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ABSTRACT 

 

This thesis entitled “On the Electronic Structure and Properties of Boron Allotropes and 

Boron-Rich Solids” consists of five chapters. Chapter 1 gives an overview of the thesis 

which includes a brief history of chemical bonding in boron compounds followed by the 

summary of the problems discussed in the later chapters and quantum mechanical 

methods that are employed to understand the electronic structure, bonding, and properties 

of boron clusters, allotropes of boron, and boron-rich solids. Electronic structure, 

thermodynamic stability, and defects of the allotropes of boron using cluster fragment 

approach and macropolyhedral borane skeletal electron counting rules (mno) are 

presented in Chapter 2. Fullerene-like boron and boron carbide clusters stuffed with 

icosahedral B12 units are described in Chapter 3, where the viability of the clusters is 

appraised by the polyhedral skeletal electron counting, valence, topological charge 

stabilization, and orbital overlap compatibility rules. Chapter 4 covers electronic structure 

and conducting properties of boron and boride sheets, nanotubes, and fullerenes 

analogous to low dimensional allotropes of carbon.  In Chapter 5, electronic and 

structural origin of mechanical stability and properties of boron allotropes and boron-rich 

icosahedral cluster solids are presented. 
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Chapter 1 
 

Overview  
 

 
 

 

 

 

 

 

 

1.1 Chemical Bonding in Boron Compounds 

 

Boron compounds such as boric acid (H3BO3) and sodium borate (Na2BB4O7.10H2O) have 

been known since ancient times as cleaning agent, glassifier, and potter glaze. However, 

the discovery of elemental form of boron has taken quite a long time. It was discovered in 

1808 by the trio Joseph-Louis Gay-Lussac, Louis-Jacques Thenard, and Humphrey Davy. 

This year marks the bicentenary year of the elemental boron. By the middle of the 20  

century many of its allotropes have been uncovered. Among them α- and β-

rhombohedral (α-B

th

12 and β-B105) and α- and β-tetragonal boron (α-B50, β-B192) were 

crystallized with reasonable purity and refined fairly well with the available X-ray 

diffraction techniques. Subsequently boron-rich solids evolved. The structures are found 

to be dominated by the distinctive deltahedral skeletons (polyhedron with triangular 

faces) associated with unusual chemical bonding.  Parallelly plenty of hydrides of boron 1-8
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called boranes and their derivatives were actively synthesized. The structure, bonding, 

and properties of these compounds were a puzzle to understand in comparison to the 

known hydrocarbons and allotropes of carbon.  However, with the aid of developing 

quantum chemistry the chemical bonding in boranes were interpreted as electron 

deficient.  That is a pair of electron can share more than two atoms, for example, three 

atomic centers sharing two electrons (3c-2e). This differs from the conventional wisdom 

of two electrons forms a chemical bond between two atomic centers (2c-2e). In a more 

general way the electron deficiency is: the number of valence electrons is less than the 

valence orbitals. This created novel vistas in understanding the chemical bond and 

propelled to explain the structural details of boranes and allotropes of boron and 

consequently the diverse chemical and physical properties of them.  

9-14

15-17

 

The predicted structure and bonding in boron compounds was later successfully 

proved by low temperature X-ray diffraction and infrared spectroscopic techniques.4-8,18 

The simplest 3c-2e borane is diborane (B2H6), which is much like ethylene having two 

bridged hydrogens in the middle of molecule as shown in Figure 1.1a. How this 3c-2e 

bond can explain the bridged structure of B2H6? The formula B2H6 composed of eight 

atoms conventionally requires at least seven 2c-2e bonds to form a molecule of the kind 

of C2H6 (Figure 1.1b). Then the seven 2c-2e bonds need fourteen valence electrons. But 

in B2H6 the number of valence electrons is only twelve. Therefore B2H6 does not have 

enough electrons for every bond to be associated with two electrons and hence an 

electron deficient molecule. It suggests some atoms in B2H6 should share less than a pair 

of electron to be associated. The two boron atoms in B2H6 are bonded to two hydrogen 

atoms each by the formation of four electron sufficient 2c-2e B-H bonds (terminal bonds) 
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which demands eight electrons. The remaining two hydrogen atoms are bridged between 

the two boron atoms with electron deficient 3c-2e B-Hμ-B bridge bonds which require 

only four electrons (Figure.1.1a). This completes the total usage of 12 valence electrons 

of B2H6. Thus the deficiency of two electrons is ingeniously compensated by the 

formation of bridged electron deficient B-Hμ-B bonds in B2H6. This is the first structure 

with 3c-2e bridged B-Hμ-B bond formulated by Longuet-Higgins by introducing the 

concept of electron deficient chemical bond.15-17

 

   

 
Figure 1.1. left (a) The structure of B2H6 and right (b) structure of C2H6

 

The higher boranes (generally called as borane clusters) acquired deltahedral 

structures which are highly complex in terms of their many 3c-2e bonding.19-25 The 

boranes are mainly classified as closo-BnHn+2 (closed polyhedral clusters), nido-BnHn+4 

(opened polyhedral clusters), and arachno-BnHn+6 (more opened polyhedral clusters) as 

shown in Figure 1.1c-e.26-27 Owing to their topological resemblances with solid 

geometries graph theoretical methods also played an immense role in understanding their 

structures. 

 

The expanded version of the valence chemical bond and the availability of many 

boron compound structures further led to propose qualitative valence, skeletal electron 
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counting, and topological rules to generalize and explain the structure and bonding in 

boranes, allotropes of boron and their compounds. It is Lipscomb who started in 

generalizing the structure and stability by introducing a valence description of boranes 

(BnHm) in terms of the semi-topological scheme, “styx numbers”.27-30 Here s is the 

number of B-Hμ-B bridging bonds, t is the number of 3c-2e B-B-B bonds, y is the number 

of 2c-2e B-B bonds, and x is the number of BH2 terminal groups. According to this 

scheme the structure and stability of BnHm can be evaluated by equating the sum of styx 

value to the half of the total number of atoms [(s+t+y+x) = (N)/2]. The sum of styx value 

is also equivalent to the number of framework or skeletal electrons. The number of 

skeletal electrons can be calculated as: each BH2 and BH terminal groups gives one and 

two electrons and the remaining m-n bridged hydrogens (Hμ) supplies one electron each. 

For example, in B2H6 the styx value is 2002 where the sum of s+t+y+x = 4 = N/2 and also 

equal to the number of skeletal electrons [2(BH2) + 2(Hμ) = 2 + 2 = 4] which satisfies the 

structure of B2H6 (Figure 1.1a). Similarly the styx rule can be applied to several other 

open borane structures such as B4H10 (styx = 4012), B5H9 = (styx = 4120), B6H10 (styx = 

4220) etc.  

 
 

Figure 1.1. (left) (c) closo-B12H12, (middle) (d) nido-B11H11, and (right) (e) arachno-

BB10H10 boranes. The extra hydrogen atoms are not shown for clarity in nido- and 

arachno- boranes whereas in closo- borane though the general formula given as BnHn+2 

later it was modified to BnHn.  
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However, for closo- boranes and larger open cluster boranes the styx scheme 

became tedious in assigning the group values. Later on Wade proposed a set of skeletal 

electron counting rules called Wades rules based on linear combination of atomic orbitals 

(LCAOs) or molecular orbitals (MOs) approach.31-34 These rules had explained many 

mono-polyhedral borane structures. According to these rules stable mono closo-, nido- 

and arachno- boranes requires n+1, n+2, and n+3 skeletal electron pairs respectively. The 

requirement of skeletal electrons can be explained by taking an icosahedral closo-B12H12 

borane as an example. Here, the boron atomic orbitals (AOs) are divided into four. Two 

of them are sp hybrid orbitals directed radially outwards and inwards of the icosahedron. 

The rest of the two pure p orbitals are oriented tangentially to the icosahedron as shown 

in Figure 1.1f. These set of radial and tangential orbitals from each boron of icosahedron 

combines according to symmetry and generates 48 MOs. Out of 48 MOs 13 are skeletal 

bonding MOs, 12 are 2c-2e B-H terminal σ bonds, and the remaining 23 are antibonding. 

Among the 13 skeletal bonding MOs 12 MOs are belongs to the different combinations 

of radially outward sp orbitals and the remaining one MO is the in phase combination of 

radially inward sp orbitals. In order to fill all the 25 bonding MOs [13 skeletal MOs + 12 

2c-2e B-H terminal σ bonds] it requires 50 valence electrons. But B12H12 has only 48 

valence electrons (three electrons from each boron and one from each hydrogen = 12(3) + 

12(1) = 48]. Therefore, B12H12 requires extra two electrons for the stability of the 

icosahedral structure. Wade has observed this similar trend in all the closo- polyhedral 

boranes where the number of skeletal bonding MOs are n+1 (n = number of vertices in 

polyhedron), number of 2c-2e B-H terminal σ bonds are n, and the remaining MOs are 

antibonding. Leaving the 2c-2e B-H terminal σ bonds as they are satisfied with electron 
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sufficient bonds, the skeletal n+1 electron pairs are necessary to stabilize the closo- 

polyhedra. Hence Wade proposed a general n+1 rule as the requirement of skeletal 

electrons for stable closo- polyhedral boranes. The n+1 rule can be crosschecked by 

counting back the total available skeletal electrons in closo- polyhedral borane. For 

example, in B12H12 we have 12 (BH) groups and each BH group provides two skeletal 

electrons i.e. altogether 12 skeletal electron pairs. But according to the Wade’s n+1 rule 

BB12H12 is short of two electrons and hence stable B12H12 is a dianionic species (B12H12
-2).  

 

 

 

Figure 1.1(f). The atomic orbitals of boron, two sp hybrid orbitals (radially inward and 

outward), two pure p orbitals (tangential) centered on the boron vertex is depicted here. 

The radially inward sp and the two tangential p orbitals are skeletal orbitals which forms 

cluster bonding whereas the radially outward sp orbital forms 2c-2e σ bond with the 

terminal (or exo-) hydrogen. 

 

 Wade has extended the general applicability of the closo- n+1 rule to other classes 

of boranes, nido- and arachno- boranes where a stable nido- and arachno- boranes 

requires n+2 and n+3 skeletal electrons.33,34 The rules can be explained easily by taking 

the examples given in Figure 1.1c-e. According to closo- n+1 rule B12H12 is dianionic 
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(B12H12
-2). Removal of a BH group from B12H12

-2 we get the nido-B11H11 (Figure 1.1d) 

which is tetraanionic (B11H11
-4) since the removed BH group takes two electrons from the 

skeletal bonding. Similarly removal of another BH group from B11H11
-4 gives the 

arachno-B10H10 which is hexaanionic (B10H10
-6).   In other words removal of a BH group 

from stable closo- polyhedra further requires those many electrons to stabilize the 

resultant structure within in the polyhedron skeleton as shown in Scheme 1. In the known 

experimental structures of boranes the extra anionic charge is compensated either by the 

counter cations or by the bridging hydrogens. 

 

 

 
Scheme 1 

 

The successful applicability of Wades rules are further verified by Stone tensor 

surface harmonic (TSH) theory35 and graph theoretical approach of Aihara, King, and 

Rouvray.36,37 Rudolph and Mingos had discussed paradigm for the electron requirements 

of clusters and polyhedral skeletal electron pair approach to unify these aspects.38-41  

 

Here we must remember that before generalizing the concepts of bonding in 

polyhedral boranes by Wade and others, the deficiency of the two electrons in B12 

fragment of α-rhombohedral boron (α-B12) and boron carbide crystals (B12C3) had 

already been conceived by the pioneering work of Longuet-Higgins.42,43 He also 
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suggested the possibility of B12H12
-2 before it got synthesized. This is quite similar to the 

structural links between hydrocarbons and allotropes of boron, where the terminal CH σ 

bonds condense to build up the carbon allotropes or the vice versa. 

 

Lipscomb states in his Noble lecture (December 11, 1976)44 about this missing 

structural link between the molecules and solids 

 

“A B6 octahedron was known in certain crystalline borides and the B12 

icosahedron was found in boron carbide, but no one realized that a systematic 

description of the boron arrangements in these hydrides might be based on fragments of 

these polyhedra.”   

 

Though the idea of relating fragments of boron allotropes to boranes was 

envisaged, the electron counting rules introduced so far are not suitable in explaining the 

electronic requirements for elemental β-rhombohedral boron and its fragments. Because 

the fragments are not mono polyhedral skeletons they are condensed macropolyhedral 

skeletons where Wade’s rules will not be applicable. Few of the condensed 

macropolyhedral boranes also have been synthesized whose electronic requirements are 

beyond the Wades rules. This gap was recently fulfilled by Jemmis and co-workers who 

introduced a unified electron counting rule called mno macropolyhedral borane skeletal 

electron counting rule.45-48 According to the mno rule a condensed macropolyhedral 

borane requires m+n+o (where n= number of vertices, m= number of condensed 

polyhedrons, and o= number of single vertex sharing) skeletal electron pairs for the 

stability. As an example here we will consider B21H18 which is derived from the 

condensation of two B12H12
-2 via triangular face sharing as shown in Figure 1.1g. 
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According to the mno rule, the number of polyhedra, m = 2, the number of vertices n = 

21, and the number of single vertex sharing o = 0. The total number of skeletal electron 

pairs should be 2 + 21 + 0 (m+n+o) = 23. Therefore the mno rule suggests B21H18 should 

have 23 skeletal electron pairs for stability. We could calculate the number of available 

skeletal electron pairs in B21H18 in the same manner that we have done previously for 

Wade’s rules. In B21H18, there are 18 BH groups each providing an electron pair. The 

three bridging boron atoms together provide 4.5 electron pairs. This leads to a total 

number of available electron pairs = 22.5 (18 + 4.5) which is one electron less than the 

required number of electron pairs (23). Hence a stable B21H18 is an anionic species. 

Similarly we can apply the mno rule on variety of condensed macropolyhedral boranes to 

evaluate their electronic requirement and hence their stability. This had led Jemmis and 

coworkers to propose a complete electronic requirement for the most complex crystal 

structure of elemental β-rhombohedral boron using mno electron counting rule. Thus the 

mno electron counting rule facilitated in relating boranes with allotropes of boron much 

similar to the connection between hydrocarbons and allotropes of carbon.  

 

 
 
Figure 1.1(g). Structure of B21H18 derived from the condensation of two B12H12

-2 units 

via triangular face sharing. 
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The general understanding of the chemical bonding in boranes, allotropes of 

boron, and boron-rich solids structures are still evolving. Their unusual structures, 

chemical and physical properties like catalysis, large neutron absorption cross section 

(760 barn), low density (2.47 g/cm3), high melting point (~2300 °C), thermo electric, 

high mechanical strength, ability to withstand to hostile conditions, etc prompted many 

people to chose as one of the promising area to explore the unknown details of structure, 

stability, and properties.  In this thesis we presented few such unknown details using the 

established chemical bonding ideas and electron counting rules of boranes and verified by 

the ab initio (or also called first principles) density functional theory calculations. The 

details of the problems discussed in this thesis and the computational methods that are 

used to solve the problems are outlined in the next two sections.  

