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Product polarization and mechanism of
Li + HF (v = 0v = 0v = 0, j = 0j = 0j = 0)→ LiF (v′v′v′, j′j′j′) + H collision reaction∗

Yue Xian-Fang(岳现房)†

Department of Physics and Information Engineering, Jining University, Jining 273155, China

(Received 26 March 2013; revised manuscript received 28 May 2013)

A state-to-state dynamics analysis for the Li + HF (v = 0, j = 0) → LiF (v′, j′) + H collision reaction has been
performed through quasiclassical trajectory (QCT) calculations. It is found that the differential cross section (DCS) of the
LiF products from the title reaction is preferentially backward scattering for v′=0, yet forward scattering for v′=1 and 2. For
v′=3, the DCS exhibits forward, backward, and sideways scatterings. The variation of the internuclear distances and angles
along the propagation time reveals that more than 99.08% of reaction trajectories undergo the direct reaction mechanism.
The values of the polarization parameters a{1}1− and a{2}0 demonstrate that the product rotational angular moment 𝑗′ is not
only aligned perpendicular to the reagent relative velocity vector 𝑘, but also oriented along the negative y axis. These
product polarization results agree well with the recent quantum mechanical studies. The mechanism of these results was
proposed and discussed in detail.
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1. Introduction

After the pioneering work of Taylor and Datz,[1] a large
number of experimental and theoretical studies on reactions
between the alkali metal atoms (M) and hydrogen halide
molecules (HX) have been performed in the past decades.
The Li + HF → LiF + H reaction, as the lightest member of
the MHX system, has manifested rich and complex dynam-
ics because its potential energy surface (PES) involves char-
acteristics of the late barrier, bent transition state structure,
as well as the covalent/ionic curve crossing. Much attention
has been paid to the reaction dynamics of LiFH system in
experiment[2–9] and theory.[10–42]

Experimentally, Becker et al.[2] carried out the first
crossed molecular beam (CMB) study on the Li + HF →
LiF + H reaction. They found that the differential cross sec-
tion (DCS) was nearly a forward–backward symmetry at the
collision energy (Ec) of 130 meV, while a strongly forward
peaked distribution at Ec = 377 meV. The different DCSs
were attributed to a change in the reaction mechanism from
the formation of a long lived complex at the low collision
energy of 130 meV to a direct process at the high colli-
sion energy of 377 meV.[2] Loesch and co-workers[3–7] per-
formed a lot of CMB experiments on the influence of reagent
alignment,[3] translational energy,[4,5] vibrational,[3,6] and ro-
tational excitations[7] on the Li + HF→ LiF + H reaction. In
their studies, the alignment of the reagent HF internuclear axis
was achieved by changing the direction of the guiding field.

The product angular distributions, the partition of available en-
ergy, and the integral reaction cross sections (ICSs) showed a
marked difference for three different alignments of the HF in-
ternuclear axis (namely an isotropic distribution and two oth-
ers with the molecular axis preferentially aligned along and
perpendicular to the relative velocity vector of reagents). Re-
cently, Bobbenkamp et al.[5] implemented the effect of the
excitation function (collision energy) on the ICS for the Li
+ HF → LiF + H reaction using a new CMB apparatus. A
monotonous rise of the excitation function was found with
the increase in energies ranging from 25 meV to 131 meV.
This predicates that a possible translational energy threshold
to the title reaction was significantly smaller than 25 meV,
which supported the recent quantum mechanics (QM) studied
by Zanchet et al.[8] who have found a threshold of ∼ 10 meV.
Hudson et al.[9] observed the van der Waals complex Li· · ·FH
and probed the dynamics of the excited-state reaction, Li*(2p
2P) + HF → LiF + H, by varying the excitation wavelength
ranging from 570 nm to 970 nm while recording the photode-
pletion of the complex.

