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Vector correlations study of the reaction N(2D)+H2(X1Σ+
g )→N(2D)+H2(X1Σ+
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Vector correlations of the reaction N(2D)+ H2(X1Σ+
g )→ NH(a1∆)+ H(2S) are studied based on a recent DMBE-

SEC PES for the first excited state of NH2 [J. Phys. Chem. A 114 9644 (2010)] by using a quasi-classical trajectory method.
The effects of collision energy and the reagent initial vibrational excitation on cross section and product polarization are
investigated for v = 0–5 and j = 0 states in a wide collision energy range (10–50 kcal/mol). The integral cross section
could be increased by H2 vibration excitation remarkably based on the DMBE-SEC PES. The different phenomena of
differential cross sections with different collision energies and reagent vibration excitations are explained. Particularly,
the NH molecules are scattered mainly in the backward hemisphere at low vibration quantum number and evolve from
backward to forward direction with increasing vibration quantum number, which could be explained by the fact that the
vibrational excitation enlarges the H–H distance in the entrance channel, thus enhancing the probability of collision between
N atom and H atom. A further study on product polarization demonstrates that the collision energy and vibrational excitation
of the reagent remarkably influence the distributions of P(θr), P(φr), and P(θr,φr).

Keywords: vector correlations, vibrational excitation, differential cross section, stereodynamics, rotational
polarization
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1. Introduction
The reactivity of the nitrogen atom plays an interesting

and important role in the decays of NH in pyrolysis of am-
monia, atmospheric chemistry, and combustion of nitrogen
containing fuels. NH2 plays a crucial role in atmospheric
chemistry and combustion processes, which is also a prototype
in spectroscopic and reaction dynamics studies. The ground
and first excited electronic states of NH2 have been studied
quite extensively by various experimental[1–4] and theoretical
techniques.[5–32] Most investigations dealt with the potential
energy surface (PES) and reaction dynamics. Among the reac-
tion dynamics studies, most of them have dealt with the scalar
properties. In order to fully understand the dynamics of the
N(2D)+ H2(X1Σ+

g )→ NH(a1∆)+ H(2S) reaction, it is impor-
tant to study their vector properties. It can provide detailed
information about the whole atoms moving when reaction oc-
curs. With the assistance of the computational work, exper-
imentalists can rationalize the experimental results.[31,32] The

most familiar vector correlation between the reagent and prod-
uct relative velocity (𝑘,𝑘′) is characterized by the differential
cross section (DCS) dσ/ωt. The most important vector cor-
relation is the correlation among three vectors 𝑘, 𝑘′, and 𝑗′

(the product rotational angular momentum), which could be
characterized by certain interesting double and triple vector
correlations in the center-of-mass frame.

However, vector property information of the reaction
N(2D) + H2(X1Σ+

g ) →NH(a1∆)+ H(2S) based on the first
excited electronic state of NH2 is very limited. In the
present work, the stereodynamics of the reaction N(2D)+

H2(X1Σ+
g )→ NH(a1∆)+ H(2S) is studied based on a recent

DMBE-SEC PES of the first excited state 12A′ [5] by using a
quasi-classical trajectory (QCT) method, which explores the
vector correlations. Five different collision energies are se-
lected to investigate the different influences on stereodynam-
ics with v = 0 and j = 0. Six different initial vibrational lev-
els (v = 0–5) are chosen to study the different effects with a
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collision energy of 30 kcal/mol and j = 0. The rest of this
paper is organized as follows. In Section 2 we briefly review
the theoretical methodologies adopted in the current study. In
Section 3 we give the calculated results and discussion of the
results. Finally, in Section 4 we draw some conclusions from
the present study.

2. Theory
2.1. Potential energy surface

The present work is performed on the adiabatic PES re-
ported by Li and Varandas.[5] The adiabatic PES was obtained
by using double many-body expansion theory and scaled ex-
ternal correlation of accurate ab initio energies at the multiref-
erence configuration interaction level with the aug-cc-PVQZ
basis set. The energetics of this reaction are schematically
depicted in Fig. 1. All the energy levels are listed according
to the corresponding entrance channels, and the DMBE-SEC
PES shows a barrier of 3.29 kcal/mol along the minimum-
energy path for the N(2D)+ H2 reaction, before entering a
well whose minimum lies about 94.58 kcal/mol deeper than
the reactants, finally leading to NH(a1∆) + H products with an
endoergicity of 9.52 kcal/mol. More details about the DMBE-
SEC PES could be found in Ref. [5].

