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Quantum chemical calculations are performed on the aluminium doped lithium clusters Li,Al at
both neutral and cationic states using the DFT/B3LYP and CCSD(T) methods in conjugation

with the aug-cc-pVaZ (a =

D,T,Q) basis sets. The global minima are located and the growth

mechanism is established. The electronic structure, geometrical parameters and energetic
properties, such as average binding energy E,, second difference of energy AE, adiabatic and
vertical ionization energy, and dissociated enthalpy, are evaluated using the coupled-cluster

CCSD(T) method, whose energies are extrapolated to the complete basis set limit (CBS).
The high stability of LisAl, Li;Al, LicAl" and LigAl" that have the “magic numbers”
of valence electrons, can be understood using the phenomenological shell model.

Introduction

Clusters of the elements continue to attract the attention of
scientists, experimental and theoretical alike, in part due to the
fact that they are genuine intermediates between the atoms
and bulk materials. The electronic structure, and thereby
physical and chemical properties, of the clusters can be
significantly different from not only those of bulk materials,
but also from each other, depending on their actual size. One
of the advantages of quantum chemical studies of small
clusters is that they can be treated on the same footing as
gas phase species by the same methods. However, similar to
the situation in other fields, it is not always straightforward to
understand the calculated results, which often need to be
interpreted with the help of some simpler theoretical models.
In this regard, the phenomenological shell model (PSM) which
was proposed by Knight and co-workers in 1984' has been
proven to be a simple but effective model to interpret the
stability pattern and electronic structure of simple metal
clusters.”>* Similar to the spherical jellium model (SJM),® the
PSM valence electrons are assumed to be freely itinerant in a
simple mean-field potential that is formed by the nuclei of
atoms. A fundamental difference between the SJM and PSM is
that while the many-body problem of the valence electrons in
the SIM is treated self-consistently by quantum chemical
methods, the PSM considers only the possible states of a
single electron confined in a potential well of a given shape.®
Accordingly, the high stability of a metal cluster is achieved if
its electronic shell or sub-shells are closed, and the number of
valence electrons corresponds to a shell closing, such as
2 (18%), 8 (18? 1P%), 20 (1S* 1P® 1D' 28?), erc., which are
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the total electronic energies, zero-point energies and Cartesian

coordinates of the structures considered. Figures display the molecular
orbitals. See DOI: 10.1039/c003401k

called the “magic numbers”. However, it is known that the
simple PSM is not consistent with some highly stable binary
clusters whose number of valence electrons does not correspond
to these magic numbers, such as the case of K¢Zn’ and
NagPb®. A modified (Wood-Saxon) potential was subsequently
introduced as an extended model to account for the behavior
of these cases.”!” According to this modified model, the
dopant induces a perturbation and the ordering of the single
particle energy levels is changed either to (1S* 1P® 28 1D 2P%)
if the impurity is more electronegative than the host atoms, or
to (1S* 1P® 1D'° 28 1F' 2P®) if the central dopant is less
electronegative than the host atoms. In this context, a legitimate
question is whether the PSM can be applied to the binary
clusters that include alkali metals. To tackle this question, we
set out to perform a systematic investigation of the aluminium
doped lithium clusters Li,Al (n = 1-8) in both neutral and
cationic states.

The aluminium-lithium clusters have received much attention.
Cheng et al.'' investigated the energetics and structures of
Li,Al (n = 1-8) and AlLi;; using a local spin density functional
method in conjunction with nonlocal pseudo-potentials. These
authors found that LisAl is an especially stable species and
plays the role of a building block for the Li,Al clusters.
Motivated by this idea, larger binary systems with the number
of Al atoms up to eleven, such as LijgAl, (# = 1 and 2),"?
LijpAlg,"® AlyLiy (N = 1-6, 10),'* and Al,Li, (n = 1-11),"3
were extensively studied. However, most previous reports
focused on the geometrical structures and energetic properties
of clusters, whereas the electronic structures that play an
important role for the stability and properties of clusters were
not fully understood. In addition, the lack of vibrational
analyses of the structures led to the fact that the location of
the global minima was not properly performed. Moreover,
according to our best knowledge, no earlier theoretical
investigation is available on the cationic clusters Li,Al". In
the present work, we search for the global minima of the
clusters Li,Al”", and probe the growth mechanism of the
neutral Li,Al. The stability pattern of these clusters is further
interpreted using the phenomenological shell model (PSM).
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Computational methods