Theoretically, a series of semi-empirical[10–12] and ab
initio potential energy surfaces (PESs)[13–21] have been de-
veloped for the LiFH system. Employing these PESs, a
great amount of quasiclassical trajectory (QCT),[6,7,22–25] time
independent quantum mechanics,[26–31] and time dependent
wave packet calculations have been performed for the Li +
HF reaction.[29–39] Paniagua et al.[40–42] studied the transi-
tion state spectroscopy via infrared excitation of the Li· · ·HF
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and Li· · ·DF complex. Correspondingly, effects of the PES
on spectroscopy of the transition state were also investigated
by Burcl et al.[42] Recently, Zanchet et al.[8] obtained the ex-
act quantum state-to-state DCSs of the title reaction at Ec =

97 meV, 136 meV, and 241 meV by using the wave packet
method. Later, González-Sánchez et al.[39] investigated the
influence of reactants? polarization on the DCS of the Li +
HF (v, j, m) → LiF (v′, j′, m′) + H reactions with the same
method. It was found that the reactivity is enhanced for nearly
collinear collisions. The LiF (v′ = 0) products are preferen-
tially forward scattered, while vibrationally excited LiF (v′= 1
and 2) are backward scattered. Their results were attributed to
the characteristics of the later barrier, bent geometry of the
transition state, and a covalent/ionic curve crossing. Most of
these investigations have verified that the title reaction con-
tains rich and complex dynamics, and hence further studies on
reaction mechanisms are necessary to elucidate the dynamics
of the Li + HF reaction.

In the present work, we carried out the QCT calculations
on the Li + HF (v = 0, j = 0) → LiF (v′, j′) + H reaction at
Ec = 363 meV. The product state resolved DCSs, the first real
polarization parameters, the product rovibrational state dis-
tributions, as well as the variations of three internuclear dis-
tances and bond angles along the propagation time were com-
puted and presented. A possible reaction mechanism was pro-

posed in terms of the direct interaction with product repulsion
(DIPR) mode,[43] which has rationally interpreted most of our
calculated results.

2. Theory
A latest ab initio PES for the ground state (12A’) of the

LiFH system has been used in our calculations. This PES
was developed by Aguado, Paniagua, and Werner (also called
APW PES in the literature), which has been used in recent
studies.[5,7,8] The energies and geometries of the reaction bar-
rier and well in this PES are in reasonable agreement with
the previous ones in the Laganà et al. PES[15] and Aguado et
al. PES.[17,18] The barrier height of the APW PES, 0.221 eV,
is higher than that of the Laganà et al. PES (0.182 eV),[15]

while slightly smaller than that of the Aguado et al. PES
(0.233 eV).[18] In the entrance channel, the complex well of
the APW PES is−0.243 eV, which is shallower than that of the
Aguado et al. PES (−0.279 eV)[18] or the Laganà et al. PES
(−0.302 eV).[15] Considering the zero-point energy effect, the
exoergicity of the Li + HF (v = 0, j = 0) → LiF (v′ = 0,
j′ = 0) + H reaction on the APW PES is ∆H0

0 = −0.080 eV,
which is slightly larger than that on the Laganà et al. PES
(∆H0

0 = −0.040 eV),[15] However, it is slightly smaller than
that on the Aguado et al. PES (∆H0

0 = −0.116 eV).[18] Fig-
ure 1 shows some features of the APW PES.
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Fig. 1. (color online) Two-dimensional cuts of the PES for configurations of the deep well in the entrance channel at ∠LiFH = 105.0◦

(a) and the saddle point at rHF = 1.268 Å (b).

The QCT methodology used in the present study is the

same as that in Refs. [44]–[51]. At the collision energy of

363 meV, batches of 1×105-trajectories have been calculated

on the APW PES for the title reaction. With the sixth order

gradient symplectic integrator method,[47] an integration step

of 0.1-fs ensured a conservation of total energy and total angu-

lar momentum better than 10−5 and 10−7, respectively. Since

the potential has long range forces in both the entrance and

the exit channels, the trajectories are started and finished at a

distance of 15.0 Å between the Li atom and the CM of the
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HF molecule. The value of the maximum impact parameter,
bmax, is 1.787 Å. The value of b is selected by b = β 1/2bmax,
where β is a random number in the [0, 1] region. The ori-
entation of the diatomic molecule, the phase of the diatomic
vibrational motion, and β are randomly sampled by using the
Monte Carlo method. The vibrational and rotational levels of
the reagent molecule are taken as v= 0 and j = 0, respectively.
The atom mass is chosen to be 6.941 a.u. (atomic units) for Li,
18.9984 a.u. for F, and 1.008 a.u. for H, respectively.

