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The reaction N+NO→N2+O was studied by means of the time-dependent real wave-packet �WP�
method and the J-shifting approximation. We consider the ground 1 3A� and first excited 1 3A�
triplet states, which correlate with both reactants and products, using analytical potential energy
surfaces �PESs� recently developed in our group. This work extends our previous quantum dynamics
study, and probabilities, cross sections, and rate constants were calculated and interpreted on the
basis of the different shapes of the PESs �barrierless 1 3A� and with barrier 1 3A� surfaces,
respectively�. The WP rate constant �k1� shows a weak dependence on T�200–2500 K�, as the
dominant contribution to reactivity is provided by the barrierless ground PES. There is a good
agreement of WP k1 with the measurements and variational transition state theory �VTST� data, and
also between the WP and VTST k1�1 3A�� results. Nevertheless, there is a large discrepancy between
the WP and VTST k1�1 3A�� results. Product state distributions were also calculated for the much
more reactive 1 3A� PES. There is an excellent agreement with the experimental average fraction of
vibrational energy in N2�25±3% �, the only measured dynamics property of this reaction. © 2006
American Institute of Physics. �DOI: 10.1063/1.2186643�
I. INTRODUCTION

The gas phase bimolecular reaction of atomic nitrogen
with nitric oxide,

N�4S� + NO�X̃ 2�� → N2�X̃ 1�g
+� + O�3P� , �1�

��rH0 K
0 =−75.01 kcal mol−1 �Ref. 1�� and its reverse reaction

are chemical systems of a large atmospheric interest.2 Reac-
tion �1� has been the object of a significant number of kinetic
experimental studies, but the experimental information avail-
able on the dynamics of this reaction is very scarce �N2 prod-
uct average vibrational energy fraction�. From the theoretical
point of view, considerable attention has been devoted to this
reaction �ab initio calculations of the stationary points of the
two lowest potential energy surfaces �PESs�, analytical rep-
resentations of the PESs, quasiclassical trajectory �QCT� cal-
culations, and approximate quantum dynamics calculations�.2

In recent contributions of our own, new analytical rep-
resentations for the ground 1 3A� and first excited 1 3A� PESs
were developed,3 based on high level ab initio calculations,
and variational transition state theory �VTST� rate constants3

were calculated for reaction �1�, its reverse and the O-atom
exchange reaction,
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N�4S� + N�O�X̃ 2�� → NO�X̃ 2�� + N��4S� . �2�

The comparison of the VTST rate constants with the experi-
mental data �T :200–5000 K� showed an excellent agree-
ment, and suggested the adequacy of both analytical PESs
for kinetics and dynamics studies on this system.

Moreover, time-dependent real wave-packet �WP� quan-
tum dynamics rate constants, cross sections, and microscopic
reaction mechanism were determined on the 1 3A� analytical
PES.4 This WP calculation was done using the J-shifting
approximation in the context of a capture model, as the
ground surface is barrierless along the minimum energy path
�MEP� leading from reactants to products. This surface, how-
ever, shows a high barrier �40.02 kcal mol−1, including the
zero point energy �ZPE��3 for reaction �2�. The analytical
1 3A� excited PES presents an energy barrier along the MEP
of reactions �1� and �2� �8.74 and 27.45 kcal mol−1, including
the ZPE, respectively�.3 Thus, the 1 3A� barrier for the oxy-
gen atom exchange process is smaller than in the case of the
1 3A� surface.

This contribution extends our previous quantum dynam-
ics time-dependent real WP study on reaction �1�.4 In fact,
here we consider the first excited PES, taking into account a
large number of vibrorotational �� , j� levels of NO to accu-
rately describe the kinetics and dynamics of this reaction. We
also include a large number of additional calculations on the
ground PES, considering much more NO vibrorotational lev-

els than in Ref. 4, to better describe the reactivity of the

© 2006 American Institute of Physics03-1
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system. In addition to rate constants and cross sections, prod-
uct state distributions have been calculated in the case of the
dominant �much more reactive� 1 3A� ground PES.

The paper is organized as follows: The computational
method is described in Sec. II; the reaction probabilities,
cross sections, and rate constants are given in Sec. III; and
Secs. IV and V contain the product distributions and the
summary and conclusions, respectively.

II. METHOD

We use the time-dependent real WP method of Gray and
Balint-Kurti �GBK�,5 which propagates a real WP under an
arccos mapping of a shifted and scaled system Hamiltonian,
via a Chebyshev time recursion. This approach is related to
other WP techniques, as it can be seen, e.g., in Ref. 4. Here,
the initial WP is defined in reactant Jacobi coordinates �R, r,
and �� and transformed into the product ones �R�, r�, and ���
for the subsequent time propagation and asymptotic analysis.
As we did in our previous paper,4 the 14N2 permutation and
nuclear-spin symmetries have also been taken into account.

