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The quasi-classical trajectory calculations O+ +DH(v=0, j=0)→OD+ +H reactions on the
RODRIGO potential energy surface have been carried out to study the isotope effect on
stereo-dynamics at the collision energies of 1.0, 1.5, 2.0, and 2.5 eV. The distributions of
dihedral angle P (φr ) and the distributions of P (θr ) are discussed. Furthermore, the angular
distributions of the product rotational vectors in the form of polar plot in θr and φr are
calculated. The differential cross section shows interesting phenomenon that the reaction is
dominated by the direct reaction mechanism. Reaction probability and reaction cross section
are also calculated. The calculations indicate that the stereo-dynamics properties of the title
reactions are sensitive to the collision energy.
Key words: Stereo-dynamics, Quasi-classical trajectory method, Polarization-dependent
differential cross-section
the O+ +HH(v=0, j=0)→OH+ +H reaction using the
close-coupling hyper-spherical (CCH) exact quantum
method and compared with the quasi-classical trajectory method [8]. Rodrigo et al. again using the time
dependent real wave packet method studied the reaction
O+ +HH(v=0, j=0)→OH+ +H, and its isotopic variants
[9].
There are many studies about the reaction O+ +HH
and its isotopic variants (D2 , HD), but little for the
isotopic variants DH. In order to obtain more information of this system, we investigated the reaction
O+ +DH(v=0, j=0)→OD+ +H by the quasi-classical
trajectory (QCT) method.

I. INTRODUCTION

Ion-molecule reactions are relevant in a number of
interesting situations including interstellar chemistry,
electric discharges, and planetary ionospheres. The
reactive system O+ +DH(v=0, j=0)→OD+ +H, which
is selected, is an exceptional case of ion-molecule reaction and is important in interstellar chemistry and
in the Earth’s ionosphere. Thus, it can be regarded
as a prototype of moderately exothermic ion-molecule
reactions involving a H atom transfer and it takes
place adiabatically on the ground PES (14 A00 surface
in Cs symmetry) in a wide collision energy (ET , relative translational energy) interval [1−4]. Reaction
O+ +HH(v=0, j=0)→OH+ +H is important in dense interstellar clouds, where subsequent reactions of OH+
with H2 lead to the formation of H2 O+ and H3 O+
molecular ions [5].

II. THEORY
A. Vector correlation among k, k0 , and j0

The center-of-mass frame (shown in Fig.1) is chosen
in this work. The reagent relative velocity vector k is
parallel to the z-axis, and x-z plane is the scattering

In 2004, Rodrigo et al. published the most accurate PES for O+ +HH→OH+ +H reaction [6]. After that, there are many theoretical and experimental
works for O+ +HH→OH+ +H reaction and its isotopic
variants [5,8,9]. Rodrigo et al. studied the cross section, maximum impact parameter and reaction probability of the O+ +HH→OH+ +H reaction using the
quasi-classical trajectory method [5], and the results
were in excellent accordance with the experimental results, which were taken from Burley et al. [7]. Also,
Rodrigo et al. studied the integral cross sections of

FIG. 1 The center-of-mass coordinate system used to describe the k, k0 , and j0 correlations.
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plane containing the initial and final relative velocity
vectors k and k0 . θt is called scattering angle, which is
the angle between k and k0 . θr and φr are the polar
and azimuthal angles of the final rotational momentum
j0 .
Usually, two vector correlations (k-j0 , k-k0 , or k0 -j0 )
can be expanded into a series of Legendre polynomials.
The polar angle distribution function P (θr ) describing
the k-j0 correlation can be expanded in a series of Legendre polynomials as [10−24]
1X
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are called orientation (k
The expanding coefficients
is odd) and alignment (k is even) parameter.
The dihedral angle distribution function P (φr ) describing k-k0 -j correlation can be expanded in Fourier
series as
Ã
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In this calculation, P (φr ) is expanded up to n=24,
which shows good convergence. The joint probability
density function of angles θr and φr , which defines the
direction of j0 , can be written as
1 X
[k]akq Ckq (θr , φr )∗
4π
kq
1 XXh k
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(aq± cos qφr −
4π
k q≥0
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where Ckq are modified spherical harmonics. The polarization parameter is evaluated as
akq± = 2hCk|q| (θr , 0) cos qφr i,
akq∓

= 2ihCk|q| (θr , 0) sin qφr i,

(k is even)

(7)

(k is odd)

(8)

In the calculation, P (θr , φr ) is expanded up to k=7,
which is sufficient for good convergence.
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The fully correlated center-of-mass (CM) angular distribution is written as the sum [26]
P (ωt , ωr ) =

