Cent. Eur. J. Phys. • 10(2) • 2012 • 253-270
DOI: 10.2478/s11534-011-0107-3

Central European Journal of Physics

Stereodynamics of chemical reactions:
quasi-classical, quantum and mixed
quantum-classical theories
Review Article

Wenwu Xu1 , Guangjiu Zhao1∗
1 State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese Academy of Sciences,
457 Zhongshan Road, Dalian 116023, China

Received 15 April 2011; accepted 15 November 2011

Abstract:

In this review, some benchmark works by Han and coworkers on the stereodynamics of typical chemical reactions, triatomic reactions H + D2 , Cl + H2 and O + H2 and polyatomic reaction Cl+CH4 /CD4 , are presented
by using the quasi-classical, quantum and mixed quantum-classical methods. The product alignment and
orientation in these A+BC model reactions are discussed in detail. We have also compared our theoretical results with experimental measurements and demonstrated that our theoretical results are in good
agreement with the experimental results. Quasi-classical trajectory (QCT) method ignores some quantum
effects like the tunneling effect and zero-point energy. The quantum method will be very time-consuming.
Moreover, the mixed quantum-classical method can take into account some quantum effects and hence is
expected to be applicable to large systems and widely used in chemical stereodynamics studies.
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1.

Introduction

The vector property of an elementary reaction, such as the
relative velocity direction of the reactants and products,
the angular momentum orientation and the correlation between these vectors, plays a significant role in understanding the process of the reaction, and has attracted an
enormous amount of interest. Since the pioneering works
of Fano, Macek, Herschbach et al [1–16], it has been rec∗
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ognized that a detailed, three-dimensional picture of the
dynamics of reactive collisions emerges with the determination of the correlated angular distribution describing the mutual orientations of the reagent and product
linear and angular momentum. Consequently, theoretical
and experimental interest in vector correlation in chemical reactions has increased significantly. Experimentally,
there are various techniques [17–30] that can be used to
probe the vector correlations in chemical reactions and
these measurements can reveal details about the reaction mechanisms. The experimental studies of stereodynamics have been reviewed in detail by Orr-Ewing and
Zare [31–33] and Simons et al, [34–37], while a review
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of theoretical studies on chemical stereodynamics is still
lacking. Here, we review calculation methods, including
quasi-classical, quantum and mixed quantum-classical, for
studying product rotational alignment and orientation and
their applications in triatomic and pseudo-triatomic systems. In the calculations, theoreticians are more interested in the vector distribution of product and the vector
correlation between reactants and products. The most familiar vector correlation between the reagent and product
relative velocity vector (k, k0 ) is characterized by the differential cross section dσ /dωt . A very important vector
correlation is the correlation among three vectors k, k0
and j0 (the product rotational angular momentum). The
angular distribution describing the relative orientation of
these vectors in space may be termed the k-k0 -j0 distribution; the correlations among three vectors in the centerof-mass frame can be characterized by certain interesting
double and triple vector correlations [38–42].
The quasi-classical trajectory (QCT) method is widely
used in the theoretical studies of molecular reaction dynamics. Because it requires relatively small computational
resources, and because it can provide relatively accurate dynamical information, the QCT calculations are still
flourishing in the research of stereodynamics. In 1975,
Hijazi and Polanyi [43] used the QCT method in combination with two potential energy surfaces, one attractive and
one repulsive, to investigate the effects of different mass
combinations of reagents and products on the distribution
of angles between product rotational angular momentum
and reagent relative velocity and the role of reagent orbital angular momentum in determining j0 . Their work does
not study the alignment of the reactions. In order to combine this with the experimental results, Han and coworkers reported the first calculations of the reaction product rotational alignment using the QCT method in 1993
[44]. The alignment parameter hP2 (j 0 · k)i that describes
the k-j0 correlation, and was comparable to the experiment measurements, was calculated in their work. They
also investigated in detail the dependence of the product rotational alignment on collision energy at different
mass combinations of reagents on attractive and repulsive potential energy surface [45]. From then on, Han and
coworkers have reported a series of studies on the stereodynamics of chemical reactions by employing the QCT
method [46–61]. Some typical works will be discussed
in detail in Section 3. In addition, the computer code
that was developed by Han and coworkers on the stereodynamics of chemical reactions has been widely used
by other research groups [62–115]. A variety of triatomic
chemical reactions and their isotopically substituted ones
have been systematically studied [62–115]. Later, Schatz
and coworkers extended the QCT method to investigate
254

