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Stereodynamics of reaction H + NeH" (v = 0, j = 0) — H," + Ne is investigated by quasi-classical trajectory method using a new
potential energy surface constructed by Lv et al. The distributions of P(6,), P(¢,) and PDDCSs are calculated at four different
collision energies. The rotational polarization of product H," presents different characters at different collision energies. The
product rotational angular momentum vector j' is not only aligned, but also oriented along the direction perpendicular to the scat-
tering plane. With the increase of collision energy, the rotation of product molecule has a preference of changing from the
“in-plane” mechanism to the “out-of-plane” mechanism. Although the title reaction is mainly dominated by the direct reaction
mechanism, the indirect mechanism plays a role when the collision energies are low.
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Chemical reactions have been studied mainly by the meas-
urements and calculations of scalar properties such as rate
constant, cross section and product population distributions.
However, complete information on the forces acting in the
reaction also requires a consideration of vector properties,
as they are key indicators of the anisotropy of the potential
energy surface involved in the reaction [1-7]. Herschbach
and co-workers have undertaken some pioneering works on
the dynamical stereochemistry [8—11]. Vector properties,
such as velocities and angular momentum, possess not only
magnitudes that can be directly related to translational and
rotational energies, but also well-defined directions.

In the past three decades, the endothermic atom-molecule
ion reaction Ne + H," — NeH"+ H has been widely stud-
ied in high-quality experiments and theoretical dynamics
simulations. Bilotta et al. [12] provided angular distribu-
tions and flux contour maps according to the results of a
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crossed molecular beam experiment. Van Pijkeren et al. [13]
measured the relative energy-dependent cross sections for
H," (v = 0-8) using the photoelectron-secondary ion coinci-
dence (PESICO) technique. In a threshold electron-second-
ary-ion-coincidence (TESICO) experiment, Herman et al.
[14] investigated the relative cross sections for v = 0—4 as a
function of translational energies. A recent experimental
work [15] reported the absolute cross sections involving an
initial rotational state j = 1 and vibrational states v = 0-17
for collision energy 0.7 eV, v = 0-14 for 1.7 eV and v = 0-
12 for 4.5 eV, respectively. Theoretically, Kress et al. [16]
reported the state to state reaction probabilities using an
approximate quantum dynamics calculation. Gilibert and
co-workers [17,18] presented the state-selected integral
cross sections using the coupled-states approximation
(CSA). Recently, Mayneris-Perxachs et al. [19] carried out
a time-dependent quantum dynamics study at the centrifugal
sudden level (CS-RWP method) to investigate the influence
of vibrational excitation of H,* (v = 0-9, j = 0) and D," (v =
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0-12, j = 0). These studies were almost based on the analyt-
ical potential energy surface (PES) constructed by Pender-
gast et al. (PHHJ3) [20]. In 2010, Lii et al. [21] (LZHH)
reported a new PES that was fitted from 7000 energy points.
The LZHH PES agrees fairly well with experimental results
over the collision energy range under 2.8 eV. Based on the
LZHH PES, Xiao et al. [22] discussed vector correlation
between reagents and products at different collision ener-
gies using quasi-classical trajectory (QCT) method. The
isotopic effects on the stereodynamics of Ne + H,"/Ne +
HD*/Ne + HT" were also studied using QCT method [23]
on the same LZHH PES. These results showed a perfect
agreement with the experimental results, which further
demonstrates that the LZHH PES is accurate and useful for
dynamical calculation.

Most of the studies have focused on the reaction Ne +
H," and its isotopic effect; yet the reverse reaction H +
NeH" has seldom been studied to date. To shed more light
on this reverse reaction, in this paper we will adopt a QCT
calculation on the new LZHH PES.

