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Abstract. To investigate the effects of reagent vibrational and rotational states on the stereodynamical pro-
perties of the N(4S) + H2(v, j) → NH + H reaction and its reverse reaction of H(2S) + NH(v, j) → N(4S) +
H2, we reported a detailed quasiclassical trajectory study using the 4A′′ double many-body expansion potential
energy surface and at the collision energy of 35 kcal/mol. The density distribution of P(θr) as a function of
the angle between k and j ′, and that of P(ϕr) as a function of the dihedral angle between the plane containing
k–k′ and the plane containing k′– j ′, the normal differential cross-sections as well as the averaged product
rotational alignment parameter

〈
P2

(
j ′ · k

)〉
are calculated and reported. Comparison between the two reactions

has showed that the degrees of alignment and orientation of products related to reagent rovibrational state have
marked differences for the two reactive systems.

Keywords. Stereodynamics features; vibrational excitation; rotational excitation; quasiclassical trajectory
calculation.

1. Introduction

Reactions involving the nitrogen atom are of essen-
tial importance to atmospheric chemistry and combus-
tion chemistry. While reactions of electronically excited
N(2D) with H2 have been widely studied,1–4 some
research attention has been paid to N(4S) + H2 →
NH + H and its reverse reaction. Theoretically, for the
NH(X3�−) + H → N(4S) + H2 reaction, Xu et al. 5

depicted the energy profiles along the intrinsic reaction
coordinate (IRC) and reported its potential barrier at
the MP-SAC4/6-311G level. In the temperature range
2000–3000 K, their calculated variational- transition-
state rate constants agree well with the experimen-
tal values. Using a direct ab initio dynamics method,
Zhang and Truong6 studied the kinetics of the N(4S) +
H2 → NH(3

∑−
) + H reaction at the QCISD(TQ)/cc-

pVTZ level, providing information on reaction path,
forward and reverse barriers, energies along the mini-
mum energy path, etc. They also calculated thermal rate
constants with the microcanonical variational transition
state theory. In 2002, Pascual et al. 7 reported a detailed
quasiclassical trajectory (QCT) and variational transi-
tion state theory study of the two reactions, employing

∗For correspondence

their own constructed potential energy surface (PES)
at the MCQDPT2// FORS-MCSCF(7,6)/6-311++G∗∗

level. They found that the NH + H(2S) → N + H2 reac-
tion prefers a product vibrational level of v′ = 1 for
trajectories initiated at low translational energy of ET.
Moreover, their calculated rate constants for the for-
ward and reverse reactions were in good accord with
available experimental and theoretical data. Recently,
Han et al. 8 reported the total reaction cross-section, the
averaged product rotational alignment parameter of the
reverse reaction initiated from the ground vibrational-
rotational state of the reactants. They found that the
specific vibrational-rotational rate constant showed an
Arrhenius-type behaviour over the investigated tem-
perature range of 200–2500 K, in excellent agreement
with the experimentally available data. Experimentally,
Koshi et al. 9 presented the rate constant expression
of (2.8 ± 0.2) × 1014 exp(−(33 ± 7)/RT ) for the
N(4S)+H2 → NH+H reaction. He also calculated the
activation energy which is in good agreement with
the experimental measurement. Using atomic resonance
absorption spectrophotometry (ARAS), Davidson and
Hanson10 reported the first direct measurement of the
rate coefficient for the reaction N(4S) + H2 → NH +
H. In 2005, Adam et al. 11 determined the room tempe-
rature rate coefficient for the reaction NH + H(2S) →
N(4S) + H2, and this measurement agrees well with the
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rate coefficient from the QCT calculation on the global
potential energy surface for the 4A′′ state.

Though many researchers have explored the
N(4S)+H2 and NH + H(2S) reaction involving the 4A′′

electronic state, existing information about the chemi-
cal stereodynamics of these two reactions, especially
the role that the reagent vibrational and rotational
excitations played in their chemical stereodynamics,
is rather sparse. In order to understand the dynamics
of the two reactions fully, we apply the QCT method
to these two reactions initiated from different rovibra-
tional states for the purpose of studying the polarization
of product rotational angular momentum, discussing
the influence of the initial reagent rovibrational states
on the product vector properties, as well as comparing
the stereodynamics characters between N(4S) + H2 and
its reverse reaction.