the stereodynamics of more complex tetra-atomic reaction
systems, such as H + H2 O and H + CO2 [116–118]. Zou
and Bowman have done excellent work on the ab initio potential energy surfaces and quantum calculations of many
complex molecular systems like HOCl and so on [119–
124, 124].
With the development of computers and computing technology, using the quantum mechanical method to study the
stereodynamics of the reaction has become possible. Miranda et al. [40–42] derived the quantum mechanical expressions of the probability function describing the stereodynamics of atom-diatom reactions and discussed in detail
the quantum stereodynamical quantities, they also compared the quantum description of k-k0 -j0 vector correlation
with the classical description. Han and coworkers carried
out quantum mechanical calculations of the polarizationdependent differential cross sections for the Cl+H2 reaction [54]. In 2009, Zanchet et al studied the stateto-state differential cross sections and product polarization for chemical reactions H+ +D2 and Li+HF by use of
a new wavepacket code [125]. Most recently, Han and
coworkers investigated the stereodynamics of the O+H2
reaction by employing a mixed quantum-classical trajectory method - CSDM method [126–129]. The product rotational polarization with consideration of non-adiabatic
dynamics, including the joint distributions of the angles
between the reactant velocity, product velocity, and rotational angular momentum vectors, can be demonstrated by
this method.
In this review, we will present a number of benchmark
works on the stereodynamics of triatomic and pseudotriatomic reactions by using quasi-classical, quantum
and mixed quantum-classical methods, including typical
Cl+CH4 /CD4 [48, 49], H + D2 [51], Cl + H2 [54] and O
+ H2 [126] reactions. Furthermore, we also review the
stereodynamics studies of different mass combination reactions A+BC→AB+C on different potential surfaces [45–
58]. From this comparative review of these studies of the
model reactions, we try to draw useful and general conclusions which are helpful and insightful for interested
readers in theoretical studies on the steoredynamics of
chemical reactions. The emphasis of this review is placed
on three different important theoretical methods - quasiclassical, quantum, and mixed quantum-classical methods.
The quasi-classical method ignores some of quantum effect, for example, tunneling effect and zero-point energy.
The quantum method will require much greater computational resources. The mixed quantum-classical method,
which can take into account some quantum effects, is expected to be applicable to large systems and widely used
in the chemical stereodynamics studies. The rest of this
paper is organized as follows: In Section 2, we briefly
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In formula (2), the angular brackets represent an average
over all the trajectories leading to a given final vibrational
(k)
state. The expanding coefficients a0 are called orientation (k is odd) and alignment (k is even) parameter. k =2
indicates the product rotational alignment
P2 (cosθr ) = hP2 (j 0 · k)i =

1
h3cos2 θr − 1i,
2

(3)

where P2 is the second Legendre moment, and the brackets indicate an average over the distribution of j0 about
k. Because only the rotational alignment of the product
is measured in most experiments, in this work we mainly
discuss the average rotational alignment factor hP2 (j · k)i
The dihedral angle distribution function P(φr ) of the kk0 -j0 three vectors can be expanded in Fourier series as
Figure 1.

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

P(φr ) =
review the quasi-classical, mixed quantum-classical, and
quantum theories of stereodynamics. Section 3 gives some
typical examples of specific applications. Last, we give the
concluding remarks and future perspectives in Section 4.

2.

Theory

2.1. Classical description of polarizationdependent differential cross-sections (PDDCSs) – description of k-k0 -j0 correlation
A simple way to express the degree of the polarization
of the product rotational angular momentum j0 is through
the center-of-mass (CM) frame orientation and alignment
parameters. The reference frame is shown in Figure 1. The
reagent relative velocity vector k is parallel to the z-axis
and 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 P(θr ) describing the k-j0 correlation can be expanded in a series of Legendre polynomials
as [31–37, 39],
P(θr ) =

1X
(k)
(2k + 1)a0 Pk (cosθr )
2 k

(1)

X
X
1
(1 +
an cosnφr ) +
bn sinnφr (4)
2π
even,n≥2
odd,n≥1

where
an = 2hcosnφr i

(5)

bn = 2hsinnφr i

(6)

The joint probability density function of angles θr and φr ,
which defines the direction of j0 , can be written as
P(θr , φr ) =

=

1 X
[k]akq Ckq (θr , φr )∗
4π kq

1 XX k
[a cosqφr − akq∓ isinqφr ]Ckq (θr , 0)
4π k q≥0 q±

(7)

In this calculation, the polarization parameter is evaluated
as
akq± = 2hCk|q| (θr , 0)cosqφr i. k is even

(8)

akq∓ = 2ihCk|q| (θr , 0)cosqφr i. k is odd

(9)

In the calculation, P(θr , φr ) is expanded up to k = 7,
which is sufficient for good convergence and the C kq are
the modified spherical harmonics.
The full three-dimensional angular distribution associated
with k-k0 -j0 can be represented by a set of generalized
PDDCSs in the CM frame. The fully correlated CM angular distribution is written as

where
Z
(k)
a0

π

P(θr )Pk (cosθr )sinθr dθ r = hPk (cosθr )i

=

(2)

P(ωt , ωr ) =

1 X
2π dσ kq
(2k + 1)
Ckq (θr , φr )∗
4π kq
σ dωt

(10)

0
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where ωt ≡ (θt , φt = 0) and ωr ≡ (θr .Φr ) represent the
polar coordinates of the product velocity, k0 , and the product angular momentum, j0 , referenced to the k-k0 scattering
dσ
plane, and σ1 dωkqt is a generalized polarization-dependent
differential cross-section (PDDCS), and

1 dσ kq
σ dωt

yields

2π dσ k0
= 0 (k is odd)
σ dωt
2π dσ kq
2π dσ kq+
=
σ dωt
σ dωt
+

2π dσ k−q
=0
σ dωt

(k even, q odd or, k odd, q even) (11)

Quantum description of PDDCSs

The quantum description of PDDCSs [41–43] is based on
the concept of rotational space density matrix ρ (cosθ),
which is related to the classical probability density function P(cosθ,cosθr , φr ). The quantum numbers are v (vibration of the diatomic molecule), j (magnitude of the rotational angular momentum of the diatomic), J (magnitude
of the total angular momentum), and Ω (helicity quantum
number). In the case of pure, definite j0 states the elements
of ρ (cosθ) can be written in terms of Clebsch-Gordan coefficients as

hj 0 m01 |ρ (cosθ) |j 0 m02 i

2j 0 P
k √
P
2k + 1 × 2π
= √ 10
σ

2π dσ kq−
2π dσ kq
=
σ dωt
σ dωt

2π dσ k−q
−
=0
σ dωt

2.2.