All electronic structure calculations are carried out using
the Gaussian 03'® and Molpro 2008'7 program packages.
Equilibrium geometries and harmonic vibrational frequencies
of clusters are fully investigated using density functional

theory with the hybrid functional B3LYP,'® 2 in conjunction
with the correlation consistent aug-cc-pVTZ Dbasis set.
To obtain more accurate results, the geometries, vibrational
frequencies and energies of the lowest-lying isomers are
subsequently refined wusing the restricted/unrestricted
coupled-cluster theory formalism (R/UCCSD(T))*'2* with
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Fig. 1 Shape of the optimized structures for the neutral Li,Al (n = 1-5). Relative energies (AE, kcal mol ') are obtained from B3LYP/aug-cc-
pVTZ (in parentheses) and CCSD(T)/aug-cc-pVTZ (in brackets) calculations. All values are corrected for ZPEs. NImag stands for the number of

imaginary frequencies.
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the aug-cc-pVaZ (a D,T,Q) basis sets. The coupled-
cluster energies are then extrapolated to the complete basis
set (CBS). The procedures for evaluating these energies are
given in detail in recent papers.>> 2’ The natural bond orbitals
(NBO)*®7° are constructed using B3LYP/6-311+ G(d)
densities. An analysis of the electron localizability indicator
(ELI-D)*!' is also performed to understand the nature of
chemical bonding. Similar to the electron localization function
(ELF), the ELI-D and its orbital decomposition®> are
proven to be an effective tool to study the chemical bonding
in organic compounds as well as in transition metal
compounds.*® The ELI-D is defined as the integral of the
electron density over micro-cell containing the same fraction
of same-spin electron pairs. It can be considered to be a
product of the pair volume function and the electron density,
and is a sum of orbital densities in the case of single
determinant wave functions. Thus, ELI-D can be decomposed
into molecular orbital contributions that are called the
partial electron localizability indicator (pELI).** The ELI-D
values are calculated using the DGrid-4.2 program suite**
and the ELI isosurfaces are plotted using the Gopenmol
software.*

Li,Al-I (C,, ’An
NImag = 0
(0.00)[0.00]

Results and discussion

Global minima and growth mechanism of the neutral Li,Al

In this section, we mainly focus on the neutral clusters Li, Al
with n ranging from 1 to 8. The structural shape of the lower-
lying isomers, together their relative energy (kcal mol™') and
the associated number of imaginary frequencies are depicted in
Fig. 1 and 2. As for a necessary calibration, geometrical
parameters, total energies and vertical ionization energies
(VIE) of the small clusters, n = 1-5, are obtained using
CCSD(T) calculations, in conjugation with the aug-cc-pVaZ,
with ¢ = D,T,Q. The electronic energies are subsequently
extrapolated to the complete basis set limits.*® The calculated
results are presented in Table 1. It turns out that while the
CCSD(T)/aug-cc-pVDZ values are rather unsatisfactory, there
are small differences between the calculated results using the
aug-cc-pVTZ, and aug-cc-pVQZ basis sets, with respect to the
CBS values. The vIEs determined using these basis sets vary
only in the range of 0.01-0.04 eV. Therefore, for the larger
clusters, Li,Al (n = 6-8), the calculations are performed using
only the CCSD(T)/aug-cc-pVTZ levels, due to the limitation
of our computational resources.

2
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Fig.2 Shape of the optimized structures for the neutral Li,Al (1 = 6-8). Relative energies (AE, kcal mol ") are obtained from B3LYP/aug-cc-pVTZ
(in parentheses) and CCSD(T)/aug-cc-pVTZ (in brackets) calculations. All values are corrected for ZPEs. NImag stands for the number of imaginary

frequencies.
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Table 1 Geometrical parameters and vertical ionization energies (VIEs)
of small clusters Li,Al (n = 1-5) using the CCSD(T)/aug-cc-pVaZ
(a = D, T, Q) levels of theory

