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A new chiral boron cluster B44 containing nonagonal holes 

Truong Ba Tai
a,b,*

 and Minh Tho Nguyen
b,*

The B44 has a cage-like structure containing two hexagonal, two 

heptagonal and two nonagonal holes. The presence of nonagonal 

holes is a new and remarkable finding since they have never been 

reported before for clusters. The present work does not only 

identify the new chiral members, but also provides more insight 

into the growth motif of large-sized boron clusters. 

Stimulated by the beautiful geometrical structure and unique 

properties of the carbon fullerene C60,
1
 a large number of 

theoretical and experimental studies have been carried out 

during many past decades with the aim of finding similar caged 

structures of other elements. As a neighbour of carbon in the 

Periodic Table, it is expected that boron atoms can also 

aggregate to form all-boron fullerenes. The boron buckyball 

B80, an isoelectronic species of fullerene C60, was proposed in 

2007 by Yakobson and coworkers.
2
 Subsequently, many 

theoretical investigations on boron fullerenes and their 

derivatives were carried out,
3
 in spite of the fact that such 

structure have not observed in the experiment yet.
4
 

 Recently, the B40 cluster has been discovered to exist as an 

all-boron fullerene containing four heptagonal holes and two 

hexagonal holes.
5
 The dynamical behaviour of this species was 

further analyzed.
6
 Some other cage-like structures were more 

recently reported. The fullerene B38 containing four hexagonal 

holes was found as the lowest-lying isomer, which is almost 

degenerate in energy with a quasi-planar structure.
7
 The B39

-
 

anion was reported to exhibit a chiral cage-like structure 

containing three heptagonal holes and three hexagonal holes.
8
 

More recently, Zhai et al.
9
 found that the monocation B41

+
 and 

dication B42
2+

 have similar geometrical cage structures, even 

though the neutral B42 has a triple ring tubular shape in its 

ground state.
5a

 

        A common motif of these cages is that each of them 

contains both hexagonal B7 and heptagonal B6 holes. The B41
+
 

and B42
2+

 cations are constructed by replacing one and two 

hexagonal B6 holes of B40 by the heptagonal B7 holes, 

respectively. It is worthy to note that the quasi-planar and 

convex structures containing pentagonal, hexagonal and 

heptagonal holes were observed at smaller-sized boron 

clusters such as B30,
10

 B32
11

 and B36.
12

 Two smallest three-

dimensional structures were found at B14
13

 and B28.
14

 An 

intriguing question emerges as to whether and how cage-like 

structures exist in large-sized boron clusters.  

 

Fig. 1 Shape of the global energy minimum structure I of B44 and its enantiomer IA 

 Based on theoretical results obtained from the first-

principles calculations, we found that the boron cluster B44 

also exhibits chiral cage-like structures. More interestingly, its 

most stable form contains two nonagonal B9 holes which have 

never been observed before for boron clusters, or even for 

clusters of other elements. The structure of this B44 cluster is 

displayed in Fig. 1. These predictions do not only identify a 

new chiral member of boron clusters, but they also give us 
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more insight into the growth motif of larger size boron 

clusters.  

 Extensive structural searches were carried out by using 

stochastic random searching procedures,
15

 and manual 

structural construction based on the known structures of 

smaller sized boron clusters. Low-lying isomers B44 with 

relative energy of 0.0 - 5.0 eV obtained from initial geometry 

optimizations at the PBE0/3-21G were fully optimized at 

higher level of theory PBE0/6-311+G(d).
16

 To identify a true 

global minimum, single-point electronic energies of a few 

lowest-lying B44 isomers were subsequently calculated using 

the couple-cluster theory CCSD(T)/6-31G(d) method
17

 at their 

PBE0/6-311+G(d) optimized geometries. These computational 

methods were effectively used to establish the energy 

landscape of boron clusters in the literature. All calculations 

were performed using the Gaussian 09
18

 and Molpro 2012 

packages.
19

 

 

Fig. 2 Optimized geometries and relative energies (kcal.mol
-1

) of the lowest-lying 

isomers B44 obtained at the PBE0/6-311+G(d) level (values in square brackets are 

obtained at CCSD(T)/6-31G(d)) 

