J. At. Mol. Sci. Vol. 5, No. 3, pp. 217-230
doi: 10.4208 /jams.030114.052814a August 2014

Structures, stabilities and electronic properties of MSn;
(M=Li, Be, B, Ca)

Yu-Jie Bai**, Kai-Ming Deng?, Jing-Ling Shao?, and Ning Xu”

* Department of Physics, Yancheng Institute of Technology, Yancheng 224051, China
b Department of Applied Physics, Nanjing University of Science and Technology,
Nanjing 210094, China

Received 1 March 2014; Accepted (in revised version) 28 May 2014
Published Online 8 August 2014

Abstract. The effect of impurity atoms on structures, stabilities and electronic proper-
ties of MSnjg (M= Li, Be, B and Ca) clusters have been investigated using the density
functional theory based B3LYP method with cc-pVTZ(-PP) basis set. The results show
that the location of the impurity atom depends on the interactions of impurity atoms
with the host cluster and the size of the impurity atom itself. The stability has been an-
alyzed based on average binding energy, vertical ionization potential, vertical electron
affinity, HOMO - LUMO energy gap and embedding energy. Several clusters, such as
BeSny(, Snyp and Sn%_) with enhanced stability have been identified. The stability of
5Sny0(Czy) can be rationalized using the jellium shell model. Molecular orbital analyses
reveal that the enhanced stability of BeSnjy and Sn%_) (Dy4g) with 42 valence electrons
may arise from a crystal-field splitting of the 1G shell and from the closed-shell nature
of the 7t subsystem, which is subjected to the 2( N+ 1)2 rule with N;=1. Both BeSn;
and Sn%f) clusters can be considered to be aromaticity with 87 electrons, further con-
firmed by the large nucleus-independent chemical shift values.
PACS: 31.10.+z,31.15.ae, 31.15.es

Key words: tin cluster, stability, molecular orbital, aromaticity, nucleus-independent chemical
shift

1 Introduction
Since the discovery and macroscopic production[1,2] of fullerenes, the questing for novel
highly symmetrical and chemically inert cluster is a focus in current research[3-6], which

should be very promising potential building blocks for designing new cluster-assembled
nanostructured materials. Symmetric binary clusters could be the ideal building blocks
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for these advanced materials, since their unique physicochemical properties can be ma-
nipulated nearly at will by altering size, shape, and composition[5,7]. Recently, a larger
number of experimental and theoretical investigations have been performed on metal-
encapsulated E clusters (E= Ge, Sn, and Pb)[4-14]. For examples, the mass spectral
characterization of gas-phase Al-doped Pb, clusters was reported by Neukermans et
al.[4], and found considerably enhanced stability of AIPbj;. Geometry optimization at
the B3LYP/LanL2DZ level of density functional theory reveals that AlPb; is a bicapped
tetragonal antiprism structure with Dy; symmetry, which the Al atom is encapsulated
in a highly coordinated central position. The high stability for AIPbj,, which has 21
delocalized orbitals containing 42 valence electrons is attributed to the close-packed geo-
metrical structure and the crystal-field splitting of the high angular momentum spherical
molecular orbital levels according to the structural symmetry of the cluster[15,16]. Then
Chen et al.[6] calculated the electronic structures and stability of cationic AleI}) cluster.
The enhanced stability of AIPbj, may arise from the closed-shell nature of the 7 subsys-
tem according to the electron counting rule, namely, the 2(N +1)? rule[17] with N, =1,
which describes the spherical aromaticity. The large nucleus-independent chemical shift
(NICS) values[18] indeed demonstrate the high stability of the cationic AIPbj, cluster.
Subsequently, Bhattacharyya et al. further demonstrated the extraordinary high stability
of AleR cluster by mass-selected photodissociation study[19].

