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Abstract. Ground state geometry and electronic structure of M2–
4  cluster (M = B, Al, Ga) have been in-

vestigated to evaluate their aromatic properties. The calculations are performed by employing the Density 
Functional Theory (DFT) method. It is found that all these three clusters adopt square planar configura-
tion. Results reveal that square planar M2–

4  dianion exhibits characteristics of multifold aromaticity with 
two delocalised π-electrons. In spite of the unstable nature of these dianionic clusters in the gas phase, 
their interaction with the sodium atoms forms very stable dipyramidal M4Na2 complexes while maintain-
ing their square planar structure and aromaticity. 
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1. Introduction 

The concept of aromaticity is used for understanding 
the enhanced stability of benzene and its derivatives. 
Recently, the applicability of the aromaticity con-
cept has been extended to metallic clusters in com-
bined photoelectron spectroscopy and ab initio 
molecular orbital calculational investigation of M2–

4  
cluster (Al, Ga and In) clusters.1 The Al2–

4  unit has 
square planar shape with two delocalised π electrons 
in the highest occupied molecular orbital (HOMO). 
The 4n + 2 electron counting rule is satisfied with 
the two delocalized π electrons, but the two σ 
bonded MOs below the HOMO also contribute to 
the stability, providing multifold aromaticity (π and 
σ) for the system. These concepts were then ex-
tended to other isoelectronic systems B2–

4 , Ga2–
4 ). In 

recent times many articles has been published2–33 to 
corroborate the aromatic and anti-aromatic character 
of small metal and main group element clusters. 
Most of these studies published in recent years have 
concentrated on charged clusters. However, very 
few studies on neutral clusters are reported. In our 
previous work34 we have reported some stable neu-
tral clusters (Al2Si2, Al2Ge2, Ga2Si2, Ga2Ge2, Si3Be, 
Si3Mg, Ge3Be, Ge3Mg, Al 3P, Al 3As, Ga3P, and 
Ga3As) with 14 electrons in the valance shell and  
established their aromatic behaviour. The aromatic 
character of these clusters has been analysed based 
on planarity, electronic stability (hardness, large 
ionization potential and low electron affinity), nu-

clear independent chemical shift (NICS) values and 
their molecular orbital pictures. Further, it was found 
that after interacting with hydrogen atoms the struc-
tural integrity and the planarity of these clusters is 
retained. 
 Mercero et al6 using sandwich like complexes of 
Al 2–

4 , pointed out that doubly charged species like 
Al 2–

4 , B
2–
4 , Ga2–

4  are expected to be rather unstable in 
the gas phase due to large intramolecular coulomb 
repulsion. The instability of dianions was also pre-
dicted by Kuznetsov et al9 and Boldyrev et al29. In 
the present work, we have studied dianion systems, 
and their corresponding neutral cluster, Al4Na2, B4Na2, 
Ga4Na2, in which the double charge of the system has 
been neutralized by the sodium atoms. The objective 
of the present study is to know what is the change in 
the geometry, structural integrity, and aromaticity of 
the dianion cluster after interaction with two sodium 
atoms. We use the conventional criteria of aromatic-
ity such as chemical (extra stability), and magnetic 
criteria (i.e. nuclear independent chemical shift 
(NICS)) to confirm the aromatic character of these 
clusters. 

2. Computational details 

Ab-initio molecular orbital theory based on LCAO 
approach has been employed to elucidate the ground 
state geometries of these clusters. For this purpose, 
initial geometry optimisation was done using the hy-
brid exchange correlation energy functional commonly 
known as B3-LYP.36 The notation B3 implies three 
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parameter Becke exchange functional36 and LYP in-
dicates correlation functional as described by Lee-
Yang-Parr.36 A standard split-valence with polari-
zation functions (6-311G + (d)) was employed as 
basis set for all these calculations [6-31 + G(d) in 
case of the cluster with Ga atom]. All the calculations 
were carried out using the GAMESS software.37 The 
nuclear independent chemical shift (NICS) values 
were calculated using the gauge-including atomic 
orbitals (GIAO) method at the B3LYP level of the-
ory using Gaussian-98 software.38 