X [k] 1 dσkq
kq

4π σ dωt

Ckq (θr , φr )∗

(9)

where [k]=2k+1, the angles ωt =θt , φt and ωr =θr , φr refer to the coordinates of the unit vectors k0 and j0 along
the directions of the product relative velocity angular
momentum vectors in the CM frame, respectively. σ is
1 dσkq
the integral cross section and
are generalized poσ dωt
larization dependent differential cross-sections (PDDCSs), while Ckq (θr , φr ) are modified spherical harmonics. The differential cross-section (DCS) is given by
1 dσ00
= P (ωt )
σ dωt
X [k1 ]
hk1 (k1 , 0)Pk1 (cos θt )
=
4π 0

(10)

k1

The bipolar moments hk01 (k1 , 0) are evaluated using the
expectation values of the Legendre moments of DCS,
hk01 (k1 , 0) = hPk1 (cos θt )i

!

bn sin nφr

B. Polarization dependent differential cross sections

(11)

Note that the DCS obtained here only describes the
k-k0 correlation or the scattering direction of the product and is not associated with the orientation or alignment of the product rotational angular momentum vector j0 .
C. Quasi-classical trajectory calculations

The collision energies are chosen as 1.0, 1.5, 2.0, and
2.5 eV for the title reaction on the PES mentioned
above. The vibrational and rotational levels of the reactants molecule are taken as v=0 and j=0, respectively.
The accuracy of the numerical integration is verified by
checking the conservation of the total energy and total
angular momentum for every trajectory. In our calculation, batches of 2×104 trajectories are run for the
reaction. All trajectories have been calculated starting
from an initial separation of 12 Å between the O+ and
the center of mass of the diatomic molecule, because
at this distance the interaction energy can be neglected
with respect to both the relative energy and the internal energy of the molecule. The initial azimuthal orientation angle and polar angle of the reagent molecule
inter-nuclear axis are randomly sampled using Monte
Carlo method, and the range of the angles is from 0◦
to 180◦ and from 0◦ to 360◦ , respectively. The integration step size is chosen as 0.1 fs. For each reaction, the
maximal impact parameter bmax is 1.44, 1.71, 1.76, and
1.85 Å, respectively.
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FIG. 2 Internuclear distance of O+ −H, H−D, and O+ −D as a function of propagation time, with the scattering angle of
θt =141◦ at Ec =1.0 eV (a), θt =124◦ at Ec =1.50 eV (b), θt =102◦ at Ec =2.0 eV (c), and θt =132◦ at Ec =2.50 eV (d).

scattering. Figure 3 also shows that the backward scattering decreases rapidly with the increment of energy
but the forward scattering increases slightly with the
increment of energy.
Figure 2 shows that O+ collides with the DH molecule
and forms an OD+ that moves away immediately. For
each energy, there has a scattering angle which we can
see in the result of our calculations. We observed direct
reactive trajectories at any collides energy. So, it is no
surprise that we observed backward scattering at any
collides energy. Thus, we can know that the reaction is
dominated by the direct reaction mechanism.
FIG. 3 Differential cross sections for the reaction
O+ +DH(v=0, j=0)→OD+ +H at four collision energies,
plotted as a function of scattering angle θt .

III. RESULTS AND DISCUSSION

It is of interest to investigate the scattering direction
of the product. The DCS derived from the PDDCS
offers an excellent opportunity to study chemical reactions at this level of detail. To understand a clear reaction mechanism, the variation of internuclear distances
of O+ −H, H−D and O+ −D, are presented as a function
of propagation time [24] in Fig.2. The DCS for the reaction O+ +DH(v=0, j=0)→OD+ +H at selected collision
energies (Ec ) are shown in Fig.3. At the lower collision
energy of 1.0 eV, the DCS shows apparent backward
DOI:10.1088/1674-0068/23/05/521-526

P (θr ) distribution of the products which describes
the k-j0 correlation is associated with the collision energy. Figure 4(a) shows that the peak of P (θr ) is at
θr =90◦ and symmetric with respect to 90◦ , which suggests that j0 is strongly aligned along the direction perpendicular to k. The peak of P (θr ) becomes higher
when the collision energy increases. The result is excellent accordance with the values of product rotational
alignment hP2 (j0 · k)i, which are −0.3505, −0.4297,
−0.4505, and −0.4579 at 1.0, 1.5, 2.0, and 2.5 eV, respectively.
P (φr ) depicted in Fig.4(b) describe k-k0 -j correlations. The peak of P (φr ) appears at φr =270◦ , which
demonstrates that j0 is preferentially oriented along the
negative direction of the y-axis. According to the previous theoretical study [25] on the molecular reaction
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FIG. 4 The angular distribution of P (θr ) and P (φr ) at four collision energies. (a) The P (θr ) describes the k-j0 correlation.
(b) The P (φr ) of j0 with respect to the k-k0 plane.

