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The effect of collision energy on the stereodynamics of the reaction
H(2S) + NH (X3

∑
−, v = 0v = 0v = 0, j = 0j = 0j = 0)→N(4S) + H2
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The quasi-classical trajectory (QCT) is calculated to study the stereodynamics properties of the title reaction
H(2S) + NH (X3

∑
−)→N(4S) + H2 on the ground state 4A′′ potential energy surface (PES) constructed by Zhai and Han

[2011 J. Chem. Phys. 135 104314]. The calculated QCT reaction probabilities and cross sections are in good agreement
with the previous theoretical results. The effects of the collision energy on the 𝑘–𝑘′ distribution and the product polariza-
tion of H2 are studied in detail. It is found that the scattering direction of the product is strongly dependent on the collision
energy. With the increase in the collision energy, the scattering directions of the products change from backward scattering
to forward scattering. The distribution of P(θ r) is strongly dependent on the collision energy below the lower collision
energy (about 11.53 kcal/mol). In addition, the P(φ r) distribution dramatically changes as the collision energy increases.
The calculated QCT results indicate that the collision energy plays an important role in determining the stereodynamics of
the title reaction.
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1. Introduction
Nitrogen-containing compounds play an important role in

atmospheric chemistry, the combustion of nitrogen-containing
fuels, and explosion processes, which include a series of el-
ementary reactions.[1–6] The ground-state hydrogen abstrac-
tion reaction H(2S) + NH (X3

∑
−)→N(4S) + H2 is important

among these elementary reactions. In recent decades, many
experimental and theoretical studies have been devoted to this
reaction. Experimentally, Morley[7] measured a rate constant
value of k = 1.02×1013 cm3·mol−1·s−1 for the title reaction
over the temperature range 1790 K–2200 K. This value was
further recommended by Baulch et al.[8] in a temperature
range of 1500 K–2500 K. In 1990, Koshi et al.[9] and David-
son and Hanson[10] investigated the N(4S) + H2→H(2S) + NH
reaction using the direct detection of N atoms by the atomic
resonance absorption technique in a shock tube apparatus at
high temperature, and measured the rate coefficient in a tem-
perature range of 1950 K–2850 K. Adam et al.[11] reported
on the room-temperature rate constant k = (1.92± 0.5)×
1013 cm3·mol−1·s−1 for the title reaction using quasi-static
laser-flash photolysis and laser-induced fluorescence technol-
ogy. Theoretically, Xu et al.[12] calculated the potential bar-
rier and the heat of the reaction to be 1.68 kcal/mol and
−28.95 kcal/mol at the MP-SAC4/6-311G** level of theory,
respectively. Zhang and Truong[13] reported on the rate con-
stants in a temperature range of 400 K–2500 K using mi-
crocanonical variational transition state theory (VTST), as
well as the expression of the rate constant as k(T ) = 5.55×

108T 1.44 exp(−0.78 (kcal/mol)/RT) cm3·mol−1·s−1. In addi-
tion, the geometries of the transition state (TS) were presented
by ab initio electronic structure calculations on the various lev-
els of theory.

In the past few years, much effort has been made to con-
struct the three-dimensional potential energy surface (PES)
of the NH2 system.[11,14–16] Pascual et al.[14] constructed a
ground state PES 4A′′ of the NH2 system using a modified
version of the GROW program in Refs. [17]– [20]. Moreover,
they adopted the quasi-classical trajectory (QCT) method and
VTST to theoretically determine the rate constant of the title
reaction. Adam et al.[11] presented a semi-numerical PES by
the multi-reference configuration interaction (MRCI) method
and the augmented polarized quadruple zeta (aug-cc-pVQZ)
basis set of Dunning.[21–25] At the same time, they calculated
the cross section and rate constant of the title reaction using
the QCT method. Poveda and Varandas[15] reported on a real-
istic global potential energy surface from double many-body
expansion (DMBE) theory for the ground state of the NH2

system based on the MRCI/aug-cc-pVQZ level. Han et al.[26]

investigated the reaction probabilities, reaction cross section,
and rotational alignment of the product employing the QCT
and quantum mechanics calculations on the PES of Poveda
and Varandas.[14] Recently, Zhai and Han[16] constructed a
newer 4A′′ PES (Zhai–Han PES) using the many-body expan-
sion theory and the neural network (NN)[27] method from the
high-quality ab initio data based on the MRCI/aug-cc-pV5Z
level. Using Zhai–Han PES and the time-dependent quan-
tum mechanics (TDQM) wave packet method, they obtained
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the reaction probabilities, integral reaction cross-sections, and
rate constants for the title reaction. The calculated rate con-
stants are in good agreement with the related experimental
results.[7,11]

