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The quasi-classical trajectory (QCT) method is used to calculate the stereo-dynamics of the exchange reaction

H,+LiH;—LiH,+H; and its isotopic variants based on an accurate potential energy surface reported by Prudente et
al. [Prudente F V, Marques J M C and Maniero A M 2009 Chem. Phys. Lett. 474 18]. The reactive probability of
the title reaction is computed. The vector correlations and four polarization-dependent generalized differential cross

sections (PDDCSs) at different collision energies are presented. The influences of the collision energy and the reagent

rotation on the product polarization are studied in the present work. The results indicate that the product rotational

angular momentum j’ is not only aligned, but also oriented along the direction perpendicular to the scattering plane.

The product polarization distributions of the title reaction and its isotopic variants exhibit distinct differences which

may arise from different mass combinations.
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1. Introduction

The extensive studies on the neutral and ionic
LiH are done because of their potential importance in

the primordial universe chemistry.!'—4l

The compre-
hensive chemistry of lithium in the post-recombination
epoch was presented by Stancil et al.,!”! and the abun-
dances of Li, Li*, Li~, LiH, and LiH" were employed
for calculation as a function of red-shift z for several
cosmological models. Theoretical studies!®=% on the
spectroscopic, polarizability, and mono-bichromatic
electron dynamics of LiH have been reported. Ex-
perimental investigations about the formation reac-
tion of LiH of various electronic states have also been
reported.['%11] Bililign et al.'%) conducted laser in-
duced pump-probe far-wing scattering experiments
to study the photochemical reaction Li+Hs—LiH+H.
Chen et al.l''l observed the nascent rotational pop-
ulation distribution of LiH in the atom Li and di-
atom molecule Hsy reaction by using a pump-probe
technique.

During the past decade, the LiHs chemical system
has attracted great attention to its potential energy
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surfaces (PESs),'?72% and in the sub-reactive and
reaction dynamicl®12-15:21=26] of the highly exother-
mic reaction LiH+H—Li+Hs and the exchange re-
action Hy,+LiH,—LiH,+H.
tential energy surface (PES) of the LiHs system for

The ground state po-

the collinear arrangement was initially constructed
by Clarke et al.l'”l with the extensive valence bond
(VB) non-orthogonal configuration interaction (CI)
method. Dunne, Murrell and Jemmer (DMJ)[!6) pre-
sented the first three-dimensional (3D) LiHy PES by
fitting the CI ab initio points to an analytical func-
tion within the many-body expansion (MBE) for-
malism. Wernli et al.'3] reported on a new three-
dimensional PES for the electronic ground state of re-
action LiH+H<Li+H,. Their results confirmed the
absence of a barrier along the path to the LiH deple-
tion reaction. Bovino et al.l2% presented a quantum
mechanical study on the exothermic reaction LiH+H
based on a 3D PES reported by Wernli et al.l'3] Pru-
dente et al.'? constructed an accurate potential en-
ergy surface for the ground electronic state of the
LiH, system in which the DMJ PES!® was improved
by FCI/aug-cc-pVQZ ab initio calculation. The new
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PES gets rid of the unphysical well and leads to very
different wave packet dynamics for both exothermic
LiH+H—Li+H, and H,+LiH,—LiH,+H; reactions
compared with the previous ones?1:2227 on the DMJ
PES. For the reaction channel H,+LiH;—LiH,+H,,
the PES has a very low barrier (2.0 kcal/mol above the
H+LiH asymptote) and a shallow well (0.3 kcal/mol
below the H+LiH asymptote) in the collinear config-
uration. As the ZHLiH (the angle between the bonds
LiH, and LiH, ) decreases, the low barrier gradually
disappears and the well depth increases.

As mentioned above, a lot of studies have dealt
with the scalar properties such as reactive probabil-
ity, integral cross section, and rate constant. The vec-
tor properties of chemical reactions, such as velocities
and angular momenta, can provide valuable informa-
tion about chemical reaction stereo-dynamics.[28—43]
It is helpful to better understand the fullest picture of
the scattering dynamics by studying the vector prop-
erties.