Thus, the 14N2�X̃ 1�g
+ ,�� , j�� vibrorotational states with j�

=even or odd have nuclear statistical weights equal to 2/3 or
1 /3, respectively.6 The resulting reaction probabilities, re-
solved on the vibrorotational NO reactant state �� , j�, at a
total angular momentum quantum number J and collision
energy Ecol, are given by

P�j
J �Ecol� = �

��
� 2

3� �
j�=even

evenP��j�,�j
J �Ecol��

+
1

3� �
j�=odd

oddP��j�,�j
J �Ecol��	 , �3�

where even and odd refer to the even and odd j� rotational
quantum numbers of 14N2 and P��j�,�j

J �Ecol� are state-to-state
reaction probabilities. By means of the GBK method,5 accu-
rate reaction probabilities are calculated for J=0 at �=0–3,
j=1–12 in the collision energy interval of 0�Ecol�1.0 eV,
for both the ground and first excited PESs, with the param-
eters of Table I, whereas reaction probabilities for J�0 are
estimated via the J-shifting approximation. The 1 3A� and
1 3A� surfaces �equipotential contour plots� are shown in

TABLE I. Parameters of the WP calculations. Values in a.u., unless other-
wise specified.

Translational energy center
of the initial WP

0.4 eV

R center and width of the initial WP 10 and 0.1
R� range and no. of grid points 0–14.5 and 329
r� range and no. of grid points 1.5–16.5 and 197
No. of Legendre polynomials
and of �� points

50 �including potential
symmetry�

Potential and centrifugal cut off 0.44
R� and r� absorption start at 11.5 and 13.5
R� and r� absorption strength 0.01
Asymptotic analysis at R� 8.5
Fig. 1.
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As reaction �1� involves three heavy nuclei, both the
exact and centrifugal-sudden7 calculations for J�0 are very
CPU-time demanding, and the J-shifting approximation is
expected to be good enough to obtain reliable results.4,8–10

This approximation estimates the reaction probabilities for
J�0 according to

P�jK
J �Ecol� 
 P�j0

0 �Ecol − EjK
J �� , �4�

where the energy shift EjK
J � is evaluated in two different

ways, depending on the nature �with barrier or barrierless
surface� of the PES under consideration.

For the ground 1 3A� PES, as we explained in our pre-
vious paper,4 the EjK

J � term is better called EjK
J , due to the

absence of transition state on this surface. Because of this
10,11

FIG. 1. Equipotential contour plots of the ground 1 3A� �a� and first excited
1 3A� �b� PESs for r�NO�=2.17a0, as a function of the �x ,y� coordinates of
the N attacking atom. Energy is given in eV with respect to N+NO�req�.
and as in Ref. 4, we apply a capture model �CM�, assum-
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ing that the early dynamics, before product formation, is
dominated by effective potentials which have the following
form:

VjK
J �R� = minr,� V�R,r,�� + �J�J + 1� + j�j + 1�

− 2K2�/2�RR2, r � 2.31a0, �5�

where V�R ,r ,�� is the ground state PES, K is the projection
of J along R, �R is the reduced mass associated with R, and
the upper limit on r avoids the opening of the N2+O product
channel. The second term in the rhs member of Eq. �5� is the
centrifugal potential. These effective potentials present cen-
trifugal barriers that depend on three quantum numbers �J, j,
and K�. Therefore, the energy shifts EjK

J are equal to

EjK
J = maxR VjK

J �R� − maxR Vj0
0 �R� . �6�

In Eq. �5� we minimize the energy of the PES with re-
spect to r and �. For N+NO this is a better choice than Eq.
�13� of Ref. 11, because the corresponding effective poten-
tials present only shoulders as functions of J and K. Figure 2
shows several VjK

J �R� effective potentials for different sets of
J, j, and K values. The effective potential VjK

J �R� increases
with J and j, while decreases as K increases, as expected
according to Eq. �5�.

For the excited 1 3A� PES, the EjK
J � term is calculated in

a much more direct way �standard case of a PES with an
energy barrier�, from the geometry of the transition state
�nearly prolate symmetric top� of this surface, using the cor-

responding rotational constants �B̄�=0.303 cm−1 and A�

− B̄�=2.626 cm−1�,

EjK
J � = B̄�J�J + 1� + �A� − B̄��K2, �7�

where B̄� is the average of B� and C�.
Initial-state-resolved cross sections 	�j�Ecol� are ob-

tained via the usual partial wave sum,7 and rate constants
k�j�T� and k�T� are calculated as Boltzmann averages12 in the

200–2500 K temperature range. The thermal rate constants
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k1 for the 1 3A� and 1 3A� PESs are determined by estimating
the k�j values for j
13 via extrapolations. In fact, they were
calculated assuming that the state-specific rate constants for
NO rotational levels higher than 12 are equal to the rate
constant for j=12 �k�j�j�12�=k�,12�, as we have done in
previous studies with good results.4,9 This procedure is good
enough for these PESs, because k�j does not vary much when
changing the rotational level of NO.

