Chapter 16

Ab initio Study of the Potential Energy Surface
and Stability of the Li,*(X*X ,*) Alkali Dimer
in Interaction with a Xenon Atom

S. Saidi, C. Ghanmi, F. Hassen, and H. Berriche

Abstract The potential energy surfaces (PES) and the corresponding spectroscopic
constants describing the interaction between the Li2+(X22g+) alkali dimer in
its ground state and the xenon atom are evaluated very accurately including the
three-body interactions. We have used an accurate ab initio approach based on
nonempirical pseudopotential, parameterized /-dependent polarization potential,
and an analytic potential form for the Li™Xe interaction. The potential energy
surfaces of the interaction Li2+(X22g+)-Xe have been computed for a fixed
distance of the Li2+(X22g+) and for an extensive range of the remaining two
Jacobi coordinates, R and y. The use of the pseudopotential technique has reduced
the number of active electrons of Liz+(X22g+)Xe complex to only one electron.
The core-core interaction for Li*Xe is included using the (CCSD(T)) accurate
potential of Lozeille et al. (Phys Chem Chem Phys 4:3601, 2002). This numerical
potential is adjusted using the analytical form of Tang and Toennies. Moreover, the
interaction forces and the potential anisotropy are analyzed in terms of Legendre
polynomials analytical representation of the potential energy surface (PES). To our
best knowledge, there are no experimental nor theoretical study on the collision
between the Li, T (X2X g+) ionic alkali dimer and the xenon atom. These results are
presented for the first time.
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16.1 Introduction

During the past decade, the characterization of the structures and the stability
of atomic and molecular clusters has been developed rapidly and become a
current challenge of both experimental and theoretical research directed to attaining
accurate descriptions of their nanoscopic properties. Special intense interest is
focused on the study of the clusters involving helium and other noble gas atoms
as components. These clusters constitute an important environment as a non
homogenous quantum system that is fairly different from similar examples provided
by a film on a solid surface or a macroscopic liquid with a free surface. In addition,
they represent an ideal testing ground for many computational approaches [1-5],
because the accurate knowledge of the relevant intermolecular forces between the
solvent atoms and the dopants present in the cluster is an important prerequisite
for the structural calculations, and, therefore, fairly simple components provide
ideal model systems for the analysis of the influence of intermolecular interactions
on the clusters properties [6—8]. In recent times, the structure and stability of the
small clusters is the subject of few experimental and theoretical works because
doped noble gas clusters present some additional interesting features, like the rapid
heat transport generated inside the complex to the surface. Experimentally, Fuchs
et al. [9] have examined the influence of the vibrational energy content of the
Li, molecules in collision with the helium atoms when producing initial-state-
selected integral cross section. Various theoretical studies employed either ab initio
or semiempirical potentials have been realized in the field of the interaction between
neutral or ionic alkali molecules and a single noble gas atom, rare gas matrix, or
droplets. In this context, Douady et al. [10] have performed a theoretical study of
the Na,™ solvation in an argon matrix Ar,. They have showed that the relatively
strong interaction between the charged molecule and the Ar atoms favors trapping
of the molecule inside the cluster rather than at the surface. Recently, an ab initio
computed interaction forces are employed by Marinetti et al. [11] to describe the
microsolvation of the Li; T, Na, ™, and K,+ molecular ion in the helium clusters
of small variable size. Bodo et al. [12-16] have investigated by Hartree-Fock
calculations the potential energy surfaces for the ground electronic states of the
alkali dimer Li,, Li, ™, Na, ™, and K, interacting with neutral helium. In all these
systems, they found that the He atoms occupy the external sites along the molecular
axis.

In this chapter, we present an ab initio study of the potential energy surface
and stability of the Li,"(X*E, ") alkali dimer interacting with the xenon atom
in different radial geometries and for six angles from 0° to 90°. In Sect. 16.2,
the ab initio calculation method is presented. Section 16.3 reports the results
of calculation and analysis of the interesting and unusual feature of the strong
interaction and anisotropy of the potential. Finally, we present our conclusions in
Sect. 16.4.
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16.2 Method of Calculation

The potential energy surface is computed in Jacobi coordinates by fixing the
internuclear distance of Li,*(X?E,1) ionic molecule at its equilibrium distance
of 5.84 a.u. determined previously in our group by Bouzouita et al. [17]. We report
in Fig. 16.1 a descriptive model of the coordinates of the Li,*(X*Z,1)Xe system.
The distance R represents the separation between the xenon atom and the center of
mass of the Li; T (X*%, ™) ionic molecule, R, and R, are the separations between
the Xe and the two Li™ cores, and y is the angle between R and the Li; T (X*Z, ™)
internuclear axis.

