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Quasi-classical trajectory investigation on the stereodynamics
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In this paper, the stereodynamics of Li + DF→ LiF + D reaction is investigated by the quasi-classical trajectory (QCT)
method on the 2A′ potential energy surface (PES) at a relatively low collision energy of 8.76 kcal/mol. The scalar properties
of the title reaction such as reaction probability and cross section are studied with vibrational quantum number of v = 1–
6. The product angular distributions P(θr) and P(φr) are presented in the same vibrational level range. Moreover, two
polarization-dependent generalized differential cross sections (PDDCSs), i.e., the PDDCS00 and PDDCS22+ are calculated
as well. These stereodynamical results demonstrate sensitive behaviors to the vibrational quantum numbers.
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1. Introduction

Recently, plenty of investigations on the scalar and vec-
tor properties of chemical reactions have been carried out
to explore the kinetics and stereodynamics.[1–7] As a bench-
mark in molecular reaction dynamics, the Li + HF → LiF
+ H reaction has been investigated both experimentally and
theoretically.[8–14] In the area of experimentation, with the de-
velopment of the crossed molecular beam techniques, Becker
et al.[15] have measured an angular distribution of LiF product
molecule, which is different from previous studies. In addi-
tion, the double differential cross sections have been worked
out by Hobel et al.[16] and the results indicated that the scatter-
ing characteristics are strongly dependent on differential cross
section. By using the transition state spectroscopy, the dynam-
ics on the excited-state of Li + HF→ LiF + H has been deter-
mined in a wavelength range of 570 nm–970 nm.[17] Mean-
while, many theoretical treatments have been presented in re-
cent years. In 1997, a new fit to a more accurate MRDCI ab
initio potential energy surface was constructed by Aguado and
Paniagua,[18] and is used in our present work. Meanwhile,
as a vital isotopic variant reaction of Li + HF → LiF + H,
the title reaction Li + DF→ LiF + D has gained considerable
interest.[19–21] In 2009, Yuan and Zhao[19] investigated the col-
lision energy influence on the Li + H(D)F→ LiF + H(D) reac-
tion, and the results showed that both the collision energy and
the mass exert a significant effect on the stereodynamics of the
two reactions. Later in 2011, using quasi-classical trajectory

method, Cheng and Yue[20] investigated the kinetic properties
of the initial vibrational and rotational conditions of Li + HF
→ LiF + H and its isotopic reactions at a collision energy of
110 meV.

In recent decades, experimental techniques[22–26] like
crossed molecular beams[27–29] have paved the way for mak-
ing the study of reaction stereodynamics feasible. In or-
der to enrich our understanding of chemical reactions, such
as vector correlations and product polarization, the quasi-
classical trajectory (QCT) method has been developed[30–32]

which presents a beneficial theoretical approach to the stere-
odynamical study on chemical reactions. Lately, it was de-
veloped and widely employed in calculating atomic and di-
atomic reactions.[33–36] Since their high accuracy in comput-
ing scalar properties, the quantum method (QM) and time-
dependent wave packet method[37–39] have been extensively
used in theoretical calculations. In contrast, the merits of the
QCT method are less time consuming and convergent in a rel-
atively low-energy area.

Thus far, we have studied the vibrational effect on Li +
HF→ LiF + H reaction[40] which has gained sensitive results.
In order to explore the effect of its isotopic reaction, in our
present work, we investigate the vibrational influences on the
reaction probability, cross section and stereodynamical infor-
mation of Li + DF→ LiF + D reaction under the same condi-
tions.
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2. Theory and computational methods
2.1. PES and the QCT calculations

The potential energy surface (PES) used in this work is
the AP2-PES developed by Aguado and Paniagua.[18] It is
worth mentioning that the existing PES has a potential well
at the entrance channel and a nonlinear transition state was
found to shift into its exit channel. The classical Hamilton’s
equations are numerically integrated in three dimensions. In
this paper, the trajectories are initially set at an Li–DF inter-
nuclear separation of 10 Å. Under this circumstance, the colli-
sion energy is taken to be 8.76 kcal/mol with a batch of 2×104

trajectories running for each vibrational quantum number. The
integration step size of 0.1 fs is used to ensure numerical sta-
bility and the convergence. The vibrational and rotational lev-
els of the reactant molecule are chosen to be v = 1–6, j = 0,
respectively. The accuracy of the numerical integration is ver-
ified by checking the conservations of the total energy and the
total angular momentum for each trajectory.