The PES12–19 provides information about the interac-
tion of a reactive system at a molecular level and thus
plays a significant role in kinetics and dynamics studies.
In the present study, we employed the single-sheeted
double many-body expansion (DMBE) PES by Poveda
and Varandas.14

The next section describes concisely the calculation
method. The penultimate section presents the results
and discussion; the final section concludes the article.

2. Theory

The QCT calculation method is the same as that men-
tioned in references20–30. Figure 1 shows the centre-
of-mass (CM) coordinate system utilized in the present
QCT calculation, where the z-axis is parallel to the

Figure 1. The centre of mass frame used in the QCT
calculation and the description of the vectors and their
correlations.

reagent relative velocity k, the product relative veloc-
ity k′ is contained in the xz plane, while the y-axis
is perpendicular to the xz scattering plane. θ t is called
the scattering angle, representing the angle between the
reagent relative velocity and product relative velocity.
θ r and ϕr are the polar and azimuthal angles of the
product rotational angular momentum j ′.

The distribution function P(θr), which describes the
k − j ′ correlation, can be expanded in a series of
Legendre polynomials,31–33

P (θr) = 1

2

∑

k

(2k + 1) ak
0 Pk (cos θr) , (1)

where

ak
0 = 〈Pk (cos θr)〉 .

Here the angular brackets represent an average over all
the reactive trajectories.

The dihedral angle distribution function P(ϕr),
which describes the k − k′ − j ′ correlation, can be
written as,31,32

P(ϕr)= 1

2π

[

1+
∑

n even ≥2

an cos (nϕr)+
∑

n odd ≥1

bn sin(nϕr)

]

,

(2)
where an = 2 〈cos nϕr〉 and bn = 2 〈sin nϕr 〉.

The generalized polarization-dependent differential
cross-section (PDDCS00)

32 is given by,

2π

σ

dσ00

dωt
= P (ωt) = 1

2

∑

k1

[k1] hk1
0 (k1, 0) Pk1 (cos θt) ,

(3)
where the bipolar moments hk1

0 (k1, 0) are evaluated
using the expected value expression,

hk1
0 (k1, 0) = 〈

Pk1 (cos θt)
〉
. (4)

It is noted that dσ00

dωt
in the left hand side of (3) is just

the normal differential cross-section that can be exper-
imentally measured. Thus, in the following section,
we obtained this normal differential cross-section from
PDDCS00 by dividing a factor of 2π / σ .

In our calculations, the trajectories are run on the sin-
gle 4A′′ electronic state, which means that the present
QCT investigation does not consider the nonadiabatic
dynamics34–42 of the system arising from the Renner–
Teller effect and other nonadiabatic coupling terms. In
order to investigate the initial rovibrational excitation
effects on product polarizations, we choose the reagent
vibrational levels of v = 1, 3, 5, 7 when j = 0 and
rotational levels of j = 2, 4, 6, 8 when v = 0 in our
QCT calculations. The collision energy is chosen to be
35 kcal/mol, and the initial distance from the N atom to
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Table 1. The optimized maximum impact parameters for each reaction initiated from different v, j values.

v = 0 j = 0 v = 0
Reactions rovibrational state j = 0 v = 1 v = 3 v = 5 v = 7 j = 2 j = 4 j = 6 j = 8

N (4S) + H2 → NH + H 0.9 1.42 1.95 2.37 2.75 0.96 0.9 1.05 1.25
H (2S) + HN → H2 + N 2.28 2.55 2.98 3.35 3.75 2.29 2..28 2.28 2.33

the centre of mass of H2 is 15 Å. Batches of 10,000 tra-
jectories are run for each rovibrational state. The inte-
gration step size is chosen as 0.1 fs to ensure the conser-
vation of total energy and total angular momentum. The
optimized maximum impact parameter for each rovi-
brational state is listed in table 1 for N(4S) + H2 → NH
+ H and its reverse reaction.