Methods rari/A  rainr/A  (Li-Al-Li)  VIEs/
(degree) eV
LiAl (')
CCSD(T)/aug-cc-pVDZ  2.886 — — 5.14
CCSD(T)/aug-cc-pVTZ  2.898 — — 5.21
CCSD(T)/aug-cc-pVQZ  2.866 — — 5.23
CCSD(T)/CBS — — — 5.25
Li>Al (Cay, *By)
CCSD(T)/aug-cc-pVDZ 2.555 — 75.5 5.83
CCSD(T)/aug-cc-pVTZ 2.898 — 60.0 5.23
CCSD(T)/aug-cc-pVQZ 2.860 — 60.4 5.27
CCSD(T)/CBS — — — 5.31
LisAl (Cay, 'Ay)
CCSD(T)/aug-cc-pVDZ 2.696 2.838 133.8 5.19
CCSD(T)/aug-cc-pVTZ 2.761 2.904 131.4 5.20
CCSD(T)/aug-cc-pVQZ 2.722 2.851 133.7 5.23
CCSD(T)/CBS — — — 5.25
LisAl (Cay, *By)
CCSD(T)/aug-cc-pVDZ 2.662 2.699 62.2 5.01
CCSD(T)/aug-cc-pVTZ 2.785 2.727 62.1 493
CCSD(T)/aug-cc-pVQZ 2.743 2.692 62.1 4.96
CCSD(T)/CBS — — — 4.98
LisAl (Cay. 'Ay)
CCSD(T)/aug-cc-pVDZ 2.596 2.766 130.9 5.06
CCSD(T)/aug-cc-pVTZ 2.662 2.873 129.9 5.03
CCSD(T)/aug-cc-pVQZ 2.638 2.818 130.7 5.02
CCSD(T)/CBS — — — 5.02

The diatomic LiAl has a low spin ground state (')
(Fig. 1) with singlet—triplet separation gap of —5.0 kcal mol ™.
Adding one Li atom to LiAl, four stationary structures are
obtained for LiAl, including a bent form Li,Al-I (C5,, 2B2), a
linear saddle-point Li,Al-II, and a slightly bent Li,Al-IIT
(Cay, 2A)), and a linear structure Li,Al-IV with a LiLiAl
connectivity. The structure Li,Al-I, whose SOMO is a bonding
c-orbital (b,), is the most stable isomer, whereas its counterpart
LiAI-III (C»y, 2A,), whose SOMO is a non-bonding orbital
mainly composed of 3p-orbital of Al, is found to be the
first excited state with an energy gap of 2.9 kcal mol™'
(CCSD(T)/aug-cc-pVTZ). The linear Li,Al-II is a transition
structure that is 3.2 keal mol~! above Li,Al-I.

Binding one additional Li atom to the Al atom of the global
minimum, Li;Al-I, gives rise to three LizAl structures, including
the planar Li;Al-I (C»,), the high symmetry LizAl-II(D5},) and
the three-dimensional form LisAlI-III(C3,) in which the Al
atom was located on the C; axis of the triangular Li;. In an
earlier report, Cheng et al.!' showed that the high spin LizAIIT
(Csv, 2A") is the most stable isomer for the neutral LiAl. At
the high accuracy CCSD(T) method, we find that the low spin
LizAl-I (C,,, 'A)) is the global minimum, being 1.5 kcal mol ™!
more stable than the high spin LizAI-III (Cs,, 3A,"). The
singlet LizAl-II (D5, 'A\’) is also a stable isomer, being
7.3 kcal mol™! less table than the first. A question arises as
to why the perfect triangle LizAI-II is less stable than the
LizAl-I. In LisAl-II, the Al center has the valence orbital
occupation of Al 25%3% 2p %67 which corresponds to a sp?

hybridization. Consequently, chemical bonds that are formed by
overlap of these hybridized orbitals and s-orbital of Li atoms, are
located mainly on the Al center. The natural charge populations
reveal a high ionic character of LizAl-Il, with a strongly negative
net charge on Al (q(Al) = —1.7 electron), whereas more covalent
character is found in LizAl-I (q(Al) = —1.05, q(Li;») = 0.45 and
q(Li3) = 0.14 electron). Thus the singlet LizAl-I can be
considered as a combination of a triangle Li,Al and Li atom.
The form LizAI-IV is a second-order saddle-point.

It is remarkable to note that the appearance of the first 3D
global minimum in the series of Li,Al is already found for
LizAl. Various structures for LizAl are constructed by binding
one Li atom to the low-lying LizAl isomers. A high symmetry
planar form, Li;ZAI-III (Dg4p, 2A,,), turns out to be a transition
structure for a Jahn-Teller effect. Consequently, two lower
symmetry forms, LijAl-I (Cay, *B,) and LijAl-II (Cyy, 2A4), are
obtained as equilibrium structures. At the CCSD(T)/aug-cc-pVTZ
level, Li4Al-I is the global minimum, whereas LijAl-II is the
next isomer with a relative energy of 6.0 kcal mol~'. These
predictions are also consistent with the PSM in that the system
LisAl contains seven valence electrons, and its seventh valence
electron singly occupies a P, orbital in the shell of 1S* 1P°
(1p,? lez 1P.1). Consequently, the global minimum of the
LizAl possesses a 3D structure. Other stationary structures are
also located and displayed in Fig. 1.