(k even, q even or, kodd, q odd) (12)

The PDDCS can be expressed as series of modified spherical harmonics,

=

2j +1 k=0q=−k
2j 0 P
k
P
1
(2k
0
2j +1
k=0q=−k

+ 1) ×

(13)

2π dσ kq
σ dω



+ 0 0
hj 0 m01 |Tkq
|j m2 i


hj 0 m01 , kq|j 0 m02 i

(17)
Employing the orthogonality of the Clebsch-Gordan coefficients we get the quantal description of PDDCSs
0

X [k1 ] k
2π dσ kq±
=
S 1 Ck −q (θt , 0)
σ dωt
4π kq± 1
k



dσ kq
dω

0

j
j
X
X
2π dσ kq
0|ρ(cosθ)|j 0 m02
=
hj 0 m1
i×
σ dω
0
0 0
0
m1 =−j m2 =−j

1

k

1
is evaluated using the expected value
where the Skq±
expression

k

1
= (−1)q 2ikhC k1 q (θt , 0) Ckq (θr , 0) sin qφr
Skq±

q

= (−1) 2hCk1 q (θt , 0) Ckq (θr , 0) cos qφr

k odd

k even

(14)

In Equation (14), the angular brackets represent an average over all angles.
The PDDCS with q = 0 is presented by
1 X
2π dσ k0
k
=
[k1 ]Sk01 Pk1 (cosθt )
σ dωt
4π k
where

= hPk1 (cosθt ) · Pk (cosθr )i

(16)

Many photon-initiated bimolecular reaction experiments
will be sensitive to only those polarization moments with
k = 0 and k = 2. In order to compare calculations
with experiments, (2π/σ )(dσ 00 /dωt ), (2π/σ )(dσ 20 /dωt ),
(2π/σ )(dσ 22+ /dωt ), (2π/σ )(dσ 21− /dωt ) are calculated. In
the above calculations, PDDCSs are expanded up to k 1
= 7, which is sufficient for good convergence.
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In the x 0 y0 z 0 frame ( z 0 parallel to k0 , y0 parallel to k×k0 ),
the PDDCSs can be obtained using the formula

∗
2π dσ kq0
1X
c J1 , Ω, Ω01 , θ c J2 , Ω, Ω02 , θ ×
=
σ dω
p
0

× (−1)k+q hjΩ01 , kq0 |jΩ02 i,

(19)

where the sum runs over J 1 , J 2 , Ω01 , Ω02 , and Ω. The
expression for the coefficient c is

J
J
c J, Ω, Ω0 , θ = (2j + 1) dΩΩ
0 (θ) Sv 0 j 0 Ω0 ,vjΩ

is evaluated by the expected value expression
k
Sk01

(18)

(15)

1

k
Sk01

×hj 0 m01 , kq|j 0 m02 i

(20)

and the normalization factor p is given by
p=

X
j,Ω,Ω0

(2J + 1) |SvJ 0 j 0 Ω0 ,vjΩ |

2

(21)

Then the PDDCSs in the CM frame were obtained with
the following formula:
X
2π dσ kq
2π dσ kq0
=
dqk 0 q (θ)
.
σ dω
σ dω
0
q

(22)
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3.

Examples

3.1. Stereodynamics of different mass
combination reactions for model reaction
A+BCtoAB+C on different potential energy
surfaces by using quasi-classical trajectory
QCT method
Using the extended London-Eyring-Polanyi-Sato (LEPS)
potential energy surface [40] of A+BC (v =0, j=0)
→AB+C, the trajectory calculations of heavy heavy-light
(HHL), light light-light (LLL), heavy light-light (HLL), and
light heavy-light (LHL) mass combination reactions on attractive and repulsive potential surfaces have been carried out to study the dependence of the product rotational
alignment on collision energies. The parameters of potential energy surface for A+BC are taken from [109]. The
constants are: equilibrium separation r10 = r20 = r30 =
0.742 Å, Morse constant β1 = β2 = β3 = 1.942 Å-1 , bond
dissociation energy D1 = D2 = 458 KJ/mol; D3 = 332
KJ/mol, adjustable parameter S1 = S2 = 0.05; S2 = 0.3
for attractive PES, S1 = 0.3; S2 = S3 = 0.05 for repulsive PES. Subscript i=1, 2, 3 indicates AB, BC, and AC,
respectively. During reactive encounter, the total angular momentum is conserved j + L=j0 + L0 , where L and
L0 are the reagent and product orbital momenta, respectively. When the reagent angular momentum j is small,
the product rotation can only result from L.
In Figure 2, we plot the calculated results of HHL mass
combination reaction for attractive and repulsive potential energy surfaces, respectively. Clearly, the product
rotational alignments are independent of PES properties in this case. This indicates that an important feature of this kind of reaction is the kinematic limit, i.e.,
the initial orbital angular momentum L completely goes
into the product rotational angular momentum j0 . This
leads to the product rotation being strongly aligned about
the reagents’ relative velocity and hP2 (j 0 · k)i should be
equal to -0.5. But the calculated hP2 (j 0 · k)i values deviate slightly from -0.5 and decrease with increasing collision energies [45]. The significant disposal of angular
momentum in to product orbital motion, L → j0 + L0 , particularly at the lower collision energy, decreases product
rotational alignments.
Figure 3a shows the plots of the product rotational alignments of LLL mass combination on collision energies for
attractive and repulsive potential surfaces respectively.
On the attractive potential surface, hP2 (j 0 · k)i values
change greatly with collision energies over the current
range. On the repulsive potential surface, i.e., late barrier PES, the effect of collision energy on the rotational
alignment of the product seems less even at higher col-

Figure 2.