A few years ago, Lievens and coworkers[10] demonstrated experimentally that the
ZnSnyg with Dy; symmetry system is a species with enhanced stability; even it is less
abundant than the ZnSn;, in the experimental mass spectra. Subsequently, ZnSnj, clus-
ter has been calculated that possessing 42 valence electrons ZnSny cluster was assigned
to be magic cluster with a spherically aromatic character that satisfies the electron count-
ing rule of 2(Nn—|—1)2, namely, containing 8 valence r-electrons with N, = 1[11]. The
enhanced stability of the ZnSnyy can also be rationalized by its closed crystal field split-
ting shell. Recently, coinage metal-encapsulated 10-atom E clusters[12] (E= Ge, Sn, and
Pb) were investigated by Tai et. al, and found that the global minima with Dy, struc-
ture anions, which possess 42 valence electrons, turned out to be magic clusters. The
enhanced stability of these magic clusters can be rationalized by the spherical aromatic-
ity[17]. Then, they sequentially investigated Gejg and Ge7, clusters[13] and found they
also possessed high stabilities. The investigation reveals that each Ge atom is expected to
contribute its four valence electrons to the electron shell configuration, and the result of
Gejp contains 40 valence electrons, which is consistent with the electron shell configura-
tion of 40 electrons of jellium shell model (JSM)[20]. Adding two excess electrons into the
neutral Geyo forming Ge;? cluster, leads to an unstable system with open electronic shell
configuration. However, due to a distortion to Dy; symmetry, the 1G-subshell of Ge,;}
is splitting into 2P-subshell which results in a very pronounced energy gap (2.92 eV) at
the 42 electron occupancy. They both also can consistently be rationalized by using the
spherical aromaticity.

Although a number of experimental and theoretical studies have reported the geo-
metric and electronic properties of small doped Sn clusters, most of these works have
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been carried out mainly using transition metal atoms as dopant or focusing on their
growth behaviors. According to our best knowledge, only a few theoretical investigations
on non-transition metal doped tin clusters were reported. Motivated by these above-
mentioned phenomena, we set out to carry out a systematic investigation on the clusters
MSnjy (M= Li, Be, B and Ca). Actually, both geometrical and electronic configurations
must be taken into account to design stable clusters, therefore the criteria of choosing
different doping elements are based on their size and number of valence electrons, which
in fact governs the nature of interaction. We focus our attention to the MSn;o (M=Be, Ca)
clusters which are iso-electronic structures with above reported stable clusters. Due to
the limited size of the empty Snjg cages, the Be atom may be encapsulated inside the Snj
cage, whereas the Ca atom may cap the Snjg cluster outside. The Li and B atom also can
be encapsulated inside the Snjg cage, while Li atom can show the effect of a less electron
and B atom can show the effect of an additional electron. The objective of this study is to
understand the interactions of different atoms with Snjj cluster and how the atomic size
and number of valence electrons can influence the geometry, electron configuration, and
stability of a binary cluster.

The rest of this paper is arranged as follows. Section 2 describes briefly theoretical
methods. In Section 3, we present the results and discussions. Finally, the conclusion is
made in Section 4.

2 Computational methods

Quantum chemical computations are carried out using the Gaussian 03[21]. The geo-
metrical, electronic structures and harmonic vibrational frequencies are determined by
using the density functional theory (DFT) method with the hybrid B3LYP functional,
which involves the Becke three parameter exchange [22] and Lee-Yang-Parr correlation
[23] functionals. In order to save time and improve efficiency, the optimization process is
divided into two steps: The first step is to optimize all the initial structures with LanL.2DZ
basis set [24] to obtain the equilibrium geometrical structures; the second step is to fur-
ther optimize the few most stable isomers obtained from the first step with the larger
cc-pVTZ(-PP) basis set. The correlation-consistent cc-pVTZ basis set [25] is used for Li,
Be, B and Ca atoms, whereas the energy-adjusted small-core (22 valence electrons for Sn)
pseudopotentials (PP) is used for Sn atoms, labeled as cc-pVTZ-PP [26]. The combina-
tion of these two basis sets is represented as cc-pVTZ(-PP) in our calculations. Hence,
consequent studies of the MSn; clusters (M=Li, Be, B and Ca) and several other lower-
lying isomers are carried out only with B3LYP using the cc-pVTZ(-PP) basis set. We set
the structures with the lowest energy but no imaginary frequency to be the ground state
structures of clusters.

