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Abstract. The vector correlations between products and reagents for the chemical re-
actions O++H2/D2/T2 at different collision energies (1.0eV-2.8eV) have been studied
by means of the quasi-classical trajectory (QCT) method based on the RODRIGO po-
tential energy surface(PES) [Rodrigo et al 2004 J. Chem. Phys. 120 4705]. The four gener-
alized polarization-dependent differential cross-sections (PDDCSs) (2π/σ)(dσ00/dωt),
(2π/σ)(dσ20/dωt), (2π/σ)(dσ22+/dωt) and (2π/σ)(dσ21−/dωt) have also been cal-
culated at seven different collision energies respectively. The isotope effect comparing
with the effect of collision energies has been discussed further. The results indicate
that the reaction is sensitive to the mass factors. Meanwhile the collision energies have
a greater effect than the mass factors.
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1 Introduction

The ion-molecule reaction has been of great importance recently [1-10]. The O++H2 reac-
tion has played a great role in the development of ion-molecule reaction dynamics [1-5].
It has attracted extensive attention both experimentally and theoretically. The hydrogen
atom transfer reaction O++H2 has served as a prototypic example for the study of the
kinetics and dynamics of moderately exothermic ion-molecule systems. What’s more
interesting is that it presents a well for collinear OHH arrangements. It also plays an
important role in interstellar chemistry and in the Earth’s ionosphere [1-2, 6-8].
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The most accurate PES for O++H2 reaction is constructed by Rodrigo et al. in 2004.
Following, there are many theoretical and experimental works for the O++H2 reaction.
For example, Rodrigo et al reported rate constants and cross sections based on this PES
using the quasi-classical trajectory method. Then he studied the reaction and its isotopic
variants using the time dependent wave packet method [3]. Moreover, rate constant,
cross section and angle-velocity distribution have also been studied experimentally. Ex-
perimental studies about the O++H2 reaction show that electronically nonadiabatic pro-
cesses are only important at high relative translational energies [4, 5].

As is known, the vector properties of a chemical reaction can provide valuable in-
formation about stereodynamics of chemical reaction, so it is very important to study a
reaction’s vector properties. However, most studies in former work deal substantially
with the scalar properties, which leads to much useful information missed. In order to
get full information of the ion-molecule reaction, the scalar and vector properties should
be considered together [11-19]. As far as we know, there are already some investigations
about the O++H2 reaction and its isotopic variants, yet most of which are about their
scalar characters, such as rate constant, cross section, reaction probability, etc. In order to
obtain more information of this system, especially its vector characters and the effect of
comparing the mass factors with collision energies, the title reactions are chosen for this
paper.

2 Quasi-classical trajectory calculations

In our calculations, the RODRIGO PES [3] has been employed. The collision energy is
chosen from 1.0 eV to 2.8 eV (the step is 0.3 eV) for the three title reactions. The vibra-
tional and rotational numbers of the reactants molecule are all chosen as v=0, j=0. In the
calculation method of QCT we use here is the same as that of references [20-22]. 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 angle θr and
φr is from 0◦ to 180◦ and from 0◦ to 360◦, respectively. In the calculation, batches of 20000
trajectories are run for each reaction and the integration step size is chosen as 0.1 fs which
can leads to good results.

3 Results and discussion

The four commonly polarization-dependent differential cross-sections (PDDCSs) (2π/σ)
(dσ00/dωt), (2π/σ)(dσ20/dωt), (2π/σ)(dσ22+/dωt) and (2π/σ)(dσ21−/dωt) as a func-

Table 1: The mass factor cos2 β calculated for different isotopic variants H2, D2 and T2.

