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Abstract

Basin-hopping global searching and quantum chemistry calculations were performed to predict

101 (n=0-5) clusters in order to explore the intrinsic

global minimum structures of Si,Als.,
mechanism of 3D-to-Planar structural transition and structural characteristic of planar
tetracoordinate species. The structural similarity of isoelectronic SiyAls, *"' (n=0-5) clusters
exists, and may generally be extended to similar clusters containing B, C, N, O, and P. The
structural diagram and molecular orbital analysis reveals that a 3D-to-planar structural transition
should be related to composition and total valence electron number of clusters. Our calculations
indicate that the global minima of Si,Als.,”"*"' (n=0-5) with planar tetracoordinate Si (ptSi)
should meet the 18-electron rule and take the charge of -1, 0, +1. Further, it is found that 18-
electron M-Aly; (M=B, C, N, O, and F) planar clusters prefers a central atom M with a low
electronegativity and peripheral Al substituted with lower-electronegativity atom. Based on the
structural characteristic of planar clusters, we firstly predict a novel planar tetracoordinate C (PtC)
structure C,Al;” which is more stable in energy than the experimentally observed CAly*. The

C,Al3 may become a building block to assembly some larger supermolecule containing multiple

planar hypercoordinate C (phC).
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1. Introduction

Since Hoffmann et al first predicted the possible existence of “planar tetracoodinate carbon
(ptC)” in early 1970s,' there have been substantial research effort in theory and experiment to
design new structures for planar hypercoordinated carbon (tetra-, penta-, hexa-, and
heptacoordinate C) and assembly complicated 2D and 3D functional materials based on these
structures with planar hypercoordinated element (phE).”' In the past two decades, a large
amount of ptC structures were theoretically predicted.” '* However, many of them were further
demonstrated in experiment not to be global minima.'> '® Therefore, there is widespread interest

for the chemical community to accurately predict a global minimum structure containing phE.

Several theories were developed to predict the stable structures containing phE. In 1970,
Hoffmann et al. firstly suggested that ptC could be stabilized by introducing c-donating/zn-
accepting substituents to delocalize the lone-pair electrons on the central C.! In the past two
decades, such an electronic stabilization mechanism achieved a success in theoretically
predicting the ptC structures of CALL,Ge, and CGa,Si,,'” and experimentally identifying the ptC
and ptSi structures such as CAL{,18 CAl3Si',19 CAlgGe',19 CA142',20 and SiAL{.21 For these larger
carbon-boron clusters, the global minima of CBs”, CB7, and CBg initially were predicted in
theory to take structures containing planar hypercoordinated carbon (phC).'> ' However,
experimental and theoretical studies indicated that carbon was very likely to avoid the central
hypercoordinated position, taking phB structures. In 2010, combining experimental and
theoretical studies, Wang et al. revealed a planar-to-linear structural transition of CBs global
minima is fully dependent on their composition.”” However, such a structural transition rule is
still difficult to be applied to predict the structural characteristic of unidentified clusters because

there are many unknown factors such as charge of cluster, different atom distribution, and
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boundary of structural transition. Understanding structural transition mechanism and reveal
structural characteristic of phE clusters plays an important role in predicting a stable phE cluster.

0,

The previous studies indicated that Si5+1’ "I clusters have trigonal bipyramid structure and
p g pyr

23, 24

Als™ clusters have planar tetracoordinate structure. In 2000, the joint experimental and

computational effort by Boldyrev et al. identified SiAl, as the first and only available
observation of ptSi molecule.”’ Later, although many ptSi species were predicted in theory,zs'35
experimental confirmation of these global minima has been elusive. It is expected that a 3D-to-
planar structural transition should exist in Si Als, %! (n=0-5) clusters due to different structure

0,

characteristic of Als and Sis™ %! clusters. Further, the stable analysis for extensive structures

can yield deep insight into transition mechanism and structural characteristic of phE clusters.

In this paper, we performed extensive quantum chemistry calculations to predict global
minimum structures of SizAls., % (n=0-5) clusters using the basin-hopping algorithm.36’ 37 By
analyzing relative stability, structural characteristic and molecular orbitals of these global
minima, we expect to reveal intrinsic mechanism of 3D-to-Planar structural transition. Further,
we calculated the various derivative planar structures of M-Aly; (M=B, C, N, O, and F) to
elucidate structural characteristic of phE clusters. Finally, some new phC clusters are predicted
based on the identified structure-stability relation. Therefore, the present study provides deep
insight into the structural characteristic of phE clusters and is helpful to understand non-classical

chemical bonding.