N(2D)+H2(X)

NH(a1D)+H(2S)

3.29
9.52

N

N

H

H H

H

-94.58

α

α=145.3O

α=21.4O

α

Fig. 1. Schematic of energetics (in kcal/mol) of the N(2D) + H2
(X1Σ+

g )→ NH (a1∆) + H (2S) of DMBE-SEC PES.

2.2. Quasiclassical trajectory method

The standard QCT method has been employed to study
the stereodynamics of many reactions.[33–43] The classical
Hamilton equation is numerically integrated with a six-order
symplectic integration method[44] in three dimensions based
on the conservation of total energy and angular momentum in
each integration step of 0.1 fs to ensure that the conservations
of total energy and total angular momentum are better than
10−5 and 10−7, respectively. Batches of 0.5×105 trajectories
are calculated on DMBE-SEC PES for the title reaction. The
orientation of the diatomic molecule and the phase of the di-
atomic vibrational motion are randomly sampled by the Monte
Carlo procedure. Trajectories start and finish at a distance of

15 Å from the atom to the center-of-mass (CM) frame of the
diatom to ensure no interaction between them.

2.3. Vector correlations

The CM frame is selected in the present work. 𝑘 and 𝑘′

are reactant relative velocity and product relative velocity, re-
spectively. Vector 𝑘′ is parallel to the z axis, and the y axis is
perpendicular to the xz plane containing vectors 𝑘 and 𝑘′. The
angle between 𝑘 and 𝑘′ (so-called scattering angle) is denoted
as θ . The polar and azimuthal angles of the final rotational an-
gular momentum 𝑗′ are represented by θr and φr, respectively.

The fully correlated CM angular distribution is written as

P(ω t,ωr) = ∑
k

∑
q

[k]
4π

1
σ

dσkq

dω t
Ckq(θr,φr)

∗, (1)

where [k] = (2k+1), −k ≤ q ≤ k, σ is the integral cross sec-
tion, 1

σ

dσkq
dω t

is the generalized polarization dependent differen-
tial cross-section, and Ckq(θr,φr) are modified spherical har-
monics. The differential cross-section (DCS) is given by

1
σ

dσ00

dω t
= P(ω t) = ∑

k1

[k1]

4π
hk1

0 (k1,0)Pk1(cosθt). (2)

The bipolar moments hk1
0 (k1,0) are evaluated, which are

equal to the expectation values of the Legendre moments of
DCS, i.e., hk1

0 (k1,0) = 〈Pk1(cosθt)〉.
The 𝑘–𝑗′ angular distribution P(θr), the most common

vector correlation, is expressed in a series of Legendre poly-
nomials as follows:

P(θr) =
1
2 ∑

k
(2k+1)a(k)0 Pk1(cosθr), (3)

where a(k)0 =
∫

π

0
P(θr)Pk(cosθr)sinθr dθr = 〈Pk1(cosθr)〉.

The coefficients a(k)0 are called orientation or alignment
parameters. When k = 2, this indicates the product rotational
alignment

a(2)0 = 〈P2(cosθr)〉= 〈P2(𝑗 ·𝑘)〉=
1
2
〈3cos2

θr−1〉. (4)

The dihedral angular distribution function P(φr) can be
expanded into a Fourier series.[44] The φr distribution can be
written as

P(φr) =
1

2π
(1+ ∑

even,n≥2
an cos(nφr)+ ∑

add,n≥1
bn sin(nφr)),

(5)
where an = 2〈cos(nφr)〉 and bn = 2〈sin(nϕr)〉. Here, the an-
gular brackets represent an average over all the reactive trajec-
tories.