From the above-mentioned discussion, the construction
of the PES of the NH2 system and the investigation of its dy-
namical properties, such as the reaction probabilities, integral
reaction cross sections, and rate constants, have made much
progress. However, little has been reported about the stereo-
dynamics properties of the title reaction. Besides, so far, there
have been no answers as to how accurate the Zhai–Han PES
can be and what the influence of the Zhai–Han PES on the dy-
namics properties of the title reaction is. In order to further
verify the accuracy of the Zhai–Han PES and investigate the
dynamics properties on account of the Zhai–Han PES, we em-
ploy the QCT method to study the stereodynamics properties
of the title reaction. The remainder of the present paper is or-
ganized as follows. In Section 2 the basic theory is reviewed,
and the results and discussion are shown in Section 3. Finally,
some main conclusions are drawn in Section 4.

2. Basic theory
2.1. Quasiclassical trajectory calculations

In this work, the standard QCT method[28,29] is used to
study the stereodynamics of the title reaction based on Zhai–
Han PES.[16] The contours of the 4A′′ PES for the linear ar-
rangement are shown in Fig. 1. The reactants are prepared
with the initial rotational and vibrational quantum numbers
j = 0 and v = 0, respectively, while the collision energy (Ecol)

ranges from 0.1 kcal/mol to 50.0 kcal/mol. Batches of 104

trajectories are sampled for the impact parameters from 0 to
bmax and run for each collision energy. To ensure the conser-
vation of the total energy and total angular momentum within
an acceptable tolerance, the integration step size is fixed to
be 0.1 fs. The trajectories are started and finished at a dis-
tance from the atom to the centre of mass (CM) of the diatom
(30.0 Å, 1 Å = 0.1 nm) to ensure no interaction between them.
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Fig. 1. The contours of the NH2 PES in internal coordinates at
θN−H−H = 180◦. The figure is cited from Ref. [12].

2.2. Cross sections

In the framework of QCT, the total reactive cross section
is defined as

σr = πb2
max

Nr

NT
, (1)

where Nr is the number of reactive trajectories and NT is
the total number of trajectories. The trajectories are run as
a function of impact parameter b, which is sampled accord-
ing to the formula b2 = ξ b2

max, where ξ is a random num-
ber in the (0,1) interval. The sampling error is defined as
σ =

√
(NT−Nr)/NTNr × 100%, and the uncertainty of the

cross section may be estimated by

∆σr = σrσ . (2)

2.3. Vector correlations

The CM frame is chosen to describe the directions of the
various vectors, as shown in Fig. 2. The z axis is parallel to the
relative velocity of the reagent 𝑘, and the y axis is orthogonal
to the x–z plane containing 𝑘 and 𝑘′ (the final relative veloc-
ity of the product). θ t refers to the scattering angle between
the vectors 𝑘′ and 𝑘, and θ r and φ r are the polar angle and
azimuthal angle of the final rotational angular momentum 𝑗 ′,
respectively.
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Fig. 2. The centre-of-mass coordinate system used to describe the 𝑘–
𝑘′–𝑗 ′ correlations.

The differential cross section (DCS), which describes the
𝑘–𝑘′ distribution or the scattering direction of the product, is
given by[29]

dσR

dω
=

σR

2π

[
1
2
+∑

n
anPn(cosθt)

]
, (3)

where

an =
2n+1

2
〈Pn(cosθt)〉 . (4)

The distribution function P(θ r), which describes the 𝑘–𝑗 ′

correlation, can be expanded in a series of Legendre polyno-
mials as follows:[30]

P(θr) =
1
2 ∑

k
(2k+1)a(k)0 Pk(cosθr), (5)
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where the coefficient a(k)0 =
∫

π

0 P(θr)Pk(cosθr)sinθr dθr =

〈Pk(cosθr)〉 is the polarization parameter. When k is odd, the
polarization parameter is called the orientation parameter, and
when k is even, it is called the alignment parameter. k = 2
indicates the rotational alignment of the product:

a2
0 = 〈P2(cosθr)〉= 〈P2( j · k)〉= 1

2
〈3cos2

θr−1〉. (6)

The dihedral angle distribution function P(φ r) describing
𝑘–𝑘′–𝑗 ′ correlation can be expanded in a Fourier series as[31]

P(φr) =
1

2π
(1+ ∑

even,n≥2
an cosnφr)+ ∑

even,n≥1
bn sinnφr, (7)

where

an = 2〈cosnφr〉 and bn = 2〈sinnφr〉. (8)

In the present work, P(φ r) is expanded up to n = 24, which
shows a good convergence.