The center-of-mass (CM) coordinate was used as the ref-
erence coordinate in the present study, which is depicted in
Fig. 2. The reagent relative velocity vector 𝑘 is parallel to the
z axis. The x–z plane is the scattering plane which contains the
initial and final relative velocity vectors, 𝑘 and 𝑘′. The θt is
the angle between the reagent relative velocity and the prod-
uct relative velocity (so-called scattering angle), θr and ϕr are
the polar and azimuthal angles of the final rotational angular
momentum 𝑗 ′.

x
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j′

k

k′ θ
r
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Fig. 2. Center-of-mass coordinate system used to describe 𝑘, 𝑘′, and 𝑗 ′

correlations.

The differential cross section, dσr/dω , is calculated
by using the method of moments expansion in Legendre
polynomials[45,46]

dσr

dω
=

σr

2π

[
1
2
+ ∑

n=1
anPn(cosθt)

]
, (1)

where the coefficients are given by

an =
2n+1

2
〈Pn(cosθt)〉=

2n+1
2

1
Nr

Nr

∑
i=1

Pn(cosθti). (2)

Here, σr (= πb2
max Nr/Ntot = 0.305 Å) is the total integral reac-

tive cross section. The angular brackets represent the Monte
Carlo average over the total number of reactive trajectories, Nr,
Ntot is the total number of trajectories. A good convergence
was achieved for the DCS when using the first seven Legendre
moments in Eq. (1).

In order to describe the polarization degree of the prod-
uct rotational angular momentum 𝑗 ′, the first real polarization
parameters (PPs) a{1}1− and a{2}0

[52] are calculated, whose ex-
pressions are

a{1}1− = 〈sinθ j sinϕ j〉= 〈 j′y/ j′〉, (3)

a{2}0 =

〈
3cos2

θ j−1〉= 〈3
j′2z
j′2
−1

〉
, (4)

where j′y and j′z are the components of 𝑗 ′ along the y and z

axes, respectively. The angle θ j = θr, and ϕ j = ϕr. The a{1}1−
contains information on the orientation of the final rotational
angular momentum 𝑗 ′, while the a{2}0 reflects the alignment of
the 𝑗 ′.

3. Results and discussion
The total and vibrationally state resolved DCSs of the LiF

products from the Li + HF (v = 0, j = 0)→ LiF (v′ = 0–3, j′)
+ H reaction are shown in Fig. 3. As displayed in Fig. 3(a),
the DCS distribution for v’=0 exhibits a large broad peak in
the backward direction (θt = 180◦), while a medium one in
the forward direction (θt = 0◦). This indicates that the prod-
uct DCS for v′ = 0 is preferentially scattered backwards. In
contrast with the DCS distribution for v′ = 0, the DCSs for
v′ = 1 and 2 show sharp large peaks in the forward direction,
while a moderate (Fig. 3(b)) or a small peak (Fig. 3(c)) in the
backward direction. Several tiny peaks in the sideways direc-
tion were also observed for the DCSs in Figs. 3(b) and 3(c).
For v′ = 3, the DCS shows a complex distribution that has a
large peak in the forward direction, a moderate peak in the
backward direction, and a medium peak in the sideways di-
rection. Characteristics of these vibrationally resolved DCSs
reveal that the title reaction undergoes the mainly direct reac-
tion mechanism. Figure 3(e) presents the total DCS of the Li
+ HF (v = 0, j = 0) → LiF (v′ = 0–3, j′) + H reaction. Ob-
viously, our results are in good agreement with the previous
ones calculated by Bobbenkamp et al.[7] under the same PES
and collision energy. Note that the DCS of the LiF products
for v′ = 0 is much larger than that for v′ = 1–3, implying that
most of the LiF products are in the ground vibrational state.
Figure 3(f) provides the product vibrational state distributions
for the title reaction. Evidently, about 65.71 percent of the
LiF products exist in the ground vibrational state. The remain-
ing are in the vibrationally excited states v′ = 1, 2, and 3. In
2009, Roncero’s group[7] obtained the vibrationally state re-
solved DCSs of the Li + HF (v = 0, j = 0) → LiF (v′ = 0–2,
j′) + H reaction at Ec = 241 meV by using a wave packet
method. They found that the DCS prefers forward scattering
for v′ = 0, backward scattering for v′ = 1, and sideways scat-
tering for v′ = 2. Very recently, They[39] investigated the role
of reactants polarization on the DCS for the state-to-state Li
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+ HF (v, j, m) → LiF (v′, j′, Ω ′) + H reaction. At the colli-
sion energies of Ec = 110 meV, 203 meV, and 317 meV, they
calculated the vibrationally state resolved DCSs of the LiF
products from the Li + HF (v = 0, j = 1–3) → LiF (v′ = 0–
2, j′) + H reactions. It was found that the LiF (v′ = 0) products
were preferentially forward scattered, while the vibrationally
excited LiF (v′ = 1 and 2) were backward scattered. Unfor-
tunately, our vibrationally state resolved DCSs showed con-
trary behaviors compared with Roncero’s QM ones. For the