The product rotational alignment of the HHL mass combination reaction as a function of collision energy. (a) attractive potential surface (b) repulsive potential surface. The
calculated results are taken from [45].

lision energies. At lower collision energies, the product
rotational angular momentum is not polarized on either
PES. However, at higher collision energies, the product
rotational angular momentum is strongly aligned on the
attractive potential surfaces, whereas for repulsive potential surfaces, the product rotational alignment is the same
as that of lower collision energies [45, 46]. However, as
is shown in Figure 3b, the hP2 (j 0 · k)i values all decrease
with increasing collision energies for HLL mass combination reaction, i.e., the product rotational alignments
strongly depend on collision energies, whether the potential energy surface is attractive or repulsive, although
the product angular distribution is very different on both
surfaces. Figure 3c shows the influence of collision energies on the product rotational alignments for LHL mass
combination reaction. The hP2 (j 0 · k)i values are almost
invariant with collision energies, whether the potential
surface is attractive or repulsive [47]. In this case, the
product rotation is very small since the reagent orbital
angular momentum mainly contributes to the product orbital angular momentum, and the product repulsion is not
257
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important for governing j0 either. j0 is randomly distributed
with respect to L0 , while L0 is strongly polarized with respect to the reagent relative velocity vector k. From what
we have discussed, the relationship between the product rotational alignments and collision energies strongly
depends on mass combinations, and the final rotational
angular momentum is found to be perpendicularly polarized with respect to the reagents’ relative velocity vector
on either attractive or repulsive potential surfaces.
Later, we also have investigated the product rotational
polarization in the photoinitiated bimolecular reaction
A+BC→AB+C on attractive, mixed and repulsive surfaces, considering all possible mass combinations [57, 58].
Four PDDCSs which are usually sensitive to many
photoinitiated bimolecular reaction experiments are presented. Furthermore, the distribution of dihedral angle
P(θr ) and the distribution of angle between k and j0 P(φr )
are discussed. Here we do not go into the details about
this and the reader should refer to the above references.

3.2. Stereodynamics of the
Cl+CD4 /CH4 using QCT method

reaction

The angular momentum polarization of the products of the
reaction Cl+CD4 /CH4 is calculated via the quasiclassical
trajectory method based on extended LEPS potential energy surface. In this calculation, we treat the CD4 / CH4
as a pseudodiatom D-”CD3 ” or H-”CH3 ”. The parameters of potential energy surface for Cl+CD4 are taken
from [114]. The constants are: equilibrium separation
r10 = 1.275 Å; r20 = 1.093 Å; r30 = 1.781 Å, Morse constant
β1 = 1.86 Å-1 ; β2 = 1.83 Å-1 ; β3 = 1.71 Å-1 , bond dissociation energy D1 = 103.4 Kcal/mol; D2 = 107 Kcal/mol;
D3 = 81.8 Kcalmol, adjustable parameter S1 = 0.86;
S2 = 0.798; S3 = −0.386. Subscript i=1, 2, 3 indicates
D-Cl, D-CD 3 , and CD 3 -Cl, respectively. The validity of
this approximation is discussed in the [130].
We consider a general, photoinitiated, state-to-state bimolecular reaction,
AX + hν → A + X ,
A + BC(v, j) → AB(v 0 , j 0 ) + C
To quantify the polarization of a diatomic molecule, the
direction j0 of the internal angular momentum of the AB
product must be specified with respect to a frame of reference. Here we briefly discuss the stationary-target frame
[38].
In a photoloc (photo law-of-cosines) experiment, we can
uniquely determine the laboratory-frame velocity vAB , zaxis is chosen to be parallel to vAB , y-axis is perpendicular to the plane of k and k0 . We label this reference
258

Figure 3.

The product rotational alignments as a function of scattering angle for the different mass combination reactions. (a)
LLL, (b) HLL, (c) LHL. Attractive potential surface - Solid
cycle. Repulsive potential surface - Open cycle. The calculated results are taken from [45].

frame as the stationary-target frame [131]. The stationarytarget-frame is related to the reagent scattering frame by
a rotation about the y rsf -axis (which is perpendicular to
the plane of k and k0 ) through an angle θu , and to the
product scattering frame by rotation about y rsf -axis (or
y psf -axis) through an angle θAB , where cosθu = vAB · k and
cosθAB = vAB · k 0
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In the photoinitiated experiment, the speed of the center
of mass, k, and the speed of the AB (v 0 , j 0 ) product in the
center-of-mass frame, k0 , are fixed by kinematics. Specifically,
k =(

0
2mA mX (hν − DAX
) 1/2
)
2
M mAX

k0 =

mC 2(Ecol − ∆E) 1/2
)
(
M
u0

(23)

and
(24)

!

Here u 0 is the reduced mass of the products, and E
is the difference between the energy of formation of the
products AB(v 0 , j 0 ) and C and the energy of formation
of the reactants A and BC (v, j). In the idealized photoloc experiment, we assume that AX and BC have a 0 K
translational temperature. Coexpanding AX and BC into
a vacuum, they travel together with the same velocity or
closely approach this condition. Zare and co-workers [38]
define the laboratory frame to be moving with this beam
velocity. Consequently laboratory-frame velocity vBC =0.
It follows that
k · k 0 = cosθr

Figure 4.

Table 1.

Plot of stationary target frame polarization-dependent
cross section for the D37 Cl (v 0 =0, j 0 =1) products from the
Cl+CD4 reaction, solid square indicating the calculated results from [49] and solid cycle taken from [28].

Experimental alignment parameters and calculated alignment parameters using different PESs in the stationarytarget frame.