 The optimized geometries and relative energies (kcal.mol
-1

) 

of few lowest-lying B44 isomers are depicted in Fig. 2, while 

those of less stable isomers are shown in Figure S1 of the 

Supplementary Information. At the first glance, it can be seen 

that almost lowest-lying isomers are three-dimensional 

structures. At the PBE0/6-311+G(d) level, our calculations 

show that the structure I (and its degenerate enantiomer IA) is 

the most stable form. This structure is composed of 52 

triangular units and six polygonal holes. The latter includes two 

nonagonal B9, two heptagonal B7 and two hexagonal B6 holes. 

It can be constructed by replacing two neighboured 

heptagonal B7 holes of the B40 fullerene by two nonagonal B9 

holes. Similar to the cage-like boron structures Bn,5
,
8

,
9 the B44-

I follows the Euler’s rule for a polyhedron: V(100 edges) = F(52 

triangular + 2 hexagonal + 2 heptagonal + 2 nonagonal faces) + 

V( 44 vertices) - 2.  

 Three cage-like structures, namely II, III and IV, are the 

next isomers with relative energies of 3 - 6 kcal.mol
-1

 higher 

than the lost stable I. Similar to the bonding motif of the 

isomer I, the isomer II (and its enantiomer IIA) can be 

constructed by replacing two neighboured heptagonal B7 holes 

in B40 by two octagonal B8 holes. The isomer III (and its 

enantiomer IIIA) is formed by replacing two neighboured 

hexagonal B6 holes in B39
-
 by two octagonal B8 holes. Both 

isomers are almost degenerate in energy as computed at both 

levels of theory DFT and CCSD(T). The isomer IV contains two 

octagonal B8, two heptagonal B7 and one hexagonal B6 holes. A 

double-ring form VI and quasi-planar containing six-membered 

B6 hole VII are located at 11 kcal.mol-
1
 higher in energy as 

compared to the global minimum I. In a previous report, Wang 

et al.
20

 identified the B44 as an irregular cage containing one 

five-membered, five six-membered and two seven-membered 

rings. However, our PBE0 results showed that this structure is 

11.4 kcal.mol
-1

 less stable than the isomer I.  

 Our CCSD(T) results show the same energy ordering that 

the isomer I is the most stable isomer for B44. However, the 

energy gaps between I and isomers II, III and IV become closer. 

Four structures I, II, III and IV are nearly degenerate with 

energy gap of ~1 kcal.mol
-1

. The isomer V is somewhat less 

stable than I with a relative energy of 3 Kcal.mol
-1

. Two 

structures, including the double ring form VI and the quasi-

planar form VII, are found much less stable, and are at 18 and 

20 kcal.mol
-1 

higher in energy as compared to I, respectively. It 

is in agreement with the earlier reports that the PBE0 

functional tends to overestimate the energy of the tubular and 

quasi-planar forms.8
,
9

,21,22
 Although the CCSD(T) method 

somewhat favours cage-like structures, the large differences in 

energy between the cages I-V and other forms such as VI and 

VII lend support for the finding that the I is the most stable 

form of B44. In addition, we would expect that the four isomers 

I-V will be appeared in experimental observations since their 

energies are close to each other. 

 

Fig. 3 Plots of LOLσ and LOLπ for isomer I (C2, 
1
A) 

  To probe more understanding about the stability of 

isomers B44, we also performed molecular dynamic (MD) 

simulations for the four lowest-lying isomers I - IV by using the 

CP2K programs.
23

 The simulations were carried out at 

temperatures of 300 and 500K during a time of 30 ps. The PBE 

functional was used in conjunction with the 6-31G(d) basis set. 

The RMSD values were calculated using VMD code
24

 and their 

plots were depicted in Figure S2 (SI) together with the movies 

of simulation trajectories at 500 K (SI). During the BO-MD 

simulations at 300 and 500K, the isomer I retains its 

connectivity pattern and cage-like shape with two nonagonal 

holes.  As discussed above, the isomers II and III are located on 

the energy landscape of B44 with tiny differences in relative 

energy. Our simulations showed that there is a continuous 

transformation between one hexagonal hole of II and one 

heptagonal hole of III at both temperatures of 300 and 500 K. 

