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Influence of reagent vibration on the stereodynamics

of the Li + HF → LiF + H reaction∗
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We investigate the influence of reagent vibration on the stereodynamics of the title reaction by the quasi-classical

trajectory on the Aguado-Paniagua2-potential energy surface developed by Aguado et al. (J. Chem. Phys. 1997 106

1013). The cross sections and reaction probability as functions of the reagent vibration are calculated in the centre-of-

mass frame. The product angular distributions of p(θr), p(φr), and p(θr, φr), which reflect the vector correlation, are

also presented and discussed. The results indicate that the vector properties are sensitively affected by the vibrational

excitation.
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1. Introduction

As a prototype of the heavy-heavy-light (HHL)
system, and its reactive asymmetry, the Li+HF reac-
tion would appear to be an excellent candidate for
stereodynamical study.[1] One of the important as-
pects of the LiHF system is its rather deep van der
Waals well in the entrance channel, which gives rise
to the long-lived collision complexes and narrow scat-
tering resonances in the energy-dependent reaction
probabilities.[1] Its fundamental importance has led to
reports of numerous experimental studies[2−5] and dy-
namic calculations[6−16] for this reaction over the last
three decades. From an experimental point of view,
differential cross sections of product LiF at different
collision energies in a crossed molecular beam were
measured by Becker et al.[2] Using crossed molecular
beam apparatus, Loesch et al. reported the angular
distributions of LiF for three different distributions
of the internuclear axis of HF.[3] Recently, Hobel et
al. have measured experimentally the double differen-
tial cross sections for the reaction at collision energies
ranging from 88 to 378 meV in a crossed molecular
beam experiment.[4] They considered that their exper-
imental results were in good agreement with the quasi-
classical trajectory (QCT) calculations.[15] In the the-

oretical aspect, in 1997, Aguado et al. constructed the
potential energy surface (PES) of the reaction based
on MRDCI ab initio energy points and carried out
wave packet calculations.[16] Most recently, zero total
angular momentum exact quantum probabilities for
a Li atom reacting with HF and its isotopic variants
have been reported by Lagana.[9] Wecka et al. pre-
sented the quantum reactive scattering calculations
for the scattering process for zero total angular mo-
mentum at low and ultralow temperatures.[1]

With the rapid development of reaction dynamics,
the research of stereodynamics of the title reaction has
received plenty of attention. Insight into the chemi-
cal reaction dynamics of the Li+HF reaction can be
provided by both the scalar and the vector properties.
The vector properties, such as velocities and angular
momentum, possess not only those related to mag-
nitudes and rotational energies, but also directions.
Therefore, it is necessary to calculate the polarization
of the product angular momentum for the title reac-
tion. The differential cross section has been measured,
and the angular distribution of LiF with increasing
collision energy has been calculated in order to obtain
the stereodynamics of the title reaction.[4] Yuan and
Zhao studied the vector properties of the products,
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and investigated the variation of the rotational align-
ment with collision energy by QCT calculations on
a Aguado-Paniagua2-potential energy surface (AP2-
PES).[14] However, to the best of our knowledge, the
vibration effects on the vector properties of the title
reaction have never been carried out so far.

In this paper, we will conduct the calculations
of product rotational polarization and explore the in-
fluence of the initial vibrational states of the reagent
molecule on the product’s vector correlations for the
title reaction on AP2-PES. We expect that the analy-
sis of the vector properties can reveal more dynamics
information that is lost when the directional proper-
ties are not explicitly considered.

2. Theory

2.1.QCT calculations and potential en-

ergy surface

The QCT calculation method is similar to that
previously described.[17−23] The classical Hamilton
equations are numerically integrated in three dimen-
sions. The product rotational polarization for the ti-
tle reaction is employed on the AP2-PES constructed
by Aguado et al.[17] This new fit lowers the saddle-
point energy to 5.37 kcal/mol and removes the spuri-
ous features of the initial one[16] The trajectories are
initiated at an Li–HF internucleus separation of 10 Å,
the vibrational and rotational levels of the reactant
molecules are taken to be ν = 0–6 and j = 0, respec-
tively. In this study, 20000 trajectories are sampled for
each vibrational momentum at the collision energy of
8.76 kcal/mol above the reaction energy barrier The
integration step size of 0.1 fs is used to ensure nu-
merical stability. The accuracy of the numerical inte-
gration is verified by checking the conservation of the
total energy and the total angular momentum for each
trajectory.