2.2. Rotational alignment parameter and PDDCSs

The center-of-mass (CM) frame is employed in our cal-
culations shown in Fig. 1. The z axis is parallel to the reagent
initial relative velocity vector 𝑘, and the y axis is perpendicu-
lar to the x–z scattering plane containing 𝑘 and 𝑘′. The θr is
the angle between 𝑗 ′ and 𝑘, φr is the dihedral angle between
the 𝑘–𝑘′ and 𝑘–𝑗 ′ which are referred to as the polar angle and
the azimuth angle of the vector 𝑗 ′, respectively, and θt is the
scattering angle between 𝑘 and 𝑘′. All of these angles can be
generated from the QCT dynamical calculations. The reaction
probability and the cross section are defined as follows:

Pr = (Nr/N), (1)

σr = πb2
maxPr, (2)

where Nr is the number of reaction trajectories and N is the
total number of trajectories; the bmax is the maximum value of
the impact parameter.
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Fig. 1. Centre-of-mass coordinate system used to describe the 𝑘, 𝑘′,
and 𝑗 ′ correlations.

The functions P(θr), P(φr), and P(θr,φr) are used in the
following expansions, which are correspondingly defined in
the following equations:[41–44]

P(θr) =
1
2 ∑

k
(2k+1)ak

0Pk (cosθr) , (3)

with

a2
0 = 〈P2(cosθr)〉= 〈P2( j′ · k)〉= 1

2
〈3cos2

θr−1〉, (4)

where the term 〈P2( j′ · k)〉 is the average rotational alignment
parameter which is also calculated in this work;

P(φr)

=
1

2π

(
1+ ∑

neven≥2
an cosnφr + ∑

nodd≥1

bn sinnφr

)
, (5)

P(ωt ,ωr)

=
1

4π
∑
kq
[k]ak

qCkq (θr,φr)
∗

=
1

4π
∑
k

∑
q≥0

[
ak

a± cosqφr−ak
q∓ i sinqφr

]
Ckq (θr,0) , (6)

where an, bn, ak
q, and Ckq can be seen in Refs. [45] and [46].

1
σ

dσkq±
dωt

= ∑
k1

[k1]

4π
Sk1

kq±Ck1−q (θt ,0) , (7)

1
σ

dσk0

dωt
= 0, (k = odd), (8)

1
σ

dσkq+

dωt
=

1
σ

dσkq

dωt
+

1
σ

dσk−q

dωt
= 0,

(k = even, q = odd or k = odd, q = even). (9)

The (1/σ)(dσkq±/dωt) is the polarization-dependent gen-
eralized differential cross sections (PDDCSs). In our
present work, two PDDCSs, i.e., the (2π/σ)(dσ00/dωt) and
(2π/σ)(dσ22+/dωt) are calculated.