 

 

 

1.2 Outline of the Problems Discussed in the Thesis 

 

Over the years the structure, bonding, and properties of boranes and their 

derivatives are largely understood. However, the allotropes of elemental boron and 

boron-rich solids are still underway. It is because of their rather complex crystal 

structures outfitted with disorders in the form of partially occupied lattice and interstitial 

sites (intrinsic defects) which originated from the electron deficiency and the five-fold 

symmetry of the ubiquitous icoashedral B12 bonding network. In particular, the elemental 

β-rhombohedral boron and boron-rich icosahedral cluster solids (BRICS) are mystifying 

with their complex three dimensional (3D) condensations of icoashedral B12 skeletons. 
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The complexity has prevented the realization of the detailed electronic structure, stability, 

and properties. A certain reduction of this complexity was achieved by relating 

condensed polyhedral boranes to elemental β-rhombohedral boron just as condensed 

benzenoid aromatics are related to graphene using mno macropolyhedral borane skeletal 

electron counting rules introduced in our lab earlier.49 However, the role of the intrinsic 

defects in thermodynamic stability, electronic conduction, and mechanical stability of β-

rhombohedral boron are not clear.  

 

In Chapter 2, we make use of the structural connections between boranes and 

elemental boron and the mno macropolyhedral borane skeletal electron counting rule to 

investigate the role of the intrinsic defects in thermodynamic stability and electronic 

conduction of β-rhombohedral boron using ab initio density functional theory 

calculations. The calculations show that ideal i.e intrinsic defect-less β-rhombohedral 

boron (β-B105) is less stable than α-rhombohedral boron (α-B12) and the band structure of 

β-B105 indicates valence electron deficiency and hence metallic behavior. This is in 

contrast to the experimental result that β-rhombohedral boron is the thermodynamically 

most stable allotrope of boron with semiconducting nature. The inconsistency of the 

results is mainly because the ideal β-B105 does not represent the real structure which is β-

BB106.83 having intrinsic defects. Therefore it is necessary to study the electronic structure 

of β-rhombohedral boron crystal structure with intrinsic defects. Unfortunately, 

incorporating these intrinsic defects would lead to a large unit cell which forbids 

computing. In order to overcome this problem we proposed model solids based on cluster 

fragment approach using macropolyhedral borane skeletal electron counting rules to 
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closely represent the electronic structure of β-Β106.83. The analysis suggests that the 

defects in the real β-rhombohedral boron (B106.83) are necessary to stabilize the structure 

and also for its semiconducting property.         

 

On the other hand boron is not known to form allotropes with varied dimensions 

(D) like its next neighbor carbon, “fullerenes (0D), nanotubes (1D), and graphene (2D)” 

due to intrinsic electron deficiency. Of course, no other element like carbon is known to 

form allotropes with range of dimensions. In Chapter 3, we show that 0D boron clusters 

BB98, B100, B101, and B102 based on electron deficient stuffed fullerene-like icosahedral B84 

fragment of elemental β-rhombohedral boron are viable using ab initio density functional 

theory calculations. These are envisaged as an icosahedral B12 each vertex of which is 

connected to the apex of a pentagonal pyramid (B6) via radial 2c-2e σ bonds. The 

resulting B84 (B12@B12@B60) retains the same symmetry as C60, and the Bn (n= 84 to 

116) clusters are generated around it. The stability of these clusters is estimated as a 

function of electron count using the Wade’s polyhedral skeletal electron counting rules. 

This has further prompted us to propose fullerene-like boron carbide clusters C50B34B  and 

its isomers based on B84 skeleton akin to the process of stabilizing borane dianions as 

carboranes. The structure and the stability of these clusters are compared with the 

standard closo- and nido- carboranes. The curvature of the C50BB34 stuffed fullerene was 

found to play a vital role in achieving the most stable isomer of it. Further, three 

dimensional aromaticity, electron detachment energies, and IR, Raman active modes are 

calculated which can help experimental characterization.  
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The search for low dimensional allotropes of boron is further extended based on 

isoelectronic and structural similarities between carbon and known metal borides. The 

graphene analogue of magnesium diboride (Mg+2BB2
-2~C2) and polycarbyne analogue of 

lithium boride chain (Li B ~C) are notable experimental examples. This view suggests 

that if boron were to adopt the carbon skeleton it would need an extra electron per atom 

for the stability. If the extra electrons are provided by the additional boron atoms properly 

then we would see boron allotropes analogous to carbon. In that prospect we show 

systematically the adaptation of carbon sheets, nanotubes, and fullerenes by boron and 

with respect to the electron count using ab initio density functional and semi-empirical 

tight-binding calculations in Chapter 4. The density of states calculations indicate boron 

sheets are metallic whereas graphene is a semi-metal. On the other hand boron nanotubes 

are metallic or semiconductor depending on the diameter of the tube but not on the 

chirality which differs from carbon nanotubes where the conductivity depends on both 

diameter and chirality. MgB

+ -

2 sheets and tubes are found to be metallic. 

 

The allotropes of boron and boron-rich solids are known for their robust 

mechanical properties and greater hardness. However, the mechanical properties of these 

promising materials are not clear from theory and experiments due their intrinsic defects 

and lack of large pristine samples respectively. In Chapter 5, we presented complete list 

of elastic constants and their derived properties such as bulk modulus, shear modulus, 

and young’s modulus of α-B12, β-B105, and bulk modulus of boron carbide (B12C3), and 

boron suboxide (B12O2) using ab initio density functional theory calculations. The elastic 

constants and their derived properties are compared with the available experimental 

results. The available experimental results are in good agreement with α-B12, B12C3, and 
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BB12O2 but not with β-B105. The results presented in Chapter 2 indicate the absence of the 

intrinsic defects in β-B105 could be the reason for the disagreement of theoretical results 

with the experiments. Therefore we have calculated elastic constants and their derived 

properties for the solids modeled in the Chapter 2 which closely represent the electronic 

structure of experimental β-rhombohedral boron  (β-Β106.83).  The results of the modeled 

solids nearly match with the β-Β106.83. This analysis suggests that the intrinsic defects in 

β-rhombohedral boron are necessary for their mechanical stability. We further calculated 

bulk properties of B12C3 and B12O2 as a function of electrons by doping different atoms. 

We found that the electron precise solids are harder than the deficient ones.  

 

 

 

1.3 Outline of the Computational Methods  

 

Various quantum mechanical methods starting from semi-empirical extended 

Hückel (eH)50 to ab intio density functional theories (DFT) are employed to study the 

above problems. Broadly, the molecular clusters have been dealt with localized Gaussian 

(Pople and Dunning) and numerical (Delley) basis sets.51-53 The solids are studied with 

plane-wave basis sets and Vanderbilt ultrasoft pseudopotentials54,55 (in eH, YAeHMOP 

parameters are used). The local density approximation (LDA) of Ceperley and Alder–

Perdew and Zunger (CA-PZ),56,57 generalized gradient approximation (GGA) of Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functionals,58 and Becke three parameter 

exchange and Lee-Yang-Parr local and non-local correlation hybrid DFT functional, 

B3LYP are used.59 The respective computational methods used are presented in the 
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individual chapters under the section of computational methods. The theoretical basis of 

these computational methods is briefly outlined here. 

 

 

 

1.3.1    Extended Hückel Method  

 

The extended Hückel method (eHM) also called as tight-binding method is based 

on one electron approximation.50 The valence electron Hamiltonian is taken as some of 

one-electron Hamiltonian 

Hval = ∑
i

Heff (i)   ------------- (1)                            

where the Heff (i) Hamiltonian is not specified explicitly. 

 
The wavefunction ( iψ ) or molecular orbital is approximated in terms of linear 

combination of valence atomic orbitals (LCAO) of the atoms. 

 
iψ  = ∑

μ

Cμi μχ     ------------- (2)                          

where Cμi are coefficients of atomic orbitals ( μχ ) which are expanded as Slater-type 

orbitals (STOs) with fixed orbital exponents. 

 
μχ  (r, θ, φ)  = N rn-1 exp (-ζr) Y l ( θ, φ) ------------- (3) m

where N is normalization constant, r is distance between nucleus to electron, n is 

principle quantum number, ζ is the orbital exponent, and Y l  ( θ, φ) spherical harmonics. m
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For the simplified one electron Hamiltonian, Hval, the problem can be separated in to 

several one-electron problems. 

 
Heff (i) iψ  = ei iψ    ------------- (4) 

Eval = ∑
i

ei   ------------- (5) 

Since the effective Hamiltonian, Heff, is not specified explicitly, the Schrödinger equation 

will be solved using the variational method. Applying variational principle using iψ  as a 

trial function (equation 2) generates the following secular determinant and corresponding 

equations for the molecular orbital coefficients. 

 
   det (Hμν – ei Sμν) = 0  ------------- (6) 

∑
μ

 (Hμν – ei Sμν) Cμi = 0 ; ν = 1,2,3, …..n. ------------- (7) 

 
where ei’s are the roots of the secular equation. 
 

The matrix elements Hμμ, Hμν, and Sμν are as follows 
 

Hμμ = 〈 μχ |Heff | μχ 〉  = α (coulomb integral)    ------------- (8) 
 

Hμν = 〈 μχ |Heff | νχ 〉  = β (resonance integral)   ------------- (9) 
 

Sμν = 〈 μχ | νχ 〉  = δij (overlap integral)        ------------- (10) 
 

The overlap integrals Sμν (equation 10) are strictly considered based on AOs which are 

STOs here, whereas the Hamiltonian is not specified explicitly. So the matrix elements 

Hμμ and Hμν (equation 8 and 9) are chosen in the following way.  
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The diagonal elements Hμμ are chosen as valence state ionization potentials (VSIP). The 

off-diagonal matrix elements Hμν (equation 9) are approximated as  

 
Hμν = 0.5 K (Hμμ + Hνν) Sμν  ------------- (11) 

 
The value of K was parameterized using the experimental ethane barriers and 

considered as 1.75. Thus, having the values of orbital exponent (ζ) and the diagonal 

matrix element (Hμμ), the secular determinant will be solved by matrix diagonalization 

techniques using computers. 

 

 

 

1.3.2    Density Functional Theory  

 

Density functional theory (DFT) does not attempt to calculate the wave function 

but calculates the electron probability density, ρ(r). Hohenberg and Kohn states that all 

ground-state properties are functionals of the ground-state charge density ρ(r).60 

According to Hohenberg and Kohn theorem the total energy Etot can be written as 

 

Etot = T [ρ] + U [ρ] + Exc [ρ] ------------- (12) 

 

where T [ρ] is the kinetic energy of a system of noninteracting particles of density ρ, U 

[ρ] is the classical electro static energy due to the Coulombic interaction, and Exc [ρ] is 

the exchange and correlation energy which includes all many-body contributions to the 
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total energy. But how do we determine the electron density? The electron density was 

constructed from a single electron wavefunction as in typical molecular orbital approach. 

 

ψ =  A(n) ⏐φ1(1),  φ2  (2), φ3  (3), ....... φn (n) ⏐ ------------- (13) 

 

Since the molecular orbitals are orthonormal 〈  φi | φj  = δ〉 ij      ------ (14) 

The charge density at a point r can be calculated by the summing over the occupied 

molecular orbitals, |φi(r)|2. 

ρ(r) = ∑
i

| φi(r) |2   ------------- (15) 

Therefore, from the wave functions and charge density the total energy (Etot) components 

in equation (12) can be written as 

The kinetic energy term T = ∑ ∇−n

i
ii φφ

2

2

 ------------- (16) 

The Coulomb interaction term U = ∑∑ −
−n

i

N

ii r
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In the final Coulomb interaction equation (equation 17) the term NVr )( 1ρ  represents the 

electron-nucleus attraction. The second term 
2

)()( 1
1

rVr eρ  represents the electron-electron 

repulsion. The final term represents the nucleus-nucleus repulsion. NNV

 

However, the exchange and correlation energy term (Exc) is not known and hence 

approximated. There are now various approximations to obtain the Exc. Local density 

approximation (LDA), local spin density approximation (LSDA), generalized gradient 

approximations (GGA). Under each approximation again there are many varieties of 

exchange and correlation functionals available, CA-PZ (LDA), PBE (GGA), and B3LYP 

(Hybrid) to name a few. 

 

Let us proceed with LDA to look at how the total energy can be derived. In LDA 

the charge density varies slowly. Hohenberg and Kohn suggested61 that the Exc can be 

obtained by integrating the uniform electrons gas which is as follows 

 

Exc [ρ] = 〈 ρ (r) |εxc| ρ (r) 〉   ------------- (18) 

where the εxc [ρ] is the exchange-correlation energy per electron in a homogeneous 

electron gas with electron density ρ. Now, incorporating the εxc in Etot, it can be written 

as 

Etot = ∑ +⎥⎦
⎤

⎢⎣
⎡ −++

∇−

i
NNN

e
xcii VV

rV
rr

2
)(

)]([)(
2

1
11

2

ρερφφ      ------- (19) 
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In order to determine the actual energy, the variations in Etot should be optimized 

with respect to the variations in ρ within the orthonormality (δij). In other words the 

energy is optimized with respect to the density. 

 

Therefore, ∑∑−
i j

jiij
totE

φφε
δρ

δ
|  = 0 ------------- (20) 

 

In Hohenberg and Kohn theorem the way the density was obtained without 

finding the wavefunction was not manifested. The Kohn-Sham equations filled this gap. 

The Kohn-Sham equations are 

 

ixceN VV φρμ ⎥
⎦

⎤
⎢
⎣

⎡
++−

∇− )(
2

2

 =     iiφε  ------------- (21) 

 

where xcμ is the exchange-correlation potential. This can be obtained from the 

differentiation of Exc, xcμ  = 
ρ

ρ
∂

∂ ])[( xcE  

 

Therefore Etot = NN
i

e
xcxci V

rV
r +⎥⎦

⎤
⎢⎣
⎡ −−+∑ 2

)(
][][)( 1

1 ρμρερε  ------------- (22) 

 
The atomic orbitals )( iφ  (basis set) in the Kohn-Sham equations in principle can 

be any type such as Gaussian functions [( ] where i, j, k are 

nonnegative integers, α is a positive orbital exponent, and x, y, z are Cartesian 

coordinates of the nucleus. Plane waves [exp(

)exp( 2rzyNxg kji
ijk α−=

ik•r)], where k is the momentum vector and 

r run through the Bravais lattice.62
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The other gradient corrected and hybrid approximations that we have used in our 

calculations are GGA and B3LYP. These approximations are found to be useful when the 

electron density varies with the position. The variation of the electron density with 

position obtained by including the gradients, in general, the exchange  

 
 

drrrrrfE GGA
xc ))(),(),(),((],[ ∫ ∇∇= βαβαβα ρρρρρρ  ------------- (23) 

 
where f is some of the spin densities and their gradients and , are spin polarized 

density components.

αρ βρ

63 The GGA functionals tend to improve the total energies, 

atomization energies in comparison with LDA. Especially, when the systems are under 

weak intermolecular interactions, van der Waals systems are problematic within LDA.64

 
The hybrid DFT functionals are widely used. B3LYP is one of such popular 

method. This method involves a combination of DFT correlation and Hartree-Fock 

exchange. It is defined as  

 
LYP
cc

VWN
cc

B
xx

exact
x

LSDA
xxa

LYPB
xc EaEaEaEaEaaE +−+++−−= )1()1( 88

0
3  -------- (24) 

where is from the Hatree-Fock , aexact
xE HF

xE o = 0.20, ax = 0.72, and ac =0.81 are obtained 

by fitting with the experimental results.  

 
Using the above general theoretical basis of eH and DFT methods the electronic 

structure and properties of boron compounds that are discussed in the thesis are 

calculated. When the systems under study are finite (molecules or clusters), the standard 

localized Gaussian and numerical basis sets are used. On the other hand in the case of 

solids the plane-wave basis sets with Vanderbilt ultrasoft pseudopotentials are used. 