2.2.Rotational alignment and cross sec-

tion

The present QCT calculation is carried out within
the centre-of-mass (CM) frame, in which the z-axis
is parallel to the reagent velocity k, and the y-axis
is perpendicular to the xz plane containing the ini-
tial and the final relative velocity vectors k and k′.
The angles θr and φr are defined as the polar and az-
imuthal angles of the final rotational momentum j′,

respectively.[24−32] The reactive cross section is de-
fined as σr = πb2

max(Nr/N). Specifically, 〈P2(cos θr)〉
is the average rotational alignment factor and can be
calculated over the vibrational momentum (ν = 0–6)
to investigate the variation of the rotational alignment
with the increasing vibrational excitation.

3. Results and discussion

Figure 1 shows the total reaction cross section
resulting from our QCT calculations. It is clear that
the integral cross section increases monotonically with
the vibrational quantum number ranging from ν = 0
to ν = 6. The average rotational alignment factor
for the title reaction as a function of the vibrational
reagent is presented in Fig. 2. It is observed that the
〈P2(cos θr)〉 values are almost invariant with the in-
crease of vibrational excitation, indicating that there
are weak product rotational alignments. In this case,
we can deduce that the angular momentum is large,
which is consistent with the previous calculations of
HHL mass combinations.[23,32,33]

0 1 2 3 4 5 6 7

0

20

40

60

80

100

C
ro

ss
 s
ec

ti
o
n
/
A

2

Vibrational quantum number

Fig. 1. QCT-computed reaction cross sections for

Li + HF (ν = 0–6, j = 0) → LiF+H with vibrational

number.
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Fig. 2. Variation of rotational alignment parameter

〈P2(cos θr)〉 with the vibrational quantum number for the

title reaction.
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The peaks of p(θr) and p(φr) on the AP2-PES are
sensitive to the vibrational quantum number as shown
in Figs. 3 and 4. The p(θr) distribution of the product
is used to describe the k–j′ correlation. For seven vi-
brational states, it is clear that the peaks of p(θr) are
distributed at θr = 90◦ and symmetric with respect
to 90◦, which shows that the product rotational angu-
lar momentum vector is distributed with a cylindrical
symmetry in the product scattering plane and strongly
aligned along the direction normal to the relative ve-
locity. It is seen that there is a tiny discrepancy among
the distributions of p(θr) of the seven reactions. The
peaks of the p(θr) distribution of the reaction become
narrower and higher when the reagent vibration is in
the range of ν = 0–6, indicating that the product ro-
tational alignment effect becomes stronger when the
reagent is in excited vibration states. The calculated
results for the title reaction are in agreement with the
distributions of 〈P2(cos θr)〉.
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Fig. 3. Distributions of p(θr) reflecting k–j′ correlations

at a collision energy of 8.76 kcal/mol for the reagent vi-

brational excitation.
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Fig. 4. The dihedral angle distribution of p(φr) with re-

spect to the k–k′ plane, plotted at reagent vibrational

excitation.

The dihedral angle distribution of p(φr) shown in
Fig. 4 describes the k–k′–j′ correlation. Those p(φr)
which tend to be antisymmetric with respect to the
k–k′ scattering plane directly reflect the strong polar-
ization of the angular momentum for the title reaction.
There are two peaks at φr = 90◦ and φr = 270◦, as
shown in the inset, which might suggest that the reac-
tion proceeds preferentially when the reactant velocity
vector lies in a plane containing all three atoms. The
peaks of p(φr) appear at φr = 90◦ and φr = 270◦,
which reflect that j′ is preferentially aligned along the
direction of the y-axis. Because the peak at φr = 90◦

