of NO are indicated in Figure 1.

State-to-state reaction probabilities which are directly
linked to the square modulus of the detailed S matrix elements
have been computed for the reaction N + OH (V, j) f NO
(V′ , j′) + H at zero total angular momentum (J ) 0) in the

Figure 1. HON hyperspherical adiabatic energies for the 3A′′ state
as a function of hyperspherical radius F. The zero point of the energy
is taken at the asymptotic minimum of the N + OH channel.

Figure 2. Total reaction probability as a function of the collision
energy for the N + OH (V ) 0, j ) 0)f NO + H reaction.
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0-0.7 eV collision energy range on a regular grid with a
step of 0.0005 eV. The total reaction probability is obtained
by summing over all open vibrational V′ and rotational j′
states of NO. In this first accurate quantum study of N +
OH, we consider only the reactants in their lowest rovibra-
tional state (V ) 0, j ) 0). Figure 2 shows the total reaction
probability as a function of collision energy Ec. The absence
of barrier in the PES for the N + OH entrance arrangement
leads to a total reaction probability which has no energy
threshold. In particular, after the sharp rise at nearly zero
energy, we can distinguish two regions, one where the
probability is large (for Ec < 0.45 eV) and another one where
it is twice smaller and almost flat (above 0.45 eV), with an
average probability of 0.25 for 0 < Ec < 0.45 eV and of 0.125

for 0.45 < Ec < 0.7 eV. These values are relatively low, in
contrast to the C + OH case where the probability is close
to 1 over the whole energy range considered here. The TIQM
curve presents large undulations with some resonances inside.
These oscillations average the more numerous structure
obtained in the rovibrationaly state-resolved reaction prob-
abilities. However an extremely dense resonant structure is
found for collision energies between 0.41 and 0.43 eV. These
QM resonances are associated with a long-lived intermediate
complex formed in the deep HON well of the PES which
supports many quasi-bound states The situtation differs from
that found in the O + OH reaction where peaks are very
intense and sharp in the whole energy range considered here.
This could be explained by the larger exothermicity for the

Figure 3. Vibrationally state resolved probabilities as a function of the collision energy for the N + OH (V ) 0, j ) 0)f NO (V′) + H
reaction.
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N + OH reaction, 1.99 eV versus 0.71 eV. Indeed a very
small exoergicity appears as an essential feature to obtain
narrow resonances.36,37 The reaction probability calculated
using a TDWP method27 is also plotted in Figure 2. TIQM
and TDWP approaches yield reaction probabilities which
behave very similarly. Apart from slight shifts in some of
the resonance peaks and some different magnitudes, both
methods provide reaction probabilities in good agreement.
However, the TIQM results present a resonance structure
which is more pronounced. While no resonances are obtained
using the QCT method41 as expected, a fairly good average
description is obtained by the QCT result, and the two regions
described above are well visible.

In Figure 3 are shown the vibrationally state resolved
reaction probabilities at total angular momentum J ) 0

calculated in the 0-0.7 eV collision energy range. They are
the rotation-summed reaction probability (summed over all
open rotational states). Again, for each V′ , two different
regions are clearly visible with the collision energy of 0.45
eV as a separator. The probabilities have similar shapes and
a similar resonance structure than for the total reaction
probability, with the exception for V′ ) 9 where the
probability is high only around 0.4 eV. For this product
vibrational state, the reactivity is even the same below 0.4
eV than above 0.6 eV, in contrast with the other V′. The sharp
rising of the total reaction probability observed just above
Ec ) 0 eV is present for all vibrationally state resolved
probabilities, except again for V′ ) 9. However, for all V′ ,
including V′ ) 9, we find again the narrow resonances in the
0.41-0.43 eV energy range.

Figure 4. Rotationally state resolved probabilities as a function of the collision energy for the N + OH (V ) 0, j ) 0) f NO (V′ ) 1, j′)
+ H reaction.
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Figure 4 shows the rotationally state resolved reaction
probabilities for NO (V′ ) 1) as a function of collision energy.
As expected, the structures are more narrow than the
structures found in the rotation-summed reaction probabilities.
It is interesting to notice that at some collision energies, the
reaction probability is very small, reaching zero for a few
Ec. However, the two regions described above for the total
and vibrationally state resolved reaction probabilities are
found again. For all j′ , the resonance structure behaves as
for the total and vibrationally state resolved probabilities:
numerous pronounced resonances at low energy and broader
small resonances at higher energy. There is an exception
which is the (j′ ) 5) state where the magnitude is high below
0.55 eV. The magnitudes of rotationally state resolved
reaction probabilities are similar. In conclusion, the rota-
tionally state resolved reaction probabilities do not depend
strongly on the final rotational state j′ of NO. So the reactivity
appears to be not rotationally specific. Similar features are
obtained for the other V′ .