1 Theory

In the present calculations, we use the new 3D adiabatic
PES constructed by Lv et al. The PES was computed using
complete active space self-consistent field (CASSCF) and
internally contracted multireference configuration interac-
tion (MRCI) wave function with aug-cc-pv5z basis set. In
both CASSCF and MRCI calculations, nine valence elec-
trons were included in ten active orbitals (8a’+2a'’"), con-
sisting of H 1s orbitals and the 2s, 2p, 3s and 3p orbitals of
the Ne atom. The remaining orbital was kept doubly occu-
pied. In the calculation, equal weights were assigned to each
of the three states (1°A’, 2°A", 1°A"") in the state-averaging
calculations. In addition, the multireference Davison correc-
tion [24] (+Q) was included to compensate for the effect of
higher order correlation. The analytical representation of the
PES was fitted with 7026 ab initio energies below 2.8 eV
relative to the dissociation energy of Ne + H,*. The analyti-
cal expression of the PES was represented by the Agua-
do-Paniagua function [25]. Compared to the ab initio data,
the rms error was 0.27 kcal/mol and the maximum energy
deviation was 2.7 kcal/mol, which is more accurate than
previous PES [20]. The cross sections (v = 0, j = 1) with
Coriolis coupling effect based on the new PES are found to
be in good agreement with the available experimental data
[15]. Only a deep well at the collinear configuration on the
LZHH PES, with no other wells or barriers were found for
this configuration. The depth of well becomes shallower
and a barrier appears with the decrease of Ne-H-H angle.
The full three-dimensional angular distribution related
k-k'-j' can be represented by a set of generalized PDDCSs
in the center-of mass (CM) frame. The reagent relative ve-
locity vector k is parallel to the z-axis, and the x-z plane is
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the scattering plane containing the initial and final relative
velocity vectors, k and k'. The angle 6, is the so-called scat-
tering angle between the reagent relative velocity and the
product relative velocity. 6, and ¢, are the polar and azi-
muthal angles of the final rotational angular momentum j'.
The standard QCT method (see the details in [26-29] and
the references therein) is employed to study the stereody-
namics of the title reaction. The classical Hamilton’s equa-
tions are numerically integrated in three dimensions. Con-
sidering the well at collinear geometry with the depth about
12.5 kcal/mol on the LZHH PES with respect to the reaction
asymptote, several collision energies lower than well depth
were chosen to explore the well effect on the title reaction.
Four collision energies (0.5, 2, 8, 20 kcal/mol) were chosen
for the title reaction. The vibrational and rotational levels of
NeH™ were taken as v = 0 and j = 0, respectively. In this
calculation, batches of 100000 trajectories were run for each
reaction and integration step size is chosen as 0.1 fs. The
trajectories were started at an initial distance of 10 A be-
tween the H atom and the centre of the mass of the NeH"
molecule.

2 Results and discussion

The P(6,) distributions of the product H,", describing the
k-j' correlation, are shown in Figure 1. From Figure 1, the
P(6,) distributions peak at 6, angles close to 90° and are
symmetric with respect to 90°, which demonstrates that the
product rotational angular momentum vector j' is distributed
with cylindrical symmetry in the product scattering frame,
and the direction of j' is preferentially aligned perpendicular
to k direction. The peak of P(6,) becomes broader and lower
as the collision energy increases from 0.5 to 8 kcal/mol,
indicating that the product rotational alignment becomes
weaker with the increase of the collision energy. It is inter-
esting that the peak of P(6,) becomes higher and narrower
as the collision energy increases to 20 kcal/mol, which
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Figure 1 Angular distribution of P(6),), reflecting the k-j' correlation, at
E.,=0.5, 2, 8 and 20 kcal/mol.
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means the degree of rotational alignment of the product has
an increasing trend as the collision energies continue to in-
crease. This trend is confirmed by the values of the product
average rotational alignment parameter (P,(j"*k)), as shown
in Figure 2. From Figure 2, the value of (P,(j"*k)) increases
first and then decreases rapidly with the increase of colli-
sion energy. The tendency of (P,(j"*k)) indicates that the
degree of product rotational alignment decreases at first and
then increases with the increase of collision energy (the
smaller the value of (P,(j"*k)), the stronger the alignment of
product). This trend of (P,(j"*k)) is consistent with the result
of P(6,). According to important research by Han et al. [30],
who reported the product rotational polarization of “A +
BC” reactions with different reagent mass combinations on
different potential energy surfaces, the rotational alignments
of products are sensitive to two factors: one is the characters
of the PES, and the other is the mass factor. The tendency of
(Py(j'k)) for the title reactions is in accordance with attrac-
tive PESs, which implies that the exoergic process of the
title reaction takes place on the entrance valley of the PES.
The decrease of product rotational alignment with the in-
crease of collision energy from 0.5 to 8 kcal/mol can be
attributed to the well on the PES. When the collision energy
is low, some trajectories will be “trapped” in the well. The
existence of well on PES lead complex to have longer life-
time to make angular momentum lose memory of initial
direction [31,32]. As a result, the product rotational polari-
zation is weak at low collision energies. However, when the
collision energy is high enough, the product H," with higher
internal energy can move with less effort away from the
well. Therefore the degree of product alignment shows
augment with the increase of collision energy.