The joint probability density function of angles θ r and φ r

can be expressed by

P(θr,φr)

=
1

4π
∑
kq
[k]ak

qCkq(θr,φr)
∗

=
1

4π
∑
k

∑
q≥0

[ak
q± cosqφr−ak

q∓ sinqφr]Ckq(θr,0). (9)

The polarization parameter in our calculation is expressed as

ak
q± = 2〈Ck|q|(θr,0)cosqφr〉, k is even, (10a)

ak
q∓ = 2i〈Ck|q|(θr,0)sinqφr〉, k is odd. (10b)

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

3. Results and discussion
3.1. Reaction probabilities

Figure 3 presents the reaction probabilities for total an-
gular momentum 𝐽 = 0 in a collision energy range of 0–
20 kcal/mol. As the validity test for the present QCT calcu-
lations, the previous TDQM and QCT results[26] on DMBE
PES are also shown in Fig. 3. It is easy to see that the QCT re-
sults overestimate the corresponding TDQM values near the
threshold, mainly due to the problem of zero-point energy
leakage.[32] At some collision energies, our QCT values are
larger than the previous corresponding TDQM and QCT ones,
which is mainly due to the fact that the PES employed by us
is different from that by Han et al.[26] As a whole, our QCT
results of the reaction probabilities are in good agreement with
the previous results.[26] Therefore, one can conclude that the
Zhai–Han PES is accurate and reliable for the study of the dy-
namic properties of the title reaction.
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Fig. 3. (color online) A comparison between the QCT-computed re-
action probability in this work and the other theoretical results for the
H(2S) + NH (X3

∑
−, v = 0, j = 0)→N(4S) + H2 reaction, where the

solid line and the squares denote the QM results and QCT results of
Han et al.,[26] respectively. The solid triangles refer to the QCT results
in the present work.

3.2. Reactive cross section

Figure 4 shows the reactive cross sections for the
H(2S) + NH (v =0, j = 0) →N(4S) + H2 reaction, each as a
function of the collision energy. Our QCT results are com-
pared with the previous QCT and TDQM results.[11,16] As can
be seen in Fig. 4, all the QM cross sections for this system
are greater than the corresponding QCT results. As shown in
Fig. 4, the QM-Coriolis coupling (QM-CC) results are smaller
than the QM-centrifugal sudden (QM-CS) results at the higher
collision energy. It is easy to see that the QCT results of this
work are more consistent with the QM-CC results of Zhai and
Han.[16] Furthermore, because of the barrier in the entrance
channel, the cross sections evidently rise with increasing 𝐸c

before they reach their own plateau at around 20 kcal/mol.
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Fig. 4. (color online) Reactive cross sections, each as a function of
the collision energy calculated for the H(2S) + NH (X3

∑
−, v = 0, j =

0)→N(4S) + H2 reaction. The solid and dashed lines represent the QM-
CS and QM-CC results of Zhai and Han,[16] respectively. The solid cir-
cles denote the QCT results of Adam et al.[11] The solid squares refer
to the QCT results in the present work.

3.3. kkk–k′k′k′ vector correlations

Figure 5 shows the DCSs for the reaction H(2S) + NH
(v = 0, j = 0)→N(4S) + H2 at the selected collision energies.
Obviously, the H2 molecules are scattered mainly in the back-
ward hemisphere at a lower collision energy of 10 kcal/mol
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and evolve from backward scattering to sideways scattering
with increasing collision energy. At a higher collision energy
of 50 kcal/mol, the 𝑘–𝑘′ angular distributions are dominated
by the sideways and forward scattering. This phenomenon
correlates with an increase in bmax, as well as an increasing
fraction of reactive trajectories as the high initial impact pa-
rameters, when the collision energy rises.[33] Analysis of the
dependences of the scattering angle on impact parameter and
collision energy shows that the scattering in the forward hemi-
sphere is produced only in reactive trajectories with high val-
ues of b. This is a consequence of the fact that the exploration
of more repulsive regions of the PES, as collision energy rises,
cannot counterbalance the increasing impulsive effect, which
favors forward scattering.[16]
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Fig. 5. (color online) Differential cross sections for the
H(2S) + NH (X3

∑
−, v = 0, j = 0)→N(4S) + H2 reaction at five col-

lision energies, plotted as a function of scattering angle θt.

