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Theoretical studies of the dynamics of the reactions O(3 P)+H2 /HD(v=0, j=0)→OH+H
have been performed with quasi-classical trajectory method (QCT) on an ab initio potential
00
surface for the lowest triplet electronic state of H2 O(3 A ). The QCT-calculated integral
cross sections are in good agreement with the earlier time-dependent quantum mechanics
results. The state-resolved rotational distributions reveal that the product OH rotational
distributions for O+HD have a preference for populating highly internally excited states
compared with the O+H2 reaction. Distributions of differential cross sections show that
directions of scattering are strongly dependent on the choice of quantum state. The polarization dependent generalized differential cross-sections and the distributions were calculated
and a pronounced isotopic effect is revealed. The calculated results indicate that the product
polarization is very sensitive to the mass factor.
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only focused on scalar properties. Complete information on the forces acting in the reaction also requires a
consideration of vector properties, as they are key indicators of the anisotropy of the potential energy surface
involved in the reaction [13−15]. Hence, a complete understanding of the gas-phase reaction dynamics is only
possible after considering both scalar and vector properties together [16−18]. One aspect of this polarization
is the correlation between reactant and product relative
velocity vectors, the k-k0 -j0 correlation, which provides
information otherwise lost by averaging over the random azimuthal orientation of impact parameters [19].
To shed more light on the state-to-state dynamics, in
this work, we primarily explore the polarization of product rotational angular momentum in the reaction and
vector correlations whether found to be very sensitive
to isotopic substitute.

I. INTRODUCTION

The reaction O(3 P)+H2 is of fundamental interest:
it is one of the simplest hydrogen abstraction reactions,
which is important in many combustion processes. The
reaction and its isotopic variants have received considerable attention both theoretically [1−11] and experimentally [12]. Especially, Han and coworkers first introduced the nonadiabatic quantum wave packet approach
to study nonadiabatic reaction dynamics and they presented for the first time an exact quantum study of
spin-orbit-induced intersystem crossing effects in the title reaction [1]. Braunstein et al. [6] and Balakrishnan [7,8] have reported their dynamics calculations on
the O(3 P)+H2 →OH+H reaction and the agreement between these calculated total reaction cross sections and
the experimental results have been found. For the isotopic reaction O(3 P)+HD, Song et al. has proved that
the major contribution to the isotopic effect comes from
reorientation of HD as O atom approaches [9]. Gordon et al examined all hydrogen isotope effects and reported experimental measurements of kHD /kDH using
laser-induced fluorescence techniques as well as found
very strong negative temperature dependence for the
kinetic isotope effect (KIE) [10,11].

II. COMPUTATION METHODS
A. Rotational polarization of the product

In the center-of-mass (CM) frame shown in Fig.1, the
reagent relative velocity vector k is parallel to the zaxis. The x-z plane is the scattering plane containing
the initial and final relative velocity vectors, k and k0 .
θt is the angle between the reagent relative velocity and
product relative velocity, namely, scattering angle. θr
and φr are the polar and azimuthal angles of the final rotational momentum j0 . The distribution function

However, the previous work in reaction dynamics has
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by
1 dσ00
= P (ωt )
σ dωt
X [k1 ]
=
[k1 ]hk01 (k1 , 0)Pk1 (cos θt )
4π

(7)

k1

FIG. 1 The center-of-mass coordinate system used to describe the k, k0 , and j0 distribution.

