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Electronic structure and photoelectron spectra of Bn 
with n = 26 – 29. An overview of structural 

characteristics and growth mechanism of boron 

clusters 

Truong Ba Tai* and Minh Tho Nguyen*  

Boron clusters are of great interest over the last decades due to their unique chemical and 
physical properties. In the present work, we performed a theoretical study of geometrical and 
electronic structure of boron clusters Bn with n = 26 – 29in both neutral and anionic states using 
DFT and MO computational methods. The photoelectron spectra of anionic species were 
simulated using TDDFT methods. Our results predict that at the neutral state both the B26 and B27 
clusters exhibit tubular forms, whereas the larger species B28 and B29 are quasi-planar structures. 
The anionic species Bn

- are more favourable for 2D shapes. More importantly, based on the 
geometrical characteristics of known boron clusters, we now establish a general growth 
mechanism of boron clusters, which gives us more insight into the formation and existence of 
boron based nanomaterials.  

 

Introduction 

 Stimulated by the unique properties of all-carbon 

nanomaterials such as graphene sheet, carbon nanotubes and 

fullerenes, all-boron nanomaterials have been of great interest 

during the past several decades. The pure boron nanotubes 

recently synthesized by Ciuparuet al.1 and Liu et al.2 marked an 

important breakthrough and it is expected that other B-based 

materials will be experimentally found in near future. Although 

still being a challenge for experimental studies, the cage-like 

structures B80,
3,4 and all-boron nanosheets5,6,7 have received 

much attention from scientists because they form promising 

materials for many important applications such as the capture 

and storage of industrial gases (like hydrogen and carbon 

dioxide). 

 On the other hand, atomic clusters of boron are intriguing 

subjects, in part due to their unique characteristics of electronic 

structure, aromaticity and bonding nature. A good 

understanding about their growth mechanism and bonding 

motifs is helpful to gain more insight into physicochemical 

characteristics of bulk materials. Following the first 

experimental observations by photoelectron spectroscopy (PES) 

carried out by Wang and co-workers,8 small boron clusters have 

extensively been investigated by many research groups.9-16 Let 

us briefly summarize the main results recently reported in the 

literature.  

Using combined theoretical and experimental PES results, 

Wang and coworkers showed that there is an energetic 

competition between two-dimensional (2D) and three-

dimensional (3D) structures of the anionic species B40
-,17 while 

smaller sized anionic clusters prefer 2D structures. More 

interestingly, the intermediate sized anionic clusters such as 

B30
-,15e B35

-,18 B36
-19 and B40

-17 contain hexagonal holes as small 

defect boron sheets. While the anionic clusters Bn
- with n = 2- 

20 have quasi-planar structures that are completely composed 

of triangular units, larger clusters Bn
- with n = 21-25 tend to 

prefer 2D structures with five-membered holes.15,16 

 At the neutral state, it was found that the B40 size is an all-

boron fullerene which is much more stable than 2D 

structures.17. The cluster B38 was proposed as a structural 

transition size due to the indistinguishable difference in energy 

between a 3D all-boron fullerene and a quasi-planar structure 

containing two hexagonal holes.20,21At smaller sizes, the neutral 

B36 was found to be a highly symmetrical structure with one 

central hexagonal hole,19 and the neutral B30
22 exhibits an 

aromatic bowled structure containing one central pentagonal 

hole. More recently, we interestingly found that the B32 cluster 

exhibits a bowled structure containing heptagonal hole23 which 

is more stable than the tubular form previously reported. We 

should note that except for the cage-like B14 cluster,14 small 

boron clusters Bn with n = 2 -19 have 2D structures that are 

formed on the basis of triangular B3 units.16 
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Fig. 1 Shapes and relative energy (kcal/mol) of the low-lying isomers of a) neutral B26, b) anion B26

-
, c) neutral B27 and d) anion B27

-
 obtained at CCSD(T)/6-

311G(d)//PBE/6-311+G(d) and PBE/6-311+G(d) (in parenthesis) 

 Some special species such as B20,
24 B22

12b and B24
25

 were 

reported to have tubular forms in which two boron rings are 

connected together in antiprism bonding motif. More recently, 

Nguyen and co-workers26 reported that the B27 has stable triple-

ring shape composed of three nine-membered rings. 

 The structural landscape of small boron clusters Bn
0/- with n 

≤ 30 were thus almost established, except for some sizes, 

namely the n = 23, 25, 26, 28 and 29 for neutral species and n = 

26-29 for anionic species, that have not been investigated. Such 

a lack of data leads to the fact that a general view on the growth 

mechanism and structural characteristics of boron clusters is 

still missing. We should note that excepting some special 

species, including B11, B16 and B17 whose structures were 

experimentally identified by the IR spectra,15f all remaining 

neutral species were only theoretically predicted by 

computational studies.   