3. Results and discussion

3.1 Effects of vibrational excitation on N(4S) + H2

and its reverse reaction

The distribution of P(θr) for the two systems shown in
figure 2 reflects the k − j ′ correlation of the products
with j ′ · k = cos θr. As seen, the two reactions illus-
trate symmetric distributions peaked at θr = 90◦, which
implies that product rotational angular momentum vec-
tor j ′ strongly aligns along the perpendicular direc-
tion to k. In detail, in figure 2(a), the P(θr) distribution
becomes higher and narrower with the increasing initial
vibrational quantum number, as revealed in the v = 0, 1
and 3 cases. However, at higher vibrational states such
as v = 5 and 7, products exhibit a weaker tendency
of being aligned along the direction perpendicular to

the reagent relative velocity k as the vibrational num-
ber of H2 molecule increases. These observed features
suggest that the degree of the product rotational align-
ment perpendicular to k displays an increasing-then-
decreasing trend over the whole vibrational state. Seen
in figure 2(b), as the vibrational state of NH molecule
increases, the distribution of P(θ r) becomes broader
with lower peak position at θr = 90◦, and this demon-
strates that the product alignment becomes weaker at
higher vibrational state. The only exceptions are seen
for v = 0 and v = 1, which show no marked dif-
ferences. Thus, as revealed by the P(θr) distributions
of both N(4S) + H2 → NH + H and its reverse reac-
tion, for high vibrational excitation, the product rota-
tional alignment of both reactions becomes weaker with
increase in vibrational quantum number. However, the
effect of reagent vibration on the P(θr) distribution in
N(4S) + H2 → NH + H reaction is more evident than
that of the reverse NH + H(2S) → N(4S) + H2 reac-
tion. Since the reaction barrier of N(4S) + H2 → NH +
H is much higher that that of NH + H(2S) → N(4S) +
H2, this phenomenon indicates that, of the two reactive
systems, the one with the higher barrier height should
have more pronounced reagent vibrational effect on the
product alignment perpendicular to k. In addition, we
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Figure 2. The P (θ r) distribution as a function of the angle θ r between k and j ′ (0◦
≤ θr ≤ 180◦) for (a) N (4S) + H2 (v = 0, 1, 3, 5, 7, j = 0) and (b) H (2S) + HN
(v = 0, 1, 3, 5, 7, j = 0).
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would like to mention that the abstraction mechanism
underlying these two reactions taking place on the 4A′′

electronic state is different from that of the N(2D) + H2

reaction on the 2A′′ electronic state. As known, an inser-
tion mechanism is dominant for the N(2D) + H2 reac-
tion. For example, this insertion type of mechanism has
been vividly shown in the quantum wave packet study
of Rao and Mahapatra,43 where formation of reso-
nances as well as a heavy built-up of probability density
near the perpendicular geometry of NH2 in the time evo-
lution of the decaying resonance indicating that N atom
approaches the H2 molecule perpendicularly, supported
the insertion type of reaction mechanism.

The dihedral angle distribution of k − k′ − j ′, in
figure 3, shows the degree of the alignment and orien-
tation of j ′. Clearly, the P(ϕr) distribution illustrates
asymmetric property with respect to the scattering k−k′

plane, with larger distribution peak appearing around
ϕr = 270◦. This feature provides the information that
both the reactive systems show strong product polar-
izations and the products tend to be oriented along the
negative direction of y-axis. It is noteworthy that P(ϕr)

distribution for the N(4S) + H2 → NH + H reaction
(see figure 3a) shows a reduction trend as the initial
vibrational state increases, thus suggesting that the ori-
entation of the j ′ vector in the CM frame is weaker at
higher vibrational quantum state. In other words, with
the vibrational excitation, the preference for in-plane
rotation of j ′ changes to a preference for out-of-plane
rotation. A similar finding has also been revealed for
the reverse NH + H(2S) → N(4S) + H2 reaction (see
figure 3b). Of the two reactions, reagent vibrational
excitation less influences the P(ϕr) distribution of the
NH + H(2S) → N(4S) + H2 reaction, since the dihedral
angle distributions of the NH + H(2S) reaction initiated

from different vibrational states seem quite similar to
each other.

