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An ab initio theoretical investigation has been performed on planar or quasi-planar octa- and en-
nea-coordinate Al and Ga centered in X@B8

− and X@B9 (X=Al, Ga). These high symmetry molecular 
wheels all turned out to be true minima of the systems and σ+π double aromatic in nature, similar to 
the previously characterized D8h B@B8

− both electronically and geometrically. Adiabatic and vertical 
detachment energies of the anions and the ionization potentials of the neutrals have been calculated to 
aid their eventual experimental identification. 
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1  Introduction 

Boron clusters Bn and Bn
− in the size range of n=3－16  

have been confirmed to be planar or quasi-planar in a  
series of recent joint experimental and theoretical inves- 
tigations[1－4]. The planarity of these clusters originates  
from their multiple aromaticity/antiaromaticity[1,2]. Bn 

 and their anions are expected to serve as a new class of  
inorganic ligands in chemistry. Quasi-planar hexa- coor- 
dinate B in B7

− (C6v B@B6
−)[3] and planar hepta- and  

octacoordinate B in B8
− (C2v B@B7

−) and B9
− (D8h B@  

B8
−)[4] were characterized in combined photoelectron  

spectroscopy (PES) and ab inito investigations. Si@B8
[5],

Ge@B9
+, and Sn@B10

2+[6] represented typical theoretical 
speculations of planar hyper-coordinate group 14 ele- 
ments in boron rings. We recently investigated the pos- 
sibility of the sandwich-typed [η6-B6X]2M (X=C, N; 
M=Mn, Fe, Co, Ni)[7] and bowl- and tire-shaped BnM[8]

at density functional theory (DFT) level. We also pre- 
sented a universal structural pattern for planar hy- 
per-coordinate Si in BnH2Si series[9]. Very recently, Luo 
proposed planar octa- and ennea-coordinate transition 
metals in M@Bn (M=Fe, Co; n=8, 9) at DFT[10]. Bigger 
boron rings were even employed to host multiple planar  

coordinate carbons[11]. However, to the best of our know-  
ledge, there have been no reports to date on planar hyper-  
coordinate Al, Ga or other heavier group 13 elements. 

To host a planar hyper-coordinate X center in a Bn 

ring stably, the central X atom and surrounding Bn ring 
must match both geometrically and electronically, the X 
center should have low electronegativity, and eventually, 
the complex as a whole possesses a right orbital energy 
order with the delocalized π molecular orbitals (MOs) 
lying generally higher in energy than their in-plane ra- 
dial σ counterparts[12－15]. Keeping this strategy in mind,  
we present in this work an ab initio investigation on  
planar or quasi-planar octa- and ennea-coordinate Al and  
Ga centered in X@B8

− and X@B9 (X=Al and Ga) molec- 
ular wheels. These molecules all proved to possess three 
occupied delocalized π MOs and three occupied delocali- 
zed radial-σ MOs and therefore are σ+π double aromatic 
in nature. This work and previous literature[3,4] complete 
the series of planar or quasi-planar hyper-coordinate 
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group 13 elements, including the nonmetal B, metallic 
Al, and semiconductor Ga, parallelizing the results ob-
tained for planar hyper-coordinate group 14 ele-
ments[5,6,12,13]. 

2  Theoretical procedure 

Structural optimizations and frequency analyses were 
performed at the B3LYP[16,17] and MP2(full)[18,19] levels, 
using the basis of 6-311+G(3df) implemented in Gaussian 
03 program[20]. Adiabatic detachment energies (ADEs) 

were calculated as the energy differences between the  
ground-states of the anions and the corresponding neu-
trals, while vertical detachment energies (VDEs) calcu-
lated as their energy difference at the anionic structures. 
The nucleus independent chemical shifts (NICS)[21] were 
calculated with the ghost atom lying 1.0 A (NICS(1)) 
above the Bn planes. The calculated properties of X@B8 

−, 
X@B8

+, and X@B9 (X=Al and Ga) are summarized in 
Figure 1 and Table 1. Some of the low-lying isomers of 
AlB9 neutral are depicted in Figure 2, with energies rela-
tive to D9h Al@B9 indicated at B3LYP.  