In agreement with an earlier report,!! the structure LisAl-I
(Cyys 'A)), in which the 5th Li atom connects directly with Al
of Li4Al-Il, is the most stable isomer of the six-atom system.
The high spin LisAIFII (Cy, *A’) is the second lowest-lying
isomer, being 16.8 kcal mol™' higher in energy. Various
structures are equally constructed for LisAl but their
geometries are invariably converged to the Cy4, structure and
no other structure can thus be located.

The lower-lying isomers and also the growth mechanism for
the larger clusters, Li, Al with n = 6-8, are examined and the
results are summarized in Fig. 2. The high symmetry structure
LigAl-I1I (O, 2A2g) is found to be a high-order saddle point
with three imaginary frequencies. The low symmetry LigAl-I
(Cs, 2A"), which is distorted from the higher symmetry Oy
form, and the doublet LigAl-II (Cs,, 2A;) are close in energy
with a small difference of 1.5 kcal mol™".

Various Li;Al structures are constructed by binding one
excess Li atom to the low-lying isomers LigAl at different
positions (Fig. 2). Three low-energy structures are located,
including (i) Li;Al-I (Cs) in which Li is connected directly
with Al of the neutral LigAl-I, (ii) Li;Al-II in which a Li is
absorbed on a Li; surface of the LigAl-I, and (iii) Li;Al-III
where one Li simply binds to Al of LigAl-II. According to our
CCSD(T)/aug-cc-pVTZ results, these structures are quasi-
degenerate with a similar energy content. High symmetry
structures such as Li;AI-IV (Ds;,), Li;AI-V (Cs,) and Li;AlI-VI
(C»y) turn out to be saddle points, with each having at least
one imaginary frequency.

The addition of one excess Li atom to the lower-lying Li;Al
isomers gives rise to two degenerate structures for the neutral
LigAl, including LigAl-I (C»,), in which Al possesses an eight
coordination state, and LigAl-II (Cy), in which Al has seven
coordinates. Our calculated results show that both structures
are practically degenerate.
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In summary, the small clusters Li, Al (n = 1-8) considered
tend to be constructed by binding the additional lithium
atom to the lowest-lying isomer of the smaller system Li,_;Al.
The growth motif dominantly prefers to increase the
coordination state of the Al impurity when the number of Li
atoms is n < 6. Compared to the similar system Li,B
(n = 1-8),%7 the global minima of the Li,Al clusters tend to
be more opened. While the boron impurity of the Li,B system
usually occupies a central position in lithium cage giving high
symmetry structures, such as LisB (Dsz,), LisB (D),
Li¢B (Oy), LisB (Dsy) and LigB (Cs,), the aluminium impurity
appears to favor the opened structures, which can be
understood by the larger size of Al, as compared to that of
B. The Li,Al also show many differences in terms of structures
as compared with the Li,Ge systems that have been detected
experimentally by using mass spectrometric techniques.*®

e — )
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Cationic structures Li,Al" are generated from the located
neutral Li,Al structures, and the obtained geometries are
summarized in Fig. 3.

Following detachment of one electron from the HOMO of
LiAl ('), the low spin LiAlT (*3Z") becomes the global
minimum of the diatomic ion. Although the structure Li,Al-Ilc
(Cay,s 'A)) is still located as a local minimum, the linear Li,Al-Ic
(12g+ ) becomes the global minimum for Li,Al *, with a relative
energy of 17.3 kcal mol™' (B3LYP/aug-cc-pVTZ). For
Li;Al", the doublet LizAl-Ic (Cs,, ?B,), which is a distorted
form of the vertical ion of LizAl-II (D5,) under a Jahn—Teller
effect, is the lowest-lying isomer. Its distorted counterpart
LizAl-Ilc (Cay, %A) is a transition structure with one imaginary
frequency.
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Li_Al-IIc (C,, Li Al-Ic (O, A ol LiAl-IIc (C,, A)) LiAl-Ic (Dsh, A" Li_Al-IIc (C, , 2A1)
NImag = 0 NImag =0 NImag =0 NImag =0 NImag =0
(0.00) [0.00] (0.00) (7.18) (0.45) [0.07] (0.04) [0.00]
X 2 i 1
Li_Al-IIIc (C,, A,) LiAl-Ic (C, , A)) Li Al-IIc (D, , A1)
NImag =0 NImag =0 NImag =0