To check the validity of the applied theoretical methodologies, we calculate the bond

length of Sn, and HOMO - LUMO energy gap of Sn%_). From our calculations, the
bonding length of 2.80 A is in line with the experimental value 2.74 A[11], and the energy
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gap of 2.40 eV is close to theory data 2.39 eV[12]. Therefore, our methods reasonably suit
to describe the properties of MSnj clusters.

3 Results and discussion

3.1 Structures of the lower-lying isomers of the MSn; clusters

One of the most important things in the cluster study is to determine their ground state
equilibrium geometrical structure of clusters. To obtain the lowest energy isomer of
MSny, a large number of initial geometrical configurations were optimized. The ground-
state and some metastable structure of the MSny clusters, together with their symmetry
point group are depicted in Fig. 1, respectively. We also give the most stable structures
(2-)

of Sny, Snlg clusters in Fig. 1.
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Figure 1: The shape, symmetry point group of ground-state structures of Snqp, Sni%; clusters; ground-state

and low-lying structures of MSnyq clusters (M= Li, Be, B, Ca).

As for Snjg cluster, tetracapped trigonal prism with Cz, symmetry is ground-state
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structure, while Sn%f)
metry, which are similar to the E;p and E%f) (E= Ge and Pb) clusters [8, 13]. The ground-
state structure of LiSnjy can also be viewed as a bicapped tetragonal antiprism structure
with Dy symmetry, where the central position is occupied by the Li atom. The distorted
bicapped tetragonal antiprism with a face capped by one Li atom (Li-a) is a metastable
structure, with 0.19 eV higher in energy than that of the lowest-energy structure. An-
other isomer structure Li-b is similar to the Li-a, which difference is that Li atom caps
the top of the structure with 0.27 eV higher than Li-a structure in energy. All other low-
lying isomers of LiSnjg are higher than the ground-state structure by at least 1.04 eV in
energy. For BeSnyg, the ground-state structure is similar to the LiSnjo cluster with Dy
symmetry, which the Be atom is encapsulated in the center. For Be-a is a metastable
structure with 0.88 eV higher in energy. A distorted pentagonal prism with a Be atom en-
capsulated structure Be-b is found as another low-lying structure with 1.29 eV higher in
energy above the ground state. All the other structural isomers of BeSnjg studied are en-
ergetically unfavorable, with more than 1.60 eV energy difference from the ground state.
As for BSnjg, we find that the distorted bicapped tetragonal antiprism structure with Cy
symmetry encapsulated by a B atom is the most stable structure, which is similar to the
AlPbyg structure[6]. The metastable structure B-a can be obtained from the ground-state
structure, which difference is that one Sn atom caps from side not the bottom. Aonther
low-lying structure is distorted pentagonal prism, in which B atom is encapsulated in-
side. The other considered low-lying isomers, lying more than 0.76 eV energy difference
above the most stable state. The lowest-energy structure obtained for CaSnyj is a slightly
distorted triple capped tetragonal antiprism with Cs symmetry, which a face is capped by
the Ca atom. The rest low-lying isomers are also found and they have common character
that Ca atoms cap the structures from the outside. At the same time, they show higher
energies than the ground state by at least 0.25 eV.

The lowest-energy structures of MSn;y (M= Li, Be, B, Ca) clusters are shown in Fig.1.
It is seen that, while Li, Be and B atoms get encapsulated inside the Snjg cage, Ca atom
favors to cap the triangular face from the outside. The reason for such a different behavior
is attributed to the atomic size effect which in turn governs the cage sizes. The atomic
radius ratios (M:Sn) of Li, Be ,B and Ca atoms with respect to the Sn atom are calculated to
be 1.17, 0.81, 0.68 and 1.30, respectively. It is much difficult for Snjo cage to accommodate
a Ca atom since the size of Ca atom is the largest one among the M atoms (Li, Be, B and
Ca). Therefore, the appropriate cage volume is required to accommodate the impurity
atom. As the size of the impurity atom grows, it will need larger size host cluster to
accommodate.

adopts a bicapped tetragonal antiprism structure with D,; sym-

3.2 Stabilities of the ground-state structures MSnj clusters

The relative stability of a cluster can be described by average binding energy (E; ), vertical
ionization potential (Eyp), vertical electron affinity (Eyga), HOMO-LUMO energy gap
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(E¢) and embedding energy (Eg). In order to probe the inherent stability of clusters, the
Ey, Eg, Evip, Evea and Eg of the lowest-energy structures of MSnyg are given in Table 1.