 21



References 

 

[1] Boron Synthesis, Structure and Properties, edited by J. A. Kohn, W. F. Nye, and  

G. K. Gaulé (Plenum, New York), 1960. 

[2] Boron, edited by G. E. Gaude, Vol. II (Plenum Press, New York), 1965. 

[3] Boron and Refractory Borides, edited by V. I. Matkovich (Springer-Verlag, 

Berlin), 1977. 

[4] Boron-Rich Solids, edited by D. Emin, T. Aselage, C. L. Beckel, I. A. Howard, 

and C. Wood, AIP Conf. Proc. No. 140 (AIP, New York), 1986. 

[5] Boron-Rich Solids, edited by D. Emin, T. L. Aselage, A. C. Switendick, B. 

Morosin, and C. L. Beckel, AIP Conf. Proc. No. 231 (AIP, New York), 1991. 

[6] N. Greenwood, A. Earnshaw, Chemistry of the Elements (Buttreworth-

Heinemann, UK), 1997. 

[7] A. F. Wells, Structural Inorganic Chemistry, 5th ed., (Clarendon Press: Oxford), 

1984. 

[8] J. Donohue, The Structure of the Elements, (Wiley: New York), 1974. 

[9] A. Stock, Hydrides of Boron and Silicon, (Cornell University Press, Ithaca, N.Y.), 

1933. 

[10] L. Pauling, The Nature of the Chemical Bond, (Ithaca, New York), 1939. 

[11] V. Bartow, Advan. Chem. Ser. 32, 5 (1961). 

[12] E. Wiberg, Pure Applied. Chem. 49, 691 (1977). 

[13] N. V. Sidgewick, The Chemical Elements and Their Compounds, (Clarendon, 

London), 1950, pp. 338. 

 22



[14] D. F. Shriver, The Manipulation of Air-sensitive Compounds, (McGraw Hill, New 

York), 1969. 

[15] R. P. Bell and H. C. Longuet-Higgins, Proc. Roy. Soc., (London) A. 183, 357 

(1945). 

[16] H. C. Longuet-Higgins, J. Chim. Phys. 46, 268 (1949) 

[17] H. C. Longuet-Higgins, Quart. Rev. 11, 121 (1957). 

[18] W. N. Lipscomb. Adv. Inorg. Chem. Radiochem. 1, 117 (1959). 

[19] M. F. Hawthorne and A. R. Pitochelli, J. Am. Chem. Soc. 81, 5519 (1959). 

[20] M. F. Hawthorne and A. R. Pitochelli, J. Am. Chem. Soc. 82, 3328 (1960). 

[21] J. Wunderlich and W. N. Lipscomb, J. Am. Chem. Soc. 82, 4427 (1960). 

[22] J. L. Boone, J. Am. Chem. Soc. 86, 5036 (1964). 

[23] J. F. Ditter, J. R. Spielman, and R. E. Williams, Inorg. Chem. 5, 118 (1966). 

[24] F. Klanberg and E. L. Muetterties, Inorg. Chem. 5, 1955 (1966). 

[25] F. Klanberg, D. R. Eaton, L. J. Guggenberger, and E. L. Muetterties, Inorg. 

Chem., 6, 1271 (1967). 

[26] R. E. Williams, Inorg. Chem. 10, 210 (1971). 

[27] W. N. Lipscomb, Boron Hydrides, W. A. Benjamin, New York, 1963. 

[28] R. E.  Dickerson and W. N. Lipscomb, J. Chem. Phys. 27, 212 (1957). 

[29] W. N. Lipscomb, J. Phys. Chem. 62, 381 (1958). 

[30] W. N. Lipscomb, Adv. Inorg. Chem. Radiochem. 1, 118 (1959). 

[31] K. Wade, J. Chem. Soc. Chem. Commun. 792, (1971). 

[32] K. Wade, Electron Deficient Compounds, (Nelson, London), 1971. 

 23



[33] G. A. Olah, K. Wade, R. E. Williams, Electron Deficient Boron and Carbon 

Clusters, (Wiley, New York), 1991. 

[34] M. A. Fox, K. Wade, Pure Appl. Chem. 75, 1315 (2003). 

[35] A. J. Stone, J. Mol. Phys. 41, 1339 (1980). 

[36] J-I. Aihara, J. Am. Chem. Soc. 100, 3339 (1978). 

[37] R. B. King, D. H. Rouvray, J. Am. Chem. Soc. 99, 7834 (1977). 

[38] R. W. Rudolph and W. R. Pretzer, Inorg. Chem. 11, 1974 (1972). 

[39] R. W. Rudolph, Acc. Chem. Res. 9, 446 (1976). 

[40] D. M. P. Mingos, Nature Phys. Sci. 99, 236 (1972). 

[41] D. M. P. Mingos, Acc. Chem. Res. 17, 311 (1984). 

[42] H. C. Longuet-Higgins and M. de V. Roberts, Proc. Roy. Soc., (London) 224A, 

336 (1954). 

[43] H. C. Longuet-Higgins and M. de V. Roberts, Proc. Roy. Soc., (London) 230A, 

110 (1955). 

[44] W. N. Lipscomb, Science 196, 1047 (1997). 

[45] M. M. Balakrishnarajan and E. D. Jemmis, J. Am. Chem. Soc. 122, 456 (2000). 

[46] E. D. Jemmis, M. M. Balakrishnarajan, and P. D. Pancharatna, J. Am Chem. Soc. 

123, 4313 (2001). 

[47] E. D. Jemmis, M. M. Balakrishnarajan, and P. D. Pancharatna, Chem. Rev. 

(Washington, D.C.) 102, 93 (2002). 

[48] E. D. Jemmis, Chemtracts-Inorganic Chemistry, 18, 620 (2005). 

[49] E. D. Jemmis and M. M. Balakrishnarajan, J. Am. Chem. Soc. 123, 4324 (2001). 

[50] R. Hoffmann, J. Chem. Phys. 39, 1397 (1963). 

 24



[51] P. C. Hariharan and J. A. Pople, Theor. Chim. Acta 28, 213 (1973). 

[52] T. H. Dunning, J. Chem. Phys. 53, 2823 (1970). 

[53] B. Delley, J. Chem. Phys. 92, 508 (1990). 

[54] M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. Joannopoulos, Rev. 

Mod. Phys. 64, 1045 (1992). 

[55] D. Vanderbilt, Phys. Rev. B 41, R7892 (1990) 

[56] D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566 (1980). 

[57] J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981). 

[58] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996). 

[59] A. D. Becke, J. Chem. Phys. 98, 5648 (1993). 

[60] P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964). 

[61] W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965). 

[62] M. D Segall, P. J.  D. Lindan, M. J. Probert, C. J. Pickard, P. J. Hasnip, S. J. 

Clark, and M. C. Payne, J. Phys.: Condens. Matter 14, 2717 (2002). 

[63] Ira N. Levine, Quantum Chemistry (Prentice Hall, 5th edition), 1999. 

[64] J. Kohanoff, Electronic Structure Calculations for Solids and Molecules 

(Cambridge University Press), 2006. 

 

 

 

 

 

 

 25



 



Chapter 2 
 

Electronic Structure and Stability  
of α- and β-rhombohedral Boron 

 
 

 

 

 

 

 

 

2.1 Introduction 

 

Allotropes of boron have complex polyhedral structures associated with electron deficient 

chemical bonding. Among its numerous allotropes only α- and β-rhombohedral boron 

were crystallized with high quality. The other phases were mixed with several impurities 

like carbon, nitrogen, oxygen, silicon etc.1-4 These crystal structures are mainly based on 

icosahedral B12 skeletons, a structural pattern most commonly observed in polyhedral 

boranes as well. The ubiquitous B12 icosahedron in the allotropes of boron establishes 

diverse exotic extended three dimensional B12 networks and makes it more complex to 

understand their electronic structure and properties. Especially, the partially occupied 

lattice and interstitial sites (intrinsic defects) in the elemental β-rhombohedral boron and 

boron-rich icosahedral cluster solids (BRICS) defy conversional modes of understanding. 

The electronic structure, relative stability, conducting and mechanical properties that 
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stems from the intrinsic defects of elemental β-rhombohedral boron and BRICS are still 

remains to be fully understood. 

 

There have been several experimental and theoretical studies on the allotropes of 

boron and boron-rich solids.5-14 However, the complexity of elemental β-rhombohedral 

boron in terms of unusual icosahedral B12 condensations and intrinsic defects has 

prevented detailed comparative theoretical studies of allotropes of boron so far. A certain 

reduction of this complexity is achieved by relating condensed polyhedral boranes to 

allotropes of boron just as hydrocarbons are related to the allotropes of carbon.15,16  For 

example, the concept of condensation that gave graphite from benzene is applied to the 

structure of polyhedral boranes here (Figure 2.1). In polyhedral boranes, we could have a 

condensation similar to edge sharing seen in benzenoid aromatics. Further, we could have 

a triangular face sharing and there is also the possibility of a four vertex sharing between 

polyhedra and indeed a connection that could be possible through a single vertex sharing.  
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Figure 2.1. An example of cluster fragment approach: (a) Condensation of benzenoid 

aromatics such as benzene, naphthalene, and anthracene into a two dimensional graphene. 

(b) Different condensations of icosahedra presented in β-rhombohedral boron are shown 

with icosahedral borane. The detailed structure of β-rhombohedral boron will be 

discussed later.     

 

Such condensed polyhedral boron compounds stability can be gauged by the mno 

polyhedral skeletal electron counting rule similar to the Hückel 4n+2 π electron rule for 

benzenoid aromatics.17-21 This has set the stage for detailed study of the electronic 
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structure, stability, origin of the intrinsic defects, and electronic properties of allotropes 

of boron using cluster fragment approach by ab initio DFT calculations. 

 

 

 

2.2 Computational Methods 

 

We have carried out first principles quantum mechanical calculations in the frame 

work of DFT. The ground state electronic structures were obtained using Cambridge 

Sequential Total Energy Package (CASTEP) code implemented in Materials Studio.21,22 

The total electronic energies of the solids are carried out with the effect of exchange and 

correlation (XC) using non local corrected generalized gradient approximation (GGA) 

based on the Perdew Burke Ernzerhof (PBE).23 The ultra-soft pseudopotentials (USP) 

description was used for the elements that are presented in the crystal structures.24 It 

describes the electron ion interaction and represents the electronic wavefunctions using a 

plane wave basis set. For the crystal lattice, integration over the symmetrised Brillouin 

zone was performed using k–points generated via the Monkhorst–Pack scheme.25 

Simultaneous optimization of crystal lattice parameters and atomic relaxation were 

performed under the space group symmetry constraints by Broyden-Fletcher-Goldfarb-

Shanno (BFGS) method.26 The density mixing was done by Pulay scheme.27 Because of 

the large unit cell, we first optimized the unit cell and then set for properties calculation. 

The band and DOS curves (the number of energy levels between E and E+dE) are 

obtained by broadening discrete energy levels on a grid of k–points using Gaussian 

smearing functions of 0.2 eV Full Width Half Maximum (FWHM). The fragmented 
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molecular clusters of β-rhombohedral boron generated based on the cluster fragment 

approach are calculated by Amsterdam Density Functional (ADF) package.28 The total 

electronic energies were included the effect of XC which is taken into account using 

GGA at Becke-Perdew level. Here, the Slater-type orbital (STO) basis set with double-

zeta (DZ) is used and inner shells are treated within the frozen core approximation.    

 

 

 

2.3 Results and Discussion 

 

Before describing the structural details and DFT results of boron allotropes using 

cluster fragment approach let us look at why elemental boron favors icosahedral B12 

skeleton? The overwhelming preference for icosahedral B12 skeleton cannot be accidental 

in the boron allotropes and boron-rich solids. In fact the many structural peculiarities of 

allotropes of boron appear to be the result of attempts at generating maximum number of 

boron atoms in the icosahedral environment. Thus it is important to know the reason for 

the preference as a beginning subject of boron allotropes.  

 

Comparison of the fragments of icosahedral borane and the regular Archimedean 

icosahedron, leads to an explanation for the specific preference of elemental boron for 

icosahedron. According to the Wade’s closo- n+1 and nido- n+2 (where n is the number 

of boron atoms) skeletal electron counting rules, closo- and nido- boranes requires two 

and four additional electrons for their stability respectively.29,30 Therefore, the stable 

closo- icosahedral borane is B12H12
-2. The B12H12

-2 can be thought of as being constructed 
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from two nido- pentagonal pyramidal fragments (nido-B6H6). The nido-B6H6 requires an 

additional charge of -4 (Wade’s nido- n+2 rule) to be stable. The charge can be 

compensated by adding four hydrogens to the B6H6
-4 which gives a neutral B6H10. The 

stable experimentally known neutral borane, B6H10, has four bridging hydrogens in the B5 

ring. The terminal ring B-H bonds are directed towards the capping BH group by about 

25o so that there is better overlap between the p orbitals of the capping BH group and the 

π MOs of the B5 ring (Figure 2.3).  This is due to the better ring-cap orbital overlap 

compatibility.31-32 A similar angle can be calculated from solid geometry for the 

pentagonal pyramid obtained by dividing the Archimedean icosahedron into two. This 

angle of 26.6o is nearly the same as what is needed naturally for the borane pentagonal 

pyramid as shown in the Figure 2.3. Thus while forming the icosahedral borane from the 

two pentagonal pyramids; there is no need to have any major compromise in overlap. 

This is not true for other polyhedral borane structures. For example, during the formation 

of a closo- pentagonal bipyramidal borane (B7H7
-2) from a pentagonal pyramidal borane - 

 
 

Figure 2.3. Schematic illustration of the angle that B-H makes with the B5 ring plane in 

icosahedral B12H12
-2, pentagonal pyramidal B6H10 (bridging hydrogens are removed for 

clarity), and pentagonal bipyramidal B7H7
-2 respectively.  
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and a B-H cap, the terminal B-H bond of the B5 ring has to be brought from their 

optimum angle of 25o in the pentagonal pyramidal borane to 0o in B7H7
-2. Thus the 

structure is not relatively stable. Many experimental and theoretical calculations show 

that the icosahedral arrangement is indeed the most favored one for boranes.33-36 Given 

that icosahedron is the most favored polyhedra of boron, it is easy to explain the 

structures of boron allotropes. 