2. Computational Methods

The basin-hopping global-searching algorithm combined with the B3LYP/6-31G optimization
was used to sample the potential energy surfaces of SizAls, "' (n=0-5) clusters.”® *" The

effectiveness of basin-hopping algorithm was demonstrated.’™** After the initial search, further



RSC Advances

geometrical optimization was performed to obtain more accurate geometrical and energetic
information by using the same hybrid method (B3LYP) and applying polarized split-valence
triple-§ augmented with diffuse function basis set 6-311+G(2d). The additional MP2/aug-cc-pvtz
calculations were performed to confirm structural and energetic consistency with the B3LYP
calculation results. Vibrational frequency analysis was carried out to check whether the
optimized structures are true minima or saddle points. To obtain more accurate relative energy of
the optimized structure, we carried out high level single-point calculations for all B3LYP-
optimized structures at the CCSD(T)/6-311+G(2d) level. All calculations in this work were

performed by using Gaussian 09 package.*’

3. Results and Discussion

3.1.Global minimum structures of Si,Als, """

We collected all B3LYP-optimized structures and their relative energies of SipAls., ", SipAls., and
SipAls., clusters in Figure S1, S2, and S3, respectively. The optimized structures of these clusters
are labeled by Si,Als,-m where m represents the order of relative stability. These local and
global minima exhibit rich structural variation including planarity, distorted planarity,
hexahedron, and triangular dipyramid, and so on. In 2000, Wang et al. determined fan-shaped
structures of Als, Als’, SiAl4, and SiAls clusters based on their experimental and theoretical
studies. They also concluded that a four-center peripheral bond played an important role in

stabilizing their planar structures.?’” 2+ 4

To determine the accuracy of our calculation, we
compared our calculated geometries and relative energies with corresponding experimental and
computational results.?" * *' Our calculated results are consistent with the previous report. In

addition, we also performed triplet and quartet calculations for Si3Al,-1 and Si;Als-1 clusters,

respectively in order to check multiplicity effect of stability. Our calculations show that these

Page 4 of 16



Page 5 of 16

RSC Advances

clusters with high spin states are highly unstable with 22.05 and 21.94 kcal/mol higher in energy
than the corresponding low spin structures, respectively. This suggests that the ground state of

these clusters should correspond to the lowest spin state of multiplicity.

In order to elucidate a structural transition mechanism of clusters, all global minimum
structures identified in our calculation are collected in Figure 1. The structures with the same
charge state but different composition are arranged in the same column. In terms of Si,Als., and
SipAls.,, the structural transition from planar to tetrahedral structures can be observed with the
change of composition. The 3D-to-planar transition points of Si,Als_, and Si,Als.,” global minima
occur in n=3-4 and n=2-3, respectively. In comparison, Wang et al also observed a planar-to-
linear transition of CiBsy (x=1-5) global minima according to their joint experimental and
theoretical studies.”” They explained the structural transition from a mixture of doping C atoms
in planar Bs to doping B atoms in linear Cs. However, such a structural transition with a
function of composition does not occur in the global minima of SipAls.,". The global minima of
pure species, Als" and Sis", possess 3D structures, while those of mixing species of SipAls, "
(n=1-4) exhibit planar structure. Therefore, it is necessary to explore a more comprehensive

structural transition mechanism of these structure-mixing clusters.

As shown in Figure 1, the isoelectronic clusters are connected by the arrowed lines. It
indicates that the structural similarity of isoelectronic global minima exists in all these calculated
clusters. In terms of SiAls,*"' (n=0-5) clusters, the global minima with 15-18 valence
electrons have ptSi structures except for Si,Al;", while those with 14, 19, and 20 valence
electrons do 3D structures. In fact, the structural similarity of isoelectronic clusters could be
verified by previously reported C,B, and C,,B, (m=1-4; n=4-8)12 and XAl,Sis, (X=0, N, C, B;

n=1-4) clusters.”” It is worth mentioning that the structural similarity may be limited in the
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isoelectronic clusters formed by the main elements, for example, C-B, C-N, C-Al, C-Si, Si-Al,

Si-P, and Al-P. The involvement of d-electrons may generate different structural characteristic.
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Figure 1. Optimized global minimum structures of Si,Als,, """ (n=0-5) clusters. The isoelectronic structures

are connected by arrowed line. The structural symmetries are given. Bond lengths are presented in unit of A
In the past years, the C position in the planar C-B clusters, center or periphery, captures

extensive research interest in experiment and theory.* > ¥ A

series of experimental and
theoretical studies showed that in CB4, CBy4, CB62', CB7, CBg, and CBg™ clusters C atom

preferred a peripheral position and B atom in a central hypercoordinate position.'>'® In contrast,
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CB4" was theoretically and experimentally determine to take a ptC structure that is a little more
stable than ptB.lz’ *2 Our calculations identified that the global minima of SinAls, ™! (n=0-5)
with total 16-18 valence electrons preferred ptSi structures which have much lower energies than

the corresponding ptAl (planar tetracoordinate Al) structures.