3. Results and discussion 

For B2–
4 , Al2–

4  and Ga2–
4  clusters, the lowest energy 

structure was square planar with D4h symmetry Three 
dimensional tetrahedron and other geometries re-
sulted in significantly higher energy as compared to 
the planar configurations. In table 1 we have summa-
rized the results of the geometrical parameters, total 
energies, binding energies (BE), highest occupied 
molecular orbital (HOMO) energy, lowest unoccu-
pied molecular orbital (LUMO) energy and the gap 
between HOMO and LUMO levels. 
 From this table it is clear that the energy eigen 
values for the HOMO are positive for negatively 
charged clusters B2–

4 , Al2–
4  and Ga2–

4 . A positive value 
represents an unbound state or in other words reflects 
that doubly negatively charged clusters are extremely 
reactive. In earlier work34 we have shown that similar 
isoelectronic neutral clusters like Al2Si2, Ga2Si2 have 
negative energy eigenvalues of the highest occupied

molecular orbitals (HOMO), and also the gaps between 
LUMO and HOMO levels vary between 2⋅5 and 
3⋅5 eV indicating that these neutral cluster are much 
more stable than double charged negative ions. 
Hence it is desirable to find out stable neutral clusters 
or in other word, the clusters in which the charge on 
these anionic cluster has been neutralized by some 
metal atoms. For this purpose we have carried out 
the geometric and electronic structure optimisation 
for a series of tetramer binary clusters Al4Na2, B4Na2, 
Ga4Na2. The choice of these neutral clusters is based 
on their iso-electronic configuration with the doubly 
charged aromatic clusters discussed above. 
 In table 2 we have summarized the results of the 
total energies, geometrical parameters (M–M and 
M–Na (Ö�� ELQGLQJ HQHUJLHV �%(�� +LJKHVW RFFupied 
molecular orbital (HOMO) energy, lowest unoccu-
pied molecular orbital (LUMO) energy and the gap 
between HOMO and LUMO levels for Al4Na2, 
B4Na2, Ga4Na2 cluster. From the results it is clear that 
even after interacting with two sodium atoms the 
structural integrity and the planarity of these dian-
ionic clusters is retained. 
 To confirm the stability of the M4Na2 species we 
have calculated the energies for the hypothetical re-
action M4Na2 → M2–

4  + 2Na+. The energies are as 
follows 
 
 B4Na2 → B2–

4  + 2Na+, ∆H = 14⋅68 eV, 

 Al4Na2 → Al2–
4  + 2Na+, ∆H = 13⋅42 eV, 

 Ga4Na2 → Ga2–
4  + 2Na+, ∆H = 14⋅29eV. 

 
 

Table 1. Total energies, interatomic separations (Å), binding energy per atom (BE), energy eigen-
values of the highest occupied molecular orbitals (HOMO), energy eigenvalues of the lowest un-
occupied molecular orbitals (LUMO) and gap between HOMO and LUMO levels. 

Cluster Total energy (a.u.) M–M BE (eV) HOMO (eV) LUMO (eV) Gap (eV) 
 

B2–
4  –99⋅010998 1⋅63 2⋅75 4⋅74 6⋅15 1⋅41 

Al 2–
4  –969⋅5387656 2⋅59 1⋅12 2⋅98 4⋅91 1⋅94 

Ga2–
4  –7691⋅7510659 2⋅50 1⋅54 3⋅02 4⋅71 1⋅69 

 
 
 

Table 2. Total energies, interatomic separations (M–M and M–Na (Å)), binding energy per atom (BE), 
energy eigenvalues of the highest occupied molecular orbitals (HOMO), energy eigenvalues of the lowest 
unoccupied molecular orbitals (LUMO) and gap between HOMO and LUMO levels. 

Cluster Total energy (a.u.) M–M M–Na BE (eV) HOMO (eV) LUMO (eV) Gap (eV) 
 

B4Na2 –423⋅647475 1⋅66 2⋅67 2⋅61 –3⋅19 –1⋅48 1⋅71 
Al 4Na2 –1294⋅129737 2⋅62 3⋅16 1⋅31 –3⋅85 –2⋅01 1⋅84 
Ga4Na2 –8016⋅361335 2⋅52 3⋅12 1⋅74 –3⋅83 –1⋅94 1⋅89 
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Figure 1. Spatial orientation of the top five occupied 
molecular orbitals for Al2–

4  and Al4Na2 cluster. 
 