 

 
Figure 1  Wheel-shaped structures of C8v X@B8

−, D8h X@B8
−, D8h X@B8

+, C8v X@B8
+, and D9h X@B9 (X=Al, Ga) with the bond lengths indicated in Å at 

B3LYP and [MP2] levels. 
 
Table 1  Calculated HOMO-LUMO or SOMO-LUMO gaps (∆Egap/eV), adiabatic and vertical detachment energies (ADE and VDE/eV), ionization po-
tentials (IP/eV), natural atomic charges of the hyper-coordinate center X (qX/|e|), total Wiberg bond indexes of X centers and the periphery B atoms (WBIX 
and WBIB), the lowest vibrational frequencies (νmin/cm−1) , and NICS(1) values of the concerned X@Bn complexes at the B3LYP/6-311+G(3df) level  

X@Bn a) ∆Egap ADE VDE qX WBIX WBIB νmin NICS(1) 

1. C8v Al@B8
− (s) 3.42 3.41 3.52 +1.5 2.5 3.8 +178 −19.2 

2. D8h Al@B8
− (s) 3.43   +1.5 2.5 3.8 −137 −23.1 

3. D8h Al@B8
+(t) 4.14   +1.1 2.9 3.3 −236 −19.6 

4. C8v Al@B8
+(t) 3.89   +1.3 2.7 3.3 +222 −18.0 

5. C8v Ga@B8
− (s) 3.55 3.23 3.32 +1.2 2.8 3.8 +139 −18.0 

6. D8h Ga@B8
− (s) 3.64   +1.2 2.9 3.8 −104 −25.9 

7. D8h Ga@B8
+(t) 4.01   +0.8 3.2 3.3 −157 −23.3 

8. C8v Ga@B8
+(t) 3.54   +1.0 2.9 3.3 +181 −17.5 

9. D9h Al@B9(s) 3.26   +1.5 2.5 3.7 +139 −23.4 

10. D9h Ga@B9(s) 3.48   +1.3 2.8 3.6 +91 −25.4 

a) s, Singlet state; t, triplet state. 
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Figure 2  Low-lying isomers of AlB9 obtained at B3LYP with energies relative to D9h Al@B9(9) (ΔE/eV ) and the lowest vibrational frequencies (vmin/cm−1)  indi-
cated. 
 

3  Results and discussion 

3.1  Geometrical structure 

As group 13 elements, Al(3s23p1) and Ga(4s24p1) have 
similar electronic configurations with B(2s22p1). Geomet-
rical optimizations started from the previously reported 
D8h B@B8

− [4] by replacing the B center with Al and Ga 
to produce the singlet D8h Al@B8

− (2) and D8h Ga@B8
− 

(6), respectively. However, these perfect planar struc-
tures all turned out to be transition states with one small 
imaginary frequency (a2u mode) originating from the 
perpendicular vibrations of the planar octa-coordinate 
center X along the eighth-fold molecular axis. 

Relaxation of structures 2 and 6 along the imaginary 
a2u mode leads to the slightly more stable C8v Al@B8

−
 (1) 

and C8v Ga@B8
− (5), respectively. However, the relaxa-

tion energies are very small. The relaxation energy for 
Al@B8

− from 2 to 1 is only 0.087 eV at DFT and 0.029 
eV at MP2 with zero-point corrections included and 
0.078 eV at CCSD(T). For Ga@B8

− from 6 to 5, the 
corresponding values are 0.151, 0.001, 0.204 eV, respec-
tively. These relaxation energies proved to be smaller 
than the zero-point energies of the corresponding sys-
tems, suggesting that D8h X@B8

− and C8v X@B8
− be 

iso-energetic in experiments for X=Al and Ga. Besides, 
deviations of the Al center in 1 and Ga center in 5 from 
the B8 plane are within 0.3－0.5 Å. Therefore, with 
zero-point vibrational motions considered, the vibra-
tionally averaged structures of the quasi-planar 1 and 5 
are eventually planar as 2 and 6, respectively. 