Table 1: Average binding energy (E;), vertical ionization potential (Eyp), vertical electron affinity (Eyvga),

HOMO-LUMO energy gap (Eg) and embedding energy (Eg) of the global minima Snyg, Sn§(2f) and MSnq,
clusters (M= Li, Be, B, Ca) using the B3LYP/ cc-pVTZ(-PP) level.

Structure Ep(eV) Eg(eV) Evyip(eV) Eygpa(eV) Eg(eV)

LiSnuo 327 1.0 6.37 2.80 1.62
BeSnyg 343 271 6.62 1.36 3.37
CaSn;y 326 181 5.84 1.87 1.53
BSnyo 345 115 5.49 1.84 3.59
Snig 344 234 6.60 1.77 -
Sni2) 340 240 - - -

In the following we have discussed these issues separately to understand the stability of
different clusters studied in this work with proper perspective.

The average binding energy (E;) of pure Sn and M-doped MSn clusters are defined
as follows:

E,=[nE(Sn)+E(M)—E(MSn,)n(n+1) for MSn,, (1)
E,=[nE(Sn)—E(Sn,)|/n for Sny,, ()
Ey=[(n—2)E(Sn)+2E(Sn'")—E(Sn%37)]/n for Sn>". 3)

Where E(Sn), E(M), E(MSn,,), E(Sn,), E(Sn'~), E(Sn2~), and M = Li, Be, B, Ca are the
total energies of the atoms or clusters at the neutral and anionic states, respectively.
From Table 1, it can be seen that the BSnjo cluster possesses the largest E;, value,

being equal to 3.45 eV. The E, values of Sn%f) and BeSnjp have 3.40 and 3.43 eV, respec-

tively. Compared to the system containing 42 valence electrons reported earlier, namely
Ey (ZnSnyp)=2.44 eV[11], the isoelectronic species Sn%_) and BeSnjg are thus character-
ized by large E; values that ultimately indicate their higher thermodynamic stability.
Furthermore, the neutral Snjp has somewhat higher E;, value than the corresponding di-
anion, it also possesses relatively higher thermodynamic stability. However, LiSn;y and
CaSnyg clusters have lower Ej, values. This is because that even though the LiSn; cluster
possesses the same structure Dyy; symmetry as Sn%_) and BeSnjp, while Li atom has one
less electron. And CaSnjy even though has 42 valence electrons, whereas it has lower
symmetry (Cs). Therefore, LiSn;y and CaSnjg have lower thermodynamic stability than
the other clusters.

Because of the high stability of the endohedral structures MSn;, evaluation of the
embedding energy (Eg) is necessary. Embedding energy can be considered as the energy

released upon doping M into the Snj cages, and defined as follows:

EEIE(SH10)+E<M)—E<M57’110) (4)
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where E(Snyg), E(M) and E(MSnyg), and M = Li, Be, B, Ca are the total energy of the
global minima at the neutral states, respectively.

A high Eg value indicates a strong interaction between M and the host Snjp, and
consequently leads to a high thermodynamic stability of the relevant MSnjg cluster. In
our calculation, all MSny clusters have the positive Eg values; therefore, the reactions to
synthesize them are exothermic [27] and favorable from the energy point of view. The Eg
values of the MSn;y (M= Be and B) are considerably larger than CaSn;o. Such remarkably
difference can be understood because the former adopt endohedral structures, the latter
adopt exohedral structures. Furthermore, the Er values of the BeSnjy and BSn;g amount
to 3.37 and 3.59 eV, respectively. Those are also remarkably higher than the value of 1.62
eV for LiSnjy cluster. Therefore, from the Er energy point of view, BeSnjy and BSnj
clusters may be more stable than LiSnjy and CaSnjq clusters, which accords with the
trend of average binding energy.