v′= 0, our QCT DCS displays preferentially backward scatter-
ing, while underlying forward scattering for the QM one. For
v′ = 1 and 2, the QM DCSs demonstrate preferentially back-
ward scattering, while underlying forward scattering for our
QCT one. However, similar behavior was found for the total
DCS, namely, both the QM and QCT DCSs are forward and
backward scattered. These differences were attributed to the
excitation function (collision energy) or the quantum effects,
such as the transition state resonances.[8,39]
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Fig. 3. (color online) (a)–(d) The vibrationally resolved DCSs of the LiF products from the Li + HF (v = 0, j = 0)→ LiF (v′, j′) + H
reaction. (e) Comparison of the total DCS between our present calculated results and the previous QCT results in Ref. [7]. (f) Product
vibrational state distribution as a function of the vibrational quantum number v′.
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Fig. 4. (color online) Variations of three internuclear distances (a) and
bond angles (b) with propagation time.

In order to penetrate into the reaction mechanism of the
title reaction, we have observed the evolutionary trajectories
of numerous reactive collision processes with the propagation
time. Figure 4 plots variations of three internuclear distances
of the Li–F, F–H, and H–Li, as well as three internuclear bond
angles of the ∠LiFH, ∠FHLi, and ∠HLiF as functions of the
propagation time. It was found that most of the reactive trajec-
tories undergo a short collision time (≤ 900 fs), the same as the
process demonstrated in Fig. 4(a). As an example, figure 4(a)
displays the evolution of three internuclear distances for one
typical reactive trajectory, which shows that the Li atom col-
lides with the HF molecule and forms the LiF product that
moves away immediately. Therefore, the reactive collisions
experienced the direct reaction mechanism. According to the
statistical analysis, the mechanism of at least 99.08% of the
total reactive trajectories are direct reaction.

As shown in Fig. 4(b), the attacking angle of ∠FHLi is
initially about 136◦. It was found that, for almost all of the re-
active trajectories, the initial attacking angle of ∠FHLi ranges
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from ∼110◦ to ∼170◦, yet the ∠HLiF is close to 0◦. With
the collision time propagating, a nearly collinear configura-
tion of Li · · ·H−F is formed. That means only from the H-end
of the HF molecule with a large angle of ∠FHLi does the Li
atom attack the HF molecule and the title reaction could occur.
This observation is coincident with the previous QM[8,39] and
QCT[7] results. According to “Polanyi rules”, the vibrational
energy is more efficient than the translational energy in acti-
vating a late barrier reaction, whereas the reverse is true for an
early barrier. The Li + HF reaction has a late barrier. The head-
end attack from the Li atom to the H-end of the HF molecule
favors the target molecule vibration, thus the reaction becomes
advantageous. Therefore, the preference for reactions with the
head-end collisions is ascribed to the late barrier.