 In this context, we performed and report in the present 

paper a theoretical study on the geometrical and electronic 

structure and photoelectron spectroscopy of boron clusters Bn 

including the sizes n = 26 ÷ 29, at both neutral and anionic 

states using DFT and MO computational methods. After 

determining the properties of these sizes, an overview of 

structural characteristics of boron clusters can be established on 

the basis of geometrical structures of known boron clusters. 

Thus, this report not only fulfil the missing gap of Bn clusters 

(n= 26 ÷ 29), but it also gives us more insight into a general 

growth mechanism of boron clusters.  

Computational methods 

All electronic structure calculations were carried out using the 

Gaussian 0927 and Molpro 0928 packages. Initial searches for all 

possible lower-lying isomers of B26-29 clusters were performed 

using a stochastic search algorithm that was implemented by 

us.29 Firstly, the possible structures of the clusters considered 

were generated by a random kick method, and then rapidly 

optimized using density functional theory with the PBE 

functional30,31 and the small 3-21G basis set. In this search 

procedure, the minimum and maximum distances between 

atoms were limited to 1.5 and 15 Å, respectively. Geometries of 

the local minima such located with relative energies lying in the 

range of 0.0 - 5.0 eV and their harmonic vibrational frequencies 

were further refined using the PBE functional but in 

conjunction with the larger 6-311+G(d) basis set.32 Single-point 

electronic energies of the low-lying isomers obtained from 

PBE/6-311+G(d) computations were subsequently calculated 

using the coupled-cluster theory CCSD(T)33,34 with the 6-

311G(d) basis set. The photoelectron spectra of anionic clusters 

Bn
- were also simulated using time dependent DFT method, but 

with the same functional and basis set, TD-PBE/6-311+G(d).  

Results and discussion 

Searching the lower-lying isomers Bn with n = 26 - 29 

In this section, we successively describe the structures of the 

clusters considered. For each size, both neutral and anionic 

forms are discussed. As for a convention, each structure is 

labelled by nx.y where n ranges from 26 to 29, x stands for a 

neutral n or an anion a, whereas y denotes the ordering of the 

isomers (1, 2…). 
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Fig. 2 Shapes and relative energy (kcal/mol) of the low-lying isomers of a) neutral B28, b) anion B28

-
, c) neutral B29 and d) anion B29

-
 obtained at CCSD(T)/6-

311G(d)//PBE/6-311+G(d) and PBE/6-311+G(d) (in parenthesis) 

 

Clusters B26
0/-. Shapes and relative energies of the lower-lying 

isomers B26
0/- depicted in Figure 1a and 1b reveal that the 

double-ring tubular form 26n.1 (Ci, 1Ag) is the most stable 

isomer of the neutral B26. This structure is formed by 

connecting two 13-membered rings in an antiprism bonding 

motif and is similar to structural characteristic of the B20 and 

B24 clusters.9,24 A quasi-planar structure 26n.2 (C1, 
1A) is found 

to be the next isomer which is only 2.1 kcal/mol less stable than 

26n.1 at the CCSD(T)/6-311G(d)//PBE/6-311+G(d) level. 

 Similar observations to smaller size clusters are found for 

the anionic state. The quasi-planar structures are more 

favourable, and the 26a.1 (C1, 
2A) which is anionic form of 

26n.2 is the most stable isomer of the anion B26
-. The double 

ring form 26a.2 (Ci, 
2Au) is the next isomer and 3.8 kcal/mol 

higher in energy as compared to 26a.1. Although the structure 

containing hexagonal hole 26a.3 (C1, 
2A) and other quasi-

planar 26a.4 (C1, 
2A) are located as local minima, they are 7.3 

and 10.5 kcal/mol less stable than 26a.1. 

Clusters B27
0/-. In agreement with previous report,26 our 

CCSD(T) calculations show that the triple-ring form 27n.1 (C1, 
2A) in which three nine-membered rings are connected together 

is the global minimum of the neutral B27 (Fig. 1c). Two 2D 

structures 27n.2 (C1, 
2A) and 27n.3 (C1, 

2A) have 

approximately similar energy levels and are 15.0 and 13.9 

kcal/mol less stable than 27n.1, respectively.  
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 Interestingly, a reserved energy ordering is also found at the 

anionic state. Accordingly, both isomers 27a.1 (C1, 
1A) and 

27a.2 (C1, 
1A) where each contains one hexagonal hole, are 

almost degenerate in energy and constitute the most stable 

isomers of B27
- (Fig. 1d). These structures were missed in the 

previous report.26 The triple ring form 27a.3 (C1, 
1A) is 9.8 

kcal/mol less stable than the 27a.1 at the CCSD(T)/6-311G(d) 

level. The structure 27a.4 (Cs, 
1A’) that was reported to be the 

lowest-lying isomer by Duong et al.26 turns out to be much less 

stable with a relative energy of 13.2 kcal/mol.  