Reaction system O++H2 O++D2 O++T2

cos2 β 0.4704 0.4441 0.4206
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Figure 1: The center-of-mass coordinate system used to describe the k, k’ and j’ correlations.

tion of both collision energy and scattering angle are depicted in Fig. 2. As mentioned
above, the generalized PDDCS is used to describe the k-k’-j’ correlation and the scattering
direction of the product molecule (that is OH+, OD+, OT+ in this paper, respectively, see
Fig. 1). However, the PDDCS (2π/σ)(dσ00/dωt) only describe the k-k’ correlation or the
scattering direction of the product and is not associated with the orientation and align-
ment of the product rotational angular momentum vector j’. At the same time, it is called
the differential cross section (DCS) instead. It can be seen clearly from Fig. 2 that the
products are strongly scattered backward at lower collision energies, however it is mainly
sideways scattered at higher collision energies. Moreover, the polarization trend is con-
sistent for the three reactions O++H2/D2/T2. That means with the increase of the substi-
tutional atom’s mass the polarization trend changes little. The PDDCS (2π/σ)(dσ20/dωt)
drawn in Fig. 2 is the expectation value of the second Legendre moment 〈p2(cosθr)〉. As
can be seen from Fig. 2 that the behavior of (2π/σ)(dσ20/dωt) shows that the tendency
is opposite to that of (2π/σ)(dσ00/dωt), which indicates that j’ is strongly aligned per-
pendicular to k. Moreover, the distribution of (2π/σ)(dσ20/dωt) for the three reactions
is almost the same. This trend can be explained by the mass factor between the three
reactions. When the two H atoms are replaced by two D atoms or two T atoms at the
same time, the mass factor cos2 β(cos2 β= mAmC

(mA+mB)(mB+mC)
for the reaction A+BC → AB+C

which is shown in Table.1) is very near to each other which leads to the similar distribu-
tion of the (2π/σ)(dσ20/dωt). It can be deduced reasonably that the collision energy has
greater influence on the two PDDCSs (2π/σ)(dσ00/dωt) and (2π/σ)(dσ20/dωt) than the
mass factors.

It can also be seen in Fig. 2 that the PDDCSs with q 6=0 are zero at the extremities of
forward and backward scattering. At these limiting scattering angles, the k-k’ scattering
plane is not determined and the value of these PDDCSs with q 6= 0 must be zero. The
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Figure 2: The four PDDCSs as a function of both the scattering angle θr and collision energy for the three

reactions O++H2, O
++D2 and O++T2.

PDDCS (2π/σ)(dσ22+/dωt) at the scattering angles away from extremities forward and
backward directions provide information on the θt scattering angle distribution and the
fact that the values are nonzero at the scattering angles away from θt =0◦ and 180◦ indi-
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)(Figure 3: The P(θr) distributions as a function of both the polar angle and the collision energy for the three

reactions O++H2, O
++D2 and O++T2.

cates that (2π/σ)(dσ22+/dωt) is not isotropic for sideways and forwards scattering prod-
ucts. From the PDDCS (2π/σ)(dσ22+/dωt), we can get some more useful information.
The (2π/σ)(dσ22+/dωt) distributions are related to 〈sin2 θr cos2ϕr〉, it can be seen from
Fig. 2 that the values of (2π/σ)(dσ22+/dωt) are negative for all scattering angles of the
title reactions which indicates that the product is strongly aligned along the y-axis. Fig.
2 also shows that the polarization trend of the three reactions is displayed consistently.
It represents the polarization changes little with the mass factors. It can also be seen
that the strongest polarization appears at around 145◦ with the collision energy bellow
2.0 eV, however, the strongest polarization appears at 70◦ to 90◦ when the collision en-
ergy is above 2.0 eV. It shows that collision energy has greater influence on the strongest
polarization than the mass factors. The distributions of (2π/σ)(dσ21−/dωt) related to
〈−sin2θr cos2φr〉 are plotted in Fig. 2. As can be seen clearly from Fig. 2, the tendency
of the polarization for the three reactions is consistent. The strongest polarization is at
around 120◦ and decreases with the increase of the collision energies when the collision
energy is below 2.0 eV, However, the strongest polarization appears at around 90◦ and
changes little with different collision energies when the collision energy is above 2.0 eV.
Meanwhile, the strongest polarization changes little with different mass factors. It means
that the collision energy has stronger influence on the PDDCS (2π/σ)(dσ21−/dωt) than
the mass factors.