The population of the electronic states involved, as a
function of the temperature, has also been taken into
account,3,4 including both spin-orbit �SO� states of NO, 2�1/2
and 2�3/2, with their energy difference ��=119.82 cm−1�,13

through the following expression:

pel�T� =
3

4�2 + 2 exp�− �/kBT��
, �8�

where 3 and 4 are the degeneracies of the electronic states of
the NNO system �identical in the 1 3A� and 1 3A� PESs� and
N�4S� atom, respectively, and the second term of the denomi-
nator is the NO electronic partition function. pel�T� is the
electronic factor that multiplies the rate constant values di-
rectly derived from the wave-packet calculations on each
PES, and decreases with T from 0.264 to 0.194 in the
200–2500 K T interval.

The total rate constant k1 for N2+O generation through
reaction �1� is then calculated by the sum of the k1�1 3A��
and k1�1 3A�� rate constants, both already including the
pel�T� multiplicative term.

III. REACTION PROBABILITIES, CROSS SECTIONS,
AND RATE CONSTANTS

Figure 3 shows eight examples of reaction probabilities,
at the total angular momentum quantum number J=0, corre-
sponding to the NO vibrorotational levels �=0–3, j=1 and

FIG. 2. Effective potentials VjK
J �R� of

the 1 3A� PES for selected values of
the J, j, and K quantum numbers �the
encircled results in subfigure �a� are
given in a more detailed way in sub-
figures �b�–�d��. Dependence of VjK

J �R�
on the following quantum numbers:
�a� J �for j=2, 8, and 12, K=0, 4, 6,
10, and 12�, �b� j �for J=0, K=0�, �c�
j and K �for J=25�, and �d� j and K
�for J=50�. In the last two cases the
following j and K values are consid-
ered: j=2, K=0 and 2, j=8, K=0, 4,
and 8, and j=12, K=0, 6, 10, and 12.
8, for both PESs.

 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



174303-4 Gamallo et al. J. Chem. Phys. 124, 174303 �2006�
The ground 1 3A� PES has no reaction energy barrier
along the MEP, and thus the reaction probabilities do not
present energy threshold. By the contrary, the excited 1 3A�
PES has an energy barrier along the MEP, and therefore a
threshold energy appears for the levels �=0 and 1, and j
=1 and 8 �at Ecol values of �0.35 and 0.15 eV, respectively�.
However, for NO vibrational levels above �=1, the internal
energy of reactants becomes greater than the energy barrier
and, consequently, no threshold energy is observed. More-
over, the significant barrier of the 1 3A� surface leads to re-
action probabilities which, in general, are much smaller than
those for the barrierless 1 3A� surface. The much larger reac-
tivity exhibited by the ground potential energy surface will
also be reflected both in the reaction cross sections and rate
constants.
Downloaded 04 May 2006 to 161.116.73.191. Redistribution subject to
The NO rotational excitation tends to enhance the high-
� reaction probabilities, mainly at low collision energy,
whereas at higher energies the opposite effect is observed for
both PESs. The NO vibrational excitation has a little effect
on the reactivity for the 1 3A� PES, in opposition to the 1 3A�
PES, where the threshold energy plays an important role in
dynamics when vibrational energy is increased. To help to
understand these results, it is useful to analyze the effective
interaction-centrifugal potentials. This analysis was already
developed in our previous paper4 and will not be considered
further here.

Figures 4 and 5 present the reaction cross sections for
the �=0–3, j=1, 4, 8, and 12 NO vibrorotational levels on
the 1 3A� and 1 3A� surfaces, respectively. The cross section
of the ground PES decreases as collision energy increases

FIG. 3. Reaction probabilities for N
+NO��=0–3, j�→N2+O as a func-
tion of Ecol: j=1 �full line� and j=8
�dotted line�, on the ground 1 3A� �up-
per curves� and excited 1 3A� �lower
curves� PESs.

FIG. 4. Reaction cross sections for N
+NO��=0–3, j�→N2+O as a func-
tion of Ecol: j=1 �full line�, j=4 �dot-
ted line�, j=8 �dashed line�, and j
=12 �thin full line�, on the ground
1 3A� PES.
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from �0.015 to �0.20–0.40 eV, depending on the initial
NO rotational level �Fig. 4�. This is consistent12 with a bar-
rierless PES and with a long-range potential V�R�
−Cs /Rs

which dominates the dynamics at low Ecol. For the excited
PES, an energy threshold appears due to its energy barrier,
but it disappears when �
2 �Fig. 5�, as the internal energy
content of reactants is above the energy barrier. Some of the
oscillations found in the reaction probabilities at low colli-
sion energies appear to be also evident in the reaction cross
sections, mainly for the ground PES �Ecol below 0.2 eV�, but
perhaps this result arises from the approximation �J-shifting�
employed in the quantum dynamics calculations.

