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Abstract The product angular momentum polariza-
tion of the reaction of H+NH is calculated via the
quasiclassical trajectory method (QCT) based on the
extended London-Eyring-Polanyi-Sato (LEPS) poten-
tial energy surface (PES) at a collision energy of 5.1
kcal/mol. The calculated results of the vector correla-
tions are denoted by using the angular distribution func-
tions. The polarization-dependent differential cross sec-
tions (PDDCSs) demonstrate that the rotational angu-
lar momentum of the product H2 is aligned and oriented
along the direction perpendicular to the scattering plane.
Vector correlation shows that the angular momentum of
the product H2 is aligned in the plane perpendicular to
the velocity vector. It suggests that the reaction pro-
ceeds preferentially when the reactant velocity vector lies
in a plane containing all three atoms. The orientation
and alignment of the product angular momentum affects
the scattering direction of the product molecules. The
polarization-dependent differential cross sections (PDD-
CSs) reveal that scattering is predominantly in the back-
ward hemisphere.
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The reaction H + NH → N + H2 is important mainly
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because of its impact on the processes that occur in the
combustion of nitrogenous compounds [1]. The reaction
of NH

(
X3

∑−)
+ H(2S) has been studied in rich pre-

mixed H2/O2/Ar flames doped with CH3CH in the tem-
perature range 1790 K� T �2200 K [2]. The NH(X)
concentration has been followed by laser-induced fluo-
rescence (LIF). The rate of removal of NH(X)has been
found to depend linearly on H atom concentration for
a range of stoichiometries. ab initio study [3] of this
reaction indicates that the reaction has a collinear tran-
sition state, and the barrier height is 1.69 kJ/mol. A
recent study on the microdynamics of this reaction [4]
illuminates that the reaction occurs via a direct channel
and the product H2 is mainly scattered backward. The
product H2 is in a cold excitation of its rotational state,
but has a hot vibrational excitation. Kinetics of the re-
action H+NH ↔ N+H2 have been studied using a direct
ab initio dynamics method [5]. Thermal rate constants
for this reaction were calculated using the microcanonical
variational transition state theory. The calculated rate
constants for both forward and reverse reactions are in
good agreement with available experimental data. Pas-
cual and co-workers [6] investigated the reaction on a
global 4A′′ PES obtained from ab initio electronic struc-
ture calculations with the classical trajectories. Adam
and Hack [7] presented a direct measurement of the rate
coefficient of the reaction NH

(
X3

∑)
+ H(2S) at room

temperature, calculated a PES for the 4A′′ state, and
performed classical trajectory calculations for this reac-
tion. On the other hand, the decomposition reaction
NH2(X̃) → NH(X) + H(2S) and the reverse reaction
N(4S) + H2

(
X1

∑+
g

) → NH(X) + H(2S) have been ex-
amined [8−12]. However, the vector correlation of this
reaction has not been reported. To fully understand the
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dynamics of an elementary reaction, it is important to
study not only its scalar properties, but also its vector
properties. Such properties, which include velocities and
angular momentum, possess not only magnitudes that
can be directly related to translational and rotational en-
ergies, but also well-defined directions. By understand-
ing all the properties above, a complete picture of the
scattering dynamics can be obtained.

Since the pioneering work of Fano and Macek [13] and
of Herschbach and co-workers [14−17], it has been rec-
ognized that a detailed, three-dimensional picture of the
dynamics of reactive collisions emerges with the determi-
nation of the correlated angular distribution describing
mutual orientations of the reagent and product linear
and angular momentum. Experimental and theoretical
interest in vector correlation in the reaction processes
A + BC → AB + C has increased significantly in recent
decades [18−28]. The most familiar vector correlation
between the reagent and product relative velocity vector
(k, k′) is characterized by the differential cross-section
dσ/dωt. Furthermore, the angular distribution describ-
ing the relative orientation of vectors k, k′, and j′ in
space may be termed the k-k′-j′ distribution (Fig. 1):
The correlations which characterize it are some interest-
ing double and triple vector correlations [29].