P (θr ) describing the k-j0 correlation can be expanded
in a series of Legendre polynomials as [15,16,20,21]:
P (θr ) =

1X
(2k + 1)a0 k Pk (cos θr )
2

(2)

The expanding coefficients a0 k are called the orientation (k is odd) and the alignment (k is even) parameter.
k=2 indicate the product rotational alignment [13,14]:
a0 2 = hP2 (cos θr )i
= hP2 (j 0 k)i
®
1
3 cos2 θr − 1
=
2

(3)

The dihedral angle distribution function P (φr ) describing the k-k0 -j0 correlation expanded in a Fourier
series [15,16,20,21]:
"
1
P (φr ) =
1+
2π
+

X

an cos(nφr )

n(even)≥2

X

#

bn sin φr

(4)

n(odd)≥1

an = 2 hcos(nφr )i ,

bn = 2 hsin(nφr )i

(5)

The full three-dimensional angular distribution associated with k-k0 -j0 can be represented by a set of
generalized polarization-dependent differential crosssections (PDDCSs) in the CM frame that is described in
[20−22]. The fully correlated CM angular distribution
is written as the sum
X [k] 1 dσkq

k1
S00
= hk01 (k1 , 0)
= hPk1 (cos θt )i

(8)

The remaining PDDCS with k=2, q=0, 1, and 2,
namely, (2π/σ)(dσ2,0 /dωt ), (2π/σ)(dσ2,1− /dωt ), and
(2π/σ)(dσ2,2+ /dωt ).

(1)

k

a0 k = hPk (cos θr )i

The bipolar moments hk01 (k1 , 0) are evaluated using the
expectation values of the Legendre moments of the differential cross-section,

B. Potential energy surface and quasi-classical trajectory
calculations

In this calculation, BMS1 potential energy surface
[24] has been employed. The BMS1 PES for the
00
O(3 P)+H2 system in the lowest 3 A state is built using ab initio data calculated by Rogers et al. [23] and
the double many-body expansion formalism. To obtain a better description of the long range interactions,
a semi-empirical representation of the long-range van
der Waals force has been considered. The reaction barrier is 0.569 eV above the O(3 P)+H2 asymptote limit
and a van der Waals minimum (−0.02 eV) is found at a
collinear reactant configuration (C∞v ) with the O atom
at 6.2a0 from the H2 center of mass.
The quasi-classical trajectory calculations are standard [21,22,25] and the quasi-classical trajectory
method (QCT) stereodynamics code used in this calculation was provided by Professor Ke-li Han. The QCT
calculations have been performed for the collision energy range of 0.5−1.1 eV, with sixth order simplectic
integration [25] by running batches of 5×104 trajectories. The integration step size is chosen as 0.1 fs and the
trajectories are started at an initial distance of 10 Å between the O atom and the centre of the mass of the H2
or HD molecule. The initial azimuthal orientation angle and polar angle of the reagent molecule internuclear
axis are randomly sampled using Monte Carlo method.
III. RESULTS AND DISCUSSION

(6)

A. Cross sections and rotational state distributions of the
product

where [k]=2k+1, (1/σ)(dσkq /dωt ) is a generalized
PDDCS, and Ckq (θr , φr ) are modified spherical harmonics [20−22]. The differential cross-section is given

The total cross sections for the reaction O(3 P)+
H2 (v=0, j=0)→OH+H are shown in Fig.2. We compare our results with the time-dependent quantum mechanics (TDQM) calculations [26]. The QCT results

P (ωt , ωr ) =

kq

4π σ dωt
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FIG. 2 Cross sections for the O(3 P)+H2 /HD(v=0,j=0)
→OH+H reaction as functions of the collision energy. Filled
circles: QCT results of O+H2 ; open circles: QCT results of
O+HD; solid curve: TDQM data of Ref.[26].

FIG. 3 Comparison between the QCT-calculated rotational distribution of the product OH(v 0 =0) molecule for
O(3 P)+H2 and that for O(3 P)+HD reactions at a collision
energy of 0.87 eV.