Perfect planar hyper-coordinate Al and Ga can be 
achieved by employing a B9 ring as ligand which is 
slightly bigger than B8 in diameter. As shown in Figure 1 
and Table 1, D9h Al@B9 (9) and D9h Ga@B9 (10) pos-
sess perfect enneagon structures without imaginary vi-
brational frequencies, indicating that both Al and Ga can 
stay comfortably and stably at the center of a B9 ring. 
The diameters of the molecular wheels increase from 4.13 

Å in D8h Al@B8
− (2) to 4.45 Å in D9h Al@B9 (9). A B9 

ring proves to provide a suitable cavity to host both Al 
and Ga at the center. Extensive searches produced no 
structures with energies lower than D9h Al@B9 (9) and 
Ga@ B9 (10) which contain the first planar ennea-coor- 
dinate Al and Ga reported so far. As indicated in Figure 
2, most of the low-lying isomers of AlB9 can be derived 
either from C2h B10

[1] by replacing one B with an Al or 
from the nearly planar D2h B9

[1,4] by adding one Al along 
the molecular axis. The second lowest stable isomer (11) 
lies 0.27 eV above Al@B9 (9). Primary investigation 
indicates that a Bn ring with n>9 is required to host a In 
or Tl atom at its center. 

3.2  Electronic structure 

Orbital analyses indicate that D8h Al@B8
− (2) has the 

valence electron configuration of 1a1g
21e1u

41e2g
41e3u

4 

2a1g
21b2g

21a2u
22e1u

41e1g
4. The MOs of C8v Al@B8

− (1) 
which lacks a symmetrical center prove to be similar to 
D8h Al@B8

− (2) in the same orbital energy order. As 
shown in Figure 3(a), among its valence MOs, D8h 

Al@B8
− (2) has three occupied delocalized π MOs with 

6 electrons (the degenerate HOMO (1e1g) and HOMO-2 
(1a2u)), obeying the 4n+2 Huckel’s rule for π aromaticity. 
It also contains three occupied delocalized σ-radial MOs 
with 6 electrons (the degenerate HOMO-1(2e1u) and 
HOMO-4(2a1g)), following the 4n+2 rule again and ren-
dering σ aromaticity to the anion. D8h Al@B8

− is there-
fore σ+π double aromatic in nature, similar to D8h 
B@B8

−[4]. But Al atom is instinctively a bit too big to be 
held stably at the center of a B8

 ring, making structure 2 
a transition state. However, as discussed above and 
shown in Figure 3(b), the structural relaxation from the 
transition state 2 to the true minimum 1 is minor and 
both the three delocalized π MOs and three delocalized 
σ MOs have been well maintained in C8v Al@B8

− (1) 
though they are distorted in certain degree. Obviously, 
C8v Al@B8

− is σ+π double aromatic, too. Similar situa-
tion happens to C8v Ga@B8

− (5) and D8h Ga@B8
− (6). 
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Removing two electrons from D8h X@B8
− produced the 

triplet D8h Al@B8
+ (3) and D8h Ga@B8

+ (7) which turned 
out to be transition states converted to the true minima 
of C8v Al@B8

+(4) and C8v Ga@B8
+ (8) when relaxed 

along the imaginary mode. Both the triplet Al@B8
+ and 

Ga@B8
+ cations are σ+π double aromatic, too: they fol-

low the 4n Huckel’s rule for triplet delocalized π sys-
tems and the 4n+2 rule for singlet delocalized σ systems. 
This judgment is well supported by the negative NICS(1) 
values calculated for these cations (Table 1). 