To our knowledge, the vector properties of the ex-
change reaction H,+LiH,—LiH,+H;, have not yet re-
ported. In this paper, we carry out the quasi-classical
trajectory (QCT) calculations based on the potential
energy surface constructed by Prudente et al.l'Z to
study the stereo-dynamics of the title reaction and its
isotopic variants:

H,+LiH,—LiH,+H,, (R1)
H+LiD—LiH+D, (R2)
D+LiH—LiD+H, (R3)

D,+LiDy —LiD,+D;. (R4)

The rest of this paper is organized as follows. In
Section 2, a brief description of the theoretical method
and computational detail are presented. Then the re-
sults and the discussion are given in Section 3. Finally,
conclusions are drawn from the present study in Sec-
tion 4.

2. Method

The QCT method used here is the same as that
described in Refs. [27]-[44], which can solve the classi-
cal Hamilton equations for the nuclei motion in three
dimensions. The Hamilton equations are numerically
integrated in three dimensions with six order sym-
plectic integration. To guarantee the conservations of
the total energy and total angular momentum within
an acceptable tolerance, the integration step size is
fixed at 0.1 fs. The maximum impact parameter by,
for different collision energies are listed in Table 1.
Batches of 10° trajectories are sampled for impact pa-
rameters ranging from 0 to by ax.

The center-of-mass (CM) frame is chosen in this
calculation as shown in Fig. 1. The z axis is parallel to
initial relative velocity vector k whereas the y axis is
perpendicular to the z—z plane containing the initial
and final relative velocity vectors, k and k’. 6 is the
angle between k and k' (so-called scattering angle).
0, and ¢, are the polar and azimuthal angles of the

final rotational angular momentum j'.[39-40]
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Fig. 1. Centre-of-mass frame describing the k, k’, and j’

correlation.

The function P(6,.) used to describe the k-3’ cor-
relation can be expanded into a series of Legendre
polynomials as27:28]

1 m
P, = §Z(Qm+1)a6 )Pm(COSQT), (1)

m

ag’ :/ P(60,,)Pn(cos b,.) sin 6,.d 6,
0

= (Pp(cosb,)), (2)
with the expanding coefficients af* being called orien-
tation (m is odd) or alignment (m is even) parame-
ter and the angular brackets representing an average
over all the reactive trajectories, m = 2 indicating the
product rotational alignment expressed as

a2 = (Py(cos6,)) = (Pa(j' - k) = %(3 cos?6, — 1.(3)

Here we calculate only the average rotational align-
ment of the product, as it has been measured in most
experiments to date. In this article, P(6,) is expanded
up to k = 18, which shows good convergence.

The dihedral angle distribution function P(y;)
describing k—k’—j’ vector correlation can be expanded
into a Fourier series/?®! as follows:

P(or) = i |:1 + Z an cos(ng;)

27
even,n>2

+ Z bnsin(mpr)], (4)

odd,n>1
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where
by, = 2(sin(ne,.)). (5)

A set of generalized polarization-dependent dif-

ap, = 2(cos(np,)),

ferential cross sections (PDDCSs) is used to describe
the full three-dimensional angular distribution associ-
ated with k—k’—j’ correlation in the CM frame. The
fully correlated CM angular distribution can be pre-
sented as a joint density function which is written in

the summation form as(44l
k

Pwi,w,) = Z [F] 1 dowg

— 4o dwy
where [k] = 2k + 1, —k < ¢ < k and (1/0)(do/dw:)
are the generalized PDDCSs, Cyq4(6,, ) are modi-
fied spherical harmonics.

thJ(eﬁ(pT)*ﬂ (6)

The angles w; = 6 and
wy = 0, p, refer to the coordinates of the unit vec-
tors k' and j’' along the directions of the product
relative velocity angular momentum vectors in the
CM frame, respectively. Many photo-initiated bi-
molecular reaction experiments are sensitive to only
those polarization moments with £ = 0 and k& =
2. In this work, (1/0)(dooo/dw:), (1/0)(dogg/dw:),
(1/0)(dogay/dwy), and (1/0)(do2;—/dw;) are calcu-
lated with the computational method developed in
Refs. [28]-[31].
expanded up to 7, which is sufficient for good con-

In the computations, PDDCSs are

vergence.