In addition, the global minima of Si;Al," and Si;Al" have kite-shaped structures containing
ptSi, which are ~16.0 kcal/mol lower in energy than the corresponding fan-shaped structures
with ptSi. To the best of our knowledge, it is first time to report this kite-shaped structures
containing ptSi so far. Electron structure analysis indicates that these kite-shaped structures with
ptSi are formed as a result of reducing electron occupancy of 3c-2e bond in the Al-Si—Al

structure.

3.2 Structural stability of ground state clusters

Although the structural similarity of isoelectronic clusters is established based on our
calculated global minimum structures, their relative stability is unclear. On the basis of our
calculated structures and energies, a structural diagram of neutral and charged SinAl5_nH’ 0, -1
(n=0-5) clusters is constructed and shown in Figure 2. The relative energies of Si Als., clusters
were calculated based on the equation of E;.=(Esinais.n—nEsi—(5-n)EA1)/5, where Eg; and Ep; are
atomic energies of Si and Al. The structural diagram presents the relation of relative energies
with composition, charge state, and valence electron number. First of all, a dissociation region is
roughly plotted based on our extensive calculation for SipAls.,>” (n=1-4) clusters that presents a
dissociation state. As a result, 3D structures are presented in these regions with the relatively low
(<14¢") and high valence electron (>19¢"). Secondly, our calculations for SiAl,* and Als> show

that high charge state of these clusters may not be very stable compared with the corresponding

clusters in a lower charge state (SiAly” and Als’). Therefore, it is expected that the ptSi global
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minima of Si,Als., (n=0-5) clusters are generally restricted in the charge states of -1, 0, and +1

and with the total valence electrons of 15-18.
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Figure 2. The structural diagram of relative energies, total valence electron number, and composition of global
minimum structures of Si,Als., " (n=0-5). The relative energies are calculated based on the ground state
energies of Si and Al atoms.

As shown in Figure 2, the calculated clusters in the same charge state (see dash lines) have
gradually decrease relative energies with increasing Si concentration in the SiyAls, (n=0-5)
clusters. This indicates that introduction of Si in the planar Als makes clusters more stable, which
may be ascribed to a stronger Al—Si bond. In contrast, the isoelectronic clusters have
approximately increased relative energies with increasing Si concentration in the SipAls.," "
clusters. In terms of thermodynamic stability, the anion cluster SizAlg'1 with 18 valence electrons
is the most stable among all calculated SinAl5_nﬂ’0"1 clusters.

Further, the interconversion transition state between the stable 3D and planar structures
were calculated to elucidate relative stability of these ptSi cluster. The DFT-calculated profile of
transition paths are presented in Figure 3. It is worth noting that only neutral clusters are
considered in order to reduce computational cost. But the transition trend in the neutral system

may be consistent with those in the charged clusters. As shown in Figure 3, the transition barriers

from planar to 3D structures of SizAly, SipAls, SiAls, SisAl, and Sis, corresponding to 18e, 17,
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16e,19¢, and 20e, are calculated as 22.51, 18.29, 14.98, 7.64, and 6.35 kcal/mol, respectively.
This indicates that the planar structure of Si3Al, is the most stable, which is consistent with our

previously identified 18-electron rule.
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Figure 3, Energy profile of structural transitions between the most stable planar structure and 3D structures of
neutral Si,Als, (n=0-5) species.

3.3 Molecular orbital analysis

To understand the origin of structural similarity of isoelectronic clusters, we performed
molecular orbital (MO) analysis for neutral Si,Als., (n=0-3) structures containing ptSi. Figure 4
presents their frontier MOs which play an important role in determining the structural stability of
cluster. From Als to SiAls, the shapes of frontier MOs are not changed too much with Si
introduced. There are two categories of molecular orbitals for planar Als cluster. On one hand,
HOMO-2 (n) and LUMO (o) of Als take a role in stabilizing the central triangle structure and are
favorable to stabilize the planar structure of Als cluster. On the other hand, HOMO-1 and HOMO
of Als are formed by p-orbitals of peripheral atoms interacting with the orbitals of triangle

structure make significant contribution on the planar-to-3D structural transition. LUMO+1 with
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antibonding characteristic disfavors planar structure. Therefore, adding up to 3 electrons into Als
still can maintain stability of planar structure, which is equivalent to a composition change from
Als to Si3Al,. However, more electrons added into LUMO+1 of Als may make the planar
structure unstable. It is consistent with our previous conclusion of ptSi structures with 15-18

valence electrons and the most stable structure meeting 18-electron rule.
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Figure 4. The frontier molecular orbitals of global minimums of neutral Si Als,, (n=0-3) clusters. The iso-
surface values are in 0.025 e/au.