(0.00) [0.05] (0.00) [0.00]

(7.23) [5.10]

Fig. 3 Shape of the optimized structures for the cationic clusters Li, Al (n = 1-8). Relative energies (AE, kcal mol ") are from B3LYP/aug-cc-pVTZ
(in parentheses) and CCSD(T)/aug-cc-pVTZ (in brackets) calculations. All values are corrected for ZPEs. NImag stands for the number of imaginary

frequencies.
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It is interesting to note that while the global minimum
Li4Al-I (C,y, *B,) possesses the 3D structure, its cationic state
prefers a planar shape, LijAl-Ic (Dg4y, 1A1g). This is consistent
with the PSM that the six valence electrons of LisAl" fully
occupied three valence orbitals of the PSM (18> 1P,2 lez),
and thereby close the electron shells.

Removal of one electron from the degenerate HOMO of
LisAl-I leads to a geometrical distortion under a Jahn-Teller
effect. Consequently, the low symmetry structure LisAl-Ilc
(Cs, A’) is found to be the ion global minimum, while the
distorted counterpart LisAl-Ic (Cy,, 2A1) is now a second-
order saddle-point (with two imaginary frequencies). According
to the PSM, the cationic cluster LicAl™*, which contains eight
valence electrons, is expected to be a highly stable species.
Our calculated results show, in fact, that the global minimum
of LigAl"™ has a perfect octahedral structure, LigAl-Ic
(Oy, 1Alg) (Fig. 3). The adiabatic ionization energy (IE) of
LigAl obtained from energy difference between the neutral
LigAl-I (C,, >A’) and the cation LigAl-Ic (Oy,, 'A, ¢) amounts to
3.59 eV, which represents the smallest value as compared to
those obtained for the remaining examined members of the
series Li,Al. Additionally, its HOMO-LUMO energy gap of
2.45 eV corresponds to the highest value. Thus, these results
support the view that this cation is a highly stable system.

There is a competition in the growth motif for the larger
cationic clusters, Li,Al"™ with n = 7 and 8. Firstly, the
additional Li atom binds directly to Al of the Li,_;Al" and
thereby forms spherical-like structures, such as Lis;Al-Ic,
LisAl-Illc, and LigAl-IIlc. The second motif is a Li absorption
on a (Li-Li-Li) face to make oblate structures such as Li;Al-Ilc
and LigAl-Ic. According to our calculated results, the three
structures Li;Al-Ic, Li;Al-Ilc and Li;Al-Illc are energetically
quasi-degenerate, and become the lowest-lying isomers of the
Li;Al" (Fig. 3). For LigAl", both structures LigAl-Ic and
LigAl-Ilc are also almost degenerate, and are ~ 5 kcal mol ™!
more stable than the singlet LigAl-Illc.

Energetic properties

The relative stabilities of the clusters Li,Al in both neutral and
cationic states are examined on the basis of the average
binding energy (E,) and the second order difference in the
total energies (A°E) which are defined as follows:

E, (Li,Al) = [nE(Li)+ E(Al) — E(Li,AD)/(n + 1) (1)

E, (Li,Al") = [(n — DELI) + E(Li")
+ E(Al) — E(Li,AD)/(n + 1) )

A’E(Li,Al) = E(Li, ,Al) + E(Li,.,Al) — 2E(Li,Al) (3)

A’E(Li,Al") = E(Li,_;Al") + E(Li,,Al")
— 2E(Li,Al") )

The second order difference in total energy, A’E, of the Li,Al
is calculated as energy difference between two dissociation
processes, namely, Li,,;Al — Li,Al + Li and Li,Al —
Li,_;Al + Li. Consequently, it reflects the relative stability
of Li,Al as compared to that of its two immediate neighbors,
Li,. Al and Li,_;Al A high value of A’E indicates that this
species has a high relative stability. The average binding

—a—LipAl .

o Li Al -

S 0 0 0 O .= = =
o b B ® ®» o N B
a a0 . 1 o 0 a1 . 1 . 1

.

o

[
1

0.4 4 .
-0.6 .