 

Table 3. NICS values of the clusters. 

Cluster NICS (0⋅0) NICS (1⋅25) 
 

B2–
4  –29⋅53 –3⋅04 

B4Na2 –25⋅51 –19⋅13 
Al 2–

4  –34⋅36 –23⋅15 
Al 4Na2 –12⋅58 –23⋅03 
Ga2–

4  –32⋅16 –20⋅21 
Ga4Na2 –14⋅04 –24⋅59 

 
 
All reactions are highly endothermic, indicating that 
the M4Na2 species are stable towards decomposition. 
In order to understand the nature of bonding, the 
spatial orientations of five occupied molecular orbi-
tals (HOMO to HOMO-4) have been worked out for 
all these clusters studied and representative results 
are shown in figure 1. It is clear from this figure that 
all the clusters have at least one of the HOMO energy 
levels representing π type molecular orbitals where 
two electrons are delocalised over all four atoms. In 
addition to retaining their structural integrity, these 
dianionic clusters after their interaction with sodium 
atoms and hydrogen, maintain the spatial orientation 

of the HOMO energy levels also except for the fact 
that their ordering is changed. 
 Aromaticity of all these clusters has also been 
studied by using the nucleus independent chemical 
shift (NICS), a method developed by Schleyer and 
co-workers,35 which is a magnetic criterion that mirrors 
the ring current. In this method, the nuclear mag-
netic resonance (NMR) parameters are calculated 
for a ghost atom, usually placed at the centre of the 
ring, and the NICS value is the negative of the iso-
tropic magnetic shielding constant at the ghost atom. 
Systems with negative NICS values are aromatic, 
since negative values arise when diatropic ring cur-
rent (shielding) dominates, whereas systems with 
positive values are antiaromatic because positive 
values arise when paratropic current (deshielding) 
dominates. The NICS (0⋅0) values calculated at the 
centre of the ring is influenced by σ-bonds, whereas 
the NICS (1⋅25) values calculated 1⋅25 Ö RXW RI WKH

plane are more affected by the π-system. The results 
obtained are given in table 3. From the table it is 
clear that the M2–

4  ring in the M4Na2 species exhibits 
characteristics of aromaticity or in other words it re-
tains its aromaticity. 

4. Conclusion 

In summary, the equilibrium geometries and electronic 
structures of M2–

4  and M4Na2 clusters (M = B, Al, 
Ga) have been studied by hybrid density functional 
theory (B3LYP) formalism. The results show that 
M2–

4  clusters favour square planar structure as a 
global minimum. In spite of their natural instability 
in terms of chemical reactivity, these dianionic clus-
ters co-ordinate to sodium atoms to form very stable 
dipyramidal structures, M4Na2, without losing their 
planarity and aromaticity. 

Acknowledgements 

We are thankful to the members of the Computer 
Division, Bhabha Atomic Research Centre, for their 
kind cooperation during this work. We gratefully 
acknowledge the help of Dr Naresh Patwari, Indian 
Institute of Technology, Mumbai, for helping us to 
calculate the NICS values in this work. 

References 

1. Li X, Kuznetsov A K, Hai-Feng H, Zhang, Boldyrev 
A I and Wang L 2001 Science 291 



Sandeep Nigam et al 

 