The normal differential cross-section (DCS)
describes the k − k′ correlation or the scattering direc-
tion of the products and is not associated with the
orientation and alignment of the product rotational
angular momentum vector j ′. By dividing a factor of
2π /σ from our calculated PDDCS00, we obtained DCS
under different initial vibrational excitation, as shown
in figure 4a and b for the N(4S) + H2 → NH + H and
NH + H(2S) → N(4S) + H2 reaction, respectively.
From figure 4a, it can be seen that the NH products
show apparent backward scattering with v = 0 and 1.
However, product scattering is dominated by the for-
ward and sideways scattering at v = 3. At the higher
vibrational states of v = 5 and 7, the forward scattering
is very obvious. A similar situation can be found in fig-
ure 4b, where at the ground vibrational state of v = 0,
the DCS shows a broad backward–sideway distribution,
and with increase in the reagent vibrational quantum
number, the scattered direction of the products shifts
towards the forward direction, with the strongest degree
of the forward scattering at v = 7. Thus, in both N(4S)
+ H2 → NH + H and its reverse reaction, forward scat-
tering becomes stronger with increase in vibrational
quantum number. This observed trend in forward scat-
tering can be connected to the PES feature of the 4A′′

electronic state. Since both the reactions have potential
barriers in the entrance channel along their reaction
paths, the increment in vibrational quantum number
is helpful for the reagents to leap over the barrier and
form products that are intensely scattered in the for-
ward direction. In addition, comparing the changes of
DCS with initial vibrational excitation in figure 4a and
b, we can see that the influence of initial vibrational
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Figure 3. The P (ϕr) distribution as a function of the dihedral angle ϕr (0◦ ≤ ϕr ≤
360◦) for (a) N (4S) + H2 (v = 0, 1, 3, 5, 7, j = 0) and (b) H (2S) + HN (v = 0, 1, 3,
5, 7, j = 0).
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Figure 4. The normal differential cross-sections as a function of the scattering angle
θt (0◦ ≤ θt ≤ 180◦) for (a) N (4S) + H2 (v = 0, 1, 3, 5, 7, j = 0) and (b) H (2S) +
HN (v = 0, 1, 3, 5, 7, j = 0). The insert panel is a clear demonstration of the cases of
v = 0, 1, 3, j = 0.

excitation on DCS of the NH + H(2S) reaction is rather
weaker than that of the N(4S) + H2 reaction, suggesting
that higher the reaction barrier, the more pronounced
the vibrational excitation effect on DCS.

3.2 Effects of rotational excitation on the N(4S) + H2

and its reverse reaction

The distributions of P(θr) under different rotational
excitation are shown in figure 5 for both N(4S) + H2

and NH + H(2S) reactions. Similarly, all the distribu-
tions have a maximum at θr = 90◦ and are symmetric
with respect to θr = 90◦, indicating that the product
rotational angular momentum is strongly aligned
along the direction perpendicular to the relative velo-
city direction. Inspection of the calculation values in
figure 5a and b shows that P(θr) distributions of the

N(4S) + H2 and NH + H(2S) reactions are both broader
and lower with the increasing j , which indicates that
the degree of alignment of products from the two reac-
tions becomes weaker with initial rotational excitation.
Comparing these distributions of the forward reaction
with that of the reverse reaction, the P(θ r) distribution
of the NH + H(2S) reaction changes largely with the
quantum number of j , that is to say, P(θ r) distribution
in NH + H(2S) → N(4S) + H2 is more sensitive to
the reagent rotational excitation than that of N(4S) +
H2 → NH + H.