As in our previous work [17-21], Li, " (X?E,")Xe is treated as a one-electron
system using the nonempirical pseudopotential proposed by Barthelat et al. [22] in
its semilocal form. The Gaussian-type orbital basis set values on lithium and xenon
are, respectively, (9s8p5d/8s6p3d) and (4s3p). The cutoff radii (in bohr) used for s,
p, and d orbitals are, respectively, 1.434, 0.982, and 0.6 for Li [23] and 3.500148,
4.0, and 1.401128 for Xe [24]. The core dipole polarizability of Li™ and Xe atom
are, respectively, 0.1915 [23] and 27.29 a.u. [25].

Using the nonempirical pseudopotential proposed by Barthelat et al. [22], the
two Li* ions and the Xe atom are treated as a three cores interacting with the alkali
valence electron. Based on this approach, the total potential of the Li, T (X*Z, ™)
system is a sum of three contributions: the valence electron-core interaction, core-
core interactions, and the three-body interactions. In this context, the total potential
is given by:

Viu =V, gy + Zb Viitxe + V (Ra. Ry Rap)

The three terms represent, respectively, the interaction between the valence
electron and the ionic system Li,?*TXe, the core-core interactions, and finally the
three-body interactions. The three terms are developed in the next subsections.

The V| ,+y, contribution is taken from the accurate and recent coupled cluster
simple and double excitation (CCSD) calculations of Lozeille et al. [26]. For a
better representation of the Li*Xe interaction in the region of interest for the

Fig. 16.1 Coordinates of the
Li; T (X?2,)Xe system
used in the calculation
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Table 16.1 Interpolation parameters (in a.u.) of Lit Xe interaction
Actr B Dy D Dg D
127.166  1.68791  13.645 295.131 1,793.07 —16,776.6

Li, T (X?E, ") system, the numerical potential is fitted using the analytical form of
Tang and Toennies [27]. Such potential contains the well-known long-range terms
of van der Waals interactions and the usual exponential repulsive term. It is written
as follows:

Viitxe = Aetrexp (—=bR) — =R RS RO

The parameters A, b, D4, Dg, Dg, and D are obtained by a square fitting using
the numerical potential of Lozeille et al. [26]. These parameters are presented in
Table 16.1. Figure 16.2 presents the Lozeille et al. [26] numerical potential (circles)
of LiT™Xe compared to the analytical one (solid line). The difference between our
analytical potential and the numerical one does not exceed 1.9107% a.u., which
corresponds to less than 1 cm™!.

For the Ve_LizzﬂLXe contribution, we have performed a one-electron ab initio
calculation where the two LiT cores and the electron-xenon effects have been
replaced by semilocal pseudopotentials [22].

The analytical formula for the three-body interactions is given by

Ha b
R3ab

V (Ry, Rp, Ryp) = — [2 cos y, cos yp — sin Y, sin yp]

where the angles y,, and y, are formed between each dipole distance from the point-
like charge (R,, Rp) and the line joining them (R,;). Each dipole moment p, can
then be evaluated via the well-known formula: ¢, = o / Rﬁ where o being the Xe
polarizability.

16.3 Results and Discussions

16.3.1 Potential Energy Surfaces and Spectroscopic Constants

The potential energy surfaces for the Li, 7 (X?Z . T)Xe system have been computed
as a function of the Jacobi coordinate V(R., R, y) and for six different angles y and a
fixed distance for the Li, T (X?> 2 . T) ionic molecule corresponding to the equilibrium
distance. The distance R is the separation between the xenon atom and the center of
mass of the Li, T(X?X, 1) ionic molecule, and y is the angle between R and the Li, *
internuclear axis. These potential energy surfaces have been determined including
the three-body interactions. The potential energy surfaces of the Li, T (X>Z )-Xe
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Fig. 16.2 Lozeille et al. [26] numerical potential of LiT Xe interaction compared to the analyti-
cal one

interactions corresponding to the six different angles are displayed on Figs. 16.3
and 16.4. Figure 16.3 presents the potential energy surfaces of the Li, *(X?Z,1)-Xe
interactions corresponding to the six different angles without the three-body effects.
First, we notice that all these curves tend to the same asymptotic limit. This limit,
which equals —0.24597 a.u., is the energy of the Li, " (X*Z, %) at its equilibrium
distance (R. =5.84 a.u.). Second, we remark that all the potential energy surfaces
are attractive since they present minimums of lower energy relative to the asymptotic
limit. In addition, these potential energy surfaces show that the Li, T(X*Z,1)-Xe
interactions present an interesting and unusual feature of the strong interaction
and anisotropy. The comparison between the potential energy surfaces shows that
the attractive effects decrease their importance with respect to the attractive long-
range interaction forces as one goes from y = 0° to 90°. In addition, the geometry
exhibiting the deepest well is obtained for a collinear orientation around y = 0°.
So, itis clear that the Xe atom would be linked at the extremity of the Li, T(X*Z, ™)
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Fig. 16.3 Orientational features of the rigid rotor potential energy surfaces for six different angles
(y=0°, 11°,25.3°,39.7°, 68.5°, and 90.0°) without the three-body effects

alkali dimer. In fact, the Li; " (X*%,™) alkali dimer in its ground state can be
roughly considered as an electron cloud located in the middle of the two Li* cores.
The short-range repulsion between the electron and Xe atom combined with the
attraction between the cationic cores and Xe atom thus favors the positioning of
the rare gas atom at one extremity of the Li, T(X?Z, 1) alkali dimer molecule. The
potential energy surfaces including the three-body effects of the Li, T(X?Z,1)-Xe
interactions are presented with the black dashed line in Fig. 16.4. We note that the
three-body interactions decrease the interaction energy. This decrease is significant
at distances close to the equilibrium distances.