Vibrational distributions (reaction probability as a function
of the NO quantum vibrational number V′) are plotted in
Figure 5 at three collisions energies, 0.05, 0.1, and 0.5 eV.
The lowest vibrational states are favored, and the distribution
appears to be cold with a probability which is zero above V′
) 12. However, the behavior is different for each energy.
At 0.1 eV, the probability decreases when V′ increases,
sharply from V′ ) 0 to V′ ) 1 and then smoothly for higher
V′ , with however a small peak at V′ ) 5. This statistical
behavior is in good agreement with the QCT result25

(including all impact parameters b or all J). This feature is
similar to the one observed for O + OH f O2 + H42 and for
insertion reactions.32,34 In the last two cases, at all energies
considered here, the most populated vibrational level is V′
) 0, with a decrease which reflects the diminution of open
rotational states in a given vibrational manifold and which
characterized a statistical behavior. This is not the case at
other collision energies, where the vibrational distributions
are inverted peaking at V′ ) 1 for 0.05 eV and V′ ) 3 for 0.5
eV. Above V′ ) 3 the distributions have the same shape and
magnitude. We see that for Ec ) 0.05 eV, the vibrational
distributions present two other smaller peaks at V′ ) 5 and
V′ ) 7. Although there exists an inverted population, our
results are not the same as those found for reactions mainly

dominated by a direct mechanism, such as C + OH f CO
+ H10 or F + H2 f HF + H, which shows a very strong
vibrational population inversion. Finally, for the N + OH
f NO + H reaction, the vibrational distribution is between
these two extreme behaviors (statistical or inversion).

In Figure 6, we plot the rotational distributions (reaction
probability as a function of the NO rotational quantum
number j′) for NO (V′ ) 0) at three collision energies 0.05,
0.1, and 0.5 eV. The distributions show an oscillatory
structure at all collision energies. The main interesting point
is the rotational selectivity. All accessible rotational states
are not populated, for instance, the probability is nearly zero

Figure 5. Product vibrational distributions: vibrationally state
resolved reaction probabilities as a function of vibrational quantum
number V′ of NO at 0.05 (dotted line), 0.1 (solid line), and 0.5 eV
(dashed line).

Figure 6. Product rotational distributions: rotationally state resolved
reaction probabilities as a function of rotational quantum number j′
of NO (V′ ) 0) at 0.05, 0.1, and 0.5 eV.
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at 0.5 eV for j′ ) 3 and 8. At each collision energy, especially
at 0.1 eV, only a few rotational states of NO are significantly
populated.

Another interesting feature exhibited in Figure 6 is the
dependence of product rotational distributions on the collision
energy. It is not the same for each collision energy. The most
striking effect is seen when the collision energy goes from
0.05 to 0.1 eV. We find that the low states become not
populated as the energy increases, yielding a distribution
which is very sharp with a maximum for j′ ) 33 at 0.1 eV.

The shape of distributions indicates that the NO product
is rather rotationally hot as already found in the O + OH f
O2 + H indirect statistical reaction or in the insertion
reactions, such as N (2D) + H2, although some low states
are highly populated at 0.05 eV. They do not behave like
those for the C + OH f CO + H reaction,10 where an
increase with j′ is found up to a maximum at an intermediate
j′ , with a decrease when the energy of the product states
reaches the total energy available. The present distributions
have thus neither a statistical nature nor a nonstatistical
nature, but a dual nature. In addition, the strong rotational
dependence in product state distributions provides additional
evidence in support of the mixture between a direct mech-
anism and complex-forming mechanism.

The rotational distributions for higher vibrational states
of NO (not shown here) are essentially unchanged. They
sometimes present a slightly different behavior which is
always consistent with the contribution of both direct and
indirect mechanisms. We find that with increasing product
vibrational quantum number (above V′ ) 5), the distributions
shift to lower rotational states, even if some high rotational
states remain populated.

4. Conclusions

In this paper, we have carried out accurate quantum
dynamical calculations of the N + OH f NO + H reaction
with the help of an accurate TIQM method. We report exact
total and state-to-state QM reaction probabilities for a total
angular momentum J ) 0 using the ab initio PES of Schatz
and co-workers.24 The TIQM total reaction probability
calculated for collision energies from 0 to 0.7 eV is in good
agreement with those recently obtained with a TDWP method
and with the QCT method, although in this last case no sharp
peak structure is present. The QM total reaction probability
is found to be highly oscillatory due to long-lived resonances
supported by the HON potential well. Another important
feature is a strong dependence on energy with a large
reactivity for collision energies below 0.45 eV and a very
small reactivity above this energy. Reaction probabilities for
specific rovibrational states have also been computed.The
vibrationally state resolved reaction probabilities show the
same general picture as the total reaction probabiliy. As
expected, a more dense resonance structure is found in
rotationally state resolved reaction probabilities. The product
vibrational quantum state distributions plotted at three
collision energies (0.05, 0.1, 0.5 eV) are rather cold (the
lowest vibrational states of NO are favored), even if some
of them are inverted peaking. Product rotational distributions
at the same energies are highly selective, with a nearly zero
reaction probability for some rotational states. Our results
show a high rotational excitation in the product state
distribution, even if the rotational distribution becomes less
hot as the vibrational excitation of NO increases. These state-
to-sate calculations obtained for J ) 0 give results which

yield both statistical and nonstatistical product distributions.
It thus shows evidence that the title reaction involves both
direct and indirect mechanisms.

The present study is limited in the case of J ) 0 because
of the computationally extremely expensive exact QM
calculations for the N + OH reaction. Of course there are
other significant contributions of nonzero J to the reaction
cross section or rate constant, and these higher partial waves
have to be taken into account in order to see how large an
impact they would have on the reaction dynamics. We would
also like to study the initial rotational or vibrational excitation
in the OH reactant in order to see their effect on the product
distributions. To this end, we plan to perform new accurate
QM studies on the same PES for J ) 0 but with the OH
radical in rotational and/or vibrational excited states. We will
also try to perform exact quantum calculations for J > 0 with
OH (V ) 0, j ) 0).
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