Fig. 1 The center of mass coordinate system for describing the
k, k′ and j′ distribution.

The reaction H+NH → N+H2 is a high-temperature
reaction in the 2000−3000 K range. Quantum effects
such as the tunneling and curvature effect are less impor-
tant. It is suitable for the use of quasiclassical calculation
to investigate the microdynamical characteristics of this
reaction. The QCT method for the polarizations has
been widely used in the homothetic reactions [30]. By
using LEPS type PES of the collinear N−H−H, we cal-
culate the minimal energy paths for this reaction and the
product rovibrational distributions. In this research, we
study the vector properties of this reaction by calculating
the angle distribution functions P (θr), P (φr), P (φr , θr)
and the polarization-dependent differential cross sections
(PDDCSs).

2.1 Product distributions and vector correlations in
the center-of-mass (CM) frame

The CM frame chosen has the z-axis parallel to the
reagent relative velocity k, and the xz -plane contains k

and k′. In the CM frame, the distribution of the angular
momentum j′ of the product molecule is described by
the function f(θ), where θ is the angle between j′ and
k. f(θ) can be expanded in a Legendre polynomial series
[31]:

f(θ) =
∑

anpn(cos θ) (1)

n = 2 indicates the product rotational alignment
〈P2(j′ · k)〉 = 〈3 cos2 θ〉/2, where P2 is the second Legen-
dre moment, and the brackets indicate an average over
the distribution of j′ about k. The k-j′ correlated CM
angular distribution is written as the sum [31, 32]:

P (ωt, ωr) =
∑

kq

[k]
4π

1
σ

dσkq

dωt
Ckq(θr, φr) (2)

where (1/σ)(dσkq/dωt) is the generalized polarization-
dependent differential cross-section (PDDCS). The
PDDCS is written in the following form:

1
σ

dσkq±
dωt

=
1
4π

∑

k1

[k1]Sk1
kq±Ck1−q(θt, 0) (3)

where Sk1
kq± is evaluated using the expected value expres-

sion:

Sk1
kq±=〈Ck1q(θt, 0)Ckq(θr, 0)[(−1)qeiqφr ± e−iqφr ]〉 (4)

where the angular brackets represent an average over all
angles.

Many photoinitiated bimolecular reaction experiments
will be sensitive only to polarization moments with k = 0
and k = 2. To compare calculations with experiments,
(2π/σ) (dσ00/dωt), (2π/σ) (dσ20/dωt), (2π/σ) (dσ22+/

dωt) and (2π/σ) (dσ21−/dωt) are calculated. In the com-
putation, PDDCSs are expanded up to k1 = 7, which is
sufficient for good convergence. The usual two vector
correlations (k-k′, k-j′, k′-j′) are expanded in a series of
Legendre polynomials, and the distribution of the k-j′

correlation is characterized by P (θr). The P (θr) can be
written as [33, 34]:

P (θr) =
1
2

∑

k

[k]ak
0Pk(cos θr) (5)

where the ak
0 coefficients (polarization parameters) are

give by ak
0 = 〈Pk(cos θr)〉 with the angular brackets
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Fig. 2 The contour of the LEPS-type PES for the reaction H + NH (a). It can be seen clearly that there is an “early”
barrier in the reaction, but no well in the reaction channel. The energy as a function of the reaction path, traveling along
the minimum energy path, is also shown in Fig. (b). The barrier height is 1.69 kcal/mol, which is in good agreement with
the ab initio result [3] and the experimental value [10].

Fig. 3 Ro-vibrational distributions of the product H2. The product ro-vibrational distributions show that the produced
H2 is cold, with the most probable vibrational quantum number v = 0 and the most probable rotational quantum number
j = 1. It is shown that most of the energies released from the reaction H+NH translates into the translational energy of the
product H2.

standing for an average over all the reactive trajectories.
In this article, the P (θr) is expanded up to k = 18, which
shows a good convergence.