is different from that at φr = 270◦, which indicates
that the rotational angular momentum vector of the
products is not only aligned but also oriented along
the y-axis. The peak at φr = 270◦ is much higher
than that at φr = 90◦, when the reagent HF is in
the vibration ground states as shown in the inset of
Fig. 4. The peak at φr = 270◦ drops rapidly, while
that at φr = 90◦ rises slowly. In order to show the
peak change, we enlarge part of the peak at φr = 90◦.
The peak at φr = 270◦ becomes smaller while the
peak at φr = 90◦ becomes higher with increasing vi-
brational quantum number. In this case, the peak
at φr = 90◦ becomes higher than that at φr = 270◦

at ν = 1–6. This fact reflects that j′ is oriented
along the positive direction of the y-axis. It also
can be seen that the degree of orientation is greatly
conspicuous. In order to understand the behaviours
of p(φr), more about product rotational orientation
needs to be considered. According to the impulsive
model about the molecular reaction for the reaction
A+BC→AB+C,[34−37] the distribution of j′ is ex-
pressed as j′ = L sin2 β+J cos2 β+J1mA/mB, where
L is the reagent orbital angular momentum and J1 =
(uBCR)1/2(rAB × rCB), with uBC being the reduced
mass of the BC molecular and R the repulsive energy.
In the title reaction, the term of L sin2 β + J cos2 β

is symmetric, while the term J1mA/mB shows a pre-
ferred direction for the effect of repulsive energy, which
leads to the change of orientation of the product LiF.
References [38]–[43] have proved that the abstraction
reaction causes J1 to orient along the positive direc-
tion of y-axis, whereas the insertion reaction to the
opposite direction. The reason that the orientation
along the positive direction of y-axis becomes stronger
with the increasing vibrational quantum number may
be explained as follows. As mentioned above, in the
impulsive model, J1 plays a very important role in
the product rotational orientation. It can be seen
that a large J1 leads to a stronger tendency to ori-
ent along the J1 direction. The repulsive energy R
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increases with the increase of vibrational quantum
number, which leads to larger values of J1 at high
vibrational quantum number. This influence plays a
dominating role in product rotational orientation at
high vibrational quantum number, which leads to the
orientation along the positive direction of the y axis.

The product angular distributions which reflect
the vector correlation contain rich information about
the angular momentum polarization. In order to val-
idate more information about the product molecule
axis polarization, the values of p(θr, φr), averaged over
all scattering angles at ν = 0, 3, 6 are selected and
plotted in Fig. 5. The distributions of p(θr, φr) with
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Fig. 5. Polar plots of the p(θr, φr) distribution for values

of ν averaged over all scattering angles: (a) ν = 0, (b)

ν = 3, (c) ν = 6.

peaks at (90◦, 270◦) are in good accordance with those
of p(θr) and p(φr) of the LiF products for three vi-
brational states, although the shapes are somewhat
different. The distributions of p(θr, φr) show that the
products are preferentially polarised perpendicular to
the scattering plane and the products of reactions ro-
tate mainly in planes parallel to the scattering plane.

4. Conclusions

The product rotational polarization of the title
reaction has been calculated by means of the QCT
method for the collision energy 8.76 kcal/mol to study
the influence of reagent vibrational excitation on the
product vector properties. In addition, the distribu-
tion of p(θr) and p(φr) of the products for the title
reactions Li + HF (ν = 0–6, j = 0) → LiF + H is pre-
sented in this paper. The p(θr) distributions suggest
that j′ are strongly aligned perpendicular to k. The
distribution of p(φr) shows that the product rotational
angular momentum vector j′ is oriented along the pos-
itive direction of y-axis in the centre of mass frame,
which implies a preference for right-handed product
rotation. It can be well explained by the impulse
model. The product rotational alignment effect tends
to become stronger as the reagent vibrational momen-
tum increases. The cross section increases monotoni-
cally with the increasing vibrational quantum number
ranging from ν = 0 to ν = 6.
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