We have already gotten rich information about the angular momentum polarization
from the PDDCSs shown in Fig. 2. In order to get more information, we have plotted
P(θr) and P(φr) in Fig. 3 and Fig. 4, respectively. The P(θr) distributions describing the
k-j’ correlation of the products OH+, OD+, OT+ are shown in Fig. 3. It is clearly that the
peak of P(θr) distribution is at θr = 90◦ and symmetric with respect to 90◦, which indi-
cates that the product rotational angular momentum vector j’ is strongly aligned along
the direction perpendicular to k. However, there is a discrepancy among the P(θr) distri-
bution of the three reactions. That is the peak of P(θr) distribution becomes higher with
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)(
Figure 4: The P(ϕr) distributions as a function of both the polar angle and the collision energy for the three

reactions O++H2, O
++D2 and O++T2.

the increase of the isotopic atomic mass. According to the reference [14, 24], the P(θr)
is sensitive to two factors: one is the characters of surfaces; the other is the mass factors
(i.e., cos2 β=mAmC/(mA+mB)(mB+mC) for the reaction A + BC → AB + C). It is based
on the same PES (Rodrigo et al. 2004 J. Chem. Phys. 120 4705) for the three reactions
in our calculation, so we can deduce that the difference of the P(θr) distributions comes
from the difference of mass factor among the reaction O++H2 → OH++H [cos2 β=0.4704],
O++D2 → OD++D [cos2 β=0.4441] and O++T2 → OT++T [cos2 β=0.4206]. We can easily
find that the width of the distribution hardly changes with the increase of the atomic
mass. It means that the product rotational alignment effect is almost the same as the H
atom is substituted either by D or by T. What should be noticed specially is that with the
increase of collision energies the products’ alignment becomes stronger. However, when
the collision energy is above 2.0 eV, the trend is not obvious. That means higher collision
energy has little influence on the products’ alignment for this reaction system. It also
means that the mass factors have a greater effect than collision energies when collision
energy is above 2.0 eV.

The dihedral angle distributions describing k-k’-j’ correlation are shown in Fig. 4. The
P(φr) tends to be asymmetric with respect to φr=180◦ directly reflecting the strong polar-
ization of angular momentum for the three reactions. It can be seen clearly that there is
a peak at about φr=270◦, which means that the rotational angular momentum vector j’ of
the products for the three reactions has a preferentially orientation effect. We can also see
that the peaks of P(φr) change little as the atomic mass increases. However, the peaks
change more obviously with different collision energies. What should be noticed spe-
cially is that the orientation becomes stronger and stronger with the increase of collision
energies as the collision energies are below 2.0 eV. The orientation changes less obviously
with the increasing energies when the collision energies are above 2.0 eV. It is obvious
that the collision energies have a greater effect than the atomic masse, which may be
caused by the character of the PES. According to the previous theoretical study for A+BC
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Figure 5: P(θr ,φr) distributions as a function of both the polar angle θr and ϕr at four collision energies for the

three reactions O++H2, O
++D2 and O++T2.
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→ AB+C reaction [25-28], j’ can be represented as j′=Lsin2 β+ jcos2 β+ J1mB/mAB, where
L is the reagent orbital angular momentum and J1 =

√

µBCR(rAB×rCB).(rAB and rCB are
unit vectors where B points to A and B points to C, respectively. µBC is the reduced
mass of BC molecule and R is the repulsive energy). During the process of the chemical-
bond forming and breaking for the O++H2/D2/T2 reactions, the part of Lsin2 β+ Jcos2 β

is symmetric in the equation. However, the left term of j’ (J1mB/mAB) shows a preferring
direction as a result of the effect of the repulsive energy, which leads to the orientation of
the product. In order to valid more information of the angular momentum polarization,
we also plot it in the form of polar plots θr and φr, averaged all scattering angles in Fig.
5. As can be seen from Fig. 5, the distributions of P(θr,φr) peak at (90◦,270◦) which are in
good accordance with the distributions of P(θr) and P(φr) calculated in this paper.

4 Conclusions

Calculations of the product rotational polarization for the O++H2 and its isotopic reac-
tion have been performed based on the RODRIGO surface at a collision energy of 1.0-
2.8 eV. Four PDDCSs and the distributions of P(θr), P(φr) and P(θr,φr) are calculated
respectively. The results indicate that the degrees of alignment and orientation of the
three products rotational angular momentum vectors j’ may ascribe to the different col-
lision energies or difference of the mass factors in the three reactions. What’s more, the
collision energy has greater effect on alignment and orientation of the three products
rotational angular momentum vectors j’ than mass factor. In a word, the influence of
the collision energy on stereodynamics characters of the reaction system O++H2 and its
isotopic reaction O++D2/O++T2 is more obvious than that of mass factor.