Figure 6 shows the dihedral angle distributions of
P(ϕr) at different initial rotational quantum numbers
for both reactions. Again, the strong polarization of
product rotational angular momentum j ′ under differ-
ent rotational excitation is reflected by the fact that
the P(ϕr) distribution is not asymmetric with respect to
the k − k′ scattering plane for both reactions. Besides,
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Figure 5. The P (θr) distribution as a function of the angle θr between k and j ′ (0◦
≤ θ r ≤ 180◦) for (a) N (4S) + H2 (v = 0, j = 0, 2, 4, 6, 8) and (b) H (2S) + HN
(v = 0, j = 0, 2, 4, 6, 8).
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Figure 6. The P (ϕr) distribution as a function of the dihedral angle ϕr (0◦ ≤ ϕr ≤
360◦) for (a) N (4S) + H2 (v = 0, j = 0, 2, 4, 6, 8) and (b) H (2S) + HN (v = 0,
j = 0, 2, 4, 6, 8).

the peak of P(ϕr) distribution appears only at ϕr =
270◦, which implies a preference for the left-handed
product rotation in planes parallel to the scattering
plane. For the N(4S) + H2 → NH + H reaction,
obviously there is weaker product orientation with the
increase in rotational quantum number. However, for
the NH + H(2S) → N(4S) + H2 reaction, P(ϕr) dis-
tributions are almost identical to each other, suggesting
a very minor rotational excitation effect on the prod-
uct rotational polarization. Thus, rotational excitation
exerts more significant effect on the product rotational
polarization in the N(4S) + H2 reaction than in the
NH + H(2S) reaction.

Figure 7 displays normal DCS with different rota-
tional excitation for the N(4S) + H2 and NH + H(2S)
reactions. The results in figure 7a (for the reaction
of N(4S) + H2) demonstrate that the products are all
backward scattered at different rotational excitations.

In detail, for j = 2, 4 and 6, the degree of the back-
ward scattering decreases with the increment of j , but
for j = 8, the backward scattering is however rein-
forced, as compared with that for j = 0. The most
remarkable feature of the angular distribution shown in
figure 7b (for the reaction of NH + H(2S)) is the strong
dominance of the broad sideways scattering. Besides,
there are some forward and backward peaks, showing a
rather complicated structure, and forward-scattering is
favoured with low j , while for high j , a preference of
backward scattering is visible.

3.3 Effects of vibrational and rotational excitations
on the product alignment parameter 〈P2 ( j ′ · k)〉
The average rotational alignment parameter 〈P2( j ′·
k)〉, which can be measured in many experiments,
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Figure 7. The normal differential cross-sections as a function of the scattering angle
θ t (0◦ ≤ θ t ≤ 180◦) for (a) N (4S) + H2 (v = 0, j = 0, 2, 4, 6, 8) and (b) H (2S) +
HN (v = 0, j = 0, 2, 4, 6, 8).
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depicts the degree of product alignment quantitatively.
Moreover, the calculation of 〈P2 ( j ′ · k)〉 makes it
feasible to compare between theory and experiment.
From the experimental side, there are a large num-
ber of reactions whose parameters are determined.
For example, by means of the polarized laser-induced
fluorescence (PLIF) of the product, Li et al. 21 mea-
sured the values of 〈P2 ( j ′ · k)〉 of the product SrBr
from the reactions of Sr + CH3Br, C2H5Br, n-C3H7Br,
i-C3H7Br, and found that product alignment becomes
less anisotropic with increase in the number of carbon
atoms in RBr, which is in good agreement with theo-
retical calculation results. The product rotational align-
ment of 〈P2 ( j ′ · k)〉 = −0.35±0.04, −0.15±0.02 was
experimentally obtained for CaCl(B), CaCl(A) of the
reaction of Ca + NOCl by Zhang et al. 28 which is also
in good agreement with theoretical results. The experi-
mental data characterizing the angular momentum
polarization of the products of the reaction Cl(2P3/2) +
CD4(v = 0, j = 0) → DCl(v′ = 0, j ′ = 1) + CD3, is
in excellent agreement with the QCT calculated values
at a collision energy of 6.46 kcal/mol.29