Clusters B28
0/-. The shapes and relative energies of the lower-

lying isomers of B28
0/- and B29

0/- are depicted in Fig 2. 

Interestingly, our calculations point out that the tubular form is 

no longer favourable for boron clusters Bn with n ≥ 28. At the 

CCSD(T)/6-311G(d)//PBE/6-311+G(d) level, 28n.1 (Cs, 
1A’) 

which is completely composed of triangular units, is now the 

global minimum of neutral B28. The double ring form 28n.2 

(C14, 
1A) in which two 14-membered rings are connected 

together in antiprism bonding motif is the second isomer and is 

4.9 kcal/mol less stable than 28n.1. The quasi-planar structures 

28n.3 (C2, 
1A) and 28n.4 (Cs, 

1A’) are of low-energy and lie 7.9 

and 10.9 kcal/mol higher. 

 Following attachment of one excess electron into the neutral 

B28, the anion B28
- prefers the quasi-planar structures. 

According to our computed results, three lowest-lying isomers 

have 2D shapes. Both isomers 28a.1 (C2, 
2A) and 28a.2 (C1, 

2A) are almost degenerate with an energy gap of only 2.6 

kcal/mol. 28a.3 (Cs, 
2A’) which is the anionic form of 28n.1, is 

found to be 2.9 and 6.2 kcal/mol higher in energy at the PBE/6-

311+G(d) and CCSD(T)/6-311G(d), respectively. 

Consequently, these two isomers are expected to co-exist in 

experimental observations.  
Clusters B29

0/-. In a good agreement between DFT and 
CCSD(T) computed results, the isomer 29n.1 (C1, 

2A) 
containing one hexagonal hole is the most stable isomer of B29. 
This species can be considered as a fragment of the high 
symmetry cluster B36. The second isomer is a quasi-planar 
structure 29n.2 (C1, 

2A) which is formed by triangle B3 units 
without any hole defect. 29n.3 (Cs, 

2A’) which is formed by 
removing one B-atom from the bowl B30 is 13.3 kcal/mol 
higher in energy, while the double-ring 29n.4 (Cs, 

2A’) is less 
stable. The global minimum 29n.1 can thus be considered as 
the smallest member of the family of boron clusters featuring 
hexagonal hole defect. 

The global minimum of B29
- anion is 29a.1 (C1, 

1A) which 
is the anionic form of 29n.1. Next isomers include 29a.2 (Cs, 
1A’) and 29a.3 (Cs, 

1A’) which are anionic species of 29n.3 and 
29n.2, respectively.  
Vertical (VDE) and adiabatic (ADE) detachment energy.  
 The determination of VDE and ADE values of anionic 
boron clusters is important since these values are very useful to 
confirm the structural characteristics of anionic clusters. Let us 
note that structures of atomic clusters cannot directly be 
identified by common analytical experimental methods. On the 
other hand, they can indirectly be determined by using 
combined theoretical and experimental studies. Firstly, a 
theoretical exploration will be carried out to find the lowest-

lying isomers located on the potential energy surface of each 
clusters. The theoretical spectrometry characteristics such as 
infrared (IR), photoelectron (PE) spectra of these isomers will 
then be computed and compared to the experimental spectra. 
The infrared (IR) spectrum is commonly used as fingerprint for 
the neutral and cationic clusters, while the photoelectron 
spectra are usually used for anionic clusters. 
 The vertical and adiabatic detachment energies and 
subsequently PE spectra of anionic clusters are simulated using 
TD-DFT methods. While the plots of predicted PE spectra are 
depicted in Fig. 3, their computed VDE values and 
corresponding final electronic configurations are given in Table 
S1-S6 of the Supplementary Information.  

The first VDE of 26a.1 (C1, 
2A) obtained by detaching one 

electron from its SOMO is equal to 3.71 eV and is somewhat 
larger than the ADE value of 3.57 eV (Fig. 3a). The energy gap 
between ADE and first VDE values is only 0.14 eV, indicating 
a msall geometry relaxation. The second VDE at 4.15 eV of 
26a.1 comes from electron detachment from its HOMO-1 
resulting in the first triplet state. Other peaks corresponding to 
several singlet and triplet states are observed in the range of 
4.29 - 5.68 eV, as shown in Fig. 3a. 