The WP initial-state-resolved cross sections for the 1 3A�
PES are rather similar to the values reported in Ref. 14.
However, this agreement is quite fortuitous, because the re-
action cross sections of Ref. 14 were obtained using a semi-
empirical PES, employing the QCT method, and a Boltz-
mann distribution at 500 K of the NO vibrorotational states.

The reaction cross sections of the 1 3A� PES for �=0 and
�=1 increase with collision energy in a roughly linear way,
and in general the results are similar for different j values.
For higher NO vibrational levels, an analogous effect is ob-
served at intermediate-high collision energies, but at low col-
lision energies this is not the case, and the more reactive
rotational level is j=4.

Figures 6�a� and 6�b� show the initial-state-resolved rate
constants k�j�T� at 300 and 2000 K, as a function of the NO
vibrorotational level ��=0–3, j=1–12�, for the 1 3A� and
1 3A� PESs, respectively. Increasing the NO excitation or the
temperature, the 1 3A� reactivity varies at most by half a
degree of magnitude, whereas the 1 3A� k�j increase in a very
significant way �up to five orders of magnitude� with � or T.
The shape of the 1 3A� k0j�300� and k1j�300� rate constants
are rather different from those of other rate constants �k0j

�k1j and both oscillate somewhat with j, mainly at low j

values�. For other initial conditions, or at 2000 K, these
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variations with j are, however, quenched. The 1 3A� k�j rate
constants are nearly independent on the NO rotational exci-
tation. These results are consistent with the shape of both
PESs: barrierless 1 3A� PES and important early barrier �i.e.,
transition state more similar to reactants than to products� in
the case of the 1 3A� PES. In particular, according to Pola-
nyi’s rules,12 collision �translational� energy is particularly
efficient to reach products in the case of an early barrier
potential energy surface.

Table II compares the WP, ICVT,3 and ICVT/�OMT
-SO3 thermal rate constants k1�T�. Although it was not men-
tioned in Ref. 3, it is important to indicate that in reaction
�1�, for both the ground and excited surfaces, the conven-
tional TST and VTST �at the improved canonical VTST
�ICVT� level� methods lead to very similar results. This
means that for reaction �1� recrossing is not relevant, as ex-
pected on the basis of the reaction kinematics �heavy-heavy-
heavy mass combination�. In addition, tunneling plays in
general a minor contribution to the rate constant of the reac-
tion, as the imaginary frequency of the 1 3A� transition state
is quite small. On the other hand, different approaches �SCT
and �OMT methods� to deal with the tunneling contribution
to reactivity in the VTST context lead to the same results,
and the simple Wigner tunneling correction of the TST re-
sults leads to values which are very close to the VTST
+tunneling correction ones.

Table III shows the WP, ICVT, and ICVT/�OMT-SO
total rate constants �k1=k1�1 3A��+k1�1 3A��� and the
recommended15,16 and laboratory17–19 measured values,
within the 200–2500 K temperature interval. WP rate con-
stants �in cm3 s−1� were also bestfitted to the following equa-
tion:

k1�T� = ATn exp�B/T� , �9�

where A= �4.35±0.04��10−12 cm3 s−1 K−0.28, n=0.28±0.01,

FIG. 5. Reaction cross sections for N
+NO��=0–3, j�→N2+O as a func-
tion of Ecol: j=1 �full line�, j=4 �dot-
ted line�, j=8 �dashed line�, and j
=12 �thin full line�, on the excited
1 3A� PES.
and B=130.68±6.85 K.
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Table III shows that the total reaction rate constant is
practically independent of temperature, but two types of be-
havior appear in the 200–2500 K T interval. The first behav-
ior is observed from 200 to 500 K, where the reaction rate
decreases as T increases. This effect is directly related with
the fact that at low temperatures, reaction �1� mainly evolves
on the ground PES �negative values of the activation energy
are related with barrierless PESs�. Above 500 K, as T in-
creases the rate constant increases. This behavior is noted in
the analysis of the ground PES behavior, but it is enhanced
by the excited PES, as its contribution to reactivity progres-
sively increases with temperature, as expected for a PES with
an energy barrier. Nevertheless, in the T range explored
�200–2500 K� the ground PES is much more reactive than
the excited one.