To obtain a better understanding of the product rota-
tional alignment and its relationship with initial vibra-
tional and rotational excitations for the two investigated
reactions, we also calculated this expectation value of
〈P2 ( j ′ · k)〉 as a function of vibrational and rotational
quantum numbers, and the corresponding results are
shown in figure 8. First, it can be seen from figure 8a
that the 〈P2 ( j ′ · k)〉 values of both the N(4S) + H2 and
NH + H(2S) reactions decrease with increment of v,
i.e., the product rotational alignment strongly depends
on the vibrational quantum number for both reac-
tions. As is known, concerning the product alignment

parameter 〈P2 ( j ′ · k)〉, the more the value of this
parameter approaches −0.5, the more the product is
aligned along the direction perpendicular to k. Based on
this, both the reactions exhibit stronger product align-
ment perpendicular to k at high vibrational quantum
number. Besides, with increasing v, the 〈P2 ( j ′ · k)〉
values of the N(4S) + H2 reaction oscillate much while
those of the NH + H(2S) reaction decrease slightly,
reflecting that correlation between the initial quantum
number v and the product alignment is stronger in
the N(4S) + H2 reaction than the NH + H(2S) reac-
tion. Second, it can be seen from figure 8b that the
〈P2 ( j ′ · k)〉 curve of the N(4S) + H2 reaction shows
a decreasing-then-increasing trend as j increases, with
the minimum value at j = 6, this suggests that the
product rotational alignment (perpendicular to k) has
strong dependence on the rotational quantum number
and the strongest product rotational alignment should
appear at j = 6. However, the 〈P2 ( j ′ · k)〉 val-
ues of the NH + H(2S) reaction are hardly changed
with the increment of j , and its minimum value is
−0.32, which indicates that the alignment of the prod-
ucts is rather weaker and insensitive to j . Compa-
rison of 〈P2 ( j ′ · k)〉 between the N(4S) + H2 and
NH + H(2S) reactions, revealed that the N(4S) + H2

reaction has more negative 〈P2 ( j ′ · k)〉 value than its
reverse one, thus reflecting that the forward reaction
exhibits stronger product alignment perpendicular to
k. To the best of our knowledge, the product align-
ment of the two reactions has not yet been probed
in reactive-scattering experiments at present. Thus, we
look forward to the experimental results and fulfill
a comparison between theoretical and experimental
studies.
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(a) vibrational and (b) rotational quantum numbers for both the N(4S) + H2 → NH +
H and the H(2S) + HN → H2 + N reactions.
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3.4 Analysis

Information on stereodynamics of the two reactions
has now been obtained and discussed in earlier sec-
tions, with different product polarizations for differ-
ent reagent vibrational and rotational quantum numbers
being revealed. Results of the QCT calculation showed
that the products not only aligned strongly along the
direction perpendicular to the reagent initial relative
vector k, but also oriented along the direction of the
negative y-axis. Further, polarization of the product
rotational angular momentum in the N(4S) + H2 → NH
+ H reaction is much more sensitive to the vibrational
excitation than that of the NH + H(2S) → N(4S) + H2

reaction. However, the rotational excitation affects the
alignment degree of product rotational angular momen-
tum in the NH + H(2S) → N (4S) + H2 reaction more
than that of the N(4S) + H2 reaction, while the oppo-
site situation is seen in the orientation degree of product
rotational angular momentum.

For the two reactions, the common phenomena that
we have observed are the asymmetric property of the
P(ϕr) distribution with respect to ϕr = 180◦ and
the symmetric property of the P(θr) distribution with
respect to θr = 90◦. The reason behind these phenom-
ena is as follows. According to the impulsive model21

proposed for the reaction type of A + BC → AB +
C, we have j ′ = L sin2 β + j cos2 β + J 1mB/mAB,
where L and j are the reagents orbital and rotational
angular momentum, cos2β is the mass factor defined by
mAmC/(mA+mB)(mB+mC), and J1 = a

√
μBC R (rAB×

rCB). Here, uBC is the reduced mass of the BC molecule
and rAB, rCB are the unit vectors where B points to
A and B points to C, respectively; R is the repulsive
energy. Starting from the model, when the chemical
bond forms and breaks during the reactive processes,
L sin2 β + j cos2 β is symmetric, while J 1mB/mAB

shows a preferring direction because of the repulsive
energy and results in the biased orientation of the
products.