The dihedral angle distribution of the k-k′-j′ correla-
tion is characterized by the angle φr [32, 35]. It has been
shown that the distribution of dihedral angle φr may be
expanded as a Fourier series, and the φr distribution can
be written as:

P (φr)=
1
2π

=
(
1+

∑

neven�2

an cos nφr+
∑

nodd�1

bn sin nφr

)

(6)

with an and bn yielding an =2〈cos nφr〉, bn =2〈sin nφr〉.
In our computation, P (φr) is expanded up to n = 24
for a good convergence. The joint probability density
function of angles θr and φr, which defines the direction
of the angular momentum of the product (j′), can be
written as [35]:

P (θr, φr) =
1
4π

∑

kq

[k]ak
0Ckq(θr, φt)∗

=
1
4π

∑

k

∑

q�0

[ak
q± cos qφr

−ak
q±i sin qφr]Ckq(θr, 0) (7)

The polarization parameter ak
q is evaluated as:

ak
q± = 2〈Ck|q|(θr, 0) cos qφr〉k, is even (8)

ak
q∓ = 2i〈Ck|q|(θr, 0) sin qφr〉k, is odd (9)

In the calculation, P (φr , θr) is expanded up to k = 7,
which is sufficient for good convergence.

2.2 Potential energy surface (PES) and quasiclassical
trajectory calculations (QTC)

The extended London-Eyring-Polanyi-Sato (LEPS)
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PES,

U(R1, R2, R3) = Q1 + Q2 + Q3 −
{1

2
[(J1 − J2)

+ (J2 − J3) + (J3 − J1)]
}1/2

(10)

is employed in our calculations, where Qi = (1Ei+
3Ei)/2, Ji = (1Ei −3 Ei)/2. The 1Ei is defined as the
diatomic Morse potential function, and the 3Ei is the
anti-Morse function,

1Ei = Di({1 − exp[−βi(r − r0)]}2 − 1) (11)

3Ei =3 Di({1 + exp[βi(r − r0)]}2 − 1) (12)

where 3Di = Di(1 − Si)/2(1 + Si). Si is an adjustable
parameter, while the subscript i = 1, 2, 3 indicate H–H,
H–N, H–N respectively.

In this paper, we use the 3-atom model quasiclassical
trajectory method with a time step of 0.1 fs and integral
time of 1000 fs. The accuracy of the trajectory is checked
by the conservation of total energy and total angular
momentum, and more critically by backward integration
from the final state (t = tf ) to the initial state (t = 0).
The initial state of NH is in its ground rotational and
vibrational state and the initial collision energy is 5.1
cal/mol, corresponding to the Maxwell-Boltzma distri-
bution at 2000 K. To obtain results with good statistics,
50 000 trajectories are calculated. The parameters of
extended-LEPS PESs are presented in Table 1. Here,
the Sato parameters are taken from Ref. [4].

Table 1 Parameters used in the LEPS potential surface for the

reaction H + NH.

Parameters H−H H−N H−N

βe/Å−1 1.94 1.58 1.58

re/Å 0.0741 1.0360 1.0360

De/(kJ·mol−1) 0.0741 1.0360 1.0360

Sato* 0.364 0.10 −0.10

*Taken from Ref. [4].

Vector correlation and the polarization–dependent, “gen-
eralized” differential cross-sections (PDDCS) for the re-
action H+NH → N+H2 are presented in Fig. 4. In Fig. 4
(a), the P (θr) distribution has a peak at angle θr which is
close to π/2 and symmetric with respect to π/2. The dis-
tribution of P (θr), which represents the k′-j′correlation,
follows a cylindrical symmetry in the product scattering
frame and has JH2 always perpendicular to uH2 . The
dihedral angle distribution P (φr) displayed in Fig. 4 (b)
tends to be asymmetric with respect to the scattering