Because both anions 27a.1 (C1, 
1A) and 27a.2 (C1, 

1A) are 
almost degenerate with a tiny energy gap, we expect that both 
will appear in the PE spectrum of anion B27

-. The simulated 
spectra of 27a.1 and 27a.2 shown in Fig. 3b and 3c reveal that 
there exhibit many intense peaks, very close to each other. The 
computed ADE and first VDE of 27a.1 are equal to 3.85 and 
3.98 eV, respectively. They are slightly larger than 
corresponding values of ADE = 3.78 eV and VDE = 3.88 eV of 
27a.2. These first VDEs of both 27a.1 and 27a.2 come from 
electron detachment from their HOMOs. Similarly, the second 
VDE of both 27a.1 and 27a.2 originate from detaching one 
electron from their HOMO-1 and equal to 4.33 and 4.23 eV, 
respectively. Interestingly, we can observe that the third VDEs 
of 27a.1 and 27a.2 are almost overlapped (4.48 eV for the first, 
and 4.46 eV for the later) and correspond to an electron 
detachment from their HOMO-2. We expect that they will 
appear at the same peak with high intensity in the experimental 
spectrum. The remaining peaks are located in the range of 4.58 
- 5.30 eV, and given in detail in Table S1 of Supplementary 
Information. 

Similar to the case of the anionic B27 clusters, we also 
expect that both isomers 28a.1 (C2, 

2A) and 28a.2 (C1, 
2A) will 

be presented in the experimental spectra since they are almost 
degenerate with small energy gap of 2.6 kcal/mol at the 
CCSD(T)/6-311G(d) level (1.5 kcal/mol at PBE/6-311+G(d)). 
The first VDE at 3.68 eV of 28a.1 originates from electron 
detachment from its SOMO. This value is slightly larger than 
first VDE of 3.59 eV of 28a.2 in the same channel of electron 
detachment. For both isomers, detaching one electron from the 
HOMO-1 results in the first triplet state, and their second VDEs 
are 3.93 eV for 28a.1 and 4.12 eV for 28a.2. Interestingly, it 
can be observed that the next five VDE values of 28a.1 and 
28a.2 are very close to each other, and are expected to be 
presented in high intensity peaks of the experimental spectrum 
(Fig. 3d and 3e).    

For the simulated PE spectrum of 29a.1 (C1, 
1A), the first 

Page 4 of 10Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-3 | 5  

VDE located at 3.62 eV arises from electron detachment from 
its HOMO and is close to the ADE value of 3.52 eV, due to 
small geometrical changes. The second VDE of 29a.1 at 4.00 
eV corresponds to a detachment of one electron from its 

HOMO-2, while other intense peaks are located in a range of 
4.47 -4.87 eV 
 

  

Fig. 3 Simulated PES of a) 26a.1, b) 27a.1, c) 27a.2, d) 28a.1, e) 28a.2 and f) 29a.1 obtained using TD-PBE/6-311+G(d) 
computations. 

  
  

. 
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Fig. 4 Shapes of boron clusters Bn with n = 2-30 and 32, 35, 36, 38 and 40 obtained from refs. 16-23 and 35 
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An overview of structural characteristic and growth mechanism 

of boron clusters. 

 The unique structural characteristic is one of the most 

exciting features of small boron clusters. While atomic clusters 

of most elements exhibit three-dimensional geometrical 

structures, small boron clusters possess intriguing quasi-planar 

or planar structures. However, due to the fact that the earlier 

studies were commonly carried out on either one or a few 

special sizes, an overview of growth mechanism of boron 

clusters is missing. After determining the structures of the 

remaining sizes, we are now able to have a more global view. 

 For the sake of comprehension, we plot in Figure 4 the 

shapes of the Bn clusters actually known so far with certain 

accuracy. It can be observed that all small boron clusters Bn 

with n = 2 -40 are formed on the basis of triangle units in 

different arrangement motifs. We can separate them into 

several sub-groups:  

 a) Clusters Bn with n = 2 -5 are simply composed of triangle 

units. 

 b) Except for the B9 and B14 sizes where the 3D structures 

9A and 14A were determined as the global minima, and are 

somewhat more stable than the 2D structures 9B and 14B, 

respectively, the species Bn with n = 6 -19 are formed from the 

same triangular motif in which a small inside unit are stabilized 

by a larger outside ring. The inside unit of B6-B9 is simply one 

B-atom and it is replaced by larger unit such as diatomic B2 unit 

for B10-B11, triangular B3 unit for B12-B13, tetraatomic B4 unit 

for B14-B15, pentaatomic B5 unit for B16-B17 and hexaatomic B6 

unit for B18-B19. 