The reason why vibrational and rotational excitations
have a more obvious effect on the product rotational
alignment, as reflected by P(ϕr), in the N(4S) + H2

reaction than in the NH + H(2S) reaction, may be first
related to the repulsive energy R of the two reactions. It
is conjectured that in the former reaction, the repulsive
energy R with initial rovibrational excitation is compa-
ratively greater, which would cause more sensitivity of
the product polarizations to the initial vibrational and
rotational excitations in the N(4S) + H2 reaction. The
two reactions belong to the reaction type of the heavy–
light–light (HLL) mass combination, and according to
the pioneering studies44,45 of Polanyi and coworkers

focusing on the reactions of D+HBr and H+DBr with
the same type of mass combination, the mass of the
attacking atoms and the moment of inertia of the diatom
should have influence on alignment effect. They found
that alignment effect increases in the reaction with
heavy attacking atoms, and low moment of inertia of the
diatom. Thus, probably, the more obvious effect of the
initial excitation in the N(4S) + H2 reaction may also
be related to the heavier attacking N atom and lower
moment of inertia of H2 molecule, as compared with the
H(2S)+NH reaction. The other reason may be related
to the different features of the energy profiles along the
reaction paths of the two reactive systems. Han et al. 20

previously revealed that, for HLL mass combination,
the product rotational alignment is independent of the
potential barrier location on potential surface. Based on
this, we can deduce that the location of the energy bar-
rier does not play an important role in influencing the
product alignment for the N(4S) + H2 and NH + H(2S)
reactions, which also belong to the type of HLL mass
combination. Thus, the differences of product rotational
alignments may be attributable to the other factor of
the barrier height on the potential surface. As we know,
on the 4A′′ DMBE PES, the zero-energy corrected bar-
rier height is 22.5 kcal/mol and 0.8 kcal/mol for the N
(4S) + H2 → NH + H and H(2S) + HN → H2 + N
reaction, respectively. Then, at low vibrational and rota-
tional states of the N(4S) + H2 → NH + H reaction,
the ground-state nitrogen atoms can recoil easily from
the hydrogen molecules because of the rather high reac-
tion barrier. However, as the vibrational and rotational
states of H2 molecule increase, it is easy for the reactive
system to go through the reaction barrier, thus having
clear effect of vibrational and rotational excitations on
the product rotational angular momentum in this reac-
tive system with higher barrier height. However, for the
H(2S) + HN → H2 + N reaction with small barrier,
the hydrogen atoms easily go through the low energy
barrier in the entrance channel whenever the vibrational
and rotational states are low or high, causing less sen-
sitivity of the product rotational angular momentum
to the reagent vibrational and rotational excitations as
compared with the N(4S) + H2 → NH + H reaction.

4. Conclusion

We have performed a QCT study employing the 4A′′

DMBE PES of the NH2 reactive system and explored
the influence of the reagent vibrational and rotational
excitations on the polarization of product rotational
angular momentum for the reactions of N(4S) + H2 and
HN + H(2S) at a collision energy of 35 kcal/mol. It
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has been found that for the two reactions, product rota-
tional angular momentum vectors are not only aligned
but also oriented, with more sensitive product polariza-
tion to the reagents vibration excitation being found in
the N(4S) + H2 reaction as compared with the H(2S)
+ NH reaction. Normal DCS have been presented for
different initial rovibrational states. As v increases, the
forward scattering becomes stronger and the backward
scattering becomes weaker for the two reactions, with
stronger v-dependence being revealed for the N(4S) +
H2 reaction. On the whole, the tendencies of the product
rotational alignment parameter 〈P2 ( j ′ · k)〉 with initial
vibrational excitations are quite similar for the two reac-
tions, showing stronger product alignment perpendi-
cular to k with the increment of v. While concerning
the rotational excitation effect, product alignment along
the perpendicular direction to k is less sensitive to the
reagent rotational excitations in the N(4S) + H2 reac-
tion than in the NH + H(2S) reaction, while an oppo-
site situation has been found for the product orientation.
Moreover, the products are mainly backward scattered
in the N(4S) + H2 reaction and sideways scattered in
the NH + H(2S) reaction. The values of the calculated
〈P2 ( j ′ · k)〉 have demonstrated that product alignment
is stronger in the N(4S) + H2 reaction than that of the
NH + H(2S) reaction.
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