(filled circles) and TDQM (open circles line) calculation
[26] are obtained with BMS1 PES, which is a single fit00
ted ab initio surface for the lowest H2 O(3 A ) state. As
expected [25], the QCT results are in excellent agreement with the quantum result at high collision energies
(Ecoll ≥0.85 eV). However, near the threshold energy,
the quantum cross sections are significantly higher than
those calculated using classical mechanics. We believe
the differences between the TDQM and present QCT
cross sections arise from differences between quantum
and classical mechanics. The quantum results are much
more adiabatic [6], which proceeds along the reaction
path with constant internal vibrational energy and becomes sensitive to these effective energy thresholds. As
the collision complex is formed, the quantized energy
associated with bound motions added to the minimum
energy path creates effective energy thresholds for reaction.
Other potentially significant quantum effects such as
tunneling appear to be significant at low collision energies. As the collision energy becomes much larger than
the barrier heights, these effects should diminish, which
is what we observe.
For O+HD(v=0, j=0) the cross sections for producing OH and OD have been added together. The
major difference is that O+HD is more reactive than
O+H2 at energies Ecoll ≤0.85 eV. As can be seen that
isotopic substitution for the energy surface results in
some changes of reaction mechanism, such as barrier
heights. For O+H2 reaction the effective barrier height
is 0.568 eV [26] and for O+HD it is 0.534 eV. We believe that the smaller effective barrier height gives rise
to larger reactive probability.
Figure 3 shows a comparison of the QCT-calculated
rotational distribution of the product OH(v 0 =0)
molecule for O+H2 reaction with the same product for
the O+HD reaction at a collision energy of 0.87 eV.
The product OH rotational distributions for O+HD

have a preference for populating highly internally excited states compared with the O+H2 reaction. In previous work [27], the rotational distributions are related
to repulsive forces between the H atoms during decay
of the reaction complex. For the O(3 P)+H2 /HD reactions, we get the product rotational energy for O+H2 is
0
0
Erot
=0.162 eV while Erot
=0.184 eV for O+HD. Repulsive forces energy of HD molecular is larger and trans0
fers to product rotational energy Erot
more effectively,
which results in populating highly internally excitation.
The present QCT calculation was carried out without
considering the role of the nonadiabatic effect [1,28,29]
in the scattering process.
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B. Product polarization

The distributions of P (θr ) and P (φr ) calculated on
BMS1 PES at the collision energy of 0.87 eV for the reactions O(3 P)+H2 /HD(v=0,j=0)→OH+H/D are presented in Fig.4. The P (θr ) distributions, describing the
k-j0 correlation, peak at θr angles close to 90◦ and are
symmetric with respect to 90◦ because of the planar
symmetry of the system. It is clear that there is an
obvious discrepancy between the distribution of P (θr )
of the two reactions. The peak of P (θr ) distribution of
the reaction O+H2 is much higher than that of the reaction O+HD, which indicates that the degree of alignment of OH from the reaction O+H2 is different from
that of HD from the reaction O+HD. A simple way
to express the degree of product rotational polarization
is through the center-of-mass frame alignment parameter hP2 (j 0 k)i. The value of hP2 (j 0 k)i on the BMS1
PES is −0.428 for O+H2 reaction, while it is −0.405
for O+HD reaction, which imply that the product rotational alignment effects become weaker with the increase of the atomic mass. The difference of the P (θr )
distribution is probably attributed to the difference of
c
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FIG. 4 Rotational polarization of the OH product from the
O(3 P)+H2 /HD(v=0, j=0)→OH+H reactions at a collision
energy of 0.87 eV. (a) Distribution of P (θr ), reflecting the
k-j0 correlation. (b) Dihedral angle distribution of j0 , P (φr ),
with respect to the k-k0 plane.