3. Results and discussion
The QCT method used in our work offers a quicker way

of performing the stereodynamical calculation especially on
more than one heavy atom included in the reactant molecules.
In our present work, all the stereodynamical sections are de-
picted in three dimensions. The reaction probability Pr and the
average rotational alignment parameter 〈P2( j′ · k)〉 are plotted
together as shown in Fig. 2. It is obvious that with increasing
the vibrational quantum number, the distribution of the reac-
tion probability Pr shows a first increasing and then decreas-
ing trend and the peak is at v = 4. Additionally, the values of
〈P2( j′ · k)〉 are all negative and become smaller, which demon-
strates a weaker trend of the product alignment. We can also
obtain that the 〈P2( j′ · k)〉 is a linear function of the vibrational
excitation, indicating that the product rotational angular mo-
mentum vector 𝑗 ′ tends to be anisotropic with respect to 𝑘.
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Figure 3 illustrates the total reaction cross section as a func-
tion of the vibrational level, which is calculated from Eq. (2).
Thus, we obtain the maxima of impact parameter bmax corre-
sponding to different vibrational levels, and they are listed in
Table 1. As shown in Fig. 3, with the successive increment
of vibrational level from v = 1 to 6, the reaction cross section
increases rapidly, which implies a strong energy barrier on the
PES and the vibrational levels have a positive effect on the
scalar properties of the title reaction.

1 2 3 4 5 6

0.8

0.6

0.4

0.2

0

-0.495

-0.496

-0.497

-0.498

-0.499

-0.500

v

P
r

Pr
<P↼j'.k↽>

<P

↼j
'.
k
↽>

Fig. 2. (color online) Reaction probability Pr and the average rotational
alignment parameter 〈P2( j′ · k)〉 versus vibrational level from v = 1 to
v = 6.
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Fig. 3. Variation of reaction cross section for the title reaction with
vibrational level v in a range of 1–6.

Table 1. Maxima of the impact parameter bmax for v = 1–6.

Vibrational level 1 2 3 4 5 6

bmax 2.3532 3.0603 3.3532 3.6745 4.3021 5.0401

The product angular distributions of P(θr) representing
the 𝑘–𝑗 ′ correlation at vibrational levels v = 1–6 are displayed
in Fig. 4. As can be seen in the figure, for different vibrational
quantum numbers, the peaks of P(θr) are all at θr = 90◦ and
symmetric with respect to 90◦ which implies that the product
rotational angular momentum vector 𝑗 ′ is perpendicular to the
direction of the reagent relative velocity 𝑘. Besides, the peaks

of P(θr) become higher and narrower as the vibrational quan-
tum number increases, indicating that the product alignment
becomes stronger at a high vibrational excitation state.
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Fig. 4. (color online) Distributions of P(θr) reflecting 𝑘–𝑗 ′ correla-
tions at different vibrational levels v = 1 to 6 for the reagent rotational
excitation.

Figure 5 displays the dihedral angle distributions of P(φr)

which describe the 𝑘–𝑘′–𝑗 ′ correlation. In this paper, with-
out prejudice to the overall results, we only show the P(φr)

distributions of v = 2, v = 4, and v = 6 with the order from
inside to outside. It can be seen that the P(φr) tends to be
antisymmetric with respect to φr = 180◦, directly reflecting
the strong polarization of the angular momentum of the Li
+ DF → LiF + D reaction that is induced by the AP2-PES.
Peaks at all calculated vibrational levels are equally situated
at φr = 90◦ and φr = 270◦, which reflects that the product
rotational angular momentum vector 𝑗 ′ is not only aligned
but also oriented. Meanwhile, we can also see that as the
vibrational level increases, the peak at φr = 90◦ becomes
higher and narrower while it becomes lower and broader when
φr = 270◦ and the peak at φr = 90◦ is much higher than that
at φr = 270◦, which reflects that the product rotational an-
gular momentum vector 𝑗 ′ prefers to orient along the posi-
tive direction of y axis. The antisymmetry of P(φr) can be
described qualitatively by the impulse model given by Wang
et al.[41] Based on these studies, the antisymmetry of P(φr)

most likely results from the repulsive energy between D–F
molecules, which leads to the violation of the symmetry when
the reaction occurs. The product angular momentum vec-
tor 𝑗 ′ is defined as 𝑗 ′ = 𝐿sin2

β +𝐽 cos2 β +𝐽1mA/mB and
𝐽1 = (µBCR)1/2(rAB × rCB), where 𝐿 is the reagent orbital
angular momentum, the term 𝐿sin2

β +𝐽 cos2 β is symmet-
ric, whereas µBC is the reduced mass of the BC molecule; R is
the repulsive energy; rAB and rCB are the unit vectors, where
atom B points to atoms A and C, respectively. In the Li +
DF → LiF + D reaction, the term 𝐽1mA/mB shows a prefer-
ential direction for the effect of repulsive energy, causing the
right-handed product rotation in planes to be parallel to the
scattering plane.
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Fig. 5. (color online) Distributions of P(φr) with respect to the 𝑘–𝑘′

plane depicted from inside to outside: v = 2, v = 4, and v = 6, respec-
tively.