3. Results and discussion

Figure 2 shows the total reaction probability for
total angular momentum J = 0 in a collision energy
range of 0 eV-1.0 eV. In order to attest the validity
of the QCT calculation, we carry out time-dependent
wave packet calculation on the same PES to obtain
the corresponding J = 0 quantum reaction probabil-
ity. As can be seen, the results from the two calcula-
tions are in good agreement with each other.

0.4
——quantum (this work)
fey 0.3r v QCT (this work)
Z
&
S 0.2
-
[a W
0.1r
N X v Y%y v
0.0 :

00 02 04 06 08 1.0
Collision energy/eV

Fig. 2. Comparison of reactive probability between QCT
and quantum calculations.

The distributions of P(6,.) at three collision ener-
gies (Feo1 = 0.2, 1.0, and 2.0 eV) for the four reactions
R1-R4 are shown in Fig. 3. The P(f,) distributions,
namely the rotational alignment of the product, de-
scribing the k—j’ correlation of the product LiH (LiD),
peak at 6, angles close to 7/2 and are symmetric with
respect to /2, which demonstrates that j’ is dis-
tributed with cylindrical symmetry in the product
scattering frame and preferentially in the direction
perpendicular to k direction. The P(6,) peak of re-
action R3 which in Fig. 3(a) is the highest one, can
prove that the rotational angular momentum vector
of the product from reaction R3 mostly prefers to
be perpendicular to the k vector. In Fig. 3, it can be

0 30 60 90 120 150 180

P(0,)

0.0*'.'.. L

1 1 1

0 30 60 90 120 150 180
0:/(°)

P(0,)

1 1 1

0 30 60 90 120 150 180
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Fig. 3. P(6,) distributions for the reactions R1-R4 at
the collision energies 0.2 (a), 1.0 (b), and 2.0 €V (c).
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seen clearly that the peaks of P(6,) for reaction R3
are higher than those of reaction R1 at various colli-
sion energies. It illustrates that the angular momen-
tum alignment of product molecule LiH is enhanced
for the isotope D instead of the H atom. The peak
of reaction R4 is higher than that of reaction R2 at
the energy 0.2 eV and the peaks of the reaction R4 are
lower than those of reaction R2 for the energies 1.0 eV
and 2.0 eV. It indicates that the angular momentum
alignment of product molecule LiD is enhanced for the
H atom instead of the isotope D at low collision en-
ergy, while the alignment declines at the high collision
energy. The peaks of P(6,.) become higher as collision
energy increases, which means that the degrees of the
rotation and polarization of the product LiH (LiD)
molecule are enhanced as collision energy increases.
This is also confirmed by the values of the product
rotational alignment parameter (Po(j’-k)) for colli-
sion energies 0.2, 1.0, 2.0 eV in Table 2. This phe-
nomenon is consistent with the calculations for LHL
mass combination reaction on an attractive potential
energy surface reported in Ref. [29] and Ref. [30].

Table 1. Maximum values of impact parameter bmax
at different collision energies.

Collision bmax/A
energy/eV H+LiH H+LiD D+LiH D+LiD
0.1 4.41 4.70 4.13 4.28
0.2 4.10 4.09 3.78 4.05
0.3 3.80 3.73 3.64 6.65
0.4 3.50 3.62 3.40 3.48
0.5 3.50 3.30 3.37 3.23
0.6 3.49 3.32 3.50 3.23
0.7 3.49 3.33 3.49 3.34
0.8 3.49 3.30 3.51 3.35
0.9 3.49 3.31 3.51 3.34
1.0 3.49 3.30 3.51 3.35
1.1 3.49 3.30 3.52 3.32
1.2 3.49 3.30 3.51 3.29
1.3 3.49 3.23 3.51 3.28
1.4 3.51 3.23 3.51 3.27

Table 2. P»(j’ - k) values of the reactions R1-R4 at
different collision energies (0.2, 1.0, 2.0 V).