Acknowledgments. This work was supported by the National Natural Science Foun-
dation of China (Grant No. 11274205). The authors also appreciate Professor Han for
providing the QCT code of stereodynamics.

References

[1] Gonzalez M.; Aguilar A.; Gilibert M. Chem. Phys. 1989, 131, 347.
[2] Martinez R.; Sierra J. D.; Gonzalez M. J. Chem. Phys. 2005,123, 174312.
[3] Rodrigo M.; Judith M.; Miguel G. J. Chem. Phys. 2004, 120, 4705.
[4] Harris H. H.; Leventhal J. J. J. Chem. Phys. 1975, 64, 3185.
[5] Rodrigo M.; Josep M. L.; Xavier G.; Antonio A.; Miguel G. J. Chem. Phys. 2006, 124, 144301.
[6] Gonzalez M.; Gilibert M.; Aguilar A.; Sayos R. J. Chem. Phys. 1993, 98, 2927.
[7] Gonzalez M.; Gilibert M.; Aguilar A.; Sayos R. Chem. Phys. Lett. 1993, 204, 578.
[8] Gonzalez M.; Aguilar A.; Virgili J. Chem. Phys. Lett. 1985,113, 179.
[9] Chu T. S.; Zhang Y.; Han K. L. Int. Rev. Phys. Chem. 2006, 25, 201.

[10] Hu J.; Han K. L.; He G. Z. Phys. Rev.Lett. 2005, 95, 123001.
[11] Aoiz F. J.; Herrero V. J.; Saez-Rabanos V. J. Chem. Phys. 1992, 97, 7423.
[12] Miranda M. P.; Clary D. C. J. Chem. Phys. 1997, 106, 4509.



262 Y.-J. Wang, X.-G. Liu, et al. / J. At. Mol. Sci. 6 (2015) 254-262

[13] Case D. E.; McClelland G. M.; Herschbach D. R. Mol. Phys. 1978, 35, 541.
[14] Wang M. L.; Han K. L.; He G. Z. J. Chem. Phys. 1998, 109, 5446.
[15] Chu T. S.; Han K. L. Phys. Chem. Chem. Phys. 2008, 10, 2431.
[16] Han K. L.; He G. Z.; Lou N. Q. J. Chem. Phys. 1996, 105, 8699.
[17] Chen M. D.; Han K. L.; Lou N. Q. Chem. Phys. 2002, 283, 463.
[18] Chen M. D.; Han K. L.; Lou N. Q. J. Chem. Phys. 2003,118, 4463.
[19] Xu W. W.; Liu X. G.; Luan S. X.; Sun S. S.; Zhang Q. G. Chin. Phys. B 2009, 18, 0339.
[20] Shafer-Ray N. E.; Orr-Ewing A. J. and Zare R. N. J. Phys. Chem. 1995, 99, 7591.
[21] Aoiz F. J.; Brouard M.; Enriquez P. A. J. Chem. Phys. 1996, 105, 4964.
[22] Aoiz F. J.; Banares L.; Herrero V. J. J. Chem . Soc. Faraday Trans. 1998, 94, 2483.
[23] Ma J. J.; Chen M. D.; Cong S. L.; Han K. L. Chem. Phys. 2006, 327, 529.
[24] Wang M. L.; Han K. L.; He G. Z. J. Phys. Chem. A. 1998, 102, 20204.
[25] Han K. L.; He G. Z.; Lou N. Q. Chin. J. Chem. Phys. 1989, 2, 323.
[26] Li R. J.; Han K. L.; Li F. E.; Lu R. C.; He G. Z.; Lou N. Q. Chem. Phys. Lett. 1994, 220, 281.
[27] Zhang W. Q.; Cong S. L.; Zhang C. H.; Xu X. S.; Chen M. D. J. Phys. Chem. A. 2009, 113,

4192.
[28] Zhang W. Q.; Li Y. Z.; Xu X. S.; Chen M. D. Chem. Phys. 2010, 367, 115.