The dihedral angle distributions of P(¢,) shown in Figure
3, describe the k-k'-j' correlations. From Figure 3, the P(¢,)
distributions are asymmetric with respect to the k-k’ scat-
tering plane (or about ¢ = 180°), directly reflecting the
strong polarization of product rotational angular momentum.
The peaks of P(¢,) appear at ¢ = 90° and 270°, which
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Figure 2 Product rotational alignment parameter (P,(j"k)) as a function
of collision energy.
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Figure 3 Dihedral angle distribution of j', P(¢,), with respect to the k-k’
plane, for product H," from H + NeH" (v =0,j=0) — Hy,"+ Ne at E,q =
0.5, 2, 8 and 20 kcal/mol.

shows that the rotational angular momentum vector of
product H," is mainly aligned along y-axis of CM frame. As
the peak at ¢, = 90° is not equal to that at ¢,= 270° for a
fixed collision energy, the product rotational angular mo-
mentum vector j' is not only aligned, but also oriented along
the y-axis. The peak at ¢, = 90° is slightly higher than that at
@.= 270° for four collision energies, which means the j' is
preferentially oriented along the positive direction of y-axis.
We will use the term “in-plane” to refer to the preference of
product molecule rotating in planes parallel to the scattering
plane, whereas the term “out-of-plane” to refer to the pref-
erence of product molecule rotating in the planes perpen-
dicular to the scattering plane. The peaks at higher collision
energies are broader showing that the product molecule ro-
tation has a preference of changing from “in-plane” reaction
mechanism to the “out-of-plane” mechanism. A similar
phenomenon was also found in the reactions of H' + HBr, H
+ LiH*, H + HeH" [33-35]. In the title reaction, the distri-
bution of P(6,) is symmetric, while the distribution of P(¢,)
is asymmetric. The probable reason may be the repulsive
energy between Ne-H" atoms, leading to the violation of the
symmetry when the reaction occurs. The behavior can be
understood by the “Impulsive-Collision Model” [36,37] of
the atom-molecule reaction developed by Han et al. In reac-
tion A + BC — AB + C, the product rotational angular
momentum j’ can be expressed as j/ = Lsin’f + jcos’f +
Jimp/map, where L and j are the orbital and rotational an-
gular momentum of the reactant molecule AB, respectively.

Ji=./ L R (rap X rcg), with rag and rcg being unit vectors

where B pointing to A and C, respectively. The upc is the
reduced mass of the BC molecule and R is the repulsive
energy between B and C atoms. During the chemical bond
forming and breaking for the title reaction, the term Lsin*f
+ jcos?f in the equation is symmetric with respect to the
k-k' scattering plane, whereas the term J,mp/map has a pre-
ferred direction because of the effect of the repulsive energy
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R, which causes the orientation of the products H,".

The generalized polarization-dependent differential cross
sections (PDDCSs) can give a description of the k-k'-j’ cor-
relation and the scattering direction of the product molecule,
which are plotted in Figure 4. The PDDCS (27/0)(doyy/d @),
which is simply the differential cross-section (DCS), only
describes the k-k' correlation or the scattering direction of
the product and is not associated with the orientation and
alignment of the product rotational angular momentum
vector j'. The scattering direction of the product H," is re-
lated to the collision energies. As shown in Figure 4(a), the
product H," are mainly forward scattering at the four colli-
sion energies. Over the collision energy range of 0.5-20
kcal/mol, with the increase of collision energy, the tendency
of forward scattering increases quickly. To pursue the rea-
son for this interesting phenomenon, the variation of inter-
nuclear distances of H-Ne, H"-Ne and H-H" are presented as
a function of propagation time in Figure 5. According to the
DCSs, the trajectories are selected in the scattering angle
ranges of = 0°-30° and 150°-180° at E., = 0.5 kcal/mol
and 0°-30° at both E_,; = 2 kcal/mol and E_; = 20 kcal/mol.
From Figure 5(a) and (b), attacking atom H collides with
target molecule NeH* and forms an H," product that moves
away immediately. This process is consistent with direct
reactive mechanism. As shown in Figure 5(c) and (d), we
find indirect reactive trajectories, namely “trapped” trajec-
tories. From Figure 5(c) and (d), it is apparently that atom H
suffers more than one collision with NeH* and the com-
plexes have relatively long lifetimes before forming the

51"
\ —— 0.5 kcal/mol
4R — - 2 kcal/mol
\\ — - 8kcalimol
3L - - -20 kcal/mol

(2n/o)(doy/dw,)
N

1 1
0 30 60 90 120 150 180

6 ()

3
=
S i
o B —— 0.5 kcal/mol
B AW — - 2kcal/mol
S -06F A — - 8 kcal/mol
- - -20 kcal/mol
-0.8 - (c) ) . ) .
0 30 60 90 120 150 180

6: ()