578 

2. Shetty S, Kanhere D G and Pal S 2004 J. Phys. 
Chem. A108 628 

3. Kuznetsov A E and Boldyrev A I 2004 Chem. Phys. 
Lett. 388 452 

4. Selius J, Straka M and Sundholm D 2001 J. Phys. 
Chem. A105 9939 

5. Kuznetsov A E, Birch K A, Boldyrev A I, Li X, Zhai 
H J and Wang L S 2003 Science 300 623 

6. Mecero J M and Ugalde J M 2004 J. Am. Chem. Soc. 
126 3380 

7. Fowler P W, Havenith R W A and Steiner E 2001 
Chem. Phys. Lett. 342 85 

8. Fowler P W, Havenith R W A and Steiner E 2002 
Chem. Phys. Lett. 359 530 

9. Kuznetsov A E, Boldyrev A I, Li X and Wang L S 
2001 J. Am. Chem. Soc. 123 8825 

10. Kuznetsov A E and Boldyrev A I 2002 Inorg. Chem. 
41 532 

11. Kunznetsov A E and Boldyrev A I 2002 Struct. 
Chem. 13 141 

12. Zhai H, Wang L, Kunznetsov A E and Boldyrev A I 
2002 J. Phys. Chem. A106 5600 

13. Kunznetsov A E, Boldyrev A I, Zhai H, Li X and 
Wang L 2002 J. Am. Chem. Soc. 124 11791 

14. Zhan C G, Zheng F and Dixon D A 2002 J. Am. 
Chem. Soc. 124 14795 

15. Kuznetsov A E, Corbett J D, Wang L S and Boldyrev 
A I 2001 Angew. Chem. Int. Ed. 40 3369 

16. Li X, Zhang H F, Wang L S, Kuznetsov A E, Cannon 
N A and Boldyrev A I 2001 Angew. Chem. Int. Ed. 
40 1867 

17. Chi X X, Li X H, Chen X J and Yuang Z S 2004 J. 
Mol. Struct. (Theochem.) 677 21 

18. Li Q, Gong L and Gao Z M 2004 Chem. Phys. Lett. 
394 220 

19. Zhao C and Balasubramaniam K 2004 J. Chem. Phys. 
120 10501 

20. Jung Y, Henine T, Schleyer P V R and Head-Gordon 
M 2004 J. Am. Chem. Soc. 126 3132 

21. Tuononen H M, Suontamo R, Valkonen J and Laiti-
nen R S 2004 J. Phys. Chem. A108 5670 

22. Tsipis C A, Karagiannis E E, Kladou P F and Tsipis 
A C 2004 J. Am. Chem. Soc. 126 12916 

23. Kuznetsov A E, Zhai H J, Wang L S and Boldyrev 
A I 2002 Inorg. Chem. 41 6062 

24. Alexandrova A N, Boldyrev A I, Zhai H J, Wang L S, 
Steiner E and Flower P W 2002 J. Phys. Chem. A107 
1359 

25. Hu X, Li H, Liang W and Han S 2004 Chem. Phys. 
Lett. 397 180 

26. Jin Q, Jin B, Xu W G 2004 Chem. Phys. Lett. 396 398 
27. Havenith R W A and Lenthe J H V 2004 Chem. Phys. 

Lett. 385 198 
28. Havenith R W A, Flower P W, Steiner E, Shetty S, 

Kanhere D G and Pal S 2004 Phys. Chem. Chem. 
Phys. 6 285 

29. Boldyrev A I and Wang L S 2001 J. Phys. Chem. 
A105 10775 

30. Alexandrova A N and Boldyrev A I 2003 J. Phys. 
Chem. A107 554 

31. Kuznetsov A E and Boldyrev A I 2002 Inorg. Chem. 
41 3596 

32. Zhai H J, Wang L S, Kuznetsov A E and Boldyrev 
A I 2002 J. Phys. Chem. A106 5600 

33. Matxain J M, Ugalde J M, Towler M D and Needs 
R J J. Phys. Chem. A107 10004 

34. Nigam S, Majumder C and Kulshreshtha S K 2005 J. 
Mol. Struct. (Theochem.) 755 187 

35. (a) Schleyer P V R, Maerker C, Dransfeld A, Jiao H, 
N J R and Hommes E. 1996 J. Am. Chem. Soc. 118 
6317; (b) Schleyer P V R, Jiao H, Hommes N V E, 
Malkina V G and Malkina O L 1997 J. Am. Chem. 
Soc. 119 12669 

36. (a) Becke A D 1998 Phys. Rev. A38 3098; (b) Lee C, 
Yang W and Parr R G 1988 Phys. Rev. B37 785 

37. Schmidt W et al 1993 J. Comput. Chem. 14 1347 
38. Frisch M J et al 1998 GAUSSIAN-98, Gaussian Inc, 

Pittsburgh, PA 
 
 
 
 
 