The reaction mechanism can also be reflected by the
opacity function of P(b) depicted in Fig. 5. Apparently, the
title reaction is more favorable in small impact parameter col-
lisions, which is the feature of the direct reaction mechanism.
Figure 6 shows the product rotational state distributions of the
Li + HF (v = 0, j = 0)→ LiF (v′ = 0–3, j′) + H reaction. Ob-
viously, the rotational state distributions are inverted for each
of the vibrational states, and highly excited up to j′ = 46 for
v′ = 0, j′ = 43 for v′ = 1, j′ = 35 for v′ = 2, and j′ = 29 for
v′ = 3. Figure 7(a) shows the values of the a{1}1− as a func-
tion of the rotational quantum number j′. Obviously, most
of the a{1}1− values are negative. As defined in Eq. (3), a{1}1−
(=〈sinθ j sinϕ j〉) contains information on the orientation of 𝑗 ′

along the y axis. Its minimum value is −1 and corresponds to
the situation that 𝑗 ′ orientate along the negative y axis. Corre-
spondingly, the maximum value is +1, indicating that 𝑗 ′ pref-
erentially orientate along the positive y axis. Because the range
of θ j is 0◦ ≤ θ j ≤ 180◦, sinθ j is greater than or equal to 0.
Here, the values of a{1}1− are negative, therefore, sinϕ j should
be negative, meaning that the range of ϕ j is 180◦ < ϕ j < 360◦

and implying that the orientation of the product rotational an-
gular momentum 𝑗 ′ points to the hemisphere along the neg-
ative y axis. At large rotational quantum number j′, the val-
ues of a{1}1− are close to −1, meaning that the orientation of 𝑗 ′

aligns primarily along the negative y axis. The statistical av-
erage value of a{1}1− is −0.84 over all the products, suggesting
that the orientation of the product rotational angular momen-
tum 𝑗 ′ is preferentially along the negative y axis. The bottom
panel of Fig. 7 displays the values of the alignment parameter
a{2}0 for the LiF products. As expressed in Eq. (4), the value
of the a{2}0 equals to −1 when θ j = 90◦, and at this moment
the alignment of 𝑗 ′ is exactly perpendicular to the 𝑘. For the
Li + HF (v = 0, j = 0)→ LiF (v′, j′) + H reaction, almost all
a{2}0 values are negative, and they approach to −1 for the prod-
ucts with the large rotation quantum number j′. The statisti-
cal average value of a{2}0 for all the products is −0.93, which
means that alignment of the product rotational angular mo-

mentum 𝑗 ′ is preferentially along the direction perpendicular
to the 𝑘. Our results are in excellent agreement with the recent
QM results obtained by González–Sánchez et al.,[39] in which
the calculated alignment was close to −1. That means that
the product rotational angular momentum is not only prefer-
entially aligned perpendicular to the 𝑘, but also its underlying
orientation is to the negative y axis.
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For reactions involving alkali metal atoms, the reaction
mechanism has been regularly interpreted by the direct inter-
action with product repulsion (DIPR) mode proposed orig-
inally by Kuntz and co-workers.[53,54] As a representative
reaction between alkali metal atoms and hydrogen halide
molecules, the reactive collision process could be rationally
explicated by using the DIPR mode. Combining the evolution
of the reactive trajectory and the DIPR mode shown in Figs. 4
and 8, we present a cartoon to describe the reaction mecha-
nism for the title reaction. Initially, the Li atom approaches
the H-end of the HF molecule with a large angle of ∠FHLi
and long distance between the Li atom and the CM of the HF
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molecule (displayed in Fig. 8(a)). As the Li atom approaches,
the Li atom would impel the H atom to close the F atom, and
therefore the HF molecule is evoked to vibrate. The vibra-
tion of the reagent HF significantly facilitates the reaction to
occur in the light of “Polanyi rules”. This can explain why
the title reaction favors the head-end collision reaction. Under
the mutual interaction of the relative reagent velocity and van
der Waals forces, the Li atom will arrive at the F-end of the
HF molecule displayed in Fig. 8(d) via intermediate configu-
rations the same as those shown in Figs. 8(b) and 8(c), respec-
tively. Under the molecule configuration of Fig. 8(d), an elec-
tron of the Li atom “jumps” to the F atom, and hence the ionic
electronic state of the HLi+F− system is formed. Coulomb
force between the Li+ and F− rapidly shortens the internuclear
distance of the LiF. On the ionic electronic PES, the Li atom
comes back to the bent geometry of the saddle point depicted
in Fig. 8(e). At the saddle point, the curve crossing occurs
between the covalent and ionic electronic states, and then the
LiFH system gets into its exit channel of LiF + H. Subunit
of the HF− has a strong repulsive potential curve (depicted in
Fig. 8(f)), which impels the H atom to depart quickly from the
HLi+F− system and pushes the F− to move. As described in
Fig. 8(g), the repulsive energy of the HF− leads to rotationally
excited Li+F− products and forward scattering. During the
reactive encounter, the total angular momentum is conserved,
i.e., 𝐽 =𝐿+𝑗 =𝐿′+𝑗 ′, where 𝐽 is the total angular momen-
tum, 𝐿 and 𝐿′ are the reagent and product orbital momenta, re-
spectively, 𝑗 is the reagent rotational angular momentum, and
here it is zero because the reagent rotational quantum number
j of the HF molecule is zero. Accordingly, the conservation
of angular momentum becomes 𝐿= 𝐿′+ 𝑗 ′. Since 𝐿 and 𝐿’
are perpendicular to 𝑘 and 𝑘’, respectively, both of them are