FIG. 5 Differential cross sections for the O(3 P)+H2 /HD
(v=0, j=0)→OH+H/D reactions at a collision energy of
0.87 eV. The solid line shows data for the average, the dash
line shows data for OH (v 0 =0), and the dot line shows data
for OH (v 0 =1).

mass factor (i.e., cos2 β=mA mC /[(mA +mB )(mB +mC )]
for the reaction A+BC→AB+C) between the reaction O+H2 (cos2 β=0.444) and the reaction O+HD
(cos2 β=0.593). An increase of mass factor cos2 β will
reduce the anisotropic distribution of the product rotational angular momentum j 0 , which is consistent with
experimental observation [17].
The dihedral angle distribution P (φr ), describing the
k-k0 -j0 correlations, are shown in Fig.4(b). These P (φr )
distributions tend to be asymmetric with respect to
the k-k0 scattering plane, directly reflecting the strong
polarization of product rotational angular momentum.
The peaks at φr angles close to 270◦ indicate a preference for left-handed product rotation in planes parallel
to the scattering plane. We use the term “in-plane”
to refer to this preference of product molecule rotating in planes parallel to the scattering plane, and the
term “out-of-plane” to refer to the preference of product molecule rotating in planes perpendicular to the
scattering plane at the same time. At the collision energy of 0.87 eV, for the O+H2 reaction, the peak in the
P (φr ) distributions at φr angles close to 270◦ but almost disappear at φr =90◦ , which implies the rotational
angular momentum vector of the product OH is mainly
aligned along the negative direction of y-axis of the CM
frame. For the O+HD reaction, the peak at 270◦ becomes lower, which implies that the product rotational
alignment effect is weaker. However, the breadth of the
peak is almost invariant, which indicates that a preference of in-plane reaction mechanism has little changed.
As mentioned above, the distribution of the product angular momentum vector is sensitive to the mass factor.
During the reactive encounter, total angular momentum is conserved, j+L=j0 +L0 (here L and L0 are the

reagent and product orbital angular momentum). According to the impulse model [30], the larger product
atom will take more angular momentum away and reduces the anisotropic distribution of j0 .
Figure 5 show a comparison of the differential cross
sections (DCSs) for the reactions O+H2 and O+HD on
the BSM1 PES. The DCSs only describe the k-k0 correlation or the scattering direction of the product and is
not associated with the orientation and alignment of the
product rotational angular momentum vector j 0 . The
solid lines in the figures represent the average DCSs. It
can be seen that OH product molecules from the reaction O+H2 are backward scattered while OH molecules
from the reaction O+HD present a preference for sideward scattered.
As shown in Fig.5, because of the high probabilities,
for both the reactions, the DCSs for v 0 =0 (dash line)
is close to the average which provides major contribution to directions of scattering. For initial reagents v=0,
the distributions of final products OH vibrational states
mostly center on v 0 =0, which is the same as Ref.[31].
The branching ratio OH(v 0 =0)/OH(v 0 =1) is 3.574 for
O+H2 reaction closed to the value ∼3.67 from Ref.[22].
The results show the vibrational population in the product is more or less a copy of the vibrational structure
in the reagents. It is interesting that, for v 0 =1, the
products of O+HD reaction represent sideward scattering more notably. Based on previous works [6] for this
system, we believe that the directions of scattering are
strongly dependent on the choice of quantum state.
Figure 6 present PDDCS (2π/σ)(dσ2,0 /dωt ), PDDCS
(2π/σ)(dσ2,1− /dωt ), and PDDCS (2π/σ)(dσ2,2+ /dωt ),
respectively. The PDDCS (2π/σ)(dσ2,0 /dωt ) is the ex-
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to h− sin 2θr cos φr i, are depicted in Fig.6(b). It can
be seen in that there is significant difference between
the two reactions. The values of (2π/σ)(dσ2,1− /dωt )
of OH, for O+H2 reaction, are negative at all scattering angles, which indicate the product OH molecules are
aligned along the direction of vector x+z, while the values are positive at the range of scattering angles 0◦ −25◦
and 45◦ −65◦ and are negative at other scattering angles,
which shows that the product alignment OH is along the
direction of vector both x−z and x+z. The strongest
polarizations of the products of the two reactions are at
about 105◦ and 115◦ , respectively.
Figure 6(c) shows the PDDCS (2π/σ)(dσ2,2+ /dωt )
distribution, which is relative to hsin2 θr cos 2φr i, and
the values of (2π/σ)(dσ2,2+ /dωt ) are negative for all
scattering angles, which indicates the remarkable preference of product alignment along y-axis. The product of the O+H2 reaction displays a strongest polarization at about 100◦ , and the strongest polarization
for O+HD is at about 90◦ . In addition, the value of
(2π/σ)(dσ2,2+ /dωt ) for O+H2 reaction is more negative than for O+HD reaction, for all but the forward
direction, which indicates that the products from O+H2
reaction are more aligned.
FIG. 6 PDDCSs for the O(3 P)+H2 /HD(v=0, j=0)→
OH+H/D reactions at acollision energy of 0.87 eV. (a)
The PDDCS with (k,q)=(2,0). (b) The PDDCS with
(k,q)=(2,1−). (c) The PDDCS with (k,q)=(2,2+).

