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The effects of isotopic variants on stereodynamic properties for the title reactions have been investigated using a
quasi-classical trajectory method based on the first excited state NH,(12A’) potential energy surface [Li Y Q and Varandas
A J C2010 J. Phys. Chem. A 114 9644]. The forward-backward symmetry scattering of the differential cross section can
be observed, which demonstrates that all these reactions follow the insertion mechanism. Three angle distribution functions
P(6,), P(¢,), and P(6,, ¢,) with different collision energies and target molecules Hp/D,/T, are calculated. It is shown
that the product rotational angular momentum is not only aligned, but also oriented along the direction perpendicular to
the scattering plane. The title reaction is mainly governed by the “in-plane” mechanism through the calculated distribution
function P(6,, ¢,). The observable influences on the rotational polarization of the product by the isotopic substitution of

H/D/T can be demonstrated.
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1. Introduction

In recent decades, the reactivity of atomic nitrogen and
its radicals have received considerable attention for their im-
portant roles in various fields such as combustion processes
and atmospheric chemistry.!'~”] Both experimental and the-
oretical viewpoints have been adopted to investigate the re-
action N + Hy — NH + H.[324 The vibrational and rota-
tional state distributions of the nascent NH molecules were
measured using a laser-induced fluorescence technique on the
title reaction.!>!"131 The study of N(’D) + D, by using a
crossed molecular beam yielded a forward—backward symmet-
ric product angular distribution, which is indicative of inser-
tion dynamics.?>! The early time-resolved spectra provided
that the N(*D) + Hy(X'Z}) — NH (X’L7) + H (*S) reac-
tion products inverted vibrational distributions./?®! The con-
clusions have been supported by the subsequent theoretical
studies based on the London-Eyring—Polanyi—Sato (LEPS)
potential energy surface (PES)!?’! and first-order configuration
interaction (FOCI) PES.[28-2%]

A global ground state (12A”) PES of NH, has been pre-

[16] The ratios and other aspects of

sented by Pederson et al.
vibration product distributions are in agreement with those
from the recent laser-induced fluorescence studies.!>!!) Ho et
al. reported a ground state PES of the N(*D) + H (X 12;)
system.[!”] The differential cross sections (DCSs) and rate

constants of vibrational and rotational distributions have been
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reported. Owing to the high reactivity of N(>D), Pederson et
al.B% reported that a global PES for the second lowest elec-
tronic state (12A’) is dependent on an interpolation technique
known as reproducing kernel Hilbert space (RKHS). Also
the quasi-classical trajectory (QCT) method was performed
on this RKHS PES to investigate the N(’D) + H, reaction
dynamics.3!! Recently, the new accurate global DMBE-SEC
PES for NH,(12A’) has been reported by Li and Varandas, ]
which was obtained by fitting ab initio energies calculated
at a multireferance configuration interaction level with the
aug-cc-PVQZ basis set, after relating semiempirically to the
dynamical correlation depending on the double many-body
expansion-scaled external correlation method.

As mentioned above, most of the previous studies dealt
with the experimental and theoretical results containing scalar
properties. In fact, in order to gain a comprehensive un-
derstanding of this important reaction, the vector properties
should also be explored, for they can provide us with a clear
view of their direction and the likely polarization of the prod-
ucts. However, to our knowledge, to date few vector properties
have been studied for the reaction of N(*D) + Hy (X'Z)) —
NH (a'A) + H (3S). In the present work, the quasi-classical tra-
jectory (QCT) method is used to investigate the vector proper-
ties of the N (°D) + H, (X'Z]) — NH (a'A) + H (*S) isotope
reactions based on the first excited state NH,(12A’) DMBE-
SEC PES.
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The rest of this paper is organized as follows. In Sec-
tion 2, we briefly describe the main details of the theoreti-
cal methodologies. The detailed results and discussion of the
QCT simulations are presented in Section 3. Finally, the con-

clusions are drawn from the present studies in Section 4.

2. Theory
2.1. Quasi-classical trajectory calculations

A benchmark QCT procedure is used, which has been car-
ried out in many reaction systems. 337! The integration step
is set to be 0.1 fs to ensure a convergence of the results. The
distance between atom N and the center-of-mass (CM) of the
diatomic molecule is set to be 15 A to ensure no interaction be-
tween them. A branch of 0.5x 10’ trajectories is run for each
of the reactions N + H,/D; /T,. The collision energies are set
to be 20 kcal/mol and 50 kcal/mol with the reagent molecules
Hy/D, /T, (v =0 and j = 0). The orientation of the diatomic
molecule and the phase of the diatomic vibrational motion are
randomly sampled by a Monte Carlo procedure and the impact
parameters are optimized before running the trajectories.