 

 

 

2.3.1   α-rhombohedral Boron 

 

The α-rhombohedral boron (α-B12) crystal structure was first proposed by 

McCarty and further described by Decker and Kasper.37 Among the allotropes of boron 

α-B12 has the simplest form. It contains one B12 unit in the rhombohedral Bravais lattice 

in the space group R3m with lattice parameters a = 5.05 Å and α = 58.06o (Figure 

2.3.1a). It constitutes crystallographically two independent atomic sites, polar (p) and 

equatorial (e). Among the twelve vertices of B12, six are polar and the rest of six are 

equatorial sites. The polar sites are connected to the neighboring B12 units through 2c-2e 

bonds. Each equatorial site is connected to two neighboring B12 units via 3c-2e bonds as 

shown in the Figure 2.3.1b. The 2c-2e B-B inter icosahedral bonds are almost aligned 

with the rhombohedral edges. The distortion from cubic close packing is found to be 

1.94o. A clear representation of the 2c-2e and 3c-2e B-B inter icosahedral bonding is 

depicted in Figure 2.3.1c and 2.3.1d respectively.   
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Figure 2.3.1. (a) Unit cell of α-rhombohedral boron crystal structure shown with the two 

independent atomic cites polar (p) and equatorial (e). In (b) formation of the 2c-2e and 

3c-2e bonds between polar and equatorial cites of icosahedron is depicted. An extended 

view of 2c-2e bonding along the rhombohedral diagonal axis and 3c-2e bonding along 

the top view of the rhombohedral diagonal axis are shown in (c) and (d) respectively. 
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In principle all the 12 vertices can form 2c-2e bonds with the neighboring B12 

units, but the five fold symmetry does not allow translational periodicity. In addition this 

needs two extra electrons per B12 unit to stabilize the unit cell. Hence it chooses a 

resourceful way of connectivity to avoid the extra electrons. A B12 unit needs 38 

electrons to stabilize the unit cell, 26 electrons (n+1 electron pairs) for the cluster 

bonding and 12 electrons for exo-2c-2e bonds. But B12 contains only 36 valence 

electrons. The extra requirement of two electrons is met by the two electrons saved from 

the formation of the six 3c-2e bonds [6–(6×2/3)]. Thus the stability of the polyhedral 

boranes is governed by the Wade’s n+1 skeletal electron pair rule and the stability of the 

BB12 unit in the solid is anticipated by the work of Longuet-Higgins.    38

 

 

 

2.3.2   β-rhombohedral Boron 

 

The structure of β–rhombohedral boron involves clusters of B12 units condensed 

in novel ways.2 It is necessary to analyze the rules that govern the condensation of 

polyhedral boranes akin to the condensed benzenoid aromatics. This can be done by the 

recently introduced mno polyhedral skeletal electron counting rule.17-19 According to this 

rule, a polyhedral structure with m polyhedra, n vertices and o single atom bridges 

between polyhedra requires m+n+o electron pairs for stability. Most of the atoms in β–

rhombohedral boron form a part of an icosahedral or near icosahedral structure with 

many vacancies and extra occupancies. We discuss the β−rhombohedral boron crystal 
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structure with a view to understand the organization of the various clusters of boron 

atoms, in relation to the structure of boranes, and to find ways to model the structures. 

 
The β–rhombohedral boron crystal structure was first proposed by Hoard et al,39 

and further studied by Geist et al,40 Callmer,41 and Slack et al.3,42 The crystal structure of 

β–rhombohedral boron has a distorted face centered cubic (fcc) lattice (rhombohedral). It 

has 105 boron atoms with 15 crystallographically equivalent cites in its idealized unit cell 

(without the intrinsic defects), in the space group R3m with lattice constants a = 10.145 

Å, α = 65.28o (Figure 2.3.2a, b). 

 

    
Figure 2.3.2. (a) Unit cell of β-rhombohedral boron crystal structure and its 15 

crystallographically independent atomic cites are shown with different colors in (b). The 

boron cites numbering is adopted from Slack et al.3,42
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 The main structural moiety in the β–rhombohedral boron unit cell is B84 

polyhedron, where a central B12 icosahedron is surrounded by twelve half icosahedra (B6 

pentagonal pyramids). That is each vertex of B12 icosahedron is connected by the apex 

vertex of B6 pentagonal pyramid (B12@B12@B60). So the surface of the B84 is identical to 

the surface of C60 fullerene. These large B84 soccer ball clusters are placed at the points of 

the rhombohedral lattice as shown in Figure 2.3.2c. This allows six of the half icosahedra 

of each B84 unit to link together at midpoints of the edges of the cell forming further 

icosahedra. By this way the chain of B12 icosahedral units run through the structure along 

each of the rhombohedral cell edges (Figure 2.3.2c,d). This is similar to the polar 2c-2e – 

    
Figure 2.3.2. (c) β-rhombohedral boron crystal structure where the B84 soccer ball units 

occupy the vertices of the unit cell (for clarity only two B84 units are shown here). The 

pentagonal pyramids of B84 aligned along the edges of the unit cell will combine and 

forms other icosahedra at the midpoints of the edges. (d) The formation of the 

icosahedron between two B84 units is shown along the C3 axis of the inner B12 of B84. 
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B-B bonds between the icosahedra of α-B12 (Figure 2.3.1). The remaining six half 

icosahedra of B84 can not link to half icosahedron of another six B84 units. It is due the 

space constraints and the five fold symmetry of the B84 unit which does not translate the 

periodicity of the crystal. 

 

However, the extension of the B84 network is further achieved by a B10 unit of C3v 

symmetry. This B10 has three five membered rings viewed from three sides as shown in 

Figure 2.3.2e. The central atom present in this B10 unit together with the five membered 

rings provides three pentagonal pyramidal units even though some of the atoms are 

shared. So that the remaining six half icosahedra of B84 will link to the pentagonal 

pyramids of six different B10 units. Further the rest of the two pentagonal pyramids of B10 

unit are surrounded by its near two pentagonal pyramids of different B84 soccer balls 

(Figure 2.3.2f). Such a condensation of three pentagonal pyramids of different B84 via a 

BB10 generates a B28 unit [(3×B6) + B10].  

 

A B10 unit can also be viewed as three condensed icosahedra each mutually 

sharing one triangular face and one common vertex with the other two. Simply a B28 unit 

is B10@3(B6). Two such B10 or B28 units are linked through an additional boron atom at 

the center of the rhombohedral cell (B[15] in Figure 2.3.2b). This is the only atom that is 

not part of any icosahedral arrangement in the entire unit cell. Therefore rhombohedral 

unit cell can be viewed as B84 which is centered at each vertex, plus B10-B-B10 unit 

situated along the main body diagonal (β-B105 = B84 + B10-B-B10) as shown in the Figure 

2.3.2g.   
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Figure 2.3.2. (e) The B10 unit where the three five membered rings are marked with three 

different colors. (f) A B84 soccer ball connected to lower pentagonal pyramid of B10 unit. 

The remaining two pentagonal pyramids of B10 are connected to the near two B84 units 

(only a part of B84 that is pentagonal pyramid connected to one of the vertex of inner B12 

is shown here) which forms a B28 unit. (g) The crystal structure of β-rhombohedral boron, 

where the B84 soccer balls occupy the vertices of the unit cell is shown with a solid 

sphere. The B10–B–B10 chain occupies the main body diagonal. The space between the 

polyhedral units is little expanded for a better view. The three types of major holes that 

are presented in the unit cell are also shown here. 

 

The structure of the unit cell can also be considered in another way where each 

vertex and the edge center of the rhombohedral unit cell is occupied by a B12 icosahedron 

and a B28-B-B28 (B57) chain aligned along the main body diagonal of the unit cell as 

shown in Figure 2.3.2h. The B28-B-B28 chain or B57 fragment connected by part of the 

icosahedral B12 units of B84 is also can be seen in Figure 2.3.2. In this view β-

rhombohedral boron is effectively comprised of four B12 units (one from the vertex + 
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three from edge centers) and a B57 unit (β-B105 = 4B12 + B57). However, this is not the 

complete story of β-rhombohedral boron crystal structure. 

 

 
 

Figure 2.3.2. (h) Crystal structure of β-rhombohedral boron, where the B12 icosahedral 

units occupy the vertices and edge centers of the unit cell. The B28-B-B28 (B57) unit 

occupies the main body diagonal of the unit cell. This is similar to the view of Figure 

2.3.2 (g) where the B10-B-B10 chain aligns in the diagonal axis of the unit cell. 

 

 

The model proposed by Hoard et al39 constitutes 15 crystallographically 

independent atomic sites and these are fully occupied as shown earlier in the Figure 

2.3.2b. The Figure 2.3.2b is extended with B84 attached to six B28 fragments for more 

visibility to understand the 15 crystallographically independent atomic sites as shown in 

Figure 2.3.2i. It is thought that one of these crystallographically independent sites 
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contains statistical vacancies. Slack, observed that the six symmetry equivalent B[13] 

sites connected by mean of the central B[15] site situated in B57 unit is partially 

vacant.3,42 There are also five different symmetry equivalent interstitial sites, B[16] – 

B[20] are partially occupied. The partially occupied five intestinal sites are in the A, E, 

and D holes (Figure 2.3.2g). Hole A is situated out side the triangular faces of inner B12 

of B84 and hole E is outer surface of the B84 along the diagonal axis of the rhombohedral 

unit cell. Hole D is roughly situated around the B[15] site. Comparatively the size of the 

hole A and E are larger than hole D. The observed occupancies of different β–

rhombohedral boron samples are tabulated in Table 2.3.2a.  

 

 
 

Figure 2.3.2. (i) The extended β-rhombohedral boron crystal structure, where B84 

condense with near B84 units (only the B28 part is indicated) via B10 is shown along the 

top view of rhombohedral diagonal axis. The color code follows the crystallographically 

independent atomic cites of β-rhombohedral boron in Figure 2.3.2b. 
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Table 2.3.2a. Percentage of partially occupied lattice and interstitial sites of different β-

rhombohedral boron crystal structure samples. 

 

Site No [symmetry multiplicity]  % of occupancy No Crystal 
structure 13[6] 16[6] 17[6] 18[6] 19[6] 20[12] 

# of B / 
unit cell 

1  Geist 100.0 0.000 0.000 0.000 0.000 0.000 105.00 
2  Hoard 66.67 33.33 0.000 0.000 0.000 0.000 105.00 
3  Callmer 73.40 24.80 0.000 0.000 0.000 0.000 104.89 
4  Slack(i) 77.70 25.80 3.200* 5.800 7.200 0.000 106.37 
5  Slack(ii) 73.00 28.40 9.700 7.400 7.000 2.50 106.83 
6  Slack(iii) 74.50 27.20 8.500 6.600 6.800 3.70 106.86 

*It has [12] symmetry multiplicity than the general [6]. 

 

 We make use of this information presented in Table 2.3.2a to evaluate the 

electronic requirement of β-rhombohedral boron similar to α-rhombohedral boron using 

mno electron counting rule. In order to do that β-rhombohedral boron is divided where 

the exo- bonds represent nearly localized 2c-2e bonds. This gives a B57 and four B12 

cluster fragments (as described in Figure 2.3.2h). The dangling valences in B57 and B12 

fragments are saturated by hydrogen atoms to calculate their electronic requirements 

using mno rule which gives B57H36 and B12H12 boranes. The B57H36 is the combination of 

two B28H21 fragments connected via a boron atom as shown in Figure 2.3.2j.  

 

 Thus generated fragments can be tested for their stability with respect to the 

electron count and hence their condensed solids.  According to the mno rule the B57H36 or 

the B57 unit in β-rhombohedral boron has 3 electrons more than necessary i.e. B57H36
+3 

(B57
+3) is the stable unit (Table 2.3.2b). One of the ways of removing the +3 charge is by 

expulsion of one boron atom from the six fold B[13] site since it is already partially 

occupied (~73.00 %). This gives a nido- structure with 56 boron atoms. It translates to 
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occupancy of 100× 5/6 = 83.33 %. But the percentage of occupancy of B[13] is lower 

than 83.33%. This is compensated by the partially occupied B[17] interstitial site which 

is clear from the experimental data shown in Table 2.3.2a. The B[17] site is near the D 

hole and is within bonding distance to B[13] and B[15] sites, which are involved in the 

capping. This site has an occupancy range 3.2 – 9.7 % in the three samples of Slack. It is 

as if the structure has overcorrected than what is required. The atoms removed by over 

correction is compensated by the B[17] sites not far from it. Hence the total percentage of 

occupancy of B[13] can be assumed as (80.9, 82.7, 83.0) respectively, which strongly 

indicates that one boron atom is missing at B[13] site in the β–rhombohedral boron. The 

rest of the four partially occupied interstitial sites B[16], B[18], B[19], and B[20] provide 

the extra electrons required for the individual icosahedral B12 units.  

 

  
 

Figure 2.3.2. (j) B57H36 fragment connected by two B28H21 units through a single boron 

atom bridge (B28-B-B28) is shown in two orientations. The left B57H36 shows the 

octahedral coordination of central boron (B[15] site) with the six B[13] sites whereas the 

right one is shown mapping of the icosahedral units.  
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Table 2.3.2b. The electron counts for the clusters based on the mno rule. The third 

column gives count on total available skeletal electron pairs (ASEP) for the cluster 

bonding. The last but one column gives the required skeletal electron pairs for the cluster 

bonding according to the mno rule. The last column gives the required charge (RC) on the 

cluster [RC = (ASEP) - (m+n+o)]. The details of the polyhedral electron counting rules 

and its few examples are given in the Chapter 1. 

 

No Cluster A.S.E.P m n o m+n+o R.C 
1 BB12H12 12 1 12 0 13 -2 
2 BB28H31 31.5 3 28 0 31 +1 
3 BB57H36 67.5 8 57 1 66 +3 

 Electron count for B57H36: A.S.E.P = 36 (BH) + 21 (B) = 36 (2) + 21 (3) = 67.5 electron    
 pairs. According mno rule: m+n+o = 8+57+1 = 66. So a stable B57H36 is a tri-cation.   
 

 

The four icosahedra [(B[1], B[2], B[7], B[9] (edge center icosahedra) and B[5], 

B[6] (inner icosahedron of B84)] (Figure 2.3.2i) which are each two electron deficient  are 

at the bonding distance of the interstitial sites B[16], B[18], B[19] and B[20]. The site 

B[16] is located in between A and E holes and B[18], B[19], and B[20] are located above 

the D hole (or F hole not shown in the Figure 2.3.2g). The partial occupancies of these 

interstitial atoms add up to 38.8%, 45.3%, and 44.3% in the three different samples 

(Table 2.3.2a). This translates to 7.0, 8.6, and 8.64 electrons not far from the 8 electrons 

that are necessary for the 4 B12 units. Thus the ideal unit cell (without the intrinsic 

defects) does not represent 105 atoms of β–rhombohedral boron. At the B57 unit, one 

boron atom is missing, so that three extra electrons are removed. At the same time, the 

interstitial boron atoms, 2.66 (= 8/3) of them provide eight electrons so that the unit cell 

has (105 -1 + 2.66) 106.66 boron atoms, which is near to 106.83 as proposed by Slack et 

al (Table 2.3.2a). The 106.66 boron atoms or 320 valence electrons per unit cell is also 

supported by the few metal doped β-rhombohedral boride experimental structures (Table 
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2.3.2c). Thus we have showed that the electron sufficient β-rhombohedral boron has non-

stoichiometric formula unit, B106.66 using mno electron counting rule and experimental 

results. However, we do not know how far these intrinsic defects (2.66 boron atoms) are 

essential in stabilizing the β-rhombohedral boron and its conducting properties. 

Therefore, we have analyzed the role of intrinsic defects in stability and conducting 

properties of β-rhombohedral boron using DFT calculations. 

        

Table 2.3.2c. Percentage of partially occupied lattice and interstitial sites of experimental 

β-rhombohedral borides and their corresponding volumes. 

 

Site No [symmetry multiplicity]  % of 
occupancy  

# of e- Vol  

 *It has [12] fold symmetry. 

( Å3 ) 
No Crystal structure  

13[6] 16[6] A[2] E[2] D[6]   

1 Li8 B103.44a 64.00 10.00 0.000 100.0 100.0 318.32 834.765 
2 Cu3.72 B103.92b 61.10 20.90 6.100 50.50 22.1,10* 319.12 829.963 
3 Cu4.14 B103.92c 69.00 13.00 8.000 61.00 22.0,12* 320.04 833.415 
4 Fe2.12 B103.36d 72.60 0.000 50.70 0.000 18.50 316.44 826.105 
5 Hf2.07 B103.42e 65.50 8.100 0.500 9.800 31.10 314.40 835.689 
6 Zr2.04 B103.04f 52.80 14.50 0.000 18.10 27.90 313.20 832.377 
7 Cr2.52 B103.30g 71.17 0.000 71.90 0.000 18.00 314.94 831.321 

aRef10, bRef43, cRef44, dRef45, eRef42, fRef46, gRef42. 
 