pectation value of the second Legendre moment. The
behavior of (2π/σ)(dσ2,0 /dωt ) shows the trend opposite to that of (2π/σ)(dσ00 /dωt ), which indicates that
j0 is strongly aligned perpendicular to k. These results
show that the (2π/σ)(dσ2,0 /dωt ) is related to alignment moment hP2 (j 0 k)i. The calculated values of the
product rotational alignment parameter hP2 (j 0 k)i are
−0.428 and −0.405 corresponding to O+H2 →OH+H
and O+HD→OH+D reactions and thus the product rotational alignment for O+H2 is stronger than O+HD.
This is in consistence with the product alignment prediction from the P (θr ) distribution shown in Fig.3(a).
The distribution of (2π/σ)(dσ2,0 /dωt ) of the reaction
O+H2 differs from that of the reaction O+HD when θt
is larger than 60◦ . For θt <60◦ , the polarization trend of
both reactions is consistent. As discussed in Ref.[13,14],
the difference of the distribution of (2π/σ)(dσ2,0 /dωt )
between the two reactions may come from the difference of the mass factor (cos2 β=0.444 for O+H2 and
cos2 β=0.593 for O+HD) between the two reactions.
It can also be seen in Fig.6 (b) and (c) that the PDDCSs with q6=0 are zero at the extremities of forward and
backward scattering. At these limiting scattering angles, the k-k0 scattering plane is not determined and the
value of these PDDCSs with q6=0 must be zero [20]. The
distributions of (2π/σ)(dσ2,1− /dωt ), which are related
DOI:10.1088/1674-0068/22/05/523-528

IV. CONCLUSION

In this work, we presented a quasi-classical trajectory
dynamic study for the reactions O(3 P)+H2 /HD(v=0,
j=0)→OH+H/D on the BMS1 potential energy surface. The integral cross sections, state-resolved rotational distributions, and product polarization were calculated for a collision energy range from 0.5 eV to
1.1 eV. The QCT-calculated integral cross sections are
in good agreement with earlier TDQM results. The
state-resolved rotational distributions in v 0 =0 at a collision of 0.87 eV show clearly that the product OH
rotational distributions for O+HD have a preference
for populating highly internally excited states. At the
product-state-resolved level, the DCSs for the two reactions were plotted and the results reveal that the directions of scattering are strongly dependent on the choice
of quantum state. The PDDCSs (2π/σ)(dσ2,0 /dωt ),
(2π/σ)(dσ2,1− /dωt ), (2π/σ)(dσ2,2+ /dωt ) and the distribution of P (θr ), P (φr ) have been calculated. The
product rotational angular momentum vectors j 0 of the
products from the two reactions are not only aligned,
but also oriented. Calculations also show that, on
BMS1 PES, the product polarization is very sensitive to the mass factor cos2 β. For the reactions
O(3 P)+H2 /HD, an increase of mass factor can reduce
the anisotropic distribution of the product rotational
angular momentum j 0 .
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