Reaction P23 k)

0.2 eV 1.0 eV 2.0 eV
H+LiH —0.34427 —0.36850 —0.37808
H+LiD —0.34685 —0.32137 —0.38408
D+LiH —0.36918 —0.47999 —0.48192
D+LiD —0.32997 —0.38014 —0.39349
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er/ (%)
oal ® . E=10eV
-t — H+LiH
. -- D+LiD
0.3 - -DHLiH
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0.0 n 1 n 1 n 1 n 1 n 1 n
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Fig. 4. P(¢,) distributions for the reactions R1-R4 at
the collision energies 0.2 (a), 1.0 (b), and 2.0 €V (c).

Figure 4 shows the dihedral angle distributions
P(¢,) of the four reactions for the collision energies at
0.2 eV, 1.0 eV, and 2.0 eV, which describe the k-k'—5’
correlations. These distributions tend to be asymmet-
ric with respect to the k—k’ scattering plane (about ),
directly reflecting the strong polarization of product
rotational angular momentum. The peaks of P(p,)
appear at 7/2 and 37/2, showing that the rotational
angular momentum vector of the product LiH (LiD)
is oriented mainly along the y axis of the CM frame.
Figure 4(a) shows the P(yp,) distributions for reac-
tions R1-R4 at the low collision energy 0.2 eV. It can
be distinctly seen that the P(p,) peaks at 3w/2 are

128201-4



Chin. Phys. B Vol. 21, No. 12 (2012) 128201

slightly larger than those at /2, which reveals that
the molecular products (LiH and LiD) are oriented
preferentially along the negative direction of the y axis
at the low collision energy. In Figs. 4(b) and 4(c), the
peaks of the four reactions at 7/2 are larger than those
of 3w/2 at the collision energies 1.0 eV and 2.0 eV. It
indicates that the molecular product orientation along
the y axis of the CM frame for the title reaction and
isotopic variants gradually changes from the negative
direction to positive direction and is enhanced in the
positive direction with the increase of collision energy.
As shown in Fig. 4, the peaks of the reaction R3 are
higher than those of the reaction RI.
that the angular momentum orientation of product

It illustrates

molecule LiH is enhanced for the isotope D instead of
the H atom. The peak of the reaction R4 is higher
than that of the reaction R2 at the energy 0.2 eV. In
contrast, the peaks of the reaction R4 are lower than
those of the reaction R2 at the energies 1.0 and 2.0 eV.
This situation indicates that for the H atom instead
of the isotope D, the angular momentum orientation

2.4 (a)

0.0 ""—‘-/'—L-“"= Tt L e e TS et
c” I L I L I L I L I ~Tf‘
0 30 60 90 120 150 180
6./(%)

0:/(°)

of product molecule LiD is enhanced at low collision
energy and declines at the high collision energy.

The generalized PDDCSs describe k-k'-j' cor-
relation and the scattering direction of the product
The PDDCS P,y distribution, which is

proportional to the differential cross section (DCS),

molecules.

describes only the angular distribution of the product
molecule. It is not related to the product orientation
and alignment. The trajectory of Py shows the oppo-
site trend to that of Py, which indicates the degree of
alignment of the product rotational angular momen-
tum j’ being perpendicular to k. The k—k’ scattering
plane is ¢ # 0 determined not by these limiting scat-
tering angles, so the value of these PDDCSs with ¢ # 0
should be zero at the extremities of backward and for-
ward scatterings. The representation of PDDCSs with
q # 0 for scattering away from the extreme forward
and backward directions may be more attractive and
can provide abundant dynamic information about the

dihedral angle distribution.

