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In this work, total reaction probabilities, integral cross sections and rate constants were calculated for
selected initial rotational states of the H, molecule in the N(D) + H, reaction. Time dependent wave
packet method combined with Centrifugal Sudden approximation was used and followed by a flux anal-
ysis on recently developed NH,(12A") global potential energy surface. We also investigated the effect of
the projection quantum number of the initial rotational state on the reactivity. Total reaction probabili-
ties were calculated for all values of the total angular momentum, J, in the range from 0 to 40. The effects
of the initial rotational excitation of the H, reactant and of its projection quantum number on the behav-
ior of rate constants were studied. The reaction rate constants are compared with previously published
experimental and theoretical results. It was found that the initial rotation and its projection have a big
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1. Introduction

The interaction of electronically excited atoms or molecules
with other species in their ground electronic state has been a sub-
ject of a great interest in atmospheric chemistry, since they exhibit
very long-lived complexes in the upper atmosphere. They are also
interesting from the point of view of the environmental and com-
bustion chemistry. The title reaction involves the metastable nitro-
gen atom in its first excited 2D electronic state lying 2.38 eV above
its ground “S state. The 2D nitrogen, which is produced experimen-
tally by a flash photolysis of N,O in the vacuum ultraviolet [1] or
two-photon dissociation of NO [2], has attracted the interest of
astrophysicists and chemists. The high energy content of the com-
plexes formed by electronically excited atoms enhances the reac-
tivity in chemical reactions as these processes may be barrierless
or can easily overcome reaction barriers [1,3-5]. Especially in
Earth’s thermosphere, the complexes that contain the excited
nitrogen atom, form abundant metastable species with a long radi-
ative lifetime [6]. There were many theoretical and experimental
studies of the metastable nitrogen atom in the literature. Fell
et al. studied the metastable N(*D) experimentally [1] for which
also quenching rate constants using a series of gas quenchers such
as N,0, CO,, H,, CH4 and O, were calculated.
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The N(®D)+H, reaction is an exothermic process (AH°=
—29.4 kcal/mol) characterized by a small early barrier (~2.3 kcal/
mol) and by a deep potential well of 125.5 kcal/mol corresponding
to NH,(1A”) molecule. Because of the existing discrepancies in the
literature between experimental and theoretical results previous
theoretical studies of this reaction were focused on constructions
of accurate potential energy surface (PES). Particularly, in one of
the studies, Kobayashi et al. [7] obtained ab initio PES for the NH,
ground state by using first order configuration interaction (FOCI)
calculations and used quasi-classical trajectory (QCT) method to
test it. Afterwards, Pederson et al. [8] have reported the first global
PES of the reaction by using the reproducing kernel Hilbert space
interpolation method on a set of high level ab initio points. They
have also performed detailed QCT calculations for isotopic variants
of the title reaction. Employing the same PES, Balucani and
coworkers [9] performed dynamical calculations via both quantum
mechanical and statistical methods, and compared their theoreti-
cal results with the experiment. Subsequently, Ho et al. [10]
improved the PES of Pederson and proposed new PES that was
tested in QCT calculations. Their new PES is in good agreement
with the other potentials in critical regions of the reaction. There
are several dynamical studies in the literature demonstrating reli-
ability of the above potentials used in such studies [11-13,54-55].
Experimental studies were generally focused on the reaction rate
constants and rovibrational state distributions of the NH product
obtained from both infrared chemiluminescence and laser-induced
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fluorescence (LIF) measurements. In the works of Dodd et al. [14]
and Umemoto et al. [15-18], the nascent vibrational state distribu-
tions of ground NH molecule were examined in detail by LIF. How-
ever, the time-resolution of their experimental method prevented
the monitoring of the rotational product distribution. Umemoto
and coworkers determined vibrational and rotational state distri-
butions of nascent NH molecule and its isotopic variant (ND) by
two-photon dissociation of NO, as proposed by Slanger et al. [2].
Additionally, they examined the LIF spectrum of NH molecules
formed in reaction of N with H,.