3. Results and discussion
3.1. Integral cross section

In order to investigate the effect of the initial reagent vi-
bration excitation on the integral cross section (ICS), figure 2
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shows the ICSs with different initial reagent vibration quan-
tum numbers at collision energies of 30, 40, and 50 kcal/mol
for N+H2. It could be seen clearly that the ICSs increase
with the vibration quantum number at these three collision en-
ergies, which implies that the vibration excitation of reagent
has positive effects on the reactivity of the title reaction. The
H2 vibration excitations can increase reaction probabilities and
ICS remarkably. The enhancement effect of the vibration exci-
tation may be attributed to the fact that this effect helps the ini-
tially H2 overcome the barrier in the entrance channel. In or-
der to investigate the different influences on ICS with vibration
quantum number at different collision energies, the ratios be-
tween the integral cross sections with different vibration quan-
tum numbers are calculated. The ratio σ0(v = 5)/σ0(v = 0) at
30 kcal/mol is equal to 5.33, while the ratio at 50 kcal/mol is
4.44. It demonstrates, as can be clearly seen from Fig. 2, that
the positive effect of the initial vibration on reactivity at lower
collision energy seems to be more obvious than at higher col-
lision energy.
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Fig. 2. (color online) Integrated cross section for N(2D) + H2 (v = 0,
j = 0–5) as a function of v. Three kinds of lines correspond to the col-
lision energies of 30, 40, 50 kcal/mol, respectively.

3.2. kkk–k′k′k′ vector correlations

The DCS offers an excellent opportunity to study the most
familiar vector correlation between the reagent and product
relative velocity (𝑘–𝑘′). The global 𝑘–𝑘′ angular distributions
of N(2D)+ H2(X1Σ+

g ) (v = 0, j = 0)→ NH(a1∆)+ H(2S) re-
action at collision energies of 10, 20, 30, 40, 50 kcal/mol based
on the DMBE-SEC PES are shown in Fig. 3(a). The most re-
markable feature of the angular distribution is the strong dom-
inance of the broad forward-backward symmetry scattering.
A similar forward-backward symmetry scattering of reaction
of N(2D)+ H2(X1Σ+

g ) → NH(X3Σ−)+ H(2S) based on the
ground-state PES has been reported by Pederson et al.,[45]

which could be comprehended easily due to the resemblant
barrier and valley on reaction pathways between the ground-
state PES and the lowest excited state PES (see Ref. [45]). In
addition, the capture model indicates the centrifugal barrier
associated with each orientation angle and then approximates
the usual capture cross section by averaging over the resulting

orientation-dependent maximum impact parameter.[46] Fur-
thermore, the trajectory work of Varandas et al. suggests that
classical capture models, in which the reaction is assumed
to occur if the collision energy exceeds certain centrifugal
barriers, yield a reasonable description of the integral cross
sections, and thus rate constant.[47] Therefore, in the light of
the capture model, it is easy to understand that the forward
scattering increases with the increase of collision energy. The
phenomenon of the strengthening of backward scattering may
be attributed to an insertion reaction mechanism reported by
Pino et al.[48] To study the effect of the initial reagent vibra-
tion quantum number on DCS, figure 3(b) shows the DCSs
with different vibration quantum numbers at a collision en-
ergy of 30 kcal/mol. The excitation of the initial HH vibration
has a great influence on 𝑘–𝑘′ angular distribution. The NH
molecules are scattered mainly in the backward hemisphere
at low vibration quantum number (v = 0) and evolves from
backward to forward direction with increasing vibration quan-
tum number. The vibrational excitation of HH may enhance
the probability of this reaction and reaction cross section. In
fact, the apparent forward scattering may be explained by the
fact that the vibrational excitation enlarges the H–H distance
in the entrance channel, thus enhancing the probability of col-
lision between N atom and H atom. Therefore, if the higher
vibration is excited, the more forward scattering exists. On the

0 30 60 90 120 150 180

D
C

S
/
A

2
Ss
r-

1
D

C
S
/
A

2
Ss
r-

1

10 kcal/mol

 20 kcal/mol

 30 kcal/mol

 40 kcal/mol

 50 kcal/mol

0

0.1

0.2

0.3

0.4

0.5

0 30 60 90

(b)

(a)

120 150 180

Scattering angle/(O)