FIG. 5 Polar plots of P (θr , φr ) distribution. The collision energies is 1.0 eV (a), 1.5 eV (b), 2.0 eV (c), and 2.5 eV (d),
respectively.

for the reaction A+BC→AB+C, we have
J 1 mB
j0 = L sin2 β + j cos2 β +
mAB
p
J1 = µBC R (rAB × rCB )

(12)
(13)

where L is the reagent orbital angular momentum, rAB
and rCB are unit vectors where atom A points to atom
B and where atom B points to atom C, respectively;
µBC is the reduced mass of the BC molecule and R
is the repulsive energy. During chemical-bond forming and breaking for the O+ +DH→OD+ +H reaction,
the term L sin2 β+J cos2 β in the equation is symmetDOI:10.1088/1674-0068/23/05/521-526

ric, while the term J1 mB /mAB shows a preferred direction because of the effect of repulsive energy, which
leads to the orientation of the product OD+ . The peak
at φr =270◦ is evidently higher than that at φr =90◦ of
three collision energies, j0 is preferentially oriented along
the positive direction of y-axis, and the peak of P (φr )
becomes higher when the collision energy increases.
We also plot the angular momentum polarization in
the form of polar plot θr and φr at three collision energies in Fig.5. The distributions of P (θr , φr ) with peak
at (90◦ , 90◦ ) and (90◦ , 270◦ ) are in good accordance
with the distributions of P (θr ) and P (φr ) of the products.
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FIG. 6 The reaction probability in this work at different collision energies for the reaction O+ +DH(v=0,
j=0)→OD+ +H.

FIG. 7 The reaction cross section for the reaction
O+ +DH(v=0, j=0)→OD+ +H at different collision energies.
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FIG. 8 The product rotational alignment of reaction
O+ +DH(v=0, j=0)→OD+ +H as a function of collision energy.

lision energies is shown in Fig.8. It can be seen from
the figure that the hP2 (j0 · k)i values are almost invariant with collision energies, but in detail, the hP2 (j0 · k)i
value slightly becomes smaller with the collision energy
increase, indicating there are weak product rotational
alignments and the alignment becomes stronger to some
extent when the collision energy increases. In this case
we can deduce that the reaction belongs to heavy-lightlight mass combination, the product orbital angular
momentum is large, and the reactant orbital angular
momentum has less influence on the molecular product rotational alignment, which is consistent with the
previous calculation [28−33].

IV. CONCLUSION

Figure 6 shows the results of the reaction probability
in our calculation. It is clear that the reaction probability shows different values at different collision energies and has a larger reaction probability at Ec =2.0 eV.
From Fig.6 we can see, the reaction probability of this
reaction increase considerably with the increase of the
collision energy when Ec <2.0 eV, but the reaction probability decrease when Ec >2.6 eV. This phenomenon can
be due to the character of our potential energy surface.
This reaction is a prototype of moderately exothermic
ion-molecule system and potential energy surface has
potential well.
The total reaction cross section results are showed
in Fig.7. It can be seen that the total reaction cross
section increase considerably with the increase of the
collision energy when Ec <2.1 eV but the total reaction
cross sections decrease slightly when Ec >2.1 eV.
Not only the scalar properties but also the vector
properties can be acquired by means of QCT [27]. Because the rotational alignment of the product has solely
been measured in most experiments, we only calculated
the average rotational alignment factor hP2 (j 0 · k)i (the
detailed analysis can be referred in Ref.[27]), and the
dependence of the product rotational alignment on colDOI:10.1088/1674-0068/23/05/521-526

The stereo-dynamics of the reaction O+ +DH(v=0,
j=0)→OD+ +H has been investigated by the QCT
method at four collision energies (1.0, 1.5, 2.0, and
2.5 eV). From the calculation we know that the DCS
shows apparent backward scattering, and the backward
scattering decreases rapidly with the increment of energy. We also observed direct reactive trajectories at
any collide energy of this reaction. Thus, we can know
that the reaction is dominated by the direct reaction
mechanism. P (φr ) and P (θr ) demonstrate that the rotational polarization of product presents different characters for different collision energies. The rotational
angular momentum vectors j0 of the products are not
only aligned, but also oriented.
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