 It is interesting that the anionic species Bn
- (n = 2÷19) 

exhibit quasi-planar and planar structures in an arrangement 

motif similar to those of the neutral species Bn.
15k While small 

clusters Bn
- with n = 3 ÷ 6 are simply composed of triangle 

units, each of the larger sized clusters Bn
- with n = 7÷ 19 

contains one small inside unit which is stabilized by a larger 

outside ring. 

  c) For the following species Bn with n = 20 -28, the growth 

motif is getting more complex. The species having an even 

electron number Bn (n = 2m = 20, 22, 24 and 26) mostly exhibit 

tubular formed structures in which the two m-membered rings 

are connected to each other in an antiprism bonding fashion. It 

is worthy to note that these tubular structures were theoretical 

identified to be the highly stable isomers for anionic species Bn
-
 

with n = 20, 22 and 24 at the CCSD(T) level of theory.6,15b,15c,24 

However, they were not detected in the experimental 

photoelectron spectra of anion B20
-, B22

- and B24
-.15b,15c,24 The 

reason for these controversies is unclear and it can come from 

either limit of computational approaches used or the 

experimental condition. We expect that the theoretical and 

experimental investigations will be further performed on these 

systems to gain more insight into these intriguing phenomena.   

 The B27 size is a special case and contains three 9-

membered rings. Its bonding and aromatic characteristics was 

reported in a recent study.  

 The species B21, B23, B25 and B28 are formed on the basis of 

an inside B6 unit surrounded by B-atoms. It can be seen that the 

B21 structure is a vacancy defect structure of the B23. Similarly, 

the B25 is a vacancy defect structure of the B28.  

 d) For the larger size clusters Bn with n ≥ 29, the structures 

containing holes become more favourable. The B30 and B36 

clusters are highly symmetrical structures which contain 

pentagonal and hexagonal holes, respectively. Remarkably, the 

B32 exhibits a bowled structure which contains a heptagonal 

hole. Other known structures such as B29 and B35 can be 

considered as defect species of these stable structures. The 

shape of B35 is similar to that of B36, but one B-atom is 

removed. B29can be regarded as one fragment of the B36.  

      e) Recent studies showed that all-boron fullerenes Bn 

interestingly appear at n = 38 and 40. The fullerene form was 

determined as the global minimum of the B40 which is much 

stable than the quasi-planar structures. Two structures including 

a fullerene 38A and a quasi-planar structure 38B are almost 

degenerate on the energy landscape of the B38 system. 

 From the above overview of the structural characteristics, 

we can expect that the intermediate size boron clusters are 

likely formed by combining three main bonding motifs: 

i) Quasi-planar structures contain the k-membered 

holes with k = 5 - 7. Larger holes with k ≥ 8 are 

less stable, and thus they will presumably be less 

favourable.  

ii) All-boron fullerenes will appear at some special 

sizes since low symmetry 3D structures tend to be 

less stable than the quasi-planar structures. 

iii) Tubular structures will be expected to be stable 

structures at a few special sizes. 

 

 Let us note that although experimental confirmations have 

not been reported, all-boron fullerenes such as B80, B92…were 

theoretically proposed long time ago.3,4 In addition, boron 

based nanomaterials such as boron nanosheets,5,6,7 boron 

nanotubes1,2 become intriguing subjects in the fields of 

materials science. More recently, the B84 cluster was also 

theoretically reported to exhibit a quasi-planar structure which 

contains four hexagonal holes.36 It was proposed as a small 

fragment of β-boron nanosheet. These theoretical results give 

us more evidence that the all-boron nanomaterials are 

promising candidates for future experimental studies. 
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Conclusions 

 In the present work, we performed a theoretical study of 
geometrical and electronic structure of boron clusters Bn with n 
= 26 – 29) in both neutral and anionic states making use of 
quantum chemical DFT and MO methods. The photoelectron 
spectra of anionic species were simulated using TD-DFT 
methods. Our predictions showed that at the neutral state, the 
B26 and B27 clusters exhibit tubular forms, while the larger sizes 
B28 and B29 become quasi-planar structures. The anionic species 
Bn

- are more favourable in 2D shapes. More importantly, based 
on the geometrical characteristics of known boron clusters, we 
now established a general pattern of growth of boron clusters, 
which gives us more insight into the existence of boron based 
nanomaterials.  
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