3.4. kkk– j′j′j′ vector correlations

The P(θ r) distributions of the product H2 describe 𝑘–𝑗 ′

correlations and reflect the rotational polarization of the H2

product. Figure 6 shows the P(θ r) distributions for the title
reaction at six collision energies. It is clear that the P(θ r) dis-
tributions peak at θr = 90◦ and are symmetric with respect to
90◦, which shows that the rotational angular momentum vec-
tor of the product 𝑗 ′ is strongly aligned along the direction
at right angles with respect to the initial relative velocity di-
rection. Further, one can find from Fig. 6 that the peak of the
P(θ r) distribution becomes stronger as the collision energy in-
creases from 4.0 kcal/mol to 11.53 kcal/mol. Besides, it is
easy to conclude from Fig. 6 that the effect of the collision en-
ergy on the P(θ r) distribution is almost negligible in the range
of the higher collision energy. The results elucidate that the
rotational polarization of the H2 product is steeply enhanced
at collision energies below 𝐸col = 11.53 kcal/mol. This phe-
nomenon can be explained by the fact that the repulsive en-
ergy released by the title reaction in the exit channel causes
the angular moment of the 𝑗 ′ product to be preferentially per-
pendicular to the initial relative velocity direction with the in-
crease in the collision energy. However, at a higher collision
energy, the H(2S) + NH (X3

∑
−)→N(4S) + H2 reaction can be

well simulated by the capture model, so most of the large re-
pulsive energy that is released in the exit channel is converted
into the intrinsic energy of the H2 product. Therefore, one can
conclude that the repulsive energy cannot make further contri-
butions to the rotational polarization of the H2 product when
the collision energy is larger than 11.53 kcal/mol.

θr/(Ο)

θr/(Ο)
0 60 120 180

0

1.0

2.0

3.0

0 60 120 180
0

1.0

2.0

3.0

 4.0 kcal/mol
 8.0 kcal/mol
 10.0 kcal/mol

(a)

 11.53 kcal/mol
 20.0 kcal/mol
 50.0 kcal/mol

(b)

P
↼θ
r
↽

P
↼θ
r
↽

Fig. 6. (color online) Distributions of P(θ r) for H(2S) + NH (X3
∑
−,

v = 0, j = 0)→N(4S) + H2, reflecting 𝑘–𝑗 ′ correlation at six collision
energies Ecol = 4.0, 8.0, 10.0, 11.53, 20.0, 50.0 kcal/mol.

3.5. kkk–k′k′k′– j′j′j′ vector correlations

The P(φ r) distributions of the H2 product shown in Fig. 7
describe 𝑘–𝑘′–𝑗 ′ correlations at the six collision energies of
4.0, 8.0, 10.0 kcal/mol and 11.53, 20.0, 50.0 kcal/mol, respec-
tively. The P(φ r) distributions are asymmetric with respect to
the 𝑘–𝑘′ scattering plane. The peaks of P(φ r) appearing at
φ r = 90◦ and φ r = 270◦ not only show that the rotational an-
gular momentum vectors of the products are mainly aligned
along the y axis of the CM frame, but also that the reaction
proceeds preferentially when the reactant velocity vector lies
in a plane containing all three atoms. In all cases, the peak
at φ r = 270◦ is apparently stronger than that at φ r = 90◦,
which means that the rotational angular momentum vector of
the product j′ tends to be oriented along the negative direction
of the y axis.

It is easy to find from Fig. 7 that the P(φ r) distributions
dramatically change as the collision energies increase, which
means that the rotational polarization of H2 is strongly depen-
dent on the collision energy. More specifically, the degree of
orientation becomes much stronger with the increase in colli-
sion energy in a collision energy range from 4.0 kcal/mol to
10.0 kcal/mol. However, the degree of orientation is much
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weaker as the collision energy increases in a collision energy
range from 11.53 kcal/mol to 50.0 kcal/mol.
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Fig. 7. (color online) Dihedral angle distributions of P(φ r), describing
the 𝑘–𝑘′–𝑗 ′ correlation at six collision energies, Ecol = 4.0, 8.0, 10.0,
11.53, 20.0, 50.0 kcal/mol.