 

2.3.3 Stability and Conducting Properties 

 

Elemental β-rhombohedral boron is known to be the thermodynamically most 

stable allotrope of boron at normal temperature and pressure.44-46 But the calculations 

suggest that the α-rhombohedral (α-B12) boron is about 0.13 eV/atom more stable than 

the ideal β-rhombohedral boron (β-B105). This is in contrast to the experimental results. 

Whereas the results on graphite reproduce it’s long known greater thermodynamic 
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stability than diamond (Table 2.3.3a). The optimized lattice parameters, volume, and 

density of boron and carbon allotropes are comparable to the experimental results within 

in the GGA/PBE level of approximation. However, in ideal β-B105 the lattice parameters 

and volume have been relatively increased and hence decrease in the density when 

compare to the electron sufficient β-B106.83.             

 

Table 2.3.3a. Lattice parameters and cohesive energy of α-rhombohedral boron (α-B12), 

ideal β-rhombohedral boron (β-B105), diamond, and graphite calculated using GGA/PBE 

functionals. The available experimental values are also tabulated. 

 
Lattice parameters (Ao)    System Space 

Group a b c 
Vol 
(Å3) 

Density 
g.cm-3

Cohesive‡ 

energy (eV)
α-B12 R-3M 4.973 4.973 4.973 83.35 2.584 6.67 
α-B12

a R-3M 5.057 5.057 5.057 87.37 2.465 5.81*

β-B105 R-3M 10.14 10.14 10.14 823.4 2.288 6.54 
β-B105

b R-3M 10.17 10.17 10.17 826.8 2.279 5.31*(theory) 
β-B105

c R-3M 10.14 10.14 10.14 823.2 2.289 - 
β-B106.83

d R-3M 10.13 10.13 10.13 820.3 2.335 - 
Diamond FD-3M 3.534 3.534 3.534 44.16 3.612 9.13 
Diamonde FD-3M 3.566 3.566 3.566 45.38 3.515 7.37†

Graphite P63/MMC 2.440 2.440 7.026 36.23 2.202 9.27 
Graphitef P63/MMC 2.464 2.464 6.711 35.29 2.261 7.40†

aRef37, bRef40, cRef39, dRef3, eRef47, fRef48, *Ref48, and †LBL Report 3720-Rev. 
‡Cohesive energies should be considered within the GGA/PBE marginal convergence.  

 

The band structure of α-B12 points to a semiconductor behavior with an indirect 

band gap from the top of the valence bands at Z to the bottom of conduction bands at G 

of 1.63 eV. The direct band gap at G is found to be 2.0 eV (Figure 2.3.3a). The band gap 

details are in good agreement with the available experimental and theoretical results.49, 14 

On the other hand the valence band of the ideal β-B105 is not completely filled (Figure 

2.3.3b). It shows β-rhombohedral boron to be metallic which is contradictory to the 
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experimental observation that it is a semiconductor.50 The top three bands of the valence 

region cross over to the Fermi level and are dispersed within the 0.67 eV near the Fermi 

region. A significant forbidden gap of about 1.47 eV from the Fermi region to the bottom 

of the conduction band at F is observed. The indirect gap between the top most band just 

above the Fermi region at G and the bottom of the conduction band at F is found to be 

1.03 eV. This unit cell has 105 atoms. So there are 315 valence electrons available to fill 

the valence band. But the full valence band can accommodate 320 electrons. The three 

bands just above the Fermi region could accommodate the rest of the 5 electrons, if 

sufficient electrons were available. The deficiency of 5 electrons is in good agreement 

with the suggested electronic requirement of ideal β-B105 (B57
+3 + 4B12

-2) and previous 

theoretical results proposed by Bullet.11 This indicates that the ideal β-B105 is electron 

deficient and unstable which contradicts the experimental results. It appears that the 

partial occupancies and vacancies which accounts for the extra five electrons (1.66 boron 

atoms) are required for the stability.   

  

   
Figure 2.3.3. (a) The calculated band structure of α-B12 and (b) β-B105 along their high 

symmetry points of Brillouin zone. Fermi energy level is indicated by a dotted line. 
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  Therefore, it is necessary to study the β-rhombohedral boron crystal structure with 

partially occupied sites in order to understand these experimental observations. 

Unfortunately we could not compute electronic structure of β-rhombohedral boron with 

partially occupied sites (β-B106.66). The size of the unit cell that would have no fractional 

occupancy will be too large to compute. Instead, the requirement of additional five 

electrons can be met by adding or substituting appropriate atoms at proper sites of the β-

rhombohedral boron unit cell without disturbing its symmetry. The proper cite locations 

are chosen in such a way that the local electronic requirement of the polyhedral cluster 

fragments of β-rhombohedral boron should be satisfied. As we have already seen the 

ideal β-B105 is five electrons deficient since a stable B57 fragment is B57
+3 and the four 

icosahedral B12 fragments require two electron each for the stability (β-B105
-5 = B57

+3 + 

4B12
-2). But the elemental β-rhombohedral boron can not be a charged species. Therefore, 

The B57
+3 and the 4B12

-2 fragments are systematically made neutral by doping with proper 

atoms. These fragments dangling valences are saturated by hydrogens and are further 

validated for their stability using density functional calculations. This facilitates to model 

doped β-rhombohedral boron that closely represent the electron sufficient β-

rhombohedral boron (β-B106.66).       

 

There are several justifications for the above approach. Metal doped endohedral 

borane clusters (B12) are calculated to be stable.10,51 As we know the B57 unit in the β–

rhombohedral boron is having three electrons more than necessary (Table 2.3.2b), the 

only possibility to make B57 unit electron sufficient and yet retain symmetry of the β-

rhombohedral boron solid is by substitution of boron by atoms with sufficient number of 
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electrons (Be, C, Li, Ca, Mg, etc.). It is found that there are three locations in B57 unit 

where one can substitute foreign atoms providing with reduction of 3 electrons. These 

sites are the two centers of the B28 units B[14] and the center of the B57 unit B[15] site. 

Therefore the following electron precise hydrogenated fragments are generated based on 

mno rule (Table 2.3.2b): B28H21
+1, LiB27H21

-1, BeB27H21, CB27H21
+2, MgB27H21, 

SiB27H21
+2, B57H36

+3, Be3BB54H36, Li2CB54H36, Be2MgB54H36 and Mg3B54B H36.  

 

Among the many combinations examined the structures with Be, Li, and C as 

replacement atoms are found to be suitable (Table 2.3.3b). All structures except the 

clusters with Mg and Si atoms are found to be minima. But in the case of B57H36
+3, 

Be3BB54H36 and Li2CB54H36 imaginary vibrational frequencies of -14.33, -31.16 and -48.38 

cm  respectively are calculated. However in solids these small imaginary frequencies are 

known to be soft-modes, indicating a structural instability. As temperature decreases, the 

soft mode freezes and approaches to zero. The imaginary modes of vibrations in 

B57

-1

B H36
+3, Be3BB54H36, and Li2CB54H36 are A1u and Eu type within D3d symmetry. The A1u 

is partial rotation of two B28 units in opposite direction (↑↓) about the B[15] center and 

the Eu is a bending mode of B28-B-B28. Even if these are not ground states as isolated 

molecules, these could be stable building blocks in a rigid rhombohedral framework. The 

stable clusters are found to have large HOMO-LUMO gaps. The bond lengths in these 

clusters are found to be similar to those of the closo- and stuffed polyhedral boranes.  

There is an acceptable agreement between the bond lengths of the B

51

57 skeleton of B105 

and the calculated B57H36
+3 cluster. The B-B bond distance (1.988 Å) of the two triangles 

(B[13] sites) that connect the central boron atom (Figure 2.3.2 j) is very close value of 
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1.989 Å obtained from the X-ray structure. The B-B distance between the central boron 

atom (B[15]) to the boron atom of the adjacent B3 ring (B[13] sites) in B105 of 1.735 Å is 

close to the distance of 1.785 Å calculated for B57H36
+3.  

 

Table 2.3.3b. The average bond distances, lowest vibrational frequencies (min freq) and 

HOMO – LUMO (H-L) gaps at GGA Becke Perdew/DZ level for B28H21
+, B57H36

+3 and 

their isoelectronically substituted clusters. 

 

Average bond distances (Å) S.No Substituted 
Cluster  B-B [14]-B 

([13]-[15]) 
[14]-[15] 

min freq  
(cm-1) 

H-L gap 
(eV) 

1 BB28H21
+1 1.854 1.849 - 146.1 3.375 

2 LiBB27H21
-1 1.887  1.864 - 156.6 2.404 

3 BeBB27H21 1.864 1.847 - 149.4 3.015 
4 CBB27H21

+2 1.882 1.912 - 6.4 3.331 
5 MgBB27H21 1.868 2.246 - -201.6 1.133 
6 SiBB27H21

+2 1.834 2.122 -  -138.9 2.384 
7 BB57H36

+3 1.911 1.802 (1.785) 2.816 -14.3 3.427 
8 Be3BB54H36 1.863 1.809 (1.843) 2.932 -31.1 2.494 
9 Li2CB54H36 1.862 1.815 (1.742) 2.744 -48.3 2.694 
10 Be2MgB54H36 1.869 1.806 (2.349) 3.545 -418.5 0.743 
11 Mg3BB54H36 1.890 2.283 (   -    ) 3.539 -137.2 0.388 
12 BB106.66 1.799 1.768 (1.687) 2.726 - - 
13 Li8Be3BB102 1.805 1.765 (1.746) 2.790 - - 
14 Li10CB102 1.789 1.796 (1.703) 2.751 - - 

 

 

The specific combinations used are Be3 and LiCLi at the B[14], B[15] and B[14] 

positions of β–rhombohedral boron to achieve the electron precise neutral B57 unit 

(Be3BB54H36 and Li2CB54H36). Let us now look at the remaining part of the unit cell, the 

icosahedral B12 fragments. The four icosahedra here are electron deficient by two 

electrons each. It needs 8 electrons extra per unit cell to satisfy the electron requirements 

of the four icosahedra. The holes that are present in the β–rhombohedral boron are well 
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suited to add the extra electrons. Using the experimental information of metal doped β–

rhombohedral boron, the preferred holes to dope the foreign atoms can be located. The 

sites near by A, E, and D holes can accommodate required number of electrons 

respectively. Adding appropriate atoms to these locations, one can design numerous β–

rhombohedral borides with full occupancy and without disturbing its crystal symmetry. 

The hole A has six-fold symmetry and the hole E has two-fold symmetry as shown in 

Figure 2.3.3c. Therefore A and E holes can accommodate six and two Li atoms which 

provide eight electrons that are required for four icosahedra. Resultantly to accommodate 

five electrons (-8 for four B12 units +3 for B57 unit =5) we choose Li, Be, and C atoms in 

those particular positions. This generates unit cells A-Li6-E-Li2-Be3B102B  (Li8Be3BB102) and 

A-Li6-E-Li2-CLi2B102B  (Li10CB102). The viability of these model crystals is supported by 

the known boranes and the corresponding borides doped by Be, Li and C atoms.52-55  

  

Figure 2.3.3. (c) The A and E holes 

of the optimized rhombohedral 

Li8Be3BB102 boride showing the Li 

positions. The substituted Be at 

B[14] and B[15] also can be seen.  
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The band structure justifies our anticipation that the valence band should be 

completely occupied by electrons. The valence and conduction bands of Li8Be3BB102 are 

well separated in the given Brillouins zone. An indirect band gap of about 1.7 eV is 

observed from the top of valence band at G and the bottom of conduction band at F zones 

as shown in Figure 2.3.3d. The PDOS of Be shows that the Be bands are present just 

below the Fermi region as shown in Figure 3.3.3f. The PDOS of center Be atom of B57 

unit falls at the Fermi level. The rest of the two Be PDOS are 14 eV away from the Fermi 

region. The Li bands are located at the very bottom of the Fermi region, which indicated 

that these are localized. The valence and conduction bands of Li10CB102 are well 

separated. But a band can be seen very near to the Fermi surface in G-Z direction 

(2.3.3e). An indirect band gap of 1.88 eV from the top of the valence band at G and the 

bottom of the conduction band at F is observed.  

 

 
 

Figure 2.3.3. (d) The calculated band structure of Li8Be3BB102 and (e) Li10CB102 along 

their high symmetry points of Brillouin zone. Fermi energy is indicated by a dotted line. 
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The PDOS shows the presence of the carbon bands away from the Fermi region. 

These are dispersed in the range of 2-17 eV. Interestingly the bands generated by Li in 

any part of the unit cell are observed around the same energy (2.3.3f). In view of the low 

percentage of doping, the PDOS contribution from the hetero atom is small everywhere. 

The contribution of the two B3 triangles to the band structure is substantial in the Fermi 

region and do not change in the doped structures. In the case of idealized B105, these 

bands are not completely filled. In experimental β-B106.83 these bands are filled using the 

electrons available from intrinsic defects. In the model systems the doped atoms provide 

these extra electrons. It shows that Li is almost completely Li+ in the unit cell. The PDOS 

arising from the Be and C atoms are in the same region of energy as that obtained for the 

bands of the two central boron atoms of the B28 and the central boron atom of B57 

(2.3.3f). 

 

The reduction of volume of these model crystals (815.3 Å in A-Li6-E-Li2-Be3BB102, 

807.9 Å in A-Li6-E-Li2-CLi2B102B  from the ideal B105 (823.4 Å) indicates the extra 

stabilization obtained by doping (Table 2.3.3c). The mixing energies of these solids were 

evaluated by taking the standard binding energies of Li, Be, α-rhombohedral boron and 

graphite. According to this the stabilization energies of A-Li6-E-Li2-Be3BB102 and A-Li6-E-

Li2-CLi2B102B  are 4.25 eV and 0.67 eV respectively. We have also modeled similar type of 

experimentally found ~Li8BB104 (Table 2.3.2c) where the Li atoms are occupied at E and D 

sites, generates E-Li2-D-Li6-Be3B102B . And we have checked the A and D site preference 

with A-Li2-D-Li6-Be3BB102. The mixing energies sows that the former is 5.49 eV and the 

later is 5.62 eV stable (Table 2.3.3c). If we look at the ~Li8B104B  the partial occupancy 
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nature is decreased from the experimental B106.83. Perhaps tuning the electron count based 

on cluster fragments approach would still reduce the partial occupancy (Li8Be3BB102).    

 

 
 

Figure 2.3.3f. The calculated PDOS for B105, Li8Be3BB102 and Li10CB102. (I) The PDOS of 

three boron atoms located at the centers of B57 (1) B[15] and of two B28 (2) B[14] units in 

the B105. (II) The PDOS of three Be atoms are located at B[14] and B[15] positions and 

Li atoms at A and E holes in Li8Be3B102B . (III) The PDOS of one C and two Li at B[15] 

and B[14] positions in Li10CB102. (IV) The PDOS of 8 Li at A and E holes of in 

Li10CB102. 
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Table 2.3.3c. Space groups, lattice parameters, volume (V), Density (D) and the total 

energy per atom calculated using GGA/PBE for Li and Be elemental solids and the model 

rhombohedral borides. 