Scattering angle/(O)

 v/

 v/

 v/

 v/

 v/

 v/

0

0.2

0.4

0.6

0.8

1.0

1.2

Fig. 3. (color online) The DCSs for the title reaction at five collision
energies for different vibrational states for (a) selected collision ener-
gies of 10, 20, 30, 40, 50 kcal/mol, and (b) j = 0, v = 0, 1, 2, 3, 4, 5 for
30 kcal/mol of collision energy.
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contrary, for the certain number of collision trajectories at each
vibration quantum number qualitatively, the forward scatter-
ing increases, but the backward scattering decreases without
doubt.
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Fig. 4. (color online) Internuclear distances of H1–H2, N–H1, and
N–H2 each as a function of propagation time at a collision energy of
20 kcal/mol, with scattering angle θ = 36.87◦ and 143.13◦.

To obtain a clearer understanding of the reaction mecha-
nism, the variations of internuclear distances of H1–H2, N–H1,
and N–H2 each as a function of propagation time are shown
in Fig. 4. The trajectories are selected in the scattering an-
gle ranges of θ = 0◦–40◦ and 120◦–170◦ at 20 kcal/mol and
40 kcal/mol collision energies. Figures 4(a)–4(d) show that the
attacking atom N undergoes several collisions with the target
molecule H2(H1–H2), and the complexes have relatively long
lifetimes before breaking up into one of the possible chan-
nels. The long-term survival of the metastable state could al-
low the system to perform extensive rotations before breaking
up, thereby making the products come out in more random
directions. Hence, the indirect reactive trajectories, namely
“trapped” trajectories, can be observed. Therefore, it is no sur-
prise that we observe forward and backward scattering as can
be seen in Fig. 3. Specifically, figures 4(a)–4(c) indicate that
the trajectories in the scattering angle ranges are attributed to
abstraction mechanism. However, when the scattering angle
is θ = 143.13◦ , the insertion mechanism could be concluded
due to the phenomenon that the ejected diatom molecule is
N–H2, not N–H1. The reaction is mainly dominated by the ab-
straction mechanism at lower collision energies, whereas with
the enhancement of collision energy, the insertion mechanism
appears even though the abstraction mechanism still exists.

3.3. kkk– j′j′j′ and kkk–k′k′k′– j′j′j′ correlations on collision energy

The distributions of P(θr) and P(φr) at collision ener-
gies of 10, 20, 30, 40, 50 kcal/mol are shown in Figs. 5 and
6, which describe the 𝑘–𝑗′ correlations and 𝑘–𝑘′–𝑗′ corre-
lations, respectively. The maximum impact parameters bmax

(Å) calculated in collision energy range from 10 kcal/mol to
50 kcal/mol are provided in Table 1, respectively. In fact, an
overall representation of the polarization of rotational angu-
lar momentum vector of the product molecular is provided in
the scattering frame. The P(θr) distribution is symmetric with
respect to 90◦ and corresponding maximum is at 90◦. The
results demonstrate that 𝑗′ is distributed with cylindrical sym-
metry in the product scattering frame and the direction of 𝑗′ is
perpendicular to the k direction preferentially. At low collision
energies (10 and 20 kcal/mol), small peaks can be found near
15◦ and 165◦. The peaks move to 0◦ and 180◦ with increas-
ing collision energy (30, 40, and 50 kcal/mol). The change
of the peaks indicates the influence of collision energy on the
direction of 𝑗′ for NH product. At low collision energy, most
reactive trajectories are along the minimum energy reaction
path and peaks of the P(θr) distribution concentrate near 15◦

and 165◦. As the collision energy increases, the more reactive
trajectories are far from the minimum energy reaction path,
leading to the change of the P(θr) distribution. In addition,
the peaks of P(θr) display that the degree of the rotational
alignment of the product increases with the increase of col-
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lision energy, which may be due to the expectation value of
〈P2(cosθr)〉. The smaller the expectation value of 〈P2(𝑗

′ ·𝑘)〉
is, the stronger the rotational alignment could be. To show the
trend in more depth, the values of 〈P2(𝑗

′ ·𝑘)〉 are calculated
at collision energies from 10 to 50 kcal/mol in Table 2. In
the reaction process, the total angular momentum can be con-
served as 𝐿+ 𝑗 = 𝑗′+𝐿′, where 𝐿 and 𝑗 denote the orbital
angular momentum and rotational angular momentum, respec-
tively. When the reactant rotational angular momentum is low,
the equation can be expressed as 𝐿 ≈ 𝑗′ +𝐿′. As the colli-
sion energy increases, the orbital angular momentum is also
improved. As a result, larger parts of 𝐿 are disposed into 𝑗′,
which finally induces stronger alignment of 𝑗′.