In order to further verify the above-mentioned points,
we also plot the angular momentum polarization in the form
of P(θr,φr) averaged over all scattering angles as shown in
Fig. 6. In order to save the space and stay consistent with
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Fig. 6. (color online) Distributions of P(θr,φr) with peaks and valleys
at different vibrational levels: (a) v = 2; (b) v = 4; (c) v = 6.

Fig. 5, we take the vibrational states at v = 2, 4, 6 with only
the joint P(θr,φr) distributions. Obviously, the distributions
of P(θr,φr) are in good accordance with the distributions of
P(θr) and P(φr).

The PDDCSs which describe the 𝑘–𝑘′–𝑗 ′ correlation
and the scattering direction of the LiF product for the ti-
tle reaction are plotted in Fig. 7. In our paper, we only
discuss (2π/σ)(dσ00/dωt) and (2π/σ)(dσ22+/dωt). The
PDDCS00 has a simple different cross section (DCS) only
describing the 𝑘–𝑘′ correlation or the scattering direction of
LiF product which has no relation with the orientation and
alignment of 𝑗 ′. In Fig. 7(a), with the increase of the states,
the forward scattering of the product LiF becomes stronger
while the backward scattering turns weaker and tends to the
sideward scattering. One of the PDDCSs with q 6= 0, the
PDDCS22+ which provide information about the dihedral an-
gle φr, is shown in Fig. 7. As can be seen in Fig. 7(b), at the
extremities of the forward and backward scattering, the values
of PDDCS22+ are zero at all vibrational levels, whereas the
values are nonzero when away from both ends of the forward
and backward scattering. Meanwhile, for v = 1 to v = 6, all of
the values are negative, which indicates a significant alignment
of the product in the direction of y axis. Moreover, an obvious
peak is seen in the vicinity of θt = 150◦ which implies a strong
polarization of the product rotational angular momentum vec-
tor 𝑗 ′.
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Fig. 7. (color online) Two polarization-dependent generalized differen-
tial cross sections of the vibrational levels ranging from v = 1 to v = 6:
(a) (2π/σ)(dσ00/dω); (b) (2π/σ)(dσ22+/dω).
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4. Conclusions
By applying the QCT method to the AP2-PES, we inves-

tigate the vibrational effect on the title reaction at a relatively
low collision energy of 8.76 kcal/mol. With the increase of
the vibrational level, the probability indicates a first increasing
and then decreasing behavior. The phenomenon of 〈P2( j′ · k)〉
demonstrates a weak product alignment. Due to the energy
barrier height on the PES and the increase of bmax, the cross
section reveals an increasing trend. Moreover, a series of stere-
odynamical information is also presented. The distribution of
P(θr) representing the 𝑘–𝑗 ′ correlation indicates a strong ro-
tational alignment of the product. The distribution of P(φr)

reflects that the product rotational angular momentum vector
𝑗 ′ is not only aligned but also oriented along the positive di-
rection of y axis. The stereodynamical results of the above two
distributions are further proved by the distribution of P(θr,φr).
The PDDCS00 implies that as vibrational level increases, the
forward scattering becomes stronger, meanwhile, the back-
ward scattering turns weaker and then tends to the sideward
scattering. The PDDCS22+ presents a strong polarization of
the product rotational angular momentum vector 𝑗 ′. In sum-
mary, comparison between the results of Li + HF → LiF +
H reaction reveals a greater vibrational effect on both scalar
properties and stereodynamics of the Li + DF→ LiF + D re-
action.
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