Although the isomer IV has low relative energy, it is much 
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kinetically less stable. The connectivity pattern of IV is broken 

after a simulation time of 0.1 ps at 500 K, and 0.5 ps at 300 K.  

The isomer V shows more kinetic stability as it still maintains 

its original pattern during the simulation time at both 

temperatures mentioned above. 

 

 

Fig. 4. Simulated infrared spectra of the lowest-lying B44 isomers. 

 The characteristics of electron delocalization and 

aromaticity of boron clusters have attracted much attention 

from the view of theory.
25,26

 To gain more insight into the 

higher stability of the isomer I, its bonding pattern is now 

examined by using the topological analysis of localized orbital 

locator (LOL)
27

 that is based on a comparison of the local non-

interacting kinetic energy density with that of the uniform 

electron gas. This approach was effectively applied to analyze 

chemical bonding and electron delocalization of many types of 

molecules in the earlier studies.
28,29

 The picture of canonical 

molecular orbitals (CMOs) of I shows that it contains a total of 

66 valence MOs which are separated into 52 σ-MOs and 14 π-

MOs. The LOL of σ electron systems (LOLσ) for I at values 0.6 

and 0.8 displayed in Fig. 3 point out that there is excellent 

electron delocalization over the whole structure. At the value 

of 0.8, the isosurface of LOLσ is separated into 52 basins that 

contribute to the σ chemical bonds of 52 triangular units of the 

structure. Similarly, the LOL of π-electron system (LOLπ) at 

value of 0.6 of B44-I also shows a good π electron 

delocalization. Electrons are distributed on the skeleton of 

each 9-membered ring. Overall, electron distribution forms 

two highly delocalized σ and π bonding systems, and 

consequently make the isomer I highly stable and aromatic. 

        The nucleus independent chemical shift (NICS) can 

effectively be used to evaluate the aromatic feature.
30

 Our 

NICS calculations at the central positions of above caged-like 

structures showed that all these cages exhibit high aromaticity. 

The NICS value of -21 is obtained at the center of cage I which 

is comparable to the NICS values obtained for boron cages, e.g. 

-22 for B32
20

 and -38 for B28.
14

 Although being less stable than 

the isomer I, the structures II – V even possess more negative 

NICS values (NICS(II) = 28, NICS(III) = -28, NICS (IV) = -32 and 

NICS(V) = -33). It seems that the presence of large nine-

membered rings somewhat decreases aromaticity of I as 

compared to other isomers. 

 To provide with a support for future experimental studies, 

simulations of infrared (IR) spectra of four stable lowest-lying 

isomers I, II, III and V, which are obtained at the PBE0/6-

311+G(d) level are depicted in Fig. 4. All isomers have similar 

spectral features with high intensity peaks located close to 

each other. The spectrum of I shows five major peaks centered 

at 390, 776, 1005, 1231 and 1275 cm
-1

. These peaks are 

approximate to the intense peaks of 380, 713 and 1274 cm
-1

 of 

the boron buckyball B40.9  

Conclusions 

We performed a theoretical study on the B44 cluster by using 

both DFT and CCSD(T) methods. We found that the most 

stable form of B44 is cage-like structure I containing two 

nonagonal, two heptagonal and two hexagonal holes. The 

presence of nonagonal holes is remarkably interesting since it 

has never been observed before for boron clusters (and 

probably for other elemental clusters). The structure is 

composed of two delocalized σ and π bonding systems that 

confer a high stability to I. BO-MD simulations of I at both 300 

and 500 K showed both thermodynamic and kinetic stabilities. 

These predictions do not only establish a new chiral member 

of boron clusters, but they also give us additional insight into 

the growth motif of boron clusters. The unprecedented 

presence of nonagonal holes in a boron cluster of medium size 

suggests that new structural features for larger size aggregates 

are still to be discovered.  

We are indebted to the KU Leuven Research Council (GOA 

program) and Vlaams Supercomputer Centrum (VSC). TBT 

thanks the FWO-Vlaanderen for a postdoctoral fellowship. 
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