 
Lattice parameters 

(Ǻ) 
System Space 

Group 
a b c 

Vol 
(Ǻ3) 

D 
(g.cm-3) 

Total 
Energy 

(eV) 
Lithium IM-3M 3.424 3.424 3.424 40.17 0.573 -190.03a

Beryllium P93/MMC 2.277 2.277 3.563 16.00 1.869 -30.89a

A-Li6-E-Li2-Be3BB102 R-3M 10.13 10.13 10.13 815.3 2.413 -9548.05 
E-Li2-D-Li6-Be3BB102 R-3M 10.12 10.12 10.12 809.9 2.429 -9549.27 
A-Li2-D-Li6-Be3BB102 R-3M 10.12 10.12 10.12 810.7 2.427 -9549.40 
A-Li6-E-Li2-CLi2BB102 R-3M 10.08 10.08 10.08 807.9 2.433 -9987.81 

aTotal Energy per atom. 

 

However many metal doped β-rhombohedral boron crystal structures reveal that, 

the doped atoms occupy the interstitial positions rather than substituting boron atoms. In 

order to maintain the electron count, it chooses partial occupancy as an intrinsic defect. 

The band gaps of the above model structures are similar to β-rhombohedral boron and 

some of the metal doped β-rhombohedral borides which are semiconductors.12 This 

shows the essential similarity between β-rhombohedral boron (B106.83), boron rich metal 

borides and the model systems studied. These results should help to understand the 

conducting properties of borides with respect to the intrinsic defects.  

 

 

 

2.4 Conclusion 

 

The structural details of α-rhombohedral boron and β-rhombohedral boron which 

are dominated by the icosahedral B12 unit are discussed in a view to understand their 
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electronic structure using cluster fragment approach. The stability of the fragmented 

clusters (mainly B12, B28, and B57) of these allotropes is evaluated by mno electron 

counting rule. This has facilitated to understand the electronic requirements and the 

origin of the intrinsic defects in β-rhombohedral boron. The electron sufficient nature of 

α-rhombohedral boron is clear due its resourceful way of sharing electrons through 3c-2e 

bonds, where vacant or partially occupied sites are not seen in the lattice. The mystery of 

five missing electrons of the β-rhombohedral boron is understood through cluster 

fragment approach. That is the β-B106.66 = β-B105
-5 (B57

+3 + 4B12
-2). The electronic 

requirement criterion of β-B106.66 is verified by the DFT calculations. The calculations 

suggest that the ideal β-rhombohedral boron is less stable than α-rhombohedral boron. In 

addition the band structure indicates β-rhombohedral boron to be metallic which is 

contrary to the experimental results. These theoretical results, which are contrary to 

experiments, are explained using model solids where the five missing electrons are 

provided to the ideal β-rhombohedral boron by doping and substitution of strategic atoms 

like Li, Be and C. The nature and position of various doping atoms are inferred from the 

studies on fragments of β-rhombohedral boron designed using the mno rule such as 

BB12H12
-2, B28H21

+1, BeB27H21, LiB27H21
-1

, CB27H21
+2, B57H36

+3, Be3B54B H36 and 

Li2CB54H36. This fragmented analysis generated electron sufficient β-rhombohedral 

borides Li8Be3BB102 and Li10CB102 are found to be stable. The band structure details shows 

Li8Be3B102B  and Li10CB102 are semiconductors similar to β-B106.83 and many known β-

rhombohedral borides.  Finally, the entire structural and electronic analysis suggests that 

the vacancies and partial occupancies in β-rhombohedral boron are necessary to stabilize 

the structure and also for its semiconducting properties. We make use of the electron 
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sufficient Li8Be3BB102 and Li10CB102 solids to understand the role of intrinsic defects in 

mechanical properties of boron allotropes, which will be discussed in Chapter 5.  
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Chapter 3 
 

Stuffed Fullerene-like Boron  
and Boron Carbide Clusters 

 
 

 

 

 

 

 

 

3.1 Introduction 

 

Buckminsterfullerene, C60 – a truncated icosahedron with 12 pentagons and 20 hexagons 

(Figure 3.1a) – has been a promising molecule for its prodigious and spectacular 

chemical and physical properties.1-8 This aesthetically pleasing hollow spherical molecule 

ascended as high temperature superconductor when doped with alkali metals.9-13 Uses 

such as superhard fullerite,14-16 catalyst,17,18 drug carrier,19-21 and hydrogen storage 

materials22-24 have been suggested in recent years. These interesting properties and zero-

dimensional (0D) chemical structure of C60 has motivated to search for fullerene-like 

molecules based on other elements in the periodic table. There has been considerable 

amount of success in generating substitutional doped fullerenes called dopyballs with 

boron (C60-nBBn, n = 1–12), nitrogen (C60-nNn, n = 1–12) and few other heteroatoms soon 

after the discovery of C60 fullerene by Kroto et al in 1985.  Binary inorganic fullerene-25-42
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like structures (IFs) such as MoS2, WS2, BN, and several intermetallic phases such as 

Ni@In10@Na37@In70, As@Ni12@As20 etc have been synthesized recently.  On the 

other hand a variety of computational methods have also been applied to predict vast 

numbers of inorganic fullerene-like structures.  However, there are many elements 

in the periodic table yet to uncover for elemental and inter-elemental inorganic fullerene-

like structures.  

43-58

31-39,52,53

 

   
 

Figure 3.1. (a). Buckminsterfullerene, C60 shown in truncated icosahedron symmetry 

along the C5 axis (left) and inclined C2 axis (right).    

 

Our earlier study on boranes, carboranes, and allotropes of boron shows that 

fullerene-like boron and boron carbide clusters based on an electron deficient icosahedral 

BB84 fragment of elemental β-rhombohedral boron would be viable.  In this chapter we 

investigate modeling of boron and boron carbide fullerene-like structures based B

59-64

84 

fragment using qualitative electron counting and valence rules of boranes and 

carboranes.  The modeled fullerene-like boron and boron carbide clusters are then 63-77
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analyzed for their electronic structure and stability using ab initio density functional 

theoretical calculations. 

 

Let us begin with the structure of B84 fragment and the construction of stable 

fullerene-like boron and boron carbide clusters. A fullerene-like structure for boron as a 

distorted icosahedral B84 fragment can be seen in the complex extended covalent network 

of β-rhombohedral boron that we discussed in the previous chapter. But B84 is not hollow 

like C60. It is stuffed with an icosahedral closo-B12 fragment and its 12 vertices are 

connected to 12 pentagonal pyramidal fragments (nido-B6) via radial 2c-2e σ bonds as 

shown in Figure 3.1b. The space filling model can allow forming 20 hexagons in between 

the 12 surface pentagons of the B6 units which resembles a C60 surface. Succinctly B84 

can be described as B12@(B6)12 or B12@B12@B60 i.e. B60 is stuffed by an icosahedral B12 

fragment and then the 12 pentagons of B60 and the 12 vertices of B12 are covalently 

interlinked by another 12 boron atoms. Hence B84 is formally a stuffed fullerene-like 

boron. However, B84 is not a finite cluster in β-rhombohedral boron. The surface of the 

BB84 in β-rhombohedral boron crystal structure is three dimensionally connected by near 

polyhedral skeletons with electron deficient multi-center bonding (Chapter 2, Figure 

2.3.2a-i). So the termination of the multi-center bonds between the B84 units in the β-

rhombohedral boron leads to high electron deficiency and hence instability. The 

deficiency of the clusters can be calculated by applying Wade’s closo- n+1 and nido- n+2 

(n = number of vertices in a polyhedron) polyhedral skeletal electron counting rules  on 

the fragments of B

65

84, inner icosahedral closo-B12 units and the 12 pentagonal pyramidal 

nido-B6 units. Accordingly the closo-B12 requires -2 and nido-B6 requires -4 electrons for 
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their stability. That is a stable finite B84 cluster requires an additional 50 electrons [B84B

-50 

= closo-B12
-2 + 12(nido-B6)-4]. Therefore, the 50 electron deficient B84 should not be 

expected as a stable finite cluster. 

 

   
 

Figure 3.1. (b). Icosahedral B84 stuffed fullerene-like boron cluster shown along the C3 

axis (left) and C5 axis (right). The inner icosahedral closo-BB12 is connected to the outer 12 

pentagonal pyramidal nido-B6 units via radial 2c-2e σ bonds can be seen here. 

  

However, the unstable B84 would be a stable species, if the required 50 electrons 

can be provided. As we have seen the B84 structure is highly stabilized in β-rhombohedral 

boron by compensating the required number of 50 electrons through the condensation and 

fractionally occupied interstitial boron atoms. For example a nido-B6 pentagonal pyramid 

of B84 is four electrons deficient. Such two nido-B6
-4 units of two different B84 units 

condense together and produce a two electron deficient icosahedral closo-B12 unit 

(Chapter 2, Figure 2.3.2d) in between the two B84 units. The requirement of these two 

electrons for B12 units is further diminished by the formation of extra condensations and 

fractionally occupied interstitial boron atoms in the β-rhombohedral boron crystal 

 64



structure. Majority of the interstitial boron atoms are situated in the in-between gaps of 

nido-B6 units i.e. near to the 20 hexagons of B84 unit. Therefore the condensation process 

of nido-B6 units largely reduces the requirement of 50 electrons. Here we have adopted 

similar criteria where the requirement of 50 electrons of B84 can be compensated by 

capping the 12 nido-B6 pentagonal pyramids with boron atoms, where boron provides 

three valence electrons. Let us see how the electron count goes here. The 12 nido-B6 units 

require 48 electrons (12 × nido-B6
-4 = 48). Capping each nido-B6 units by boron reduces 

the requirement of 48 electrons to 12 (3 × 12 B = 36). The remaining 12 electrons are 

provided by the extra 4 boron atoms which can be placed on the surface hexagons of B84 

unit systematically. Thus the requirement of 48 electrons for the 12 nido-B6 units is met. 

However, there is the inner icosahedral B12 unit of B84 which needs another two 

electrons. These two electrons further can be provided by a 0.66 boron (3 × 0.66 B = 2) 

atom on the surface of the hexagons. Totally we need to provide 16.66 boron atoms to the 

50 electron deficient B84 cluster (3 × 16.66 B = 50) which gives an electron sufficient 

BB100.66 stuffed fullerene-like boron cluster. Therefore, the electron sufficient B100.66 would 

be stable in a finite zero dimensional cluster and does not associate to form extended 

network that found in the β-rhombohedral boron (Chapter 2, Figure 2.3.2a,c).   

 

But the fractional boron atom in B100.66 is not possible to calculate. However, B84 

can approach near electron sufficiency by adding close integer numbers of 16.66 i.e. 14 – 

18 boron atoms on the surface pentagons and hexagons of the cluster systematically. This 

generates stuffed fullerene-like boron clusters, B98 (D3d), B99 (C3v), B100 (C2h), B101 (Cs), 

and B102 (D3d) as shown in Figure 3.1c-g respectively. In principle several combinations 

are possible to add 14 – 18 boron atoms on the surface pentagons and hexagons of B84 
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unit. Out of several combinations possible, we have restricted to the ones built from the 

previous structure of high symmetry B96 (Ih). Thus we have qualitatively arrived first 

elemental stuffed fullerene-like boron clusters using skeletal electron counts.  

 

 
 

Figure 3.1. Stuffed fullerene-like boron clusters (c) B98 (D3d), (d) B99 (C3v), (e) B100 

(C2h), (f) B101 (Cs), and (g) B102 (D3d) are constructed from B96 (Ih) cluster (top left) are 

shown. The added boron atoms are indicated in green colour (dark in B&W print).    
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The above process of stabilizing an electron deficient B84 cluster inquires us to 

look at a similar well known scheme that stabilizes polyhedral borane dianions as neutral 

carboranes.66-78 For example an icosahedral borane dianion (B12H12
-2) can be stabilized by 

the substitution of two boron atoms by two carbon atoms which gives a neutral C2BB10H12. 

The substitution of boron by carbon is known to foster the stability of boron clusters due 

to the formation of strong B-C bonds.  This motivates us to look at the fragments of 

B84

70-76

B , closo-B12
-2 and nido-B6

-4. The dianionic and tetraanionic charges on closo-B12 and 

nido-B6 units can be provided by the substitution of two and four carbon atoms 

respectively. So we get neutral closo-C2BB10 and nido-C4B2B  units. Essentially, the neutral 

carboranes are isoelectronic analogues of borane anionic species. This view produces a 

neutral stuffed fullerene-like boron carbide cluster C50BB34 = closo-C2B10B  + 12 (nido-

C4BB2). Here, we do not have the problem of fractional atoms as in stuffed fullerene-like 

boron clusters. But where do we place the carbons for better stability in C50B34B ? The 

substitution of two carbon atoms in closo-B12
-2 and four carbon atoms in nido-B6

-4 

fragments of B84 generates three positional isomers each. They are 1,2-, 1,7-, and 1,12-

closo-C2BB10 and 1,2,5,6-, 1,3,4,6-,  and 2,3,4,5-nido-C4B2B  as shown in Figure 3.1h-m 

respectively. The combination of three isomers of closo-C2BB10 and three isomers of nido-

C4B2B  produce a total number of nine isomers of C50BB34 clusters. However, the well 

established experimental and theoretical chemistry of closo- and nido- carboranes (in our 

case closo-C2B10B H12 and nido-C4BB2H6)  would aid to screen the best possible isomers 

of C

66-78

50B34B . Therefore in order to compare the energetics of stuffed fullerene-like C50BB34 

isomers with respect to their fragments isomers we have created the hydrogenated 

isomers of closo-C2B10B  and nido-C4BB2. The hydrogens are added to the dangling valences 
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of the fragments closo-C2B10B  and nido-C4BB2. This gives 1,2-, 1,7-, and 1,12-closo-

C2B10B H12 (1A, 1B, 1C respectively) and 1,2,5,6-, 1,3,4,6-, and 2,3,4,5-nido-C4BB2H6 (2A, 

2B, 2C respectively) as shown in Figure 3.1h-m.  

 

 
                

Figure 3.1. In the absence of hydrogens (h) 1,2-closo-C2BB10, (i) 1,7-closo-C2B10B , (j) 

1,12-closo-C2BB10, (k) 1,2,5,6- nido-C4B2B , (l) 1,3,4,6-nido-C4BB2, (m) 2,3,4,5-nido-C4B2B H6  

and their hydrogenated analogues 1A, 1B, 1C, 2A, 2B, and 2C respectively. The 

substituted carbon atoms are shown in thick blue colour (dark in B&W print)  
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According to the valence rules of carboranes the high electronegative atom 

(carbon in carboranes) prefers low coordination number and less number of nearest 

neighbor bonds (C-C).70-74 Therefore, among the isomers of closo-C2BB10H12 and nido-

C4B2B H6, the 1,12-closo-C2BB10H12 and 2,3,4,5-nido-C4B2B H6 satisfies the above valence 

rules and hence the lowest energy isomers. Considering this stabilization criteria of these 

isomers the best possible stuffed fullerene-like boron carbide cluster would be the 

combination of 1,12-closo-C2BB10 and 12 (2,3,4,5-nido-C4B2B ) fragments which gives 

C50BB34 structure (3C) as shown in Figure 3.1n. 

  

 
 

Figure 3.1. (n). Stuffed fullerene-like boron carbide cluster C50BB34 (3C) generated out of 

the combinations of 1,12-closo-C2B10B  and 12 (2,3,4,5-nido-C4BB2) fragments. The 

substituted carbon atoms are shown in thick blue colour (dark in B&W print).  