The WP and ICVT/�OMT-SO3 rate constants are in

FIG. 6. Initial-state-specific N+NO�� , j�→N2+O reaction rate constants on
the ground 1 3A� �a� and excited 1 3A� �b� PESs.
quite good agreement within the temperature range consid-
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ered, although they are somewhat different. Indeed, for T
�300 K the statistical rate constant seems to be too large,
and the opposite occurs above 600 K where there is a slope
change. The contribution of the excited 1 3A� PES to the
thermal rate constant is negligible up to 2000 K, where it
becomes maximal and equal to 4%. This value is smaller
than the 7% of contribution derived from the ICVT/�OMT-
SO3 statistical method.

The WP rate constant values are in excellent agreement
with laboratory17–19 and recommended15,16 values, and, in
particular, with the rate constant results of Ref. 19. More-
over, the WP rate constant data are different from those in-
ferred in models of planetary atmospheres.20,21 This suggests
that these models are incorrect and/or the planetary popula-
tions of the reactants do not correspond to the thermal con-
ditions studied in the laboratories.14

IV. PRODUCT DISTRIBUTIONS

The state-to-state dynamics of N+NO�� , j�→N2��� , j��
+O is important in nonequilibrium reaction conditions
among the several degrees of freedom �translational, vibra-
tional, and rotational� involved, as occurs in high-speed
gases around aircraft jets and reentering spacecrafts.22 In this
section we thus present state and energy distributions of the
N2+O products, both initial-state-resolved and thermal, on
the ground 1 3A� PES, which is much more reactive than the
excited 1 3A� PES. For reader’s convenience, we plot in Fig.
7 an energy diagram with respect to the N2+O PES mini-
mum. For the N+NO reactants, we show the PES minimum
at 3.29 eV and the NO ground vibrorotational level ��01

=3.41 eV�. For the N2+O products, we show 1163 vibroro-
tational levels ���j�, with j��99 and up to 4.3 eV. Many
vibrorotational channels N2��� , j��+O are open in this en-
ergy range, owing to the large nuclear masses and exoergic-
ity of the reaction.

Following our previous paper23 on LiH�� , j�+H→Li
+H2��� , j��, product distributions are based on state-to-state
cross sections 	��j�,�j�Ecol� and state-to-state rate constants
k��j�,�j�T�. Nevertheless, our cross section definition does not
take into account the T-dependent population pel�T� of the
NNO electronic state 1 3A�, given in Eq. �8�. Because the
experimental observables are electronic-weighted cross sec-
tions pel�T�	��j�,�j�Ecol�, we here simulate a room-
temperature experiment, and report pel�300�	��j�,�j�Ecol�,
pel�300�	��,�j�Ecol�, and pel�300�	�j�Ecol�, with pel�300�
=0.2399. The vibrational-resolved and initial-state-resolved
quantities are derived summing over j� and ��� , j��, respec-
tively. Of course, the rate constant definition already includes
the electronic population.

As in Ref. 23, we also report energy and thermal distri-
butions of products. The initial-state-resolved energy distri-
bution is obtained from the vibrational, rotational, and trans-
lational energies, E�j�

vib�Ecol�, E�j�
rot�Ecol�, and E�j�

tr�Ecol�,
respectively. We calculate thermal state distributions D��j��T�
and D���T� and thermal energy distributions E�vib�T�,
E�rot�T�, and E�tr�T�, by Boltzmann averaging the k��j�,�j�T�

rate constants over the initial states.
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A. Initial-state-resolved distributions

We present initial-state-resolved distributions from NO
in the ground vibrorotational state �0,1�. As Fig. 8 shows, the
initial-state-resolved cross section pel�300�	01 in general de-
creases versus collision energy, as expected for a barrierless
PES. However, there are several oscillations which vanish as
Ecol increases. This appears to be a direct consequence of the
shape of the reaction probability as a function of collision
energy �see Fig. 3�. Thus, it is interesting to see that quantum
effects are also evident in the pel�300�	01 observable.

Figure 9�a� reports the vibrorotational cross sections
pel�300�	2j�,01�Ecol� at Ecol=0.005 and 1.0 eV vs j�. We
clearly see a sawtoothed distribution due the Bose-Einstein
statistics of the 14N2 nuclear spins. Even j� states �ortho-N2�
are indeed about twice more populated that near-neighboring
odd j� states �para-N2�, because the former are associated

TABLE II. Theoretical WP and VTST rate constants

T/K

WP
k1�1 3A��
��1011�

VTSTa

k1�1 3A��
��1011�

200 3.66 6.51
300 3.38 4.67
400 3.27 3.78
500 3.23 3.39
600 3.23 3.19
800 3.29 3.05

1000 3.39 3.02
1250 3.53 3.01
1500 3.67 3.01
1750 3.80 3.03
2000 3.89 3.06
2500 4.00 3.18

aThe ICVT-SO data were calculated but no reported i
For the 1 3A� PES VTST only no scaled data were c
along the MEP.
bICVT-SO no scaled data for the 1 3A� PES, calculat
cICVT/�OMT-SO no scaled data for the 1 3A� PES,