The HOMO-LUMO energy gap (E,) is an important electronic property, and is usu-
ally considered as a measure of chemical stability of compounds. Generally speaking,
the cluster with larger energy gap indicates that the compound is more inert with respect
to chemical reactions. As seen from Table 1, the energy gap of BeSny is equal to 2.71
eV, being the largest gap as compared to those of the other clusters. Compared to the
previously reported ZnSny cluster (E; =2.40 eV)[11], which leads a further support for
its enhanced chemical stability. Furthermore, Sniy and Sn%f) also have higher energy
gap, 2.34 and 2.40 eV, respectively. However, it is essential to note the energy gaps of the
MSn;y (M=Li, B, Ca) are remarkably smaller than their host Snjj. The larger energy gap
of BeSnjg, Snjg and Sn%f) imply that these clusters are less reactive and have the stronger
chemical stability than MSn;y (M=Li, B, Ca) clusters.

The vertical ionization potential (Eyjp) and vertical electron affinity (Eyga) are also
important properties for determining the stability of clusters. The Eyjp and Eyga are
defined as follows:

Eyip=E,—E, 5)
Evea=E,—E, (6)

where E;| and E,; are the total energies of ionic clusters at the neutral optimized geome-
try. From Table 1, it can be seen that the Snj( cluster possess larger Eyp values (6.60 eV),
implying it is difficult to remove electrons from these clusters. Furthermore, they pos-
sess lower Eyga value (1.77 eV), implying it is not easy to obtain electrons from outside.
Whereas, BSnj cluster possesses the lowest Eyp value (5.49 eV) as compared to the other
clusters. This means that it is easy to remove electrons from BSnjy cluster. For BSnyg,
having 43 valence electrons, the HOMO energy level is found to occupy by one electron,
leaving a large gap between HOMO and HOMO-1. Therefore, it is clear that the one elec-
tron occupied HOMO orbital is primarily responsible for the low Eyp of BSnjg cluster.
From the electronic structure, the large gap between HOMO and HOMO-1 indicates that
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the removal of one electron from the HOMO orbital of BSnjy would result in a closed
shell structure with extra stability. Hence, substitution of the B atom with an appropriate
divalent atom could be a good choice to result in a stable cluster. To verify this fact we
have calculated the BeSnjg cluster. As seen from Table 1, the BeSnyg cluster possess larger
Eyip values (6.62 eV) and lower Eyr4 value (1.36 eV), implying it is not easy to obtain
or remove electrons and is a stable cluster. The reason for the lowest Ey;p value of BSnyg
cluster may be interpreted that removing one electron, BSnjy would possess 42 valence
electrons, which is isoelectronic with enhanced stability of AleIQ) and ZnSny clusters by
previous reported experimentally[4, 10]. In addition, the relative higher value of Eyp for
LiSnjg (6.37 eV) suggests that it also does not facilitate to remove electrons from this clus-
ter. However, it possesses the largest Eypa value (2.80 eV), implying it is easy to obtain
electrons from outside. This result agrees well with the lower Eg value for LiSny, cluster.
This is because that LiSn;p would also possess 42 valence electrons by obtaining one elec-
tron, forming a closed shell structure. It is noteworthy that the BSnj cluster possesses
the largest E, and Eg values among these clusters. In contrast to this, the Ey;p and Eg
of BSnyg (5.49 and 1.15 eV, respectively) are found to show smaller values as compared
to the other clusters. Therefore, from the energy point of view, the BSnyg cluster may be
more stable; however its low Eyjp and energy gap (Eg) make the cluster electronically
unstable or more reactive. Accordingly, BSnjg cluster can not be considered as a stable
cluster. Therefore, BeSnjy and Snj clusters have more stability than MSn;g (M=Li, B, Ca)
clusters, in consistence with the above Eg discussion.

As above discussion, considering these several qualities, it is obvious that BeSnyy,
Snjp and Sng(z)f) are more stable than MSn;y (M=Li, B, Ca) clusters. The results because
that Li atom possesses one less electron than Be atom but B atom can show an additional
electron, and Ca atom cannot be encapsulated inside the Snjp cage, owing to it is the
largest one among the M atoms (M = Li, Be, B and Ca). Thus, we can conclude that
the size and number of valence electrons of the encapsulated atom are important to the
geometrical structure and stability of M encapsulated MSny clusters.