(b)

n n n 1 n 1 n 1 n
0 30 60 90 120 150 180
6:/(°)

OfF a—n 2t e ey 2 T TR T
- -

-1 L 1 L L L 1 L 1 L 1 L
0 30 60 90 120 150 180

0./(°)

Fig. 5. Four PDDCSs with Py, = (Poo, P20, P22+, P21—) for the reactions R1 (a), R2 (b), R3 (c), and R4 (d) at

collision energy 0.2 eV.

128201-5



Chin. Phys. B Vol. 21, No. 12 (2012) 128201

3.6 (b)

2.7k H+LiD

— Py

1.8

0.9

0.0 mis T o= s i T T S ... -

= L L 1 , "9 ' s 1 1
0 30 60 90 120 150 180 0 30 60 90 120 150 180
6,/(°) 6,/(°)

3.6F () DAL 2.8r (d)

1.4+

0.0

—1.8¢ L I I I
0 30 60 90 120 150 130 0 30 60 90 120 150 180

0./(°) 6,/(°)
Fig. 6. The same as Fig. 5 except for the collision energy 1.0 eV.
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Fig. 7. The same as Fig. 5 except for the collision energy 2.0 eV.
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Figures 5-7 show the PDDCSs for the four reac-
tions at different collision energies 0.2, 1.0, and 2.0 eV.
In Fig. 5, the four Py, distributions indicate that the
product molecules are strongly scattered forward (in
a scattering range of 0°-30°) and backward (in a scat-
tering range of 135°-180°) for all four reactions. From
the comparison of the Pyy distribution between reac-
tions R1 and R2, we can see that the sideways and
forward scattering of product LiH in the reaction R1
are stronger than those of the reaction R2. While the
sideways and forward scattering of product LiD in the
reaction R3 are weaker than those in the reaction RA4.
The results demonstrate that the isotope effect de-
presses the product sideways and forward scattering.
Figure 6 exhibits the PDDCSs for the four reactions
at the collision energy 1.0 eV. The Py distributions in
the four reactions indicate that the product molecules
are strongly scattered backward. The Py distribu-
tions show that j’ is weakly aligned in the direction
perpendicular to k in a scattering angle range of 135°—
180°. The PDDCSs with ¢ # 0 of the four reactions
are all close to zero. In Fig. 7, the product molecules
of the four reactions are scattered backward in a scat-
tering angle range of 135°-180°. The four Pyy distri-
butions indicate that each j’ is weakly aligned in the
direction perpendicular to k in the scattering angle
range of 135°-180°, which is the same as the result in
Fig. 6. It can be seen that the sideways and forward
scatterings for the four reactions at the low collision
energy are obviously stronger than those at high col-
lision energy. It illustrates that the indirect reactive
mechanism plays an important role at the low collision
energy. This is due to the characteristic of PES that
the title reaction goes through a well on the reactive
path. As a whole, the direct reactions are predomi-
nant in the title reaction and its isotopic variants. The
backward scattering enhances and dominates the re-
action at the high collision energy. This is opposite
to the exothermic reaction LiH+H—Li+H,23] which
proceeds via a barrierless path on the PES.

4. Conclusions

The stereo-dynamics calculations of the exchange
reactions H,+LiH;—LiH,+H;,, H+LiD—LiH+D,
D+LiH—LiD+H, and D,+LiD, —LiD,+D, are per-
formed by using the QCT method.
probabilities of the title reaction are computed. The

The reactive

results of QCT and quantum calculations are in good
agreement with each other. The P(6,) distributions,
P(¢,) distributions, and generalized PDDCSs of the

four reactions for different collision energies are dis-
cussed in detail. The peaks of P(6,) become higher
as collision energy increases. Owing to isotope effect,
the angular momentum orientation of the product
molecule is enhanced at the high collision energy. The
angular momentum of the molecular product (LiH
and LiD) aligns along the negative direction of the
CM y axis for the title reaction and isotopic variants
at the low collision energy. The alignment gradually
changes from the negative direction to positive direc-
tion as collision energy increases. The results of the
Py distributions indicate the sideways and forward
scatterings for the four reactions at the low collision
energy are stronger than those at the high collision
energy.
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