The spectroscopic constants corresponding to the equilibrium distance (R.),
the well depth (D), and the harmonicity frequency (we) of all potential energy
surfaces without and with the three-body interactions are collected in Table 16.2.
The analysis of these data shows that the equilibrium distance, the depth of the well,
and the harmonicity frequency depend on the angle y showing the strong anisotropy
of the Li,*(X*%,")-Xe system. In fact, we remark that the well depth and the
harmonicity frequency decrease when y increases. The same remark is observed for
the equilibrium distance for the lowest four angles y, then it increases for y = 68.5°
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Fig. 16.4 Effect of the three-body interaction on the potential energy surfaces (black dotted lines)

and y =90.0°. As it seems from Table 16.2, the three-body interactions lead to a
significant decrease in energy and to a small increase in equilibrium position. For
example, the potential energy surface, for y = 0°, exhibit the deepest well depth.
This curve presents a well depth of 1,625 cm™! located at the equilibrium distance
of 8.54 a.u. without the three-body effects and a well depth of 1,240 cm™! located
at the equilibrium distance of 8.66 a.u. when the three-body effect is included.

16.3.2 Analysis of the Surface Anisotropy

To assess the main features for the orientational anisotropy in the RR (rigid rotor)
interactions, we used the familiar multipolar expansion:

Amax

V(R.y) =Y Vi(R)Ps (cosy)
A=1
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Table 16.2 Spectroscopic Angle (°) R (au) D em™) . (em™h
constants of the ground = = =

electronic states of y=00 8.54 1,625 254.00
Liz+(X22g+) system (*) 8.66 1,242 231.55
without and with the y=11.0 847 1,588 246.14
three-body effects (*) 8.60 1,210 216.87
y=253 825 1,431 219.66
(*) 8.34 1,076 204.11
y=397 784 1,114 186.17
(*) 7.99 829 178.05
y=685 8.15 335 64.31
*) 8.46 220 62.79
y=90.0 892 197 46.21
(*) 9.41 127 37.49

(*) Spectroscopic constants with the three-body
interactions effect

where R is the separation between the xenon atom and the center of mass of the
Li, T (X?X,)Xe ionic molecule and y is the angle between R and the Li T (X*>Z, ™)
internuclear axis.

Figure 16.5 reports V) (R) the multipolar functions from A = 0 to 5. These
multipolar functions show different orientational anisotropy in the repulsive region
and also differences in the long-range strength of the interaction. Only the multipolar
function for A = 1 exhibits a clear attractive well located at 8.97 a.u. The curves of
the multipolar functions for A = 3 and A = 4 are repulsive, while those of 1 = 0,
A = 2 and A = 5 are similar in shape and exhibit a small barrier. Furthermore,
these V, (R) can be used in the standard close-coupling formulation of atom-rigid
rotor collisions, as they facilitate the determination of the required matrix elements
of the potential. Moreover, they will be used for exploring the structure of Li* Xe,
clusters.

16.4 Conclusion

In this work, we have evaluated the potential energy surfaces, including the three-
body interactions, describing the interaction between the Li2+(XzEg+) alkali
ionic dimer in its ground state and the xenon atom. We have used a standard
quantum chemistry approach based on nonempirical pseudopotential, parameterized
I-dependent polarization potential, and an analytic potential form for the Li™Xe
interaction. The potential energy surfaces for the interaction Lig+(X22g+)-Xe have
been computed for a fixed distance of the Liz+(X22g+) and for an extensive
range of the remaining two Jacobi coordinates, R and y. In this context, the
Liz+(X22g+)Xe is reduced to only one-electron system. The spectroscopic con-
stants of these potential energy curves for fixed angles and varying R have been
extracted. As it is expected, the potential energy surface of the Lig+(X22g+)-
Xe system presents an interesting and unusual feature associated to the strong
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Fig. 16.5 Multipolar functions fromA =0toA =5

interaction and anisotropy. This anisotropy is demonstrated by writing the potential
energy surface in terms of the Legendre polynomial multipolar expansion. It seems
that the deepest well is associated with y = 0°. We assume that the Xe atom would
be attached at the extremity of the Liz+(X22g+) alkali dimer. Moreover, the three-
body interactions lead to a small decrease in energy. This decrease is remarkable
close to the equilibrium distances.

This simple model and also the produced analytical potential energy surface
(PES) will be used to explore the structure, the geometry, and the stability of Li, -
Xe, clusters.
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