2.2. Vector correlations

The CM reference frame is used in the present investiga-
tion. The initial relative velocity vector k of reagent is paral-
lel to the z axis in the CM frame. Scattering plane x—z plane
contains k and relative velocity vector k' of the final product.
Scattering angle 0, is the angle between k and k’. The ¢, and
6, are the azimuthal and polar angles relating to final rotational
angular moment j' respectively.

The distribution function P(6,) describing the k—j' cor-
relation can be expanded into a series of Legendre polyno-

mials 48!

1
5; (2k+1) ao Pk(cose) (1)
The coefficient of the expansion is called the rotational align-
ment parameter of the product. For k = 2,

@ _ —(P(iE)) = 2 (3cos26,

ay’ = (Ps(cos6,)) = (P(5-k)) = 2<3cos 6,—1). (2

The dihedral angle distribution function P(¢),) describ-
ing the k—k'—j’ correlation can be expanded into a Fourier
series 48]

((pr)_ 1+ Y aycosng.+ Y bysinng,). (3)

even,n>2 even,n>1

The joint probability density function of angles 6, and ¢,
can be expressed by

1
P(6r,9,) = H;[k]agckq(9r>¢r)*
q

+8ing@, | Ciy(6,,0).(4)

Z Z [ g COSqPr —
k g>0
The full three-dimensional angular distribution associated
with k—k'—j’ can be represented by a set of generalized
polarization-dependent differential cross sections (PDDCSs)
in the CM frame, which is described in Ref. [49].

3. Results and discussion
3.1. Cross section and k—k’ vector correlation

To show the validity of the QCT method, we calculate the
integral cross section in a collision energy range of 1 kcal/mol—
20 kcal/mol, which is shown in Fig. 1. The total cross section
calculated by Pederson ef al. based on the RKHS PES is also
shown in the figure for comparison.*%! It can be noted that
our QCT results based on DMBE-SEC PES are in overall ac-
cordance with their results, demonstrating the correctness of
QCT calculations. In addition, the calculated threshold en-
ergy (about 4.5 kcal/mol) is also in agreement with their result
(about 4 kcal/mol).
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Fig. 1. (color online) Cross section as a function of collision energy for
N + H, — NH + H calculated by QCT (solid circle line) and similar
calculation cited from Ref. [30] (solid square line).

The k-k’ angle distribution is shown in Fig. 2(a), dis-
playing the calculated DCSs for N+ Hy/D,/T, (v =0, j =0)
at a collision energy of 20 kcal/mol. Clearly, the NH/ND/NT
molecules are mainly scattered forward—backward symmetry.
Pederson et al.!'% reported a similar forward-backward sym-
metry scattering in ground state, whereas the results calculated
are for the first excited state of NH,. In fact, it can be com-
prehended easily due to the resemblant values of barrier and
the valley on reaction pathways between both states as can be
seen from Fig. 1 in Ref. [50]. In addition, it can be concluded
that the dominant angular dependence of the cross section is
governed by the insertion mechanism. With the enhancement
of target molecule mass, the backward scattering lowers and
forward scattering increases slightly. From Fig. 2(b) we can
see that the forward—backward symmetry scattering also ex-
ists when the collision energy is 50 kcal/mol. Particularly, the
forward scattering becomes more obvious when considering
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the isotope effects, i.e., the larger the target molecular mass,
the higher the forward scattering frequency will be. That is
to say, with the enhancement of collision energy, the scatter-
ing of isotope effect becomes more pronounced. In addition,
it should be noted that the trends of N + H, reaction between
50°-90° are different from the other isotope reaction trends as
indicated by comparing Fig. 2(b) with Fig. 2(a), which could
explain the fact that larger collision energy could have larger
influence on DCSs.
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Fig. 2. (color online) Variations of differential cross sections for the re-
actions N + H,/D,/T; proceeding on the DMBE-SEC PES with scatter-
ing angle at the collision energies of (a) 20 kcal/mol and (b) 50 kcal/mol.

3.2. k—j' vector correlation

The relative alignment of the k, 3’ vectors and the rela-
tive orientation of the k, k', and j’ vectors could be described
by P(6,) and P(¢,) distributions, respectively, which can pro-
vide an overall representation of the polarization of rotational
angular momentum vector of NH molecular in the scattering
plane. Figure 3 shows the distributions of P(6,) for the re-
actions N + Hy/D,/T, at collision energies of 20 kcal/mol and
50 kcal/mol. The distributions of P(6,) are maximal for 6, at
90° and symmetric with respect to 90°. The 7 is distributed
with cylindrical symmetry in the scattering frame of the prod-
uct, and the direction of j’ is perpendicular to k direction.
However, as shown in Fig. 3, if the mass of the molecule tar-
get isotope transfers, the changes of the peaks of P(6,) dis-
tribution are smaller, which indicates that the mass effect of
molecule target isotopic variant becomes inconspicuous. It

may be explained that the mass of attacking atom (N) is too
large relative to the targets (Hp/D,/T5) to exert a large influ-
ence on the product rotational alignment. In Fig. 3(b), the
peaks of the three reactions are almost the same, indicating
that large collision energy almost has no effect on the rota-
tional alignment. The values in Table 1 could be further used
to demonstrate that the increase of the target molecule mass
leads to little change in the P(6,) distribution. In addition,
it is worth mentioning that with the enhancement of target
molecule mass, the values of P(6,) distribution at 6, = 0° and
180° become lower gradually. It could be demonstrated that
with the increase of the target molecule mass, the polarization
parallel to the direction of the relative velocity of reactants be-
comes weaker.