3.3 Electronic structure

As observed from above discussion, Snyg (Csy) and Sn%f) , BeSnyg (Dyy) structures are
found to possess an enhanced thermodynamic and chemical stability. Apart from above
consideration for stability, the detailed analysis of the electronic structure and aromaticity

are also important to understand the stability of any species.

3.3.1 Electronic structure of Snyj cluster

In order to probe the stability of Snjg cluster, we examine its molecular orbital (MO)
pictures under the viewpoint of the JSM[20], which is applied successfully to interpret
the stability motif of different types of atomic clusters. The JSM is based on free electron
theory, in which the valence electrons are assumed to be freely itinerant in a simple mean-
field potential formed by the nuclei of atoms. The valence electrons fill the spherical
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Figure 2: Representation of the 21 frontier molecular orbitals for Snyg (Csy) cluster using the B3LYP/ cc-
pVTZ(-PP) level.

orbits of a system according to the pattern of 1521P®1D02S21F2P® 1G!82D0. .. etc. As
a consequence, JSM predicts that higher stability of a magic cluster occurs at the electron
shell closure, which corresponds to 8, 20, 34, 40, 58, 68 electrons.

Let us show the MO pictures of Snjp (C3p) in Fig. 2. Each Sn atom is expected to
offer four valence electrons to the electron shell configuration of the system. The 20 oc-
cupational MOs are occupied by all 40 valence electrons. Because the Cz, point group
symmetry is lower than a spherical background, the model shells are split into differ-
ent energy levels, which are ordered according to the Cs, splitting. Thus the 40 va-
lence electrons of the Snjg (C3,) are distributed in the following electron configuration:
[1a?2a21e*3a22e*3¢*4a25a2 4¢*6a25¢* 1a36¢*7a2]. This corresponds to an energy levels se-
quence of electronic shell model, namely, [1S? 1P® 1D91F?2S? 1F!2 2P°]. As shown in Fig.
2, the HOMO of the Snyg is a P-orbit, which is occupied fully. Its LUMO is a G-orbit,
belongs to the model G-subshell. This gives rise to a consequence that Snjg possesses a
40 electrons closed electron shell configuration of JSM and thereby has a higher stability,
as compared to Gej cluster [13].

(2-)

3.3.2 Electronic structure of Snl(z) and BeSny; clusters

The 21 MOs occupied by all 42 valence electrons have been exhibited in Fig. 3 for the
global minimum Sn%f) and BeSnj clusters. As shown in Fig. 3(a), due to a lowering
from a spherical background to the Dy; point group symmetry, many model shells are

split into different subshell levels, such as I =3(1F), 1(2P), 4(1G), and so on. For example,
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Figure 3: Representation of the 22 frontier molecular orbitals of the most stable structure of (a) the dianionic

Sng(zf) cluster and (b) the neutral BeSnyg cluster using the B3LYP/ cc-pVTZ(-PP) level. The 2P (E;, 7), 2P
(By, ), and 2S (A1, 7) are cluster 7T orbitals.

the | =1(2P) shell level splits into two different subshell levels. One is a 2P? type valence
MO (B, symmetry) holding two electrons; another is double degenerate 2P* type (E;)
subshell. More importantly, long before the first spherical progression is complete; the
second set begins and blends into the first: 2S, 2P. Consequently, 34c valence electrons
(1S?+1P°+1DY+1F4+1G?) which occupy the MOs of 1S (A4, 0), 1P (B, 0), 1P (Ey, 0), 1D
(A1, 0), 1D (E3, 0), 1D (E;y, 0), 1F (By, 0), 1F(E4, 0), 1F (Ey, 0), 1F (E3, 0), and 1G (A4, 0)
form the first spherical set and 87 electrons (25%+2P%) which occupy the 2S (A4, ), 2P
(By, ) and the 2P (E4, ) orbitals form the second set. Th(ese) (34+8) electrons from two
2—

spherical sets constitute the 42 valence electrons of the Sn;;; ’ cluster. As shown in Fig.
3(b), the MOs of the BeSnyg cluster is similar to that of Sn%_) while with some differences

from that of Sn%_). From the comparison of the 21 frontier occupational MOs of BeSny

and Sn%f) , we find that although the energetic order of 21 frontier MOs for the BeSnyj