Parameter

(2π/σ ) (dσ20 /dωt )

Experimental

0.28 ± 0.07a

Theoretical

-0.052b

0.136b

-0.062b

Theoretical

0.045c

0.145c

-0.106c

(25)

The speed vAB of the AB product in the laboratory frame
can be determined from Eqs. (23)-(25) and the relationship
v AB =k+k0 .
The polarization-dependent differential cross section
(2π/σ )(dσ 20 /dωt ) of the D37 Cl product from the state-tostate reaction Cl+CD4 (v =0,j=0)→DCl(v 0 =0, j 0 =1)+CD3
in the stationary-target frame has been calculated. The
theory of the rotational alignment in stationary-target
frame can be easily found in [39]. The calculated results
are shown in Figure 4. The value of (2π/σ )(dσ 20 /dωt ) inverts sharply from strongly negative in the back-scattered
region to strong positive in the side-scattered region,
and tends again toward negative values in the forwardscattered region [48, 49]. Comparison of the calculated
results with experimental data [28] in Figure 4 shows that
the calculated (2π/σ )(dσ 20 /dωt ) are quite close to the experimental results.
We also calculated the (2π/σ )(dσ 20 /dωt ) of the HCl product from the state-to-state reaction Cl+CH4 (v 3 =1) →
HCl(v 0 =1, j 0 =1)+CH3 stationary-target frame. Comparison of the calculated results with experimental data
[28] shows that the calculated alignment parameters for
sideways- and backward-scattered HCl are close to the
experimental results, while the difference between the calculated (2π/σ )(dσ 20 /dωt ) and the experimental result for
forward-scattered HCl is large (see Table 1). We therefore adjusted the three Sato parameters to improve the
agreement. Clearly, the calculated alignment parameters

forward

sideways

backward

0.36 ±0.14a -0.24±0.11a

a
b
c

Taken from [28]
Calculated value using Sato C from [48]
Calculated value using Sato D from [48]

for forward-, sideways- and backward-scattered HCl in
the stationary-target frame (shown in Table 1) are much
closer to the experimental results [28] using the new PES
[48, 49].
The difference between the calculated results and the
experimental ones is due to the following reasons: (1)
The effect of ”quasi-diatomic” approximation for CD4/CH4 .
This treatment reduces the steric requirements of the reaction. (2) The LEPS potential energy surface is a type
of rigid PES that may result in a large error. (3) Because the reaction product DCl/HCl is in a specified low
rotational state, the quantum effect is significant.

4. Isotope effect on stereodynamics
in H + D2 reaction and its isotopic variants by means of QCT method
The vector correlations in the H + D2 reaction and its
isotopic variants at a collision energy of 35.7 kcal/mol
259

Stereodynamics of chemical reactions: quasi-classical, quantum and mixed quantum-classical theories

have been studied by using quasi-classical trajectories on
two potential energy surfaces (PESs), one from BKMP2,
and the other from LSTH [51].
In 1998, Miranda et al. presented the quantum mechanical
and quasiclassical description of PDDCSs for the H+D2
reaction [42, 132]. As already emphasized in previous
works, the PDDCSs are the stereodynamical quantities
amenable to direct experimental determination and they
contain all the information about the k-k0 -j0 vector correlation. In order to get a better graphical representation
of the polarization of the HD products from the H+D2
reaction, we have plotted the P(θr ) and P(φr ) distributions shown in Figures 5a and 5b, respectively. Figure 5a
clearly illustrates that the distribution peaks at θr angles close to 90◦ and is symmetric with respect to 90◦
because of the planar symmetry of the system. The distribution of P(φr ), which represents P(θr ) the k, j0 correlation, indicates that the product rotational alignment
is strong. From the dihedral angle distribution of the
k-k0 -j0 shown in Figure 5b, one can realize that P(φr )
tends to be asymmetric about φr = π, directly reflecting the strong polarization of angular momentum. The
product rotational angular momentum is not only aligned
along the y-axis (i.e. the distributions have peaks at
φr = π/2 and 3π/2), but is also oriented (i.e. the peak
at φr = 3π/2 is far larger than the peak at φr = π/2).
The P(φr ) distribution peaking at φr angles close to 3π/2
implies a preference for left-handed HD rotation in planes
parallel to the scattering plane [51]. In our previous Letter [26], the impulse model of the atom and molecule,
A+ BC→AB+ C, reaction, has been used to calculate
the product rotational alignment. From [26], we have
j 0 = Lsin2 β + jcos2 β + J1 mB /mAB ; where L is the reagent
√
orbital angular momentum and J1 = µBC R(rAB × rCB ).
r AB , r CB are unit vectors where B points to A and where
B points to C, respectively; µBC is the reduced mass of
BC molecule and R is the repulsive energy. During the
chemical-bond forming and breaking for the H+D2 reaction, the term Lsin2 β + jcos2 β in the equation is symmetric, while the term J1 mA /mB shows a preferred direction
because of the effect of the repulsive energy, which leads
to the left-handed HD product rotation in planes parallel
to the scattering plane [51]. Figure 5c depicts the angular momentum polarization in the form of a polar plot of
the distribution p(θr , φr ), which represents the scattering
angle average of the full distribution P(ωt , ωr ). The distributions of the p(θr , φr ) peak at ( π/2, 3π/2), which are in
good accordance with the distributions of P(θr ) and P(φr ).
The plot of the distribution of p(θr , φr ) indicates that the
HH products are preferentially polarized perpendicular to
the scattering plane and the reaction is dominated by inplane mechanisms.
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Table 2.

Product rotational alignment parameter hP2 (j 0 · k)i calculated on both BKMP2 and LSTH potential energy surfaces at
a collision energy of 35.7 kcal/mol for the reactions H+H(D,
T)H →HH+H(D, T). The calculated results are taken from
cite46.