Generally speaking, the effects of the collision energy on
the orientation degree of a reaction monotonically change with
increasing collision energy. Therefore, it is an interesting phe-
nomenon that the influences of the relatively low collision en-
ergy and the relatively high collision energy on the product
orientation of the title reaction are greatly different from each
other. According to the impulsive model[29] of the reaction
A + BC→AB + C, the rotational angular momentum of the 𝑗 ′

product can be expressed as

J′ = Lsin2
β + J cos2

β + J1mB/mAB (11)

with

cos2
β = mAmC/(mA +mB)(mB +mC) (12)

and

J1 = (µBC𝐸r)
1/2(𝑟AB×𝑟CB), (13)

where 𝐿 and 𝐽 are the orbital and rotational angular mo-
mentums of the reactant molecule AB, respectively; cos2 β

is the mass factor; µBC represents the reduced mass of the
BC molecule; 𝐸r is the repulsive energy; and rAB and rCB

are unit vectors where B points to A and C, respectively.
During the forming and breaking of the chemical bond for
the title reactions, the term Lsin2

β + J cos2 β in Eq. (9) is
symmetric with respect to the 𝑘′–𝑘 scattering plane. How-
ever, J1mB/mAB tends to a preferred direction because of the

effect of the repulsive energy 𝐸r, which causes the orien-
tation of the product molecule. The repulsive energy pro-
duces more H2 molecules rotating clockwise in the scattering
plane when the collision energy increases from 4.0 kcal/mol
to 11.53 kcal/mol. However, the rotation preference of H2

will change from the in-plane reaction mechanism to the out-
of-plane mechanism when the collision energy is higher than
11.53 kcal/mol, which also means that the peaks of the P(φ r)

distributions at φ r = 270◦ become lower and broader. Figure 8
depicts the distributions of the P(θ r, φ r) at collision energies
of 10.0 kcal/mol and 50.0 kcal/mol, and the peaks at 90◦ and
270◦ are in good accordance with those of the distributions of
P(θ r) and P(φ r).
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Fig. 8. (color online) Polar plots of P(θr,φr) distribution averaged over
all scattering angles for the H(2S) + NH (v = 0, j = 0)→N(4S) + H2 re-
action at two collision energies, Ecol = 10.0 kcal/mol and 50.0 kcal/mol.

In order to gain a deep understanding of the reaction
mechanism of the title reaction, we observe many reactive tra-
jectories and analyze the evolutions of the three inter-nuclear
distances with time. The variations in the internuclear dis-
tances of Ha–Hb, Hb–N, and Ha–N are presented each as a
function of propagation time in Fig. 9. It is clear from Fig. 9
that the title reaction is dominated by the direct reaction mech-
anism and the collision time becomes shorter with the incre-
ment in collision energy. As a result of a small barrier in the
entrance channel of the title reaction, a purely downhill takes
its route to the products. Therefore, the long-lived collision
complexes cannot form on the PES, and a direct dynamic dom-
inates the whole collision process.
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Based on the above analyses, a picture is presented to describe the relationship between the microscopic mechanism and the
orientation of the 𝑗 ′ vector in the CM frame. The top panels of Fig. 10 illustrate the trajectories at the low collision energy. When
the reactants go through the saddle point, the H2 molecule is scattered in the backward hemisphere and the 𝑗 ′ rotates clockwise
in the scattering plane due to the large repulsive energy that is released in the exit channel. As can be seen in the bottom panels
of Fig. 10, during N–Hb bond breaking, the Ha atom, having a high kinetic energy, captures the Hb and scatters in the forward
hemisphere.
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Fig. 10. (color online) Schematic illustration of two typical trajectories leading to 𝑗 ′ orientation in the CM scattering frame. The top
panels show the rebound reaction trajectories and the bottom panels show the stripping reaction trajectories.

4. Conclusions
In this paper, we use the QCT method to study the stere-

odynamics of the reaction H(2S) + NH (X3
∑
−, v = 0, j =

0)→N(4S) + H2 taking place on the ground state the of NH2

system. The influences of the collision energy on the total

reaction cross section, the 𝑘′–𝑘 vector correlation, and the
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product polarization of the title reaction are investigated. It
is found that the collision energy significantly enhances the
reactive cross section. The product mainly tends to backward
scattering at lower collision energies, but sideways and for-
ward scattering emerge at higher collision energies. In a colli-
sion energy range of 4.0 kcal/mol–50.0 kcal/mol, the product
rotational angular momentum vector 𝑗 ′ is oriented along the
negative direction of the y axis. The distributions of P(φr) for
the title reaction indicate that the rebound reaction is domi-
nated by an in-plane mechanism at the lower collision energy,
while the stripping reaction is dominated by an out-of-plane
mechanism at the higher collision energy. In all cases, the title
reaction is dominated by the direct reaction mechanism and
the collision time becomes shorter with the increase in colli-
sion energy.
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