(2-)

and Sn,, ’ is different, the overall nature of all the 21 MOs for these two clusters is the
same. It can be seen that the 1G (A4, ¢) orbit is the HOMO in the BeSnj cluster while the
orbit 2P (Eq, 0) is the HOMO of the Sn%_)

Here, we should note that the observed number of electrons of JSM is predicted on
the basis of a spherical background. However, symmetry specific deviations could be ob-
served depending on the geometrical features of the cluster structure. Thus, these magic
numbers can be changed due to a lowering of the molecular symmetry. This is evident
from the previous reported computations, which clearly show that 42 electrons corre-
spond to the electronic magic number systems [4, 6, 11-13]. As a result, the 42 electron
closed shell configuration can be interpreted as stemming from the crystal-field splitting
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of the high angular momentum (high /) spherical levels according to the structural sym-
metry of the cluster. As shown in Fig. 3, LUMO orbits are both a G-orbit, belongs to the

model 1G-subshell, whereas another G-orbit is HOMO-2 orbit for Sn%_) and HOMO or-
bit for BeSnyg. Therefore, the 1G shell splitting results in a very pronounced energy gap

(2.71 eV for BeSnjg and 2.40 eV for Sng(z)_), respectively) at the 42 electrons occupancy.
Consequently, the higher stability for Sn%f) and BeSnj (42 electrons closed shell config-
uration) clusters can be explained based on stemming from a crystal-field splitting of the
1G shell, which are similar to Alef0 and MgPbq clusters [4, 28].

Recently, Hirsch et al.[17] have developed another electron counting rule, namely,
the 2(N;+1)? rule, to describe the spherical aromaticity, which is proven to be an ef-
fective criterion for spherical structures. However, aromaticity of planar structures can
be qualitatively probed by using Hckel rule of (4 N+2) valence electrons[29]. In the for-
mer counting framework, the 7r-electron system of an icosahedral fullerene, which sur-
rounds the surface of a sphere, can be approximately considered as a spherical electron
gas. The wave functions of this electron gas can be characterized by the angular mo-
mentum quantum numbers (I =0,1,2,3...) that are comparable to the atomic s, p, d, f,
... orbits, and so forth. According to the classical Pauli principle, if a spherical system
bearing 2(N;+1)? rr-electrons fully fills all 7t-shells, it then is stabilized and exhibits
an aromatic character. This rule is not only successfully used to explain the aromaticity
of organic compounds[17] but also adopted to predict the aromaticity of inorganic cage
molecules [30-32].

As shown in Figs. 3(a) and 3(b), among the 21 occupational MOs, the S-type orbit 25
(A1, ), the P-type 2P (By, 1), and double degenerate 2P (E;, 7r) orbits are occupied with
87 electrons. It is noticeable that the full filling of 2S5 and 2P orbits with the 87t electrons
satisfy the 2(N;+1)? rule (N, =1). This closed-shell nature of 7t subsystem may explain
the stability and spherical aromaticity of Sn%f) and BeSnyg clusters. However, we should
remind that the 2(N,+1)? electron-counting rule alone cannot explain the aromaticity of
these molecules. For example, Sig_) cluster also has 87t electrons, which is antiaromatic
[33]. Therefore, the further confirmed by the calculations of nucleus-independent chemi-
cal shifts (NICS) values will be discussed in detail below.