perpendicular to the scattering plane. Therefore, the product
rotational angular momentum 𝑗 ′ is perpendicular to the scat-
tering plane, thus it is perpendicular to the 𝑘. This provides the
reason why the average alignment value of 𝑗 ′ is close to −1.
Because the H atom is very light, its departing results in small
angular momentum 𝐿’. The angular momentum conservation
can be approximately expressed by 𝐿≈ 𝑗 ′. Consequently, not
only the value but also the direction of the product rotational
angular momentum 𝑗 ′ is close to the total angular momentum
𝐽 . These inferences could interpret the results that the product
rotational state is highly excited, and the orientation of the 𝑗 ′

is along the negative y axis.
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Fig. 7. (color online) Values of the first real polarization parameters of
a{1}1− (a) and a{2}0 (b) as a function of the rotational quantum number j′.
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Fig. 8. (color online) Configurations of the LiHF system at the propagation time of (a) 54 fs, (b) 264 fs, (c) 330 fs, (d) 355 fs, (e) 374 fs, (f)
407 fs, and (g) 428 fs. Panel (g) illustrates the direct reaction mechanism of the title reaction.

4. Conclusion

In the present work, we carried out the QCT calculations

on the Li + HF (v = 0, j = 0) → LiF (v′, j′) + H reaction

under the latest PES and Ec = 363 meV. The vibrational state

resolved differential cross sections, product state distributions,
evolutionary trajectories over the propagation time, as well as
the first real polarization parameters are presented and ana-
lyzed. It was found that the vibrational state resolved DCSs are
preferentially forward scattered for both the vibrational states
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of v′ = 0 and 1, thereby, the total DCS favors the preferential
forward scattering. Analysis of the product state distributions
demonstrates that about 65.71% of the LiF products are in the
ground vibrational state v′ = 0, and the rest are in the vibra-
tionally excited states v′ = 1–3. The rotational state distribu-
tions are inverted for each of the vibrational states and highly
excited up to j′ = 46 for v′ = 0, j′ = 43 for v′ = 1, j′ = 35 for
v′ = 2, and j′ = 43 for v′ = 3. The opacity function demon-
strates that the smaller the impact parameter is, the higher the
reaction probability is. Variations of the internuclear distances
and angles reveal that only when from the H-end of the HF
molecule with a large angle of ∠FHLi does the Li atom at-
tack the HF, the title reaction could occur. This observation is
coincident with the recent QM conclusion of Roncero’s group
that the title reaction favors the head-on collisions. Analysis of
the evolution of reactive trajectories discloses that more than
99.08% of the total reactive events undergo the short collision
time (≤ 900 fs), which means that the title reaction is domi-
nantly the direct reaction mechanism. The average values of
the first real polarization parameters a{1}1− and a{2}0 are −0.84
and −0.93, respectively, which reveals that the product rota-
tional angular momentum 𝑗 ′ is not only aligned perpendicu-
lar to the reagent relative velocity vector 𝑘, but also oriented
along the negative y axis. These results are in good agreement
with the recent QM ones by Roncero’s group. Employing the
DIPR model, we presented a cartoon to describe the reaction
mechanism and nicely interpreted the calculated results.
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