Molecules that have deeply bound stable structures such as
H,0, CH,, H,S and NH, tend to preserve their geometry in the tran-
sition state region. For this particular reason, such reactions have
been commonly studied with a statistical approach. Launay and
Honvault [19] using statistical method examined distributions of
squared scattering matrix elements for specific energies. At the
same time, Manolopoulos et al. [20] has derived detailed statistical
theory and confirmed it in comparison to fully quantum mechani-
cal state-to-state integral cross sections of Honvault and Launay
[21]. Balucani et al. [22] performed the comparison between exper-
imental and theoretical results at collision energy of 15.9 kJ/mol.
They used quantum mechanical and QCT methods to obtain differ-
ential cross sections for specific initial rotational quantum number
of the reacting H, molecule. In another study, Defazio and Petrong-
olo [23] showed wave packet calculations using flux analysis. They
obtained accurate reaction probabilities for J = 0, centrifugal sud-
den (CS) probabilities for J > 0 and cross sections by using simple
J-shifting approximation, which works very well in a low energy
region. Later, Varandas and Poveda [24] developed a single-sheeted
double many-body expansion PES for this reaction and performed
rigorous Close Coupling (CC) and CS calculations in collision energy
range from 0 to 1 eV. Furthermore, they calculated cross sections
and rate constants for specific initial rotational quantum numbers
(j=0-5) and compared with experimental and theoretical results
reported before [13]. In another work by Balucani et al. [9], it
was shown that the agreement between experimental and theoret-
ical differential cross sections obtained with the PES of Pederson
[8] for the collision energy of 15.9 kJ/mol is excellent. There is an
important coupling between the product angular and translational
energy distributions as explained in [9] and [22]. Castillo et al. [11]
used PES of Ho et al. [10] and reported state-to-state reaction prob-
abilities obtained in quantum mechanical real wave packet and
QCT methods for the J =0 partial wave. They used CS approxima-
tion to get the reaction probability results for partial waves |
greater than zero. Integral cross sections were calculated by means
of uniform J-shifting, refined J-shifting and standard J-shifting
depending on vibrational state of a product molecule and as a func-
tion in a narrow energy range (0-0.25 eV) of collision energies.
They found a good agreement between their results and available
experimental measurements. Rao and Mahapatra et al. [12] used
the same PES and reported quantum wave packet dynamics within
Coupled States approximation to obtain initial state selected reac-
tion probabilities, integral cross sections and rate constants. They
additionally examined the vibrational energy levels of NH, by
using Gaussian wave packet. Gonzalez-Lezana [25] reviewed inte-
gral cross sections and state-to-state reaction probabilities by com-
bining some of the statistical quantum methods with experimental
results of Umemoto [17] for vibrational state distributions of prod-
uct molecule at collision energy of 165 meV. In another work for
title reaction, Lin et al. [26] studied the Renner-Teller coupling
between the two lowest-lying electronic states of NH,. They
observed the effect of the non-adiabatic coupling on the low-lying
rovibrational states of the NH product and found substantial influ-
ence of the non-adiabaticity on the levels and as well on the differ-
ential and integral cross sections. In a recent study, Yang et al. [3]
produced a new analytical form of the PES for the title reaction. The

prospect of obtaining more accurate reaction probabilities in
strong interaction region has encouraged this work. This PES is a
function of all interatomic distances of the system and was con-
structed by performing intermolecular perturbation theory [27-
30]. Using this analytic PES, Yang et al. [3] calculated total integral
cross sections to compare them with QCT results obtained with
PESs of Pederson and Ho for single collision energy of 0.165 eV.
There are several other potentials available in the literature
[56-58].

In this work, the Real Wave Packet (RWP) method was applied
for the title reaction and combined with a flux method and Centrif-
ugal Sudden (CS) approximation for J>0 states. Initial state-
selected integral cross sections and rate constants were obtained
and compared with available experimental [31] and theoretical
data. This paper is organized as follows. The theory outlined in
Section 2 and the results are discussed in Section 3.

2. Method

In this work, the chemical reaction dynamics of the N(?D)+H,
reaction was investigated using a time-dependent wave packet
method. Time dependent Schrédinger equation (TDSE) is given by,

O¥(R,1,7.t)
ot

where H is the Hamilton operator of the system and i is the
nuclear wave function, R is the distance from the N atom to the cen-
ter-of mass of the H, molecule, r is the vibrational coordinate of the
diatomic, 7y is the angle formed between R and r vectors [32]. The
wave function can be expanded as

ih =HYR1,7,0) (1)

Y(R,1,7,t) = U(t)P(0) = exp (%) YR,r,p,t =0) )

The Hamiltonian expressed in reactant Jacobi coordinates
(R, , 0) for the body-fixed frame representation is
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The last two terms in this equation are known as Coriolis
coupling terms [33,34] defined as below:

Chxr = —UU+1) = KK+ D)]"2[i(i + 1) — K(K +1)]"/*1/2 4z R?
(4)

where /1 is 5K,K+1 (1 + (51(0) and b‘[{y}(,] (1 + (31(1) and. In Eq (3) MR is
the reduced mass of N and H,, . is the reduced mass of Hy, ] is the
total angular momentum quantum number of the N+ H, system
and K in a body-fixed frame, the projection of total angular momen-
tum J onto the Z-axis (J,) and the projection of the diatomic angular
momentum j onto the Z-axis (j,). K may take the values in a follow-
ing range:0 < K < min(/,j). In Eq. (4), different K-states in the wave
function couple together. Therefore, more basis functions are
required to store the exact information about the wave function.
By increasing the number of grid points in the angular part we need
more computer memory. Hence, here we used Centrifugal Sudden
approximation for computing the reaction probabilities for J > 0.
In the CS approximation, these off-diagonal elements are neglected
and this considerably decreases the size of the Hamiltonian matrix
[35]
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Table 1
Parameters used in the calculations (all parameters given in atomic units).

Reactant scattering coordinate range: Rinin = 0.0; Rmax =17.0

Number of grid points in R: 340

Diatomic coordinate range: Tmin = 0.0; Tmax = 17.0
Number of grid points in r: 440

Number of angular basis functions: 200

Center of initial wave packet: Ro=12.0

Initial translational kinetic energy/eV: E.=0.25

Analysis point: 13.0
Number of Chebyshev iterations: 30,000

0.8

06

=0,K=0

j

Probability

0.8

0.6

Probability
=1 K=0

0.6

2,K=0

04 -

Probability

j

0.2 A

; =
0 0.1 0.2 0.3 04 05
Collisional Energy (eV)

Fig. 1. Total reaction probabilities for selected values of the total angular
momentum quantum number J as a function of collision energy for initial j = 0,1
and 2 rotational states of H, with projection K = 0.

After sufficient long time propagation we can extract the total
reaction probability and the total reaction cross sections using a
flux analysis method. This method takes the wave packet at the
analysis line (see Table 1) as an input. Therefore, the probabilities
were calculated for the wave packet in the outgoing channel along
the analysis line [36-46]. The reaction probability for J > 0,

Ko N (R, 1q,y,E
Pf (E)= ITRIm (R, 14,7, E) —ar (6)
where E is collision energy, ry shows analysis line r=r; and
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Fig. 2. Total reaction probabilities for selected values of the total angular
momentum quantum number J for K=1 (top panel) and K= 0 (bottom panel) of
j=1 initial rotational state.

is the Fourier transform of the time-dependent wave function v
(R, r4, v, E) at given analysis line r=r, The total initial state-
selected reaction cross sections and rate coefficients

TiB = gy 22+ D@ @)
vj
g 12
) N ) —E/kgr
Koy (T) (nuR(kBTf) /0 Eq,;(E)e E/hr dE )

where kg is Boltzmann constant.

3. Results and discussions

In order to get converged results of reaction probabilities the
parameters in Table 1 used.

Fig. 1 shows reaction probabilities for several values of the total
angular momentum quantum number J. The reaction probabilities
are shown for three selected values of the initial H, rotational
quantum number from O to 2 in collision energy range from 0 to
0.5 eV. The reaction probabilities sharply rise near the threshold
atj=0,]J =0, and increase only slightly when initial rotational state
increases from j = 0 to j = 2. For the ] > O states this increase is not
so sharp. It is interesting to note that the trend of the total reaction
probability for all considered values of initial j’s exhibits an
increase (rapid increase for the j = 0) and then reaching oscillatory
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Fig. 3. Total reaction probabilities for selected values of the total angular
momentum quantum number J for the relevant K values of the j=2 initial
rotational state.

plateau for higher collision energies. Similar behavior was also
found in a work by Lin et al. [26]. The reactivity is in general the
largest for all partial waves shown in the figure for the j = 0 initial
state. A sharp increase in the threshold region is less pronounced
when the j value increases and the reactivity shifts towards higher
collision energies owing to the centrifugal barrier. The behavior of
the reaction probabilities at the region of the threshold for selected
initial rotational states can be also seen for other reactions such as
Ca + HCI [47,48], its reverse and H + FLi [49-51]. The oscillations in
reaction probabilities observed in Fig. 1 are of smaller amplitude
than those for different PESs of [11,24] for the same reaction.