3.3.3 NICS analyses of Sn%_) and BeSn; clusters

NICS values are computed at selected point inside or around a molecule. Aromaticity is
characterized by a negative NICS value, antiaromaticity by a positive NICS, and nonaro-
maticity by a value close to zero. Generally, a ghost atom is placed at the center of a
spherical geometry to obtain NICS value. However, within our calculations, it is not fea-
sible to place the ghost atom in the center of the D4y BeSnjg cluster, owing to an atom
at the central site. In view of similar to previous workl[5, 6], we adopt the similar way

to study the NICS values of the cluster. For Sn%_) structure, we can draw a line (Lab),
which is vertical to line (L1-2), as illustrated in Fig. 4. Note that a is a fixed site at the
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Figure 4: The bond distances of the most stable structures for Sng(z)f) and BeSnjy (Dyg). Site a is at the center

of geometry, and site b is on the line (Lab) that is vertical to bond 1-2. The bond distances are in angstroms.
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Figure 5: NICS values of the dianionic Sn%f) and the neutral BeSnq( clusters are represented by solid dots and
hollow triangles, respectively.

center of the cage and b is a varying site upon line (Lab). The ghost atom is placed on

the line (Lab). The values of NICS for the Sn%_) cluster at different sites (0 <lab <4.0
A) on Lab are shown in Fig. 5. Finally, adopting the same method we also calculate the
NICS values for the BeSnjg cluster with 0.6 <lab <4.0 A as illustrated in Fig. 5. Note

that the reported NICS value at the cage center of bare Sn%f) (Dyg) is -32.10 ppm with
B3LYP method using LanL2DZ basis set [34], which is much smaller than the value of

-41.69 ppm for the Sn%_) with B3LYP/ cc-pVTZ(-PP) level. The remarkable difference
shows that it is necessary to use large basis set in our calculations in order to get a proper
description of the aromaticity properties.

As shown in Fig. 5, the absolute NICS value [6(0)=—41.69 ppm] at the center of Sn%_)
is smaller than those at the sites around, and the absolute §(1.4) value at the site (lab=1.4
A) is the largest. The absolute NICS value increases slowly (0<Iab<1.4 A) and reaches its
maximum around the site (lab=1.4 A), then it drops off rapidly when the site is outside
of the cage (lab>2.0 A). As to the neutral BeSny cluster, the absolute ¢ values at different

sites within 0.6 <lab <4.0 A are also presented in Fig. 5. The absolute J value at the
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site (lab=1.2 A) is the largest. The magic electronic character for both the Sn%f) and the
BeSny clusters is confirmed by the large values of NICS, -46.69 ppm at the site (lab=1.4

A) for Sn%f) and -56.97 ppm at the site (lab=1.2 A) for BeSny, respectively, revealing that
both two clusters exhibit aromatic character and high stabilities. The aromatic character

of the Sn%_) and its big cavity and electronic structure that host a Be atom efficiently,
support the description of the BeSnjj as magic clusters.

4 Conclusions

In summary, we have calculated the ground state geometrical structures of MSnjg (M =
Li, Be, B and Ca) clusters. The results reveal that the atomic size and number of valence
electrons of the impurity atom play the crucial role to determine the structure and stabil-
ity of the system. An optimum cage diameter of the host cluster is required to encapsulate
the specific size and electronic configurations of impurity atom. The higher stability of
BeSnyg, Snjg and Sn%_) clusters were analyzed based on the average binding energy, em-
bedding energy, HOMO - LUMO energy gap and vertical ionization potential, vertical
electron affinity. At the same time, the MO analyses show that (1) the enhanced stability
of Snjp can consistently be rationalized by using the jellium shell model; (2) the higher
stability for Sn%f) and BeSnjg clusters can be interpreted by the crystal-field splitting
of the high angular momentum (high [ =4) spherical levels according to the structural
symmetry of the cluster; (3) 87 electrons of BeSnjg and Sn%_) clusters comply with the
spherical aromaticity 2(N,+1)? rule (N, =1), reflecting the closed-shell nature of 7t sub-
system. The magic character of BeSnjy and Sn%_) are further confirmed by the large
NICS value[d(1.4) = —46.69 ppm for Sn%f) and 6(1.2) = —56.97 ppm for BeSnj], indi-
cating the aromatic character. In conclusion, the higher stability is due to the combined
effect of highly symmetric close-packed structures, closed crystal-field split electron shell
configurations, and a three-dimensional aromatic character. These species should be very

promising potential building blocks for cluster-assembled nanostructured materials.
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