0.8 T . T v T g T T
2 3 4 5 6 7
Number of Li-atoms, n

Second order difference, eV

Fig. 4 Second difference in energy of the Li,Al clusters (n = 1-8) at
both neutral and cationic states using the CCSD(T)/aug-cc-pVTZ
values.

energies, E,, and the second order differences, A’E, of the
clusters considered are schematically illustrated in Fig. 4 and
S, respectively. It is observed that the average binding energy,
E,, in both two states considered increases with an increasing
size of lithium number, and forms peaks at the neutral LisAl
and the cation LigAl*. Then they have a tendency to decrease
somewhat when the number of Li atoms increases up to eight.

As expected, an odd-even oscillation is found for the plots
of the second order difference of clusters Li,Al (Fig. 4).
Consistent with the results of the average binding energy,
the remarkably high values that were observed for the LisAl
and the LigAl " emphasize their higher stability with respect to
the remaining species.

HOMO-LUMO gaps and ionization energies (IEs)

The HOMO-LUMO gaps and ionization energies can also be
regarded as measures of stability. A large gap suggests a
relatively high stability, whereas a small IE reveals that the

15 . - - : .
14 ] [ LipAl A
- e
J . + -9
1.3 4 [—*—LijAl . i
-

o © © =2 4 a
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o
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Fig.5 Average binding energy of the Li,Al clusters (n = 1-8) at both
neutral and cationic states using the CCSD(T)/aug-cc-pVTZ values.
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Table 2 The HOMO-LUMO (SOMO-LUMO for open-shell species) gaps (eV) of the Li,Al” * calculated at the B3LYP/6-311 + G(d) level

Neutrals HOMO-LUMO gap/eV Cations HOMO-LUMO gap/eV
LiAl (') 1.62 LiAlL =) 2.24
LiA (Cs,, °B,) 1.73 LiAl-Ilc (') 2.34
LizAI (Csy, 'A)) 1.69 LizAl-Ic (Cs,, °B,) 1.93
Li Al (Csy, %A)) 1.56 Li Al-ITIc (Dgy,, 'Ay') 2.11
LisAI (Cyy, 'A)) 2.03 LisAl-Ilc (C,, *A’) 1.71
LicAl-I (Cy, 2A) 1.00 LicA-IIIc (O, 'A,,) 2.45
Li;Al-I (C,, 'A) 1.23 Li;Al-IVe (Cay, 2A4) 1.04
LigAl-I (Cay, 2A1) 1.02 LigAl-Illc (Csy, 'A)) 1.90

Table 3 The adiabatic (IEs) and vertical ionization (VIE) energies (e¢V) of Li,Al (n = 1-8) using the CCSD(T)/aug-cc-pVTZ (CBS) levels of theory

Reactions 1E/eV Reactions vIE/eV
LiAL ('Z7) — le » LIAI(*Z7) 5.19 (5.23) LiAl (%) — le » LIAI(E™) 5.21
LA (Csy, °B,) — le — LirAl-Ie ('T™) 4.30 (4.29) LiAl-I (Cay, °Bs) — le = LibAl (Cay, 'A}) 5.23
LizAl- (Csy, 'A)) — le o LizAl-Ie (Cay, 2By) 4.51 (4.52) LizAHI (Csy, 'A}) — le — LizAl (Cay, °By) 5.20
LisAl (Cay, ?Ay) — le — LisAl-le (Dap, 'Ajy) 4.27 (4.28) Li Al (Csy, A)) — le > LisAl (Cay, 'Ay) 5.20
LisAl-I (Cyy, 'A}) — le > LisAl-Ile (C,, 2A’) 4.63 (4.66) LisAlI (Cuy, 'A}) — le — LisAl (Cyy, 2A)) 5.03
LicA (C), ?A) — le — LigAl-Ie (Oy, 'A},) 3.59 LicAII (C), 2A) — le — LigAl (Cy, 'A) 3.87
Li;AlI (C,, 'A’) — le > LisAl-Ilc (Cy,, 2A)) 3.96 Li;AI (Cy, 'A’) — le > LisAl (G, 2A’) 4.83
LigAl-I (Cay, 2A;) — le > LigAl-Ic (Cs,, 'A)) 3.61 LigAl-I (Cay, 2A}) — le — LigAl (Cay, 'A}) 3.90

“ Values given in parentheses are obtained using the extrapolated CCSD(T)/CBS energies.

corresponding cation is a more stable isomer. The frontier
orbital gaps of the neutral clusters Li,Al (Table 2) show a
remarkably large value at LisAl, while the largest value of
Li,Al" is found at LicAl™".