TABLE III. Theoretical �WP and VTST� and experim

T/K WP VTSTa VTSTb Recommen

200 3.66 6.51 6.51 3.9±1.6
300 3.38 4.67 4.67 3.0±0.8
400 3.27 3.78 3.78 2.9±1.0
500 3.23 3.39 3.39
600 3.23 3.19 3.19
800 3.29 3.06 3.06

1000 3.39 3.04 3.04
1250 3.54 3.06 3.06
1500 3.69 3.11 3.11
1750 3.84 3.18 3.19
2000 3.94 3.29 3.29
2500 4.09 3.56 3.57

aICVT-SO no scaled data calculated but not reported
bICVT/�OMT-SO no scaled data from Ref. 3.
cReference 16.
dReference 15.
eReference 19. k1 is constant in the full temperature
f
Reference 18.
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with singlet or quintet nuclear states, and the latter are asso-
ciated with triplet nuclear states.6 At Ecol=0.005 eV, the larg-
est cross section corresponds to jmax� =36, the rotational dis-
tribution is sharp, and the reaction is very state selective. For
example, at ��=2 only 16 rotational states of N2�2, j�� are
appreciably populated �pel�300�	2j�,01�Ecol� larger than
0.05 Å2�, with 30� j��48, among 100 states that are avail-
able. Increasing Ecol up to 1.0 eV, the rotational distribution
is similar, except for the larger available energy which is a
little redistributed over more final states and jmax� =34. This
implies that the reactant collision energy does not flow into
the product rotational mode, as we shall also see later on.

The even-odd j� intensity alternation is present at all
vibrational manifolds ��, as we see, e.g., in Fig. 9�b�, that
shows the nascent product spectrum of 14N2��� , j��, from N
+NO��=0, j=1� at Ecol=0.005 eV vs the vibrorotational lev-

m−3 s−1� for the 1 3A� and 1 3A� PESs.

P
3A��

VTSTb

k1�1 3A��
VTSTc

k1�1 3A��

�10−18 1.57�10−21 2.20�10−21

�10−18 2.31�10−18 2.68�10−18

�10−17 9.34�10−17 1.01�10−16

�10−16 8.93�10−16 9.41�10−16

�10−15 4.14�10−15 4.29�10−15

�10−15 2.98�10−14 3.04�10−14

�10−14 1.02�10−13 1.03�10−13

�10−13 2.85�10−13 2.88�10−13

�10−13 5.85�10−13 5.88�10−13

�10−13 9.99�10−13 1.00�10−12

�10−13 1.52�10−12 1.52�10−12

�10−13 2.82�10−12 2.83�10−12

. 3 and are identical to the ICVT/�OMT-SO results.
ated in Ref. 3, as this surface has no energy barrier

t not reported in Ref. 3.
ulated but not reported in Ref. 3.

l total rate constants �k1�1011 in cm3 s−1�.

Recommendedd Laboratorye Laboratoryf

3.5±1.1
3.5±1.1 2.5±1.3
3.5±1.1 3.2±1.4
3.5±1.1 3.9±1.5
3.5±1.1 4.4±1.6
3.5±1.1
3.5±1.1
3.5±1.1

4.7±2.0 3.5±1.1
5.0±2.2 3.5±1.1
5.3±2.3 3.5±1.1
5.8±2.5 3.5±1.1

ef. 3.

.

�in c

W
k1�1

5.90
7.35
3.49
2.71
1.26
9.63
3.50
1.02
2.11
3.54
5.17
8.52

n Ref
alcul

ed bu
calc
enta

dedc

in R

range
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els ����j��. For each N2 vibrational manifold, we also present
the jmax� value of the largest cross section. At 0.005 eV, the
collision populates preferentially 55 N2 levels, which are
placed between �0.7 and 1.7 eV above the product PES
minimum �see Fig. 7�, with cross sections larger than
0.05 Å2, whereas 895 N2��� , j�� levels are open in this en-
ergy range. The largest cross section 	��j�,01 is associated
with the N2�2,36� state, which is placed at 1.04 eV, i.e.,
0.90 eV above the N2�0,0� ground level. The N2 vibrorota-
tional spectrum presents seven clear vibrational bands up to
��=6. N2 channels with ��
7 are thus dynamically closed
at low collision energy, although many of them are energeti-
cally open, as Fig. 7 shows. Each vibrational band consists of
few rotational lines stronger than 0.005 Å2, with jmax� be-
tween 36 and 42. These bands are thus little overlapping,
save those with ��=3 and 4 that have rather long blue and
red tails, respectively. Therefore, the N2 nascent vibrational
spectrum is rather wide, but the rotational spectrum is quite
narrow. This is consistent with a large rotational selectivity,
and is reflected on the product orbital angular momentum
quantum number L�. Taking indeed into account the triangu-
lar condition �J−L��� j��J+L� and the small J range asso-
ciated with the low Ecol value, this small j� range implies that
L� is rather small. Hence, the N2 rotational distribution at

FIG. 7. NO ground vibrorotational energy level ��01� and N2 vibrorotational
energy levels ����j�� for j��99. Energies are given with respect to the N2

+O PES minimum.