Reaction systems BMKP2 PES LSTH PES Mass factor (cos2 β)
H+HH→HH+H

-0.329

-0.330

0.25

H+HD→HH+D

-0.314

-0.318

0.333

H+HT→HH+T

-0.294

-0.301

0.375

Figure 6 shows the distributions of P(φr ) calculated on
BKMP2 PES at the collision energy of 35.7 kcal/mol for
the reactions H+HH(D, T)→HH +H(D, T). From the dihedral angle distribution of j0 with respect to the k-k0 plane,
it can be clearly seen that the distribution of P(φr ) for the
H+HT reaction is broader than that for the H+HH reaction. With the increase of the atomic mass, the preference
for in-plane reaction changes to a preference for out-ofplane mechanisms. That is to say, it is not necessary that
the product molecule rotates in the scatting plane containing all three atoms when the reaction happens [51].
The variation in the dihedral angle distribution implies
that the mass effect plays an important role in dynamical
stereochemistry.
The corresponding distribution of P(θr ) for above reactions shown in Figure 7 also becomes increasingly
broadened with the increase of the atomic mass. This
means that the product rotational alignment effect becomes weaker as the H atom is substituted either by D or
by T. 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 calculated values
of hP2 (j 0 · k)i shown in Table 2 for reactions H+HH(D,
T)→HH +H(D, T) are in agreement with the distributions
of P(θr ).
In our previous works, we have studied in detail the product polarization for the H + H0 L (H, heavy; L, light) mass
combination reaction and found that the distribution of
the product angular momentum vectors is very sensitive
to the mass factor [26, 47]. For the above reactions, as
the mass factor approaches zero, the product rotational
angular momentum vector is strongly aligned with respect to the relative velocity direction. An increase of
mass factor will reduce the anisotropic distribution of the
product rotational angular momentum j0 . The effect of
mass factor cos2 β = mA mC /(mA + mB )(mB + mC ) (for the
A + BC → AB + C reaction) on product rotational alignment is also notable for the LLL mass combination reaction. The mass factor of the H+HT reaction is larger
than that of the H + H2 reaction,so the hP2 (j 0 · k)i values of the products from the H+HT reaction become less
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Figure 5.

Polarization of the HD product for the reaction H+D2 (v = 0, j = 0) → HD + D on BKMP2 PES at the collision energy of 35.7 kcal/mol.
(a) The distribution of P (θr ). (b) The dihedral angle distribution of j0 , P (φr ) with respect to the k-k0 plane. (c) Polar plots of P (θr , φr )
distribution averaged over all scattering angles The calculated results are taken from [51].

Figure 6.

Dihedral angle distribution of j0 , P (φr ) with respect to the k-k0 plane, calculated on BKMP2 PES at the collision energy of 35.7 kcal/mol
for the reactions H +HH→HH + H (a), H + HD→HH + D (b), and H + HT→HH + T (c). The calculated results are taken from [51].
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Figure 7.

The distribution of P (θr ) on BKMP2 PES at the collision energy of 35.7 kcal/mol for the reactions H + HH→HH + H (a), H + HD→HH +
D (b), and H + HT→HH + T (c). The calculated results are taken from [51].

negative and j0 tends toward a less anisotropic distribution with respect to the vector k, while the rotation of the
product from the H + H2 is strongly aligned. During the
reactive encounter, total angular momentum is conserved,
j + L=j0 + L0 (here L and L0 are the reagent and product
orbital angular momenta). According to the impulse model
and Eq. (13), j 0 = L sin2 β + j cos2 β + J1 mB /mAB , in [26],
the larger product atom will take more angular momentum away, so the increase of the mass factor reduces the
anisotropic distribution of j0 .
In contrast to the results arising from the H+HH(D,
T)→HH +H(D, T) reactions, an increase of mass factor
enhances the anisotropic distribution of the product rotational angular momentum j0 for the reactions H+H(D,
T)H→HH(D, T) +H and H(D, T)+HH→HH(D, T) +H.
The calculated results shown in Table 3 indicate that the
isotopically substituted counterparts of the H atom lead
to a less anisotropic distribution of the product angular
momentum vector. Meanwhile the Table 4 shows that the
degree of polarization of j becomes stronger with the increase of the mass of the attacking atom. Because the
position of the substituted atom is different, a similar isotopic substituent results in contrary behavior.
Tables 1-4 show the product rotational alignment parameters hP2 (j 0 · k)i calculated on LSTH PES at the same
collision energy for all cases. The results are in excellent
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Table 3.

Product rotational alignment parameter hP2 (j 0 · k)i calculated on both BKMP2 and LSTH potential energy surfaces at
a collision energy of 35.7 kcal/mol for the reactions H+H(D,
T)H →HH(D, T)+H. The calculated results are taken from
[51].

Reaction systems BMKP2 PES LSTH PES Mass factor (cos2 β )
H+HH→HH+H

-0.329

-0.330

0.25

H+DH→HD+H

-0.280

-0.286

0.111

H+TH→HT+H

-0.261

-0.268

0.063

Table 4.

Product rotational alignment parameter hP2 (j 0 · k)i calculated on both BKMP2 and LSTH potential energy surfaces
at a collision energy of 35.7 kcal/mol for the reactions H(D,
T)+HH →HH(D, T)+H. The calculated results are taken from
[51].

Reaction systems BMKP2 PES LSTH PES Mass factor (cos2 β )
H+HH→HH+H

-0.329

-0.330

0.25

D+HH→HD+H

-0.375

-0.376

0.333

T+HH→HT+H

-0.383

-0.383

0.375

agreement with the calculations on BKMP2 PES. The
saddle point properties are similar for both BKMP2 and
LSTH PESs, although the BKMP2 PES is more accurate than the LSTH PES, especially in the van der Waals
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region [45–53]. The similarity of the calculations on two
PESs probably implies that the product rotational polarization is mainly controlled by the saddle point properties
on PES.
The calculations indicate that the distribution of the product angular momentum vector is sensitive to the mass factor. The agreement of the results calculated on both the
LSTH and BKMP2 PESs probably implies that the product rotational polarization is mainly controlled by the saddle point properties on PES.