There is a large difference between the adiabatic IE and vIE
values (Table 3), which can be understood from the important
geometry differences of the global minima in both neutral and
cationic states. In addition, the systems where the shells are
closed, such as LisAl, Li;Al, show high IE values, whereas the
LigAl and LigAl clusters are characterized by the smallest IEs.
As a consequence, consistent with the results of A’E, E, and
HOMO-LUMO gaps, the neutral LisAl and Li;Al, and also
the cations LicAl" and LigAl™ are expected to exhibit high
relative stability.

Dissociation energies

To probe further the thermodynamic stability of the clusters,
we examine their dissociation energies. For the neutral
clusters, the reaction energies for the channels:

Li,Al - Li, Al + Li
Li,Al - Li, + Al

Li,Al - Li, »Al + Li,

are considered and the calculated results are summarized in
Table 4. For the cationic clusters, Li,Al", two dissociation
channels:

Li,Al" - Li, ,Al" + Li

Li,Al" - Li, Al + Li"

are examined and the results are tabulated in Table 5.
From the plots of all channels in Fig. 6, it can be seen that
decomposition of the neutral Li, Al to give one Li atom plus

Table 4 Dissociation enthalpies (kcal mol™') of the clusters Li,Al
using the CCSD(T)/aug-cc-pVTZ + ZPE level

Neutral clusters  Li,Al - Li,_;Al + Li Li,Al - Li,_»Al + Li,

LiAl (') 22.9 —
LAl (C»,, °B,) 27.3 26.9
LizAI (Cay, 'A}) 33.0 37.0
LisAI (Cay, 2A;) 35.8 45.4
LisAM (Cyy, 'A)) 419 54.4
LigAl-I (Cy, 2A) 240 42.6
Li;Al-I (C,, 'A") 289 29.5
LigAMI (Coy, 2A)) 24.7 30.3

one fragment Li,_;Al is endothermic by the smallest energy.
Except for Li,Al™", the dissociation reaction of Li,Al" giving
one Li atom plus a radical Li,_;Al" is consistently more
favorable than that giving Li " plus the fragment Li,_; Al. The
neutral LisAl and the cation LicAl" emerge to have the largest
values of dissociation energy as compared to their neighbors,
which is consistent with their high stability detected above
from other properties.

Aromaticity and electron localizability indicator (ELI) of high
stability structures

The concept of aromaticity is now extensively applied to metal
clusters.®® Aromatic metal clusters usually possess high
symmetry structures and good electron delocalization.
Alexandrova et al.*® suggested that the pure lithium clusters
Li, (n = 5-7) are aromatic systems from an analysis of their
molecular orbitals. The aromaticity of lithium and aluminium
based complexes were recently examined by Pati and his
co-workers.*! Thus, a question arises as to whether the
aluminium doped lithium clusters are also aromatic. The
highly stable clusters LisAl, LicAl", Li;Al and LigAl" turn
out to possess high symmetry structures. We first perform an
evaluation of aromaticity of these clusters by using the nucleus
independent chemical shifts (NICS) index, which is based on
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Table 5 Dissociation enthalpies (kcal mol~") of the cationic clusters Li, Al using the CCSD(T)/aug-cc-pVTZ + ZPE level

Cationic clusters Li,_ Al" + Li Li, »Al" + Li, Li, 1Al + Li* Li, »Al + Li,"
LiAl =) 40.2 — 26.3 —

Li2Al-IIc ("2 48.0 65.0 51.4 45.2

Li3Al-Ic (C,y, °B,) 28.1 52.8 52.2 50.4
Li4Al-IIIc (Dyy, 'A}) 412 46.0 60.4 64.3

Li5Al-Ilc (C,, *A") 33.7 51.6 58.4 65.1

Li6Al-IIIc (O, 'A,y) 47.9 58.3 64.4 77.2

Li7Al-IVc (Cay, 2Ay) 20.3 44.9 60.7 55.6

LiSAI-IIlc (Cs,, 'A)) 33.0 29.9 64.8 64.6
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Fig. 6 Dissociation enthalpies of (a) the neutral Li,Al, and (b) the
cation Li,Al" using the CCSD(T)/aug-cc-pVTZ level.

magnetic shieldings.** The NICS values for the more stable
clusters, LisAl, LicAl™, Li;Al and LisAl", are computed at
various positions as shown in Fig. 7a. The distance between
two evaluated positions is 1.0 A. The calculated NICS values
show that these species have an aromatic character with highly
negative NICS values. Nevertheless, the very negative NICS
values found around the position of Al is due to the effect of
the impurity.