December (2012) Vol.57 No.36

4715

product H,". The long-time survival enables the system to
perform abundant rotations before breaking up into one
possible channel, so the products have more random direc-
tions. However, at higher collision energies, we rarely find
indirect reactive trajectories. That may the reason that the
tendency of backward scattering of H," are stronger at lower
collision energies. As mentioned above, the LZHH PES is
attractive, together with LHL mass combination characteris-
tics of the title reaction, we can infer that the product mole-
cules are forward scattering with direct reaction mechanism
[30]. As shown in Figure 4(a), the forward scattering is still
stronger than backward at low collision energies although
indirect trajectories exist at low collision energies. There-
fore, direct reaction mechanism is dominant even at low
collision energy. Therefore, we can reach a conclusion that
the title reaction is mainly governed by the direct reaction
mechanism, and the indirect reactive play a role when the
collision energies are low. This observation is consistent
with the distribution of (P,(j’*k)) shown in Figure 2. The
value of (P,(j"*k)) has a slight increase when collision ener-
gy under 5 kcal/mol, indicating the degree of product polar-
ization is weak at low collision energies.

The PDDCS (2n/0)(doy/dw;) is the expectation value of
the second Legendre moment {P,(cos®,)), which is shown in
Figure 4(b). The behavior of (2n/0)(doy/dw,) demonstrates
that the trend is opposite to that of (2n/o)(doyy/d®,), indi-
cating that j’ is strongly aligned perpendicular to k. From
Figure 4(b), j' is preferentially polarized along the direction
perpendicular to k at €= 0°. As illustrated in Figure 4(c)
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Figure4 PDDCSs of H+ NeH" (v=0,j=0) — H,"+ Ne at E.;= 0.5, 2, 8 and 20 kcal/mol.
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and (d), the PDDCSs with g # 0 are equal to zero at the
extremities of forward and backward scattering. At these
limited scattering angles, the k-k’ scattering plane is not
determined and the value of these PDDCSs with g # 0
must be zero [38]. The PDDCSs (21/0)(do»,./dw)) is related
to (sin26, cos2¢, ), and it is obvious that the value of it is
negative for a majority of all the scattering angles, which
indicates the prominent preference of product alignment
along the y-axis. It is interesting that four collision energies
have a consistent polarization trend for (2n/o)(doyn/dw;).
The strongest polarization of the product molecule are at
about 30°, and the product displays a stronger polarization
at E., = 20 kcal/mol. The value of (2n/0)(do>,/dw,) is rela-
tive to (—sin26, cos2¢, ), and the behavior of it changes as
the collision energy increases. As is shown in Figure 4(d), at
E., = 0.5 kcal/mol, the value of (2n/0)(doy;/dw;,) is clearly
positive at about 165°, which denotes the product alignment
is along the direction of vector x—z at backward scattering
angles. And far away this range, the product rotational an-
gular momentum is more isotropic. However, at E,; = 2 and
8 kcal/mol, the product alignments are along the direction of
vector x+z at forward scattering angles and along the direc-
tion of vector x—z at backward scattering angles, respec-
tively. At E., = 20 kcal/mol, the product H," is preferen-
tially aligned along x+z at forward scattering angles. It is
notable that the result at 0.5 kcal/mol is quite different from
others, especially for the PDDCSs. The behaviors of four

PDDCSs change regularly with the increase of collision
energy ranging from 2 to 20 kcal/mol. The exception of 0.5
kcal/mol is mainly due to the well effect and indirect reac-
tion mechanism at low collision energies. The lower the
collision energy is, the more remarkable the well effect is.
Similar reaction mechanism was observed in ion-molecule
reactions H* + H, and D* + H, [31,32] We are eagerly look-
ing forward to the experimental studies of the stereodynam-
ics for this reverse reaction, and a comparison can be con-
ducted between theory and experiment.

3 Conclusions

In this paper, we employ the quasi-classical trajectory
method to study the vector correlations between the product
and reagent for reaction H + NeH" (v = 0, j = 0) at different
collision energies. The distributions of P(6,), P(¢,) and four
PDDCSs are calculated. The results indicate that the rota-
tional polarization of product H," have different characters
at different collision energies. The title reaction is mainly
dominated by direct reactive mechanism at both low and
high collision energies. However, at low collision energies,
indirect reactive mechanism plays a role. The products are
mainly forward scattering at four collision energies, and the
tendency of forward scattering increases quickly with the
increasing of collision energy. The rotational angular mo-
mentum vectors j' of products is not only aligned, but also
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oriented along y-axis, and a preference of changing from the
“in-plane” mechanism to the ‘“out-of-plane” mechanism
emerges. In addition, the average rotational alignment pa-
rameter (P,(j"*k)) of products is calculated, and the tendency
of it agrees with the distribution of P(6,).
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