4.1. Stereodynamics of reaction Cl+H2 using
quantum mechanics (QM) method
In order to clarify the reliability of the QCT predictions for
the product rotational angular momentum polarization, the
QM PDDCSs of the HCl product for the Cl+H2 reaction
on the BW2 PES [133] at a collision energy of 6.0 kcal/mol
have been calculated using the CCP6 quantum reactive
scattering program [134], which is based on a coupledchannel hyperspherical coordinate method. All reagent
and product channels with diatomic rotational quantum
number j max =17, helicity quantum number k max =4, and
internal energies E max =1.9 eV were included in the basis
set. The QCT and QM PDDCSs of the HCl product for
the Cl+H2 (v =0, j=0) →HCl (v0 =0, j0 ) +H reaction are
presented in Figure 8.
The left column corresponds to the j0 =1 state, while the
right column corresponds to the j0 =3 state. The PDDCS
(2π/σ )(dσ 00 /dωt ), which is proportional to the differential
cross section (DCS), predicts backward scattered molecular product including sideways contributions [54]. The
angular distributions calculated on BW2 PES are very
similar to those obtained on G3 PES [135]. The agreement between the DCSs calculated on both surfaces probably arises from the similar characteristics of the two surfaces, which have been mentioned in our previous papers [57, 136–138]. Both the BW2 and G3 PESs have
collinear transition states, while the barrier height of the
BW2 surface (7.61 kcal/mol) is quite close to that of
the G3 surface (7.88 kcal/mol). The polarization moment
(2π/σ )(dσ 11− /dωt ) describes orientation along the k-k0
axis. The strongly negative (2π/σ )(dσ 11− /dωt ) shown in
Figure 8 indicates that the chirality in HCl rotational motion is more pronounced, with j0 favoring orientation antiparallel to the k-k0 vector. PDDCS (2π/σ )(dσ 20 /dωt ),
the value of which is the expectation value of the second
Legendre moment, indicates that j0 is aligned perpendicular to k for each case. The detailed discussion of the
product rotational alignment effect will be shown in the
next section. As can be seen in Figure 8, the agreement
between the QCT and QM PDDCSs is good although the

QCT calculations could not reproduce the QM results exactly because the QCT calculations in the present work
do not consider the quantum mechanical effect. Quantum
mechanical effects, such as the quantum tunneling effect
and the zero point energy effect, are expected to be significant at the relatively low collision energy chosen in
this work.
Quantum mechanical and quasi-classical trajectory calculations of the polarization-dependent differential cross
sections for the Cl+H2 reaction have been carried out on
the BW2 potential energy surface, and the results indicate that the quasi-classical approximation is, in general,
as good as exact quantum mechanics.

5. Stereodynamics of the reaction
O+H2 using mixed quantum-classical
method
The product rotational polarization in nonadiabatic dynamics for the O(3 P2,1,0 ,1 D2 ) + H2 (v =0, j=0) reaction, including the joint distributions of the angles between the
reactant velocity, product velocity, and rotational angular momentum vectors, is presented and compared with
the adiabatic results using the quantum-classical trajectory method, namely the coherent switching with decay of
mixing (CSDM) theory [126–129, 139, 140].
The joint distributions of P(θr , φr ) and P(θt , θr ) for the
initial state 3 A0 and the different final state (Π3/2 or
Π1/2 ) at the collision energy 1.20 eV are shown in Figure 9. All of these results were statistically calculated
from the non-adiabatic CSDM trajectories ended in different branches. The angular polarizations of P(θr , φr ) for
these two branches (Π3/2 and Π1/2 ) both present a strong
peak at (90◦ , 270◦ ), which indicates that the product fragments are ejected with clockwise rotation and the rotational angular momentum is perpendicular to the reactantproduct momentum k-k0 plane. It can also be concluded
from the polarization figure that the plane containing three
atoms is reoriented into the k-k0 plane in the reaction process, despite the random initial orientation of the reactant
molecules [126]. The peak in map (a1) is higher than that
in map (a2), which means that the non-adiabatic transition
to the final state Π3/2 caused by the spin-orbit coupling
intensifies the polarization of P(θr , φr ). In the maps of
P(θt , θr ), all peaks are widely distributed and the scattering tropism is not very obvious. However, the vertices
of these peaks are interesting and useful to understand
the influence of the spin-orbit couplings for the angler
polarization. Two strong peaks appear at (75◦ , 90◦ ) and
(+75◦ , −90◦ ) in the distributions of P(θt , θr ) for the final
state Π3/2 , while in the map for the final state Π1/2 the
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v 0 = 0, j0 = 1

Figure 8.

Quantum mechanical (dotted lines) and quasiclassical (solid lines) PDDCSs for the Cl+H2 (v=0, j=0) →HCl (v0 =0, j0 ) +H reaction on
BW2 PES at the collision energy of 6.0 kcal/mol. Left column corresponds to j0 =1, and right column to j0 =3. The calculated results are
taken from [54].