Table 1. Maximum impact parameter bmax (Å) values calculated at col-
lision energies from 10 kcal/mol to 50 kcal/mol.

Ec/kcal·mol−1 10 20 30 40 50
bmax 1.63 1.7 1.55 1.55 1.57

Table 2. Product rotational alignment parameter 〈P2(𝑗
′ ·𝑘)〉 values cal-

culated at collision energies from 10 kcal/mol to 50 kcal/mol.

Ec/kcal·mol−1 10 20 30 40 50
〈P2(𝑗

′ ·𝑘)〉 −0.3835 −0.3908 −0.3945 −0.4062 −0.4097
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Fig. 5. Distributions of P(θr) for N + H2 (v = 0, j = 0)→ NH + H at
five collision energies of 10, 20, 30, 40, and 50 kcal/mol.
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Fig. 7. Polar plots of P(θr,φr) distribution averaged over all scattering
angles at five collision energies: (a) 10 kcal/mol; (b) 20 kcal/mol; (c)
30 kcal/mol; (d) 40 kcal/mol; (e) 50 kcal/mol.

The calculated P(φr) distributions of direction of 𝑗′ for
NH products at collision energies of 10, 20, 30, 40, and
50 kcal/mol are shown in Fig. 6, which mainly describes
the 𝑘–𝑘′–𝑗′ correlations. In all cases, these curves tend to
be asymmetric with respect to 𝑘–𝑘′ scattering plane and the
strong polarization of product rotational angular momentum
can be reflected directly. The peaks in the P(φr) distribution
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at φr angles close to 270◦ imply a preference for left-handed
product rotations, while the peaks at φr angles close to 90◦

indicate a preference for right-handed product rotation. The
peaks at φr = 90◦ and 270◦ indicate that the rotational angu-
lar momentum vector of the products is not only aligned (the
distributions have peaks at φr = 90◦ and 270◦), but also ori-
ented along the y axis of CM frame, which means the peaks
at 90◦ are different from that at 270◦. From Fig. 6 we can see
that the peaks at 90◦ are stronger than that at 270◦ with the
increase of collision energy, which implies that 𝑗′ tends to be
oriented along the positive direction of the y axis. It should
be noted that the height of peak at 90◦ is equal to that at 270◦

when the collision energy is 10 kcal/mol, which indicates that
the orientation effect of the product rotational momentum dis-
appears, only the alignment effect exists. In turn, the peaks of
P(φr) distributions are broader at high collision energy, indi-
cating that the rotation of the product NH molecular has a pref-
erence transfer from “in-plane” to “out-of-plane” mechanism.
Such a mechanism can also be seen in Fig. 7, which shows
the scattering angle average of the full distribution P(ω t,ωr)

at 10–50 kcal/mol. The peaks of the distribution of P(θr,φr)

at (π/2,3π/2), which are in good accordance with the distri-
butions of P(θr) and P(φr).

3.4. kkk– j′j′j′ and kkk–k′k′k′– j′j′j′ correlations on reagent vibration ex-
citation

In this section, the role of the initial vibrational excitation
in the stereodynamics is investigated. The impact parameter
bmax values calculated at collision energy of 40 kcal/mol from
v = 0 to v = 5 are given in Table 3. The calculated results
of P(θr) distribution for the reactions of N(2D)+ H2(X1Σ+

g )