FIG. 8. N+NO��=0, j=1�→N2+O electronic-weighted cross section
el 3
p �300�	01�Ecol� on the 1 A� PES vs Ecol.
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low collision energies is consistent with the relatively narrow
minimum energy path of the 1 3A� PES, which forces a
proper orientation of the N and NO reactants for the reaction
to occur �stereospecific bent abstraction�.3

We present the N2 vibrorotational distribution for N
+NO��=0, j=1� at Ecol=1.0 eV in Fig. 9�c�, with a different
cross section scale with respect to that of panel �b�. When N2

states are open at any collision energy, their state-to-state
cross sections 	��j�,01 decrease versus Ecol, as the initial-
state-resolved 	01 does �Fig. 8�. As collision energy in-
creases, more N2 vibrational channels are open, the rotational
distribution is smoother, and presents long tails at low and
high j�. The vibrational bands thus overlap progressively

FIG. 9. N+NO��=0, j=1�→N2��� , j��+O electronic-weighted cross sec-
tions pel�300�	��j�,01�Ecol� on the 1 3A� PES. Panel �a� shows the results for
��=2 at two Ecol values vs j�. Panels �b� and �c� show the results at Ecol

=0.005 and 1.0 eV, respectively, vs the vibrorotational energy levels of
N2����j��.
more, mainly for highly excited N2 states, and reactive col-
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lisions become less state selective, as expected. Comparing
Figs. 9�b� and 9�c�, wee see that the rotational peaks of the
vibrational bands with ���5 are shifted to the red. This shift
is maximum at ��=5 and equal to 0.20 eV �from jmax� =40 at
Ecol=0.005 eV to jmax� =26 at Ecol=1.0 eV�. Figure 9�c� also
shows a different N2 vibrorotational distribution at ���j�
larger than �2 eV. We see indeed an inverted vibrational
distribution, where the maximum intensity of the ��=6 band
is at the blue of those at ��=7 and 8. With respect to Fig.
9�b�, the maximum at ��=6 is thus blueshifted by 0.73 eV,
with an increase of 30 quanta �from 38 to 68� in jmax� .

We plot in Fig. 10 the vibrational cross sections
pel�300�	��,01 vs Ecol and ��, in panels �a� and �b�, respec-
tively. Figure 10�a� reports representative results for ��=0, 2,
and 4, and shows that 	2,01 is the largest cross section at any
Ecol value, this being more evident at the lower energies ex-
plored. Moreover, 	0,01 slightly oscillates, and the 	��,01

cross sections, with ���0, decrease versus Ecol like 	01.
When we plot pel�300�	��,01 vs �� �Fig. 10�b�� we obtain an
inverted vibrational distribution, which is peaked at ��=2
and 3 at any collision energy, although it is of course
smoother at larger Ecol values. This agrees with what is ex-
pected from Polanyi’s rule for an exoergic and barrierless
reaction.12 The average �̄� value increases from �2.5 at
Ecol=0.005 eV to �3.3 at Ecol=1.0 eV.

Figure 11 presents the product energy distribution of the

FIG. 10. N+NO��=0, j=1�→N2����+O electronic-weighted cross sections
pel�300�	��,01�Ecol� on the 1 3A� PES vs Ecol �a�, and vs �� �b�.
N+NO�0,1� reaction, as a function of collision energy. We
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plot E01�
tr, E01�

vib, and E01�
rot vs Ecol, together with the NO inter-

nal energy ��01� and Ecol. When the collision energy is very
small, we observe a predominant internal-to-translational en-
ergy redistribution, with product average energy fractions
f01�

tr=65%, f01�
vib=25%, and f01�

rot=10%. Increasing the colli-
sion energy up to 1.0 eV, these energy fractions do not vary
appreciably, but we find an energy flow from the reactant
collision mode to the product recoil one up to Ecol
0.5 eV,
and a collision-to-vibrational energy transfer at higher Ecol

values. The latter result is associated with �E01�
vib=0.25 eV,

i.e., with an increase of about one vibrational quantum of N2,
in agreement with the 	��,01 results we discussed above.