 

Thus we have achieved stuffed fullerene-like boron and boron carbide clusters 

based on β-rhombohedral boron crystal structure and polyhedral electron counting rules. 

Despite these qualitative predictions and observations, we present here quantitative 

electronic structure and stability of these clusters using first-principles density functional 
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theory calculations and reason for their stability with respect to the electron counting and 

valence rules of boranes. We use density of states (DOS) to understand the chemical 

bonding and the presence of extra added boron and carbon atoms in these clusters. 

Further, infra-red and Raman active harmonic vibrational frequencies, aromaticity, and 

electron detachment energies are calculated and compared with C60 fullerene. 

 

 

 

3.2 Computational Methods 

 

First principles DFT calculations are carried out using DMOL3 and Gaussian 03 

programs.79-80 All the constructed clusters are initially optimized using DMOL3 within 

the generalized gradient approximation treated by Perdew-Burke-Ernzerhof exchange-

correlation potential (GGA/PBE) with an all electron double numerical atomic orbitals 

augmented by d-polarization functions as basis set (DNP).81 They are further optimized 

using Gaussian 03 within Becke three parameter exchange and Lee-Yang-Parr local and 

non-local correlation hybrid DFT functional, B3LYP/6-31G(d) level of theory for 

comparisons.82 The fully relaxed clusters are calculated for harmonic vibrational 

frequencies by evaluating the matrix of second derivatives of energy with respect to the 

nuclear positions (Hessian or force constant matrix) at the same level of theories to verify 

the nature of the stationary point and for zero-point vibrational energy corrections. The 

infrared (IR) and Raman vibrational intensities have also been calculated by 

differentiation of dipole derivatives with respect to the electric field by which we can 

assign spectral activity. The absence of imaginary vibrational frequency confirms that the 
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clusters are minima on the potential energy surface. In order to understand the three 

dimensional aromatic character of these clusters, the nucleus-independent chemical shifts 

(NICS) for the ghost atoms at the center of the clusters has been calculated by employing 

gauge-independent atomic orbital (GIAO) approach at GIAO-HF/6-31G(d)//B3LYP/6-

31G(d) level.83,84 The calculated NICS values and the highest occupied and the lowest 

unoccupied molecular orbital energy differences (HOMO–LUMO) of the clusters are 

used to gauge their stability. For comparisons C60 fullerene is also calculated at the same 

level of theories as mentioned above. 

 

 

 

3.3 Results and Discussion 

 

Firstly, we will present the electronic structure and bonding of stuffed fullerene-

like boron clusters and then the stuffed fullerene-like boron carbide clusters will be 

detailed. 

 

  

3.3.1    Stuffed Fullerene-like Boron Clusters 

 

The near electron sufficient clusters B98 (D3d), B99 (C3v), B100 (C2h), B101 (Cs), and 

BB102 (D3d) (Figure 3.1c-g) obtained from the 50 electron deficient B84 cluster are fully 

optimized. They are found to retain in the spherical shape without any unusual bond 

distortions. The average B-B cluster bond distance is about 1.780 Å which is the typical 
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B-B distance in the borane compounds.  When compare to the 50 electron deficient B85
84 

cluster the radial 2c-2e σ bonds are shortened from 1.844 to 1.579 Å in B98 to B102 

clusters respectively. The average diameter (average distance between two opposite 

pentagons) of the nearly electron sufficient clusters is 8.2 Å whereas the B84 cluster 

diameter is about 8.16 Å (optimized in the Ih symmetry constraints) and 9.0 Å in 

experimental β-rhombohedral boron.   What could be the diameter of the hypothetical 

hollow B

85

60 (without the stuffing B12 and the apex atoms of B6 units)? The diameter of a 

truncated icosahedron can be calculated using solid geometry.  Here we consider the 

diameter (d) as 2 × inradius (the distance between the center of the polyhedron and to its 

face center) of the solid. The inradius of truncated icosahedron numerically can be taken 

as (2.377) a, where a is the edge length (B-B bond length). So the diameter of B

86

60 is 8.5 

Å (d = 2 × 2.377 × a, where a = 1.787 is taken from the most stable borane, B12H12
-2). 

The diameter 8.5 Å calculated from the solid geometry suggests that the inner B12 unit 

does not have any space problem to covalently interlink the apex atoms of the pentagonal 

pyramids (B6 units) and hence can accommodate within the B60 skeleton.  

 

The cohesive energy per atom (Ec) of the optimized stuffed fullerene-like boron 

clusters are calculated with respect to the electron count. The cohesive energy of these 

clusters suggests that the “BB84 (Ih)  gets increasingly more stabilized while nearing 

electron sufficient structures (Table 3.3.1a). The B

”

84 is 0.274 eV higher in energy when 

compare to 14 electron deficient B96 where all the 12 pentagons are capped with boron 

atoms. The B98 (D3d), B99 (C3v), B100 (C2h), and B101 (Cs) are 0.324, 0.332, 0.343, and 

0.375 eV lower in energy when compared to B84 (Ih) cluster. Among them B101 cluster is 

close to electron sufficient B100.66 cluster. The high symmetric cluster near to B100.66 is 
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B102B  (D3d) which has four electrons more than needed is only 0.006 eV higher than B101. 

Clusters B104 (D3d) and B106 (D5d) also calculated by adding two and four boron atoms on 

the vacant hexagons of B102 (Figure 3.3.1a,b). They are found to be 0.091 and 0.168 eV 

higher than B102. The HOMO-LUMO gap in B98 is only 0.062 eV and the gap increases 

in B99 (0.368 eV), B100 (0.356 eV), B101 (0.419 eV), and B102 (0.632 eV) (Table 3.3.1a). 

 

Table 3.3.1a. Cohesive energies (eV/atom) and HOMO – LUMO (H – L) gaps (eV) for 

different stuffed fullerene-like boron clusters (Bn) along with point groups.  

 

# BBn Clusters Point 
Group 

-Ec  
(eV/atom) 

H – L  
gap (eV) 

1 BB84 Ih 5.346 0.910 
2 BB96 Ih 5.620 0.030 
3 BB98 D3d 5.670 0.062 
4 BB99 C3v 5.678 0.368 
5 BB100 C2h 5.689 0.356 
6 BB101 Cs 5.721 0.419 
7 BB102 D3d 5.715 0.632 
8 BB104 D3d 5.626 0.314 
9 BB106 D5d 5.547 0.613 

 

 

The harmonic vibrational frequencies for the lowest energy stuffed fullerene-like 

boron clusters B98, B99, B100, B101, and B102 are calculated using GGA/PBE/DNP 

(DMOL3) method. The clusters B100, B101, and B102 are found to be minima on the 

potential energy surface with significant lowest frequencies (123.2, 191.1, and 207.9 cm-1 

respectively). The clusters B98 and B99 are on the first and third order saddle points with 

one imaginary frequency (-33.0 cm-1), and three imaginary frequencies (-133.9, -117.2, 

and -117.2) respectively. 
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Figure 3.3.1. Stuffed fullerene-like boron clusters (a) BB104 (D3d) where the 12 surface 

pentagons of B84 are capped with boron atoms and another 8 boron atoms are added on 

the hexagonal centers. (b) B106 (D5d) where 20 boron atoms are added on the hexagonal 

centers and the remaining two boron atoms are capped two surface pentagons of B84. The 

added boron atoms are indicated in green colour (dark in B&W print).   

 

Why is there a range of stable clusters (B98 to B102) around B100.66? We have to 

look at the energy of the added electrons in the molecular orbital (MO) energy spectrum. 

For that, the site projected density of states (PDOS) for B102 (high symmetry structure 

closest to electron sufficient B100.66 cluster) has been generated as shown in Figure 3.3.1c. 

Since the required electrons are provided in terms of boron atoms one should not expect 

large charge variations from boron to boron. Indeed, the extra 18 boron PDOS of B102 are 

mixing largely with the B84 MO electronic states in the entire energy spectra as shown in 

Figure 3.3.1c. In B102 there is a large energy gap (1.348 eV) between HOMO (nearly 

double degenerate) and HOMO-2 (see Figure 3.3.1c, MO energy bar code), which 

essentially indicates stability of the B100.66 cluster. The geometry of the spherical cluster 

did not change much with the excess of electrons as in LixC60 (6 ≤ x ≤ 24) fullerides.87 
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The central hexagonal boron atoms on the surface of the clusters larger than B102 are in 

fact above the surface. The highest unoccupied energy levels are determined by their 

geometries. If the addition of the required boron atoms retains nearly the same shape of 

the parent cluster, the added electrons will occupy the energy levels which are largely 

localized on the parent cluster as in B98 – B102. The HOMO-2, HOMO, and LUMO of 

BB102 cluster are shown in Figure 3.3.1d-f where these frontier orbitals mainly 

corresponding to the extra added boron atoms.  

 

 

 
 
 
Figure 3.3.1. (c). PDOS of B102 stuffed fullerene-like boron cluster. The ↔ between the 

MO energy bar code indicates the gap between HOMO and LUMO. The energy gap 

(1.348 eV) between HOMO (nearly double degenerate) and HOMO-2 can be seen here. 
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Figure 3.3.1. (left) (d) HOMO-2, (middle) (e) HOMO, and (right) (f) LUMO of B102 

stuffed fullerene-like boron cluster. HOMO-2 shows the π interaction between the 

tangential p orbital of the pyramidal boron atoms and perpendicular p orbitals of the 

surface pentagon of B6 fragment. HOMO and LUMO are non-bonding orbitals localized 

on extra added boron atoms. 

 

     In order to have a complete energy profile of this B84 cluster with respect to the 

electron count, the B108 (D2h), B110 (D3d), and B116 (Ih) have been generated (Figure 

3.3.1g-i). The cohesive energy profile of these clusters shows lowering of energy while 

reaching the required electron count and rising with excess electrons (Figure 3.3.1j). This 

strongly suggests that the key to stability of a given cluster is the ability to provide the 

required number electrons as closely as possible. However, this is not the complete 

picture. Since several possible isomers can be generated for a given cluster size, the 

cohesive energy may vary depending on the effectiveness of filling the unoccupied 

bonding orbitals of B84 cluster (Figure 3.3.1c). We have calculated two isomers B102 (D3d) 

and B104 (Ih) (Figure 3.3.1k,l) where the extra boron atoms are added only on the 

hexagonal centers of B84 cluster. 
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Figure 3.3.1. Stuffed fullerene-like boron clusters (g) BB108 (D2h), (h) B110 (D3d), and (i) 

B116B  (Ih) where 20 boron atoms are added on the hexagonal centers of all the three 

clusters and the rest of the boron atoms are added as caps to the surface pentagons of B84 

respectively. The added boron atoms are indicated in green colour (dark in B&W print).  

 

 
 

Figure 3.3.1j. Cohesive energy verses number of atoms for the optimized stuffed 

fullerene-like boron clusters (Bn = 84 – 116). The x-axis indicates the number of atoms 

not the scale. 
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 These two isomers B102 (D3d) and B104 (Ih) where only the hexagonal centers are 

occupied by the extra boron atoms (Figure 3.3.1k,l) are higher in energy (clusters shown 

with underline in Figure 3.3.1j) compared to B102 (D3d) (Figure 3.1g), and B104 (D3d) 

(Figure 3.3.1a) which were given preference to occupy all the 12 pentagonal caps and 

then the hexagonal centers of B84 cluster. This suggest that adding extra boron atoms as 

caps to the surface pentagons is preferable than adding on the hexagonal centers of B84. It 

is because boron as a cap prefers pentagon (B5 ring) rather than hexagon (B6 ring) to have 

better overlap between the ring and the cap according to the ring-cap overlap 

compatibility.75,76 Though, the ring-cap compatibility suggests the ring exohedral bonds 

(or the ring terminal bonds) should be in plane of the ring, here the fullerene-like 

curvature demands the exohedral bonds should bend out of the ring plane. This is also 

one of the reasons why icosahedral boron is ubiquitous in the allotropes of boron. Thus 

the curvature of the fullerene also plays an important role for stuffed fullerene-like boron 

clusters stability. The effect of the curvature on the stability of the fullerene-like clusters 

will be quantitatively discussed in the section of stuffed fullerene-like boron carbide 

clusters. 

   
 

Figure 3.3.1. Stuffed fullerene-like boron clusters (k) B102 (D3d) and (l) B104 (Ih) where 

the extra boron atoms are added only on the hexagonal centers of B84 cluster. 
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3.3.2    Stuffed Fullerene-like Boron Carbide Clusters 

 

The hydrogenated cluster fragments 1,2-, 1,7-, and 1,12-closo-C2BB10H12 (1A, 1B, 

1C respectively) and 1,2,5,6-, 1,3,4,6-, and 2,3,4,5-nido-C4B2B H6 (2A, 2B, 2C 

respectively) (Figure 3.1h-m) that were generated to compare the energetics of stuffed 

fullerene-like boron carbide clusters are optimized at GGA/PBE/DNP level of theory 

using DMOL3 program.79,81 The relative energies of these positional isomers follow the 

valence rules of carboranes.66-77 Among the isomers of closo-C2BB10H12 and nido-C4B2B H6, 

the 1,12-closo-C2BB10H12 (1C in Figure 3.1j) and 2,3,4,5-nido-C4B2B H6 (2C in Figure 

3.1m) are low energy isomers (Table 3.3.2a). Therefore, the constructed fullerene-like 

boron carbide cluster, C50BB34 (3C in Figure 3.1n) based on the above low energy isomers 

would be expected to be stable. The optimized C50B34B  (3C) is found to be minima on the 

potential energy surface with relatively high HOMO-LUMO gap, 2.04 eV and with 

significant lowest frequencies (Table 3.3.2a). The hydrogenated cluster fragments and 

C50BB34 (3C) cluster have been re-optimized at B3LYP/6-31g(d) using Gaussian 03 

program.  This method also reproduces the relative stability of the positional isomers 

of closo-C

80,82

2B10B H12 and nido-C4BB2H6 and suggests C50B34B  (3C) is a stable species (Table 

3.3.2b). 

 

The average surface bond distances (l), B-B (1.802 Å), B-C (1.653 Å), and C-C 

(1.596 Å) of C50BB34 (3C) are appreciable when compared to the B84 in β-rhombohedral 

boron (1.795 Å) and C60 (1.425 Å). The diameter, d (average distance between two 

opposite surface pentagons) is 7.574 Å which is lower than B84 (8.979 Å) due to the 

shorter C-C and B-C bond lengths (Table 3.3.2c). The curvature, θ (180° - average angle 
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between the center of the surface pentagon to its vertex and exo-bond, see Figure 3.3.2a) 

of C50B34B  (3C) is 31.7° which is similar to C60 curvature, 31.7° and B102 curvature 32.1° 

but far from that of 2,3,4,5-nido-C4BB2H6 (2C), 11.3° (Table 3.3.2a). This is 

understandable as the bond distances in C60 or stuffed fullerene-like boron and boron 

carbide clusters did not allow the surface to be flat; instead they tend to be more spherical 

to bind the pentagons. On the other hand the curvature in C4B2B H6 isomers is more flexible 

and is decided by the ring-cap orbital overlap compatibility rules.75,76 This perception 

takes us to look at other possibilities where the curvature can be optimized by comparing 

with the remaining two nido-C4BB2H6 isomers (2A and 2B in Figure 3.1k,l).  

 
 

 
 
 
Figure 3.3.2a. Measuring the curvature of B84 cluster is depicted here. Icosahedral B84, 

BB12@(B6)6 (for clarity 6 B6 units are omitted) and the pentagonal pyramid of B84 where 

angle (θ) between the center of the surface pentagon to its vertex and exo-bond indicates 

the curvature. 