P(6r)
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Fig. 3. (color online) Rotational polarizations of the NH/ND/NT prod-
ucts from the reactions N+ H,/D,/T,, and distributions of P(6,) re-
flecting the k—j’ vector correlation at the collision energies of (a)
20 kcal/mol and (b) 50 kcal/mol.

Table 1. Product rotational alignment parameters (P (j’ - k)) calculated on
the DMBE-SEC PES at collision energies of 20 kcal/mol and 50 kcal/mol
for the reactions N+H,/D,/T5.

Collision energy N+Hy =NH+H N+D; =ND+D N+Ty =NT+T

—0.3908
-0.4097

20 kcal/mol
50 kcal/mol

-0.4059
-0.4111

-0.4094
—-0.4297

3.3. k-K'-j' vector correlation

The profiles of dihedral angle distribution P(¢,) describ-
ing the k—k'—j’ vector correlations at two collision energies of
20 kcal/mol and 50 kcal/mol are shown in Fig. 4. It can be seen
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that in contrast to the symmetric feature of the P(6,) distribu-
tion, P(¢,) distributions tend to be asymmetric obviously with
respect to the k—k’ scattering plane (or about ¢, = 180°). The
peaks appearing at 90° and 270° imply that the products tend
to align along the y axis (perpendicular to the scattering plane).
We can infer roughly that the reaction is much easier to happen
when the reactant relative velocity is parallel to the plane con-
taining three atoms, or the PES tends to rotate the three atoms
into a plane parallel to k to proceed with the reaction. That is
to say, the products have a preference for a counterclockwise
rotation in the plane parallel to the scattering plane, the reac-
tion is mainly governed by “in-plane” mechanism. The peaks
at 270° are much lower than those at 90°, which means that '
tends to be oriented along the positive direction of the y axis.
i.e., the strong polarization of product rotational angular mo-
mentum occurs. At the lower collision energy of 20 kcal/mol,
the peaks at ¢, = 90° become lower whereas the peaks at 270°
become higher with the enhancement of the target molecule
mass. At the higher collision energy of 50 kcal/mol, in con-
trast, the distribution of P(¢,) shows that the peaks at ¢, = 90°
and 270° become higher with the enhancement of the target
molecule mass.

In order to show the angular momentum polarization
clearly, the distributions of P(6,,9,) are calculated (Fig. 5),
which represent the average scattering angles of the full distri-
bution P(@y, ®,). The tomographical features of the distribu-
tions of the P(6;, ¢,) peaks at (/2, 37r/2) are in good accor-

P(0,, ¢,)

P(0r, ¢7)

dance with those of the distributions of P(6,) and P(¢,). The
plot of the distribution of P(6,, ¢,) indicates that the products
are preferentially polarized in the direction perpendicular to
the scattering plane and the reactions are mainly dominated by
“in-plane” mechanisms.

P(¢r)

(b)

Fig. 4. (color online) Rotational polarization of the NH/ND/NT prod-
ucts from the reactions N + H,/D,/T», (from outer to inner), and distribu-
tions of P(¢,) reflecting the k—k'—j’ vector correlation at the collision
energies of (a) 20 kcal/mol and (b) 50 kcal/mol.

Fig. 5. (color online) Polar plots of P(6,, ¢,) distribution averaged over all scattering angles for the reactions N + Hy/D,/T; (from 1 to

3) at the collision energies of (a) 20 kcal/mol and (b) 50 kcal/mol.

4. Conclusions

In this work, the stereodynamics of N + Hy/D,/Ty —
NH/D/T + H/D/T isotope reactions is studied using QCT

method based on the first excited state NH,(12A’) DMBE-
SEC PES. The 0.5x 107 trajectories run in each initial con-

dition to investigate the effects on the product alignment and
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the orientation. The forward—backward scatterings at collision
energies of 20 kcal/mol and 50 kcal/mol are investigated, and
the insertion mechanism could be concluded through calculat-
ing the DCSs. The three angle distributions P(6,), P(¢,), and
P(6,,¢,) are also calculated. The results show that the prod-
uct rotational angular momentum 5’ is not only aligned, but
also oriented along the direction perpendicular to the scatter-
ing plane. The calculated distribution of P(6;,¢,) indicates
that the NH/ND/NT products are preferentially polarized in
the direction perpendicular to the scattering plane and the re-
actions are mainly dominated by “in-plane” mechanism.
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