To further probe the chemical bonding and electron
distribution, the electron localizability indicator (ELI) is used.

Fig. 7 (a) NICS values, and (b) pELI-D contributions for valence
orbitals of the highly stable clusters.

The ELI plots for structures LisAl and LicAl ™" are depicted in
Fig. 7b. The localization domains of Li and Al (in blue) are
mainly composed of core orbitals. The isosurfaces of p-ELI
distribution for the neutral LisAl reveal that the red-colored
localization domains, that arise from p, and p, orbitals, are
responsible for Li-Li bonding. The yellow-colored domain is
composed of p. orbital that is responsible for its aromaticity.

In a similar way, the p-ELI plots of the cation LigAl " point
out that the yellow domains composed of three degenerate
p-orbitals are distributed globally over the whole skeleton,
which renders the system highly aromatic. In addition, there is
an obvious presence of twelve localized basins distributed on
Li-Li bonds of LigAl ", which is in line with its high symmetry.

Phenomenological shell model (PSM)

To interpret the stability pattern, the PSM in which the Al
impurity plays the role of an electronegative dopant is used.
Because the impurity is more electronegative than the host, the
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Fig. 8 HOMO and LUMO shapes of (a) the neutral clusters Li,Al, and (b) the cationic clusters Li,Al" (n = 1-8).

ordering of the single particle energy levels in the PSM is
expected to be changed to the rearranged ordering of 1S 1P°
2S% 1D,

The HOMO and LUMO shapes are shown in Fig. 8a
(neutral clusters) and 8b (cations). First, the electronic shells
of the neutral Li,Al (n = 1-8) are consistent with the PSM
description. The HOMO of small clusters Li, Al with n = 1-5
has p-character, whereas the LUMO of Li4Al and LisAl shows
s-character, which agrees well with the energy level of 1% 1P®
2S? of the PSM. A similar interpretation can be put forward
for the larger clusters in that the HOMOs of Li;Al and LigAl
are s-orbitals, while their LUMOSs should be d-orbitals.

The PSM can also be applied to the charged species. In a
similar way, Fig. 8b points out that the electronic shells of the
cations Li,Al" are very consistent with the ordering of energy
levels of this model. The presence of quasi-degenerate
structures for the larger size clusters, Li,Al, n = 7 and 8, is an
interesting case, which can be understood from a competition
between two growth motifs: Li is either condensed directly
with Al of the lower member Li,_;Al (LisAl-I¢, Li;Al-Illc,
LigAl-Illc) or adsorbed on a (Li-Li-Li) surface to form a
lithium tetrahedral-like unit (Li;Al-Ile, LigAl-Ic). While the
first set bears spherical-like geometry and satisfies the PSM
within the energy ordering of 1S 1P 2S? 1D, the second set
shows other energy levels of 1S*> 1P® 1D? which can be
interpreted by using the Clemenger-Nilsson model.** Both
the neutral LisAl and cation LigAl " each contain eight valence

electrons, which is the magic number for the electronic shell of
1S 1P, Accordingly, these clusters constitute the highly stable
members of the series examined.

Conclusion

We carried out a systematic investigation on the aluminium
doped lithium clusters Li,Al (» = 1-8) in both neutral and
cationic states using the DFT and CCSD(T) methods. Their
global energy minima are found or confirmed, and their
electronic structure is examined in detail. A growth mechanism
of the clusters can be formulated as follows: (i) the small
clusters with n = 1-6 tend to be formed by simply binding the
additional Li atom to the Al center of the smaller cluster
(Li,_;Al), (ii) for the larger clusters, » = 7 and 8, there is a
competition between two growing modes, namely, binding Li
directly to Al to form highly coordinated Al, and condensing
Li on a (Li-Li-Li) surface to form a “tetrahedral unit”. Our
calculated results demonstrate that the neutral LisAl and the
cation LigAl™ are peculiarly stable with a high degree of
aromaticity.

The stability pattern of these clusters, Li,Al, can be
interpreted successfully by using the phenomenological shell
model (PSM). The clusters containing a ‘“‘magic number” of
valence electrons, such as LisAl and LigAl ", are characterized
by high thermodynamic stability. We hope that these
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interesting Li systems will be experimentally detected and
characterized in the near future.
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