Based on our structural diagram analysis, it is found that composition and total valence
electron number of clusters synergistically play an important role in determining structural
characteristic and stability of ptSi structures. The Si,Als., clusters with 15-18 valence electrons
present planar structure and those with 19-20 valence electrons do 3D structure. Molecular
orbital analysis indicates that the structural transition is attributed to the bonding pattern change
from planar-favored bonding orbitals filled by up to 18 electrons to planar-disfavored

antibonding orbitals filled by over 18 electrons.

10
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3.4 Predicting some stable ptE clusters

Based on our extensive calculations including structural stability and molecular orbital
analysis, one can easily summarize that the ptE clusters derived from planar Als must meet the
18-electron rule for maintaining the planarity of structure. Also, most of ptE clusters have the
charge states of -1, 0, and +1. Accordingly, a series of ptE clusters with the formula of M-Si,Al,.
0,01 (M=B, C, N, O, and F; n=0-4) are predicted at the theory level of B3LYP/6-311+G(2d).
The relative energies and optimized structures of these ptE clusters are presented in Figure 5.
Due to the small atomic size of the elements in center, the square or square-like structures are
obtained instead of fan-shaped structure, as shown in the inset of Figure 5. When an element of
the second row in the period table is inserted into the peripheral skeleton, the square-shaped
structure is changed into the triangle-shaped structure due to a strong chemical bonding between
two small atoms. The solid lines are used to connect the structures with the same peripheral
skeleton, but different element in center. As shown in Figure 5, the calculated planar clusters in
the same of central element have a reduced stability with a larger electronegativity of atom
introduced into peripheral skeleton, which is consistent with isoelectronic SinAls, ™ (n=0-5)
clusters. Under the same peripheral skeleton, the relative energies of planar clusters are
decreased with changing to a larger electronegative central atom. In all optimized planar
structures with 18 electrons, B-CSiAl,” is determined as the most stable cluster with the

formation energy of 99.07 kcal/mol.

11
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Figure 5 The DFT-calculated relative energies of M-Si Al %! (the central element M=B, C, N, O, and F;
n=0-4) clusters with 18-electron. The solid lines connect the structures with the same peripheral skeleton, but
different element in center. The schematic structures in our calculations are presented in the inset.

Although B-CSiAl,” is identified as the most stable cluster in our calculations, its
preparation may be very difficult since four compositions required in the ptB cluster. The
relative energies of three planar species, C-Al,*, C-CAls", and N-Aly, are labeled in Figure 5. All
these species are formed by two compositions and may be more practical to synthesize
experimentally. Among three species, C-CAl;™ is found to have the largest formation energies of
-86.62 kcal/mol, which has 29.52 kcal/mol lower in energy than the typical ptC species C-Al*
identified in experiment.'®2°

Based on the building block of C-CAls’, two planar species C;-Aly and Cs-Alg were
obtained by geometric optimization and the corresponding relative energies are -74.85 and —
76.63 kcal/mol, respectively. As indicated in Figure 6, the C,-Als and C;-Alg clusters have the
structural characteristic of ptC and phC, respectively. Further, molecular orbital analysis reveals
that the electrons of antibonding m orbitals in C-C and C-C-C fragments in these structures are

delocalized to surrounding Al—Al and Al—C bonding orbitals. These frontier molecular orbitals

play an important role in stabilizing planar structures of species. Unfortunately, so far these ptC

12
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and phC clusters were not reported experimentally and theoretically. It is expected that these ptC

and phC clusters can be prepared in a future experiment.
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Figure 6 The optimized structures, relative energies, and frontier molecular orbitals of C-CAlj;’, C,-Aly, and Cs-
Alg species. The iso-surface values of these molecular orbitals are in 0.025 e/au.

4. Conclusions

In this paper, we sampled the potential energy surfaces of of SizAls, %' (n=0-5) clusters
by means of the basin-hopping algorithm combined with the DFT optimization. After the initial
searching, more accurate quantum chemistry calculations for these clusters were carried out to
obtain the global minimum structures in order to elucidate underlying 3D-to-Planar structural
transition mechanism and structural characteristic of ptE clusters. Our calculations indicate that

the 3D-to-Planar structural transition of SinAl5_n+1’0"1

(n=0-5) clusters is related to composition
and total valence electron number of clusters. The structural stability and molecular orbital
analysis show that the global minima with ptSi prefer the charge states of -1, 0, and +1 and total
valence electrons of 18. In terms of an 18-electron M-Aly cluster containing ptE, a central atom
M with a low electronegativity and peripheral Al substituted with low-electronegativity atom
should be stable. Based on the structural characteristic, we further predict a novel ptC structure

C-CAl;” which is more stable in energy than the observed C-Al* in experiment. It may become

a building block to construct a larger supermolecule containing ptC structure.

13
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Supplemental material: All optimized geometries of global and local minima of neutral and
charged SinA15_n+1’ 0,-1 (n=0-5).
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