two peaks are located at (150◦ , 90◦ ) and (+150◦ , −90◦ ).
The different locations of these peaks indicate that product molecules are scattered forward in the original 3 A0
(Π1/2 ) channel, but the scattering direction is changed to
be backward by the non-adiabatic transition to the Π3/2
state [126].
The distributions of P(θr , φr ) and P(θt , θr ) for the initial
states 3 A00 (1) and the different final state (Π3/2 or Π1/2 )
at a collision energy of 1.20 eV are presented in Figure 10. The angular polarizations of P(θt , θr ) for these
two branches (Π3/2 and Π1/2 ) both present a strong peak
at (90◦ , 270◦ ), but the peak for the Π3/2 channel is very
weak, and that of the Π1/2 branch is much stronger, which
shows an inverse trend in the comparison with Figure 9.
It indicates that the non-adiabatic transition to the final
state Π1/2 caused by the spin-orbit coupling also inten264

v 0 = 0, j0 = 3

sifies the polarization of P(θr , φr ). In the distributions
of P(θt , θr ) for the final state Π3/2 , the vertices of two
peaks appear at (90◦ , 90◦ ) and (+90◦ , −90◦ ), but the locations are changed to (65◦ , 90◦ ) and (+65◦ , −90◦ ) in the
map of the final state Π1/2 . It can be concluded that the
non-adiabatic spin-orbit coupling between the 3 A00 (1) and
Π1/2 (3 A0 , 1 A0 ) states leads to the more backward scattering direction for this reaction [126]]. Figure 10 shows the
distributions of P(θr , φr ) and P(θt , θr ) for the initial states
3 00
A (2) and the different final state (Π3/2 or Π1/2 ) at a collision energy 1.20 eV. The maps of mdit > P(θr , φr ) in
Figure 11 are quite similar to those in Figure 10, since
the two 3 A00 states are degenerate, except for the different
spin-orbit couplings with the 3 A0 and 1 A0 states. The difference of couplings shows that the maps of P(θt , θr ) in
Figure 11 are different from those in Figure 10. Two peaks
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Figure 9.

The joint distributions of P(θr , φr ) and P(θt , θr ) for the initial states 3 A0 at the collision energy 1.20 eV: (a1, b1) contour maps of P(θr , φr )
and P(θt , θr ) for the initial state 3 A0 and final state Π3/2 ; (a2, b2) contour maps of P(θr , φr ) and P(θt , θr ) for the initial state 3 A0 and final
state Π1/2 . The calculated results are taken from [125].

present at (150◦ , 90◦ ) and (+150◦ , −90◦ ) in the distributions of P(θt , θr ) for the final state Π3/2 , and in the map
for the Π1/2 branch the two peaks locate at (110◦ , 90◦ ) and
(+110◦ , −90◦ ), which means that the non-adiabatic coupling decreases the forward trend of the molecular scattering. The distribution of P(θt , θr ) in the Π3/2 branch
in Figure 11 is a little different with that in Figure 10,
though the two 3 A00 states are degenerate. This property
indicates that all of the trajectories are influenced by the
non-adiabatic coupling, though most of them do not finally
transit to the product state Π1/2 , and this difference between the spin-orbit couplings yields the small difference
between the angular polarization of the two degenerate
states [126]. Thus it can be concluded that the spin-orbit
coupling plays a more important role in the angular polarization P(θt , θr ) of the two triplet states.

Through the investigation of the non-adiabatic dynamics
for the O(3 P2,1,0 ,1 D2 ) + H2 (v =0, j=0) reaction, we can
find that the joint distributions of the angles between the
reactant velocity, product velocity, and rotational angular
momentum vectors are shown to exhibit a product rotational polarization effect in the scattering process of the
reaction.

6.

Summary and outlook

In this review, we presented some benchmark works of
the product alignment and orientation in model reaction
A+BC, typical Cl+CH4 /CD4 , H + H2 , Cl + H2 , and O +
H2 chemical reactions by using the quasi-classical, quantum and mixed quantum-classical methods. In the model
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Figure 10.

The joint distributions of P(θr , φr ) and P(θt , θr ) for the initial states 3 A00 (1)at the collision energy 1.20 eV: (a1, b1) contour maps of
P(θr , φr ) and P(θt , θr ) for the initial state 3 A00 (1) and final state Π3/2 ; (a2, b2) contour maps of P(θr , φr ) and P(θt , θr ) for the initial state
3 00
A (1) and final state Π1/2 . The calculated results are taken from [125].

reaction of A+BC, it is found that for different mass combinations and with different type of PES, collision energy and PES exert different effects on their stereodynamical properties. In the H+H2 reaction, the mass factor
is found to play a critical role in the underlying stereodynamics mechanism, illustrating a pronounced isotope
effect. Our investigation on Cl+H2 has demonstrated that
quasiclassical trajectory calculation can generate similar
stereodynamical quantities to quantum calculations, while
the non-adiabatic investigation on O+H2 has nonetheless
indicated that non-adiabatic effects can influence chemical stereodynamics of the system to some degree. We
have also compared some of our theoretical results with
the experimental measurements. From the comparisons,
we have demonstrated that our theoretical results are in
good agreement with the experimental results.
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Although the reaction systems we have studied contain
multi-atomic reaction Cl+CH4 /CD4 , the CD4 was treated
as a pseudodiatom D-’CD3 ’. The investigations on stereodynamics in this review concern very small systems,
and we have mentioned that the mixed quantum-classical
method is very effective for dealing with large molecular
systems. One of the challenges in this important field is to
obtain accurate potential energy surfaces of large molecular systems. However, following the development of direct
reaction dynamics in recent years, it would be convenient
for use to study the stereodynamics of large molecular
system. Of course, an accurate potential energy surface
still plays an important role in dynamical studies of large
system.
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Figure 11.

The joint distributions of P(θr , φr ) and P(θt , θr ) for the initial states 3 A00 (2)at the collision energy 1.20 eV: (a1, b1) contour maps of
P(θr , φr ) and P(θt , θr ) for the initial state 3 A00 (2) and final state Π3/2 ; (a2, b2) contour maps of P(θr , φr ) and P(θt , θr ) for the initial state
3 00
A (2) and final state Π1/2 . The calculated results are taken from [125].
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