As clearly shown in Figure 3(c), analogous to D8h 
Al@B8

− and D8h Ga@B8
−, both the perfect planar D9h 

Al@B9 (9) and D9h Ga@B9 (10) neutrals also have three 
occupied delocalized π MOs (the degenerate HOMO and 
HOMO-2) and three delocalized σ MOs (the degenerate 
HOMO-1 and HOMO-4). These neutral molecules are 
therefore also σ+π double aromatic in nature. D9h X@B9 
contains one more B atom in comparison with D8h 
X@B8

−, generating a π electron in the HOMO of the 
neutral molecule to satisfy the 4n+2 Huckel’s rule for 
aromaticity. Neutrals 9 and 10 follow the chemical intui-
tion that delocalized π MOs lie generally higher in en-
ergy than their more effectively overlapped in-plane ra-
dial σ counterparts. The double aromaticity of D9h 
X@B9 (X=Al, Ga) provides extra stability to stabilize 
these unusual neutral molecules. As indicated in Table 1, 
the wheel-shaped anions, cations, and neutral molecules 
discussed in this work all possess negative NICS(1)[19] 
vales in the range of −17－26 ppm, quantitatively con-
firming the overall aromaticity (σ+π) of the systems, 

which is in agreement with orbital analyses. 
The calculated one-electron detachment energies of 

the anions turned out to be ADE=3.41 eV and VDE= 
3.52 eV for 1 and ADE=3.23 eV and VDE= 3.32 eV for 
5 at the B3LYP level. For planar ennea-coordinate neu-
trals, the calculated ionization potentials turned out to be   
IP=8.51 eV for 9 and IP=8.34 eV for 10. The HOMO- 
LUMO(or SOMO-LUMO)energy gaps of these cluster 
isomers all turned out to be greater than 3.26 eV (Table 
1), further supporting the electronic stability of the sys-
tems. These calculated values are expected to facilitate 
future spectroscopic experiments in identifying these 
clusters. 

3.3  Natural bonding orbital (NBO) analyses 

As shown in Table 1, the planar hyper-coordinate Al and 
Ga centers carry the positive charges of qX = +0.8 |e|－ 
+1.5|e| and have the total Wiberg bond indexes of 
WBIX=2.5－2.9, in consistent with the low electronega-
tivities of Al and Ga atoms compared to B and their 
chemical valences of 3. The atomic electronic configu-
rations of Al(3s0.343px

0.363py
0.363pz

0.39) in 2 and Al (3s0.42 

3px
0.343py

0.343pz
0.34) in 9 indicate that the charge transfer 

from the Al center to B8 ligand mainly happens to Al 3s2, 
while the Al sp2 hybrids and Al 3pz atomic orbitals par-
tially participate in the delocalized σ and π MOs of the 
systems.  

The periphery B atoms, on the other hand, possess the 
negative charges of qB=−0.30|e|－0.35|e| and have the 
total bond orders of WBIB=3.3－3.8. The atomic elec- 

 

 
Figure 3  Delocalized MOs of D8h Al@B8

− (a), C8v Al@B8
− (b), and D9h Al@B9 (c). 
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tron configurations of B(2s0.892px
0.842py

0.842pz
0.69) in 2 

and B(2s0.902px
1.002py

0.542pz
0.59) in 9 indicate that one B 

2s electron has been  promoted to B 2p atomic orbitals 
and B 2pz orbitals mainly participate in the delocalized π 
MOs of the systems. The high bond orders between 
neighboring B atoms (WBIB-B≈1.5) show that the pe-
riphery B-B interactions exhibit certain double bond 
character. It should be pointed out that though the calcu-
lated Wiberg bond order is 0.26－0.33 for each X－B 
interaction which is electron-deficient, eight or nine X-B 
bonds working together can effectively stabilize these 
octa- or ennea-coordinate X centers in X@Bn complexes. 
The planar hyper-coordinate X centers in these com-
plexes mainly form covalent interactions with the sur-
rounding B atoms, while the ionic bonding between the 

positive X center and the negative Bn ring can not be 
neglected. 

4  Summary 

We have presented an ab initio investigation on planar  
or quasi-planar octa- and annea-coordinate Al and Ga in 
D8h or C8v X@B8

− and D9h X@B9 in this work. Similar 
to the previously characterized B@B8

−, [4] these wheel- 
shaped structures turned out to be σ+π double aromatic 
in nature. As true minima on the potential surfaces of the 
concerned systems, they are expected to be stable ther-
modynamically and may be targeted in future experi-
ments to expend the domain of planar hyper- coordinate 
elements to include metal Al and semiconductor Ga. 
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