(v = 0, j = 0)→ NH(a1∆)+ H(2S) ( j = 0, v = 0–5) at colli-
sion energy of 40 kcal/mol are shown in Fig. 8. It shows that
the P(θr) distribution is symmetric with respect to 90◦ and cor-
responding peaks are at 90◦. It is noteworthy that P(θr) distri-
bution at 90◦ becomes somewhat narrower and higher with the
increase in the vibrational quantum number, indicating that the
product vibrational alignment effect becomes stronger when
the reagent is in a vibrational excited state. When v > 0, sev-
eral small peaks can be found on the distribution of P(θr) ex-
cept θr = 90◦. For v = 0, most reactive trajectories are along
the minimum energy reaction path because of low collision
energy. For vibrational excitation of the reagent, additional
energy from the vibrational energy can turn into the reactive
process. Therefore, more reactive trajectories are far from
the minimum energy reaction path, leading to the change of
P(θr). This is also confirmed by the values of the product ro-
tational alignment parameter 〈P2(cosθr)〉 shown in Table 4. It
can be understood that the intermediate vibrates more inten-
sively with the increase of vibration quantum number v, facil-
itating H atom to break the bondage to eject out. Thus, the
stronger rotational polarization of the product may finally re-
sult in higher vibrational excited states.

Table 3. Maximum impact parameter bmax (Å) values calculated at col-
lision energy of 40 kcal/mol from v = 0 to v = 5.

v 0 1 2 3 4 5
bmax 1.55 1.82 2.08 2.23 2.48 2.65

Table 4. Product rotational alignment parameter 〈P2(𝑗
′ ·𝑘)〉 values cal-

culated at collision energy of 40 kcal/mol from v = 0 to v = 5.

v 0 1 2 3 4 5
〈P2(𝑗

′ ·𝑘)〉 −0.4062 −0.4238 −0.4655 −0.4863 −0.4912 −0.4915
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Fig. 8. Distributions of P(θr) for N + H2 → NH + H reaction ( j = 0,
v = 0–5) at 40 kcal/mol.

The calculated P(φr) distributions of direction of 𝑗′ for
NH products at different vibration quantum numbers (v= 0–5)
are shown in Fig. 9, which shows that the curves are asymmet-
ric with respect to the scattering plane. Two peaks at 90◦ and
270◦ demonstrate a clear preference for orientation along the
y axis, manifesting that the reaction proceeds preferentially as
the velocity vector is located in a plane containing all the three
atoms. In turn, the peak at φr = 270◦ is apparently stronger
than that at φr = 90◦ when v = 0, 1, 2, reflecting that 𝑗′ is
oriented along the negative direction of the y axis. In con-
trast, 𝑗′ is oriented along the positive direction of the y axis
when v = 3, 4, 5. Moreover, the peaks of P(φr) distributions
are broader at high reagent vibrational excitement, indicating
that the rotation of the product NH molecular has a preference
transfer from “in-plane” to “out-of-plane” mechanism with the
increase of vibration quantum number v.

φr/(O)

P
(φ

r
)
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Fig. 9. dihedral angle distributions of P(φr) with respect to the 𝑘–𝑘′–𝑗′

plane for N + H2→NH + H from inner ( j = 0, v = 0) to outer ( j = 0,
v = 5).
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4. Conclusions
In the present work, the QCT method is used to investi-

gate the influences of collision energy and reagent vibrational
excitation on integral cross section, differential cross section,
and product polarization for the title reaction. Both collision
energy and vibrational excitation of reagent have a positive
influence on the reactivity of the title reaction. The DCS dis-
tributions are mainly forward–backward symmetry scattering
with the increase of collision energy, while the DCSs evolve
from backward to forward direction with increasing vibrate
quantum number. Particularly, the DCSs show that the title
reaction is mainly dominated by the abstraction mechanism at
lower collision energy. While with the enhancement of col-
lision energy, the insertion mechanism appears even though
the abstraction mechanism still exists. In addition, the prod-
uct rotational angular momentum is not only aligned but also
oriented along the y axis, except when the collision energy is
10 kcal/mol, for which the orientation effect disappears and
only the alignment effect remains. The peak of P(θr) is found
to be enhanced when the H2 radical is vibrationally excited,
which is in good agreement with the behavior of the align-
ment parameter 〈P2(𝑗

′ ·𝑘)〉. It can be concluded that not only
the rotation of the product NH molecular has a preference con-
verting from “in plane” reaction mechanism to “out of plane”
mechanism, but also the final angular momentum is oriented
along the y axis with the increase of collision energy or initial
vibration excitation.
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