Reaction probabilities for different values of the projection
quantum number K for j = 1 are shown in Fig. 2 as functions of col-
lision energy. The top and bottom panels of the figure are for the
K=1 and K = 0, respectively. When the projection quantum num-
ber K increases the reaction probabilities shift to lower energies
and oscillatory structures are more explicit. Besides, the total reac-
tion probabilities display a sharp rise near the threshold for every |
with increasing K. Reaction probabilities shift to high collision
energies with increasing J because of the centrifugal barrier. The
effect of K for j=2 is displayed in Fig. 3. Similar conclusions can
be drawn here as before for Fig. 2.

Fig. 4 shows integral cross sections as a function of collision
energy for the relevant K values that belong to j=1 (top panel)
and j = 2 (bottom panel) initial rotational states. Integral cross sec-
tions have been computed considering the total reaction probabil-
ities for all J's in collision energy range from 0.05 to 0.5 eV. The
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Fig. 4. Integral cross sections for K states corresponding to j = 1(top panel) and j = 2
(bottom panel).

effect of the projection of initial rotational quantum number (K)
shifts the reactivity towards the low energy region because of
the —2K? factor, and decreases centrifugal barrier as expected.

Reactive integral cross sections increase gradually with K from
the threshold in the considered range of energy. One can conclude
that there is large enhancement effect on the reactivity when pro-
jection quantum number K increases.

Fig. 5 presents integral cross sections averaged on the relevant K
values for specific initial rotational (j=0-2) quantum states.
Although the reaction probabilities in Fig. 1 have different thresh-
old energies for various values of j due to the barrier in the
entrance channel region, integral cross sections for averaged K dis-
play nearly the same threshold. Here as well the oscillatory behav-
ior is noticeable for all initial j’s and it persists from threshold up to
0.5 eV of collision energy. The present results when compared with
that of Ref. [11], have smaller cross sections and less pronounced
oscillations.

In Fig. 6 rate constants for the three values of the initial rota-
tional state of H, are shown in a temperature range of 200-
500 K. The experimental [31] and theoretical [13] values that are
available in the literature are also shown. The experimental and
theoretical rate constants obtained in this studies at room temper-
ature for j=0 are 2.28 x 107!2 [31] and 2.18 x 1072 cm3s7!,
respectively. The experimental rate constant is averaged on the
Boltzmann populations at a given temperature. Note that in the
low temperature region present calculations give lower rates in a
good accord with experimental results.
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Fig. 6. Reaction rate constants related to CS results for j=0, 1 and 2 initial H,
rotational states. The figure also shows other theoretical and experimental results
for j = 0 initial state.

Fig. 7 presents graphical representation of the origins of the
enhancement of the reactivity with increasing projection quantum
number K. The N + H; insertion reaction is characterized by a small
early barrier (~0.84 meV) in the C,, approach of the nitrogen
towards the hydrogen [10]. In the case when the absolute value
of the projection quantum number K is equal to j, the N + H, com-
plex has increased chances to react due to the more favorable ori-
entation for the insertion process. This is achieved for the Propeller
type of H, rotation shown in panel (c) of the figure. For the other
two cases with K= 0 (Frisbee and Cartwheel type rotations of Hj,

(a) .

Fig. 7. In panel a) the helicopter rotational motion of the H, molecule with the
rotational angular momentum j perpendicular to the body fixed Z-axis with
projection K=0, b) cartwheel rotational motion with the rotational angular
momentum j perpendicular to the body fixed Z-axis with K=0 and c) propeller
type rotation with the initial rotational angular momentum j parallel to the body
fixed Z-axis with |K|=j. The blue sphere represents the nitrogen atom. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

see panel (a) and (b) of Fig. 7, respectively) the nitrogen will expe-
rience more chances of head-on collisions that are less reactive as
chances for the insertion process are decreased. Similar rotational
orientation arguments have allowed for a simple explanation of
different propensities in product distributions of O + H, reaction
[52,53].

4. Conclusions

In this work, a time dependent wave packet method within
Centrifugal Sudden approximation followed by a flux analysis
was applied to the N(?D)+H, reaction. We calculated total reaction
probabilities, integral cross sections and rate constants at several
selected initial rotational states of the H, molecule. There is good
agreement found between the experimental and calculated rate
constant at room temperature considering that the Centrifugal
Sudden approximation for total reaction probabilities has been
employed. Total reaction probabilities were calculated for all
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values of the total angular momentum without using any interpo-
lation method. It is found that the initial rotational quantum num-
ber of the H, molecule and its projection (K) has a noticeable effect
on the integral cross sections. This effect is probably due to the CS
approximation, because it was not found in previous coupled-
channel studies.
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