B. Thermal distributions

We consider temperatures up to 1000 K, and report
product thermal distributions due to NO�0, j� excited rota-
tional states. Indeed, only the ground vibrational state of NO
is appreciably populated in this T range.

The Boltzmann average over the NO�0, j� initial states,
and the Maxwell average over the collision energy, affect
little the distribution we discussed in Sec. IV A. We thus
present only the vibrational distribution D���T� in Fig. 12.
Panel �a� of this figure shows that the distribution is inverted
at any T, with ��=2 preferred up to �400 K, and ��=3
preferred at higher temperatures. All D�� vary monotonically
with T, save D3 that has a small maximum at 300 K. As
temperature increases, we find an overall population redistri-
bution from ��=1 and 2 to ��=4–8. Panel �b� summarizes
the results at 100 and 1000 K, showing that D���100� is a bit
sharper than the hotter distribution D���1000�, as expected.
These thermal results versus T are qualitatively similar to the
initial-state-resolved ones of Fig. 10�b� versus Ecol, although
the former are vibrationally hotter as T increases. This re-
flects the role of the NO�0, j� excited rotational states, and
the integration over the collision energy values.

Finally, we briefly note that the fractions of product en-
ergies under thermal reaction conditions are nearly constant
in the temperature range investigated, with f�tr=66%, f�vib

rot

FIG. 11. N+NO��=0, j=1�→N2+O product energy distribution on the
1 3A� PES vs Ecol.
=24%, and f� =10%. These values are close the initial-
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state-resolved ones, and the calculated vibrational energy
fraction is in excellent agreement with the experimental
value of 25±3%.24

V. SUMMARY AND CONCLUSIONS

The reaction N�4S�+NO�X̃ 2��→N2�X̃ 1�g
+�+O�3P� has

been studied by means of the time-dependent real wave-
packet quantum dynamics method and the J-shifting approxi-
mation, considering the two most relevant PESs �ground
1 3A� and first excited 1 3A� PESs� and employing recent ab
initio based analytical representations developed in our
group for both surfaces.

This contribution extends our previous WP study on re-
action �1�, taking into account the excited PES and a much
larger number of vibrorotational levels of NO��=0–3, j
=1–12� than in the previous work, for both surfaces. Reac-
tion probabilities, cross sections, and rate constants for reac-
tion �1� have been calculated. The dependences on collision
energy and vibrorotational levels of NO have been inter-
preted taking into account the different shapes of the ground
and excited PESs �barrierless and with barrier surfaces, re-
spectively�.

The WP rate constant of reaction �1�, k1=k1�1 3A��
+k1�1 3A��, which shows a weak dependence on temperature
�T :200–2500 K�, because the dominant contribution to the
reactivity is provided by the ground PES, has been compared

FIG. 12. Vibrational distributions D���T� of N2 on the 1 3A� PES from
thermal N+NO, represented in two different ways.
with previous VTST �ICVT level�, VTST+tunneling
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�ICVT/�OMT level�, and experimental results. There is a
good agreement with the measurements, when the experi-
mental uncertainties are accounted for, and also with the
ICVT and ICVT/�OMT data, although this agreement pro-
gressively diminishes from 300 to 200 K. There is also a
good accord in the case of the WP and ICVT/�OMT
k1�1 3A�� results, because reactivity is clearly dominated by
the ground PES in the T interval explored. However, there is
a significant discrepancy between the WP and ICVT/�OMT
k1�1 3A�� results. Thus, within the 200–1000 K T range the
WP k1�1 3A�� values are much smaller than the
ICVT/�OMT ones �with the exception of what happens at
the lowest temperature explored�, and in the 1250–2500 K
interval the WP k1�1 3A�� / ICVT/�OMT k1�1 3A�� ratio is
almost constant and approximately equal to 0.34. After many
checks we have been unable to understand the reasons of this
discrepancy, which however little affects the k1 values, as
reactivity is dominated by the ground 1 3A� PES.

In addition to rate constants and cross sections, product
state distributions have been calculated in the case of the
much more reactive ground surface. The nascent N2��� , j��
spectrum due to N+NO�0,1� is more intense at low Ecol, as
reactivity is larger, and it is formed by rather separated vi-
brational bands, with the �� distribution inverted. The rota-
tional distribution is very selective, because only 6% of the
open N2 rotational channels is appreciably populated at
Ecol=0.005 eV. Moreover, in agreement with the 14N2
nuclear-spin statistics, we find a j� intensity alternation, with
even rotational levels about twice stronger than odd ones.
Finally, the recoil and vibrational energies of products are
equal to 65% and 25% of the total available energy of the
collision, respectively. Unfortunately, there is no experimen-
tal dynamics information on this system to compare with,
with the only exception of the average fraction of vibrational
energy in N2, where an excellent agreement has been found
between the WP calculations �24%� and the measurements
�25±3% �.
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