 

Here onwards we use bold letters to represent the hydrogenated positional isomers 

of closo-C2BB10H12, nido-C4B2B H6, and the stuffed fullerene-like boron clusters as 

described in Figure 3.1h-m, and Figure 3.1n. 
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Table 3.3.2a. Total energy (TE), total energy corrected for zero point energy (TE + ZPE), relative energy, and the HOMO-LUMO (H-

L) gaps are in eV, curvature (θ°), and number of imaginary frequencies (NImag) with smallest frequencies (cm-1) in parenthesis of all 

the calculated clusters at GGA/PBE/DNP using DMOL3 program. Note: The curvature (θ) of B84 in β-rhombohedral boron is 32.3°. 

 

Clusters Pg TE 
(eV) 

TE+ZPE 
 (eV) 

RE 
(eV) 

H-L  
(eV) 

θ° NImag (cm-1) 

B12H12
-2 Ih -8307.359 -8302.815 - 6.840 26.6 0[519.0] 

         
1,2-C2B10H12 (1A) C2v -9025.826 -9021.070 0.675 6.599 28.8 0[438.7] 
1,7-C2B10H12 (1B) C2v -9026.507 -9021.703 0.042 6.827 27.4 0[458.4] 
1,12-C2B10H12 (1C) D5d -9026.642 -9021.745 0.000 6.951 28.8 0[485.3] 
        
1,2,5,6-C4B2H6 (2A) Cs -5589.563 -5587.133 2.479 5.023 18.8 0[410.2] 
1,3,4,6-C4B2H6 (2B) Cs -5590.450 -5588.006 1.606 6.320 18.1 0[416.1] 
2,3,4,5-C4B2H6 (2C) Cs -5592.102 -5589.612 0.000 5.748 11.3 0[499.2] 
        
1C + 2C = C50B34 (3C) C2h -74722.286 -74710.009 14.502 2.041 31.7 0[229.6] 
1C + 2B = C50B34 (3B) C2h -74736.588 -74724.511 0.000 2.852 31.7 0[286.5] 
1C + 2A = C50B34 (3A) C2h -74726.114 -74714.328 10.183 1.604 31.7 0[270.6] 
1A + 2B = C50B34 (3B') C1 -74735.547 -74723.483 1.028 2.733 31.7 0[286.7] 
1B + 2B = C50B34 (3B″) C1 -74736.296 -74724.212 0.299 2.824 31.7 0[287.0] 
        
B12

-2 + 2C = C48B36
-2 (3′C) D3d -74001.769 -73989.881 19.520 1.302 31.7 0[203.6] 

B12
-2 + 2B = C48 36B -2 (3′B) D3d -74021.487 -74009.401 0.000 2.736 31.7 0[285.6] 

B12
-2 + 2A = C48 36B -2 (3′A) D3d -74011.768 -73999.861 9.540 1.633 31.7 0[274.4] 

        
B102 D3d -68894.571 -68882.004 - 0.632 32.1 0[207.9] 
C60 Ih -62158.515 -62148.499 - 1.668 31.7 0[252.1] 
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Table 3.3.2b. Total energy (TE), total energy corrected for zero point energy (TE + ZPE), relative energy, and the HOMO-LUMO (H-

L) gaps are in eV, curvature (θ°), nucleus independent chemical shifts (NICS in ppm), and number of imaginary frequencies (NImag) 

with smallest frequencies (cm-1) in parenthesis of all the calculated clusters at B3LYP/6-31G(d) using Gaussian 03 program. 

 

Clusters Pg TE 
(eV) 

TE+ZPE (eV) RE 
(eV) 

H-L 
(eV) 

θ° NICS NImag (cm-1) 

B12H12
-2 Ih -8318.319 -8313.771 - 8.996 26.6 -34.383 0[520.3] 

         
1,2-C2B10H12 (1A) C2v -9037.095 -9032.265 0.810 8.344 27.9 -34.151 0[454.8] 
1,7-C2B10H12 (1B) C2v -9037.803 -9032.953 0.122 8.524 26.3 -34.156 0[478.7] 
1,12-C2B10H12 (1C) D5d -9037.920 -9033.075 0.000 8.598 28.9 -35.337 0[463.1] 
         
1,2,5,6-C4B2H6 (2A) Cs -5595.561 -5593.063 2.492 6.937 18.9 -24.454 0[382.8] 
1,3,4,6-C4B2H6 (2B) Cs -5596.511 -5594.000 1.555 8.148 17.9 -23.314 0[405.7] 
2,3,4,5-C4B2H6 (2C) Cs -5598.106 -5595.555 0.000 7.493 10.9 -24.162 0[496.6] 
         
1C + 2C = C50B34 (3C) C2h -74788.164 -74775.823 16.842 3.533 31.7 -25.730 0[205.1] 
1C + 2B = C50B34 (3B) C2h -74804.965 -74792.665 0.000 4.438 31.7 -34.197 0[290.6] 
1C + 2A = C50B34 (3A) C2h -74793.460 -74781.424 11.241 2.939 31.7 -35.449 0[281.2] 
1A + 2B = C50B34 (3B') C1 -74803.852 -74791.592 1.073 4.323 31.7 -32.545 0[289.6] 
1B + 2B = C50B34 (3B″) C1 -74804.661 -74792.378 0.287 4.416 31.7 -33.051 0[290.1] 
         
B12

-2 + 2C = C48B36
-2 (3′C) D3d -74066.368 -74054.290 22.448 2.812 31.7 -21.067 0[162.3] 

B12
-2 + 2B = C48B36

-2 (3′B) D3d -74088.958 -74076.738 0.000 4.293 31.7 -33.333 0[286.8] 
B12

-2 + 2A = C48B36
-2 (3′A) D3d -74078.189 -74066.207 10.531 2.972 31.7 -34.444 0[277.7] 

         
B102 D3d -68962.016 -68949.833 - 1.299 31.7 -39.831 0[208.8] 
C60 Ih -62210.450 -62200.244 - 2.760 31.7 -9.402 0[265.5] 
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Table 3.3.2c. Various bond distances, ring cap distance (R), diameter of B12 (dB12) and B84 skeleton (dB84), and number of bonds of all 

the calculated clusters at GGA/PBE/DNP using DMOL3 program. For completeness the curvature (θ) also added here. 

Bc-Bc = central icosahedral B-B distance      

Clusters PBE/DNP of DMOL3 
 B Bc-Bc c-Cc Cc-Cc Bm-Bm Bm-Cm Cm-Cm Bs-Bs Bs-Cs Cs-Cs R θ dB12 dB84 # B-B # B-C # C-C 

B12H12
-2 1.787 - - - - - - - - 0.940 26.565 3.400 - 30 0 0 

1,2-C2B10H12 (1A) 1.778 1.709 1.627 - - - - - - 0.902 28.835 3.327 - 21 8 1 
1,7-C2B10H12 (1B) 1.778 1.703 - - - - - - - 0.894 27.386 3.318 - 20 10 0 
1,12-C2B10H12 (1C) 1.775 1.706 - - - - - - - 0.865 28.833 3.222 - 20 10 0 
1,2,5,6-C4B2H6 (2A) - - - - - - 1.653 1.546 1.449 1.078 18.784 - - 1 4 5 
1,3,4,6-C4B2H6 (2B) - - - - - - - 1.540 1.474 1.065 18.052 - - 0 6 4 
2,3,4,5-C4B2H6 (2C) - - - - - - - 1.534 1.436 1.199 11.269 - - 1 6 3 
1C + 2C = C50B34 (3C) 1.574 1.539 - 1.453 1.415 - 1.802 1.653 1.596 0.859 31.698 2.963 7.574 48 84 60 
1C + 2B = C50B34 (3B) 1.628 1.588 - - 1.428 1.377 1.739 1.642 1.592 0.849 31.688 3.061 7.610 26 104 62 
1C + 2A = C50B34 (3A) 1.629 1.605 - - 1.431 1.381 1.783 1.632 1.573 0.850 31.693 3.071 7.615 38 80 74 
1A + 2B = C50B34 (3B') 1.627 1.599 1.602 - 1.426 1.386 1.735 1.646 1.593 0.851 31.691 3.072 7.611 27 102 63 
1B + 2B = C50B34 (3B″) 1.627 1.597 - - 1.427 1.393 1.733 1.646 1.589 0.851 31.691 3.062 7.610 26 104 62 
B12

-2 + 2C = C48B36
-2 (3′C) 1.576 - - 1.453 - - 1.821 1.655 1.618 0.857 31.706 2.999 7.617 60 72 60 

B12
-2 + 2B = C48B36

-2 (3′B) 1.623 - - - 1.431 - 1.742 1.646 1.594 0.845 31.699 3.085 7.637 36 96 60 
B12

-2 + 2A = C48B36
-2 (3′A) 1.628 - - - 1.436 - 1.793 1.632 1.578 0.842 31.697 3.093 7.643 48 72 72 

B84 in β-boron 1.839 - - 1.772 - - 1.795 - - 0.985 
0.955 

32.315 
32.067 

3.535 
3.196 

8.979 
8.187 

192 
288 

0 
0 

0 
0 B102 1.680 

- 
- 
- 

- 
- 

1.579 
- 

- 
- 

- 
- 

1.760 
- 

- 
- 

- 
42C60 1. 5 - 31.717 - 6.654 0 0 90 

 Bc-Cc = central icosahedral B-C distance      
 Cc-Cc = central icosahedral C-C distance 
 Bm-Bm = central icosahedral vertex B to the middle layer B distance 
 Bm-Cm  = central icosahedral vertex B/C to the middle layer B/C distance 
 Cm-Cm  = central icosahedral vertex C to the middle layer C distance 
 Bs-Bs = Surface B-B distance 
 Bs-Cs = Surface B-C distance 
 Cs-Cs = Surface C-C distance 
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The curvature of 1,3,4,6-nido-C4BB2H6 (2B) (18.1°) and 1,2,5,6-nido-C4B2B H6 (2A) 

(18.8°) are found to be closer to 3C (31.7°) than the curvature of 2C (11.3°) vs 3C 

(31.7°). Indeed, the fullerene-like boron carbide clusters based on the combinations of 1C 

and 2B [C50BB34 (3B) = 1C + 2B], and 1C and 2A [C50B34B  (3A) = 1C + 2A] are lower in 

energy and minima (Table 3.3.2a). The clusters 3B and 3C are shown in Figure 3.3.2b 

and 3.3.2c respectively. They are 14.50 and 4.32 eV lower than 3C. The structure 3B is 

10.18 eV more stable than 3A as the 2B is 0.87 eV more stable than 2A. In fact 12 × 0.87 

is not far from 10.18 eV. The HOMO-LUMO gap of 3B and 3C are 2.85 and 1.60 eV and 

the former is larger than C60 gap, 1.67 eV (Table 3.3.2a). The relative stability of all the 

cluster isomers and corresponding HOMO-LUMO gaps are in good agreement with the 

results obtained from B3LYP/6-31G(d) level.  

 

   
 

Figure 3.3.2. Stuffed fullerene-like boron carbide clusters (b) C50BB34 (3B) and (c) C50B34B   

(3C) generated out of the combinations of [1,12-closo-C2BB10 (1C) and 12 (1,3,4,6-nido-

C4B2B ) (2B)] and [1,12-closo-C2BB10 (1C) and 12 (1,2,5,6-nido-C4B2B ) (2A)] fragments 

respectively. The substituted carbon atoms are shown in thick blue colour (dark in B&W 

print). 
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The average bond lengths, and diameter of 3B and 3A are nearly similar to 3C; 

particularly the curvature (θ) and the ring-cap distances (R) did not vary (Table 3.3.2c). 

The 2c-2e σ bonds between the C2BB10 and C4B2B  fragments are shorter within the diameter 

~7.6 Å of these clusters. Since majority of the bonds are B-C bonds the diameter of the 

series 3 clusters are lowered. The stability of 3C is also supported by the presence of 

more number of strong B-C bonds over its other isomers (Table 3.3.2c).     

 

The stability of 3B is also examined over the combinations of 1A (1,2-closo-

C2BB10) and 2B [C50B34B  (3B′)] and 1B (1,7-closo-C2BB10) and 2B [C50B34B  (3B″)]. The 3B′ 

and 3B″ are lower in energy than 3A and 3C. However, the 3B is the most stable among 

all the fullerene-like boron carbide clusters (Table 3.3.2a,b). This clearly emphasizes that 

the bond bending (θ) energy penalties are the key in stabilizing the clusters. The C50BB34 

electron sufficient dianionic analogues, C48B36B

-2 [closo-B12
-2 + 12 (nido-C4BB2)] isomers, 

also follow parallel stability trends (Table 3.3.2a,b). 

 

In order to understand the contribution of boron and carbon in C50BB34 (3B) cluster, 

the PDOS has been generated as shown in Figure 3.3.2d. The PDOS of 50 carbon atoms 

and the PDOS of 34 boron atoms are mostly mixed near the frontier regions of HOMO 

and LUMO.  In the far frontier regions of the occupied MOs the contribution from carbon 

is more than boron whereas it is reverse in the unoccupied MOs (-1 to -3 eV and 2 to 5 

eV). The occupied bonding contribution largely comes from the surface pentagons and 

the unoccupied non-bonding and antibonding contributions are from the hexagons. The 

HOMO is a σ bonding that holds the pentagons and hexagons together as shown in 

Figure 3.3.2e. LUMO is a π antibonding localized between the five and six membered 
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rings (Figure 3.3.2f). The large HOMO - LUMO gap of 2.85 eV can be seen in the MO 

energy diagram indicated by an arrow (Figure 3.3.2d).  

 

Aromaticity, an indicator of delocalization, has been estimated by computing the 

nucleus-independent chemical shifts (NICS) for the ghost atoms at the center of the 

clusters using GIAO-HF/6-31G(d)//B3LYP/6-31G(d).84,84 The negative NICS values as 

large as B12H12
-2 and C2BB10H12 reveal that the B102, C50B34B  and C48BB36

-2 classes of clusters 

are three-dimensional aromatics (Table 3.3.2b). In order to aid possible experiments the 

electron detachment energies and Raman-active bands are calculated. 

 

 
 

Figure 3.3.2. (d). PDOS of C50BB34 (3B) stuffed fullerene-like boron carbide cluster. The 

↔ between the MO energy bar code indicates the gap (2.85 eV) between HOMO and 

LUMO. 
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Figure 3.3.2. (left) (e) HOMO and (right) (f) LUMO of C50BB34 (3B) stuffed fullerene-like 

boron carbide cluster.  

 

The electron detachment energies of the stable stuffed fullerene-like boron and 

boron carbide clusters are calculated at GGA/PBE/DNP level of theory. The vertical 

detachment energy (VDE) is calculated as energy difference between neutral of anion 

optimized geometry and optimized anion geometry whereas the adiabatic detachment 

energy (ADE) is the energy difference between optimized neutral and optimized anion 

geometry. The VDE and ADE of B102 and C50BB34 (3B) are 2.88 and 2.84, 2.29 and 2.25 

eV respectively. They are comparable to C60 fullerene VDE (2.93 eV) and ADE (2.91 

eV).  The negligible difference between ADE and VDE of B88,89
102 and C50B34B  (3B) is 

0.04 eV which is close to C60 (0.02 eV), suggest that there will not be any major 

structural changes during the relaxation. The prominent breathing modes Ag with high 

Raman