plane, directly reflecting the strong polarization of an-
gular momentum. It indicates that the distribution of
j′ does not have azimuthal symmetry about the initial
relative velocity vector of the H+NH reaction. In partic-
ular, the P (φr) provides new insight into the reorienting
or polarizing role played by the potential energy surface.
The peak of the P (φr) at φr = π/2 and φr = 3π/2 shows
that most of the product molecules are ejected with j′

aligning along the CM y-axis. This behavior suggests
that the reaction proceeds preferentially when the reac-
tant velocity vector lies in a plane containing all three
atoms. However, given the very low probability of such
planar collisions for an initially random orientation of re-
actant molecules, one must conclude that the potential
energy surface reorients or polarizes the plane containing
the three atoms into the k-k′ plane during the reaction
process. The peak of the P (φr) at φr = 3π/2 is also
apparently stronger than that at φr = π/2 for the reac-
tion H+NH. The calculation results illustrate that the
rotational angular momentum of the product H2 is not
only aligned, but also oriented along the direction per-
pendicular to the scattering plane. Figure 4 (c) presents
the angular momentum polarization in the form of polar
plots in θr and φr, averaged over all scattering angles.
It can be seen clearly that the distributions of P (φr , θr)
peak at φr = π/2, φr = 3π/2. This denotes the rota-
tional angular momentum of the products perpendicular
to the k-k′ plane. The distributions of the P (φr , θr) are
in good accordance with the distributions of P (θr) and
P (φr).

Figure 4 (d) displays the distribution of four PDDCS
with the angle θr between k and k′ for the reaction
H + NH. The PDDCSs describe the k-k′-j′ correla-
tion and the scattering direction of the product. The
(2π/σ)(dσ00/dωt) pictures the k-k′ correlation or the
scattering direction of the product molecule. It can
be seen from the distribution of (2π/σ)(dσ00/dωt) that
the product molecules are mainly scattered backward.
This is in agreement with the result of Ref. [4]. The
(2π/σ)(dσ20/dωt), whose value is the expectation value
of the second Legendre moment, shows the trend which
is opposite that of (2π/σ)(dσ00/dωt), because the ex-
pected values 〈P2(cos θr)〉 are negative. When the re-
action shows a strong alignment, the PDDCS for k = 0,
q �= 0 are shown in Fig. 4 (d). At the extremes of forward
and backward scattering, the PDDCS with q �= 0 are nec-
essarily zero. At these limiting scattering angles, the k-k′

scattering plane is not determined and the value of these
PDDCSs with q �= 0 must be zero. The PDDCS with
q �= 0 at the scattering angles away from the extreme
forward and backward directions provide information on
the φr dihedral angle distribution and are nonzero at
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Fig. 4 (a) The distribution of P (θr), reflecting the k′-j′ correlation. (b) The dihedral angular distribution of j′, P (φr)
with respect to the k-k′ plane. (c) Polar plots of P (θr, φr) distribution averaged over all scattering angles. (d) Four PDDCS,
solid line indicating (2π/σ)(dσ00/dωt), dash indicating (2π/σ)(dσ20/dωt), shot dash dot line indicating (2π/σ)(dσ22+/dωt),
dash dot line indicating (2π/σ)(dσ21−/dωt).

scattering angles away from θr = 0 and π. This indi-
cates that the P (φr, θr) distribution is not isotropic for
sideway-scattering products.

This paper has presented a quasiclassical trajectory
study of product polarization from the reaction H +
NH → N + H2. We calculated the minimal energy paths
for the reaction H + NH, the product ro-vibrational
distributions, vector correlation and four polarization-
dependent “generalized” differential cross sections
(PDDCS). The calculated differential cross section
(2π/σ)(dσ00/dωt) illustrates that the scattering is pre-
dominantly in the backward hemisphere. Vector corre-
lation indicates that JH2 is aligned in the plane perpen-
dicular to the velocity vector, and the reaction proceeds
preferentially when the reactant velocity vector lies in a
plane containing all three atoms. The four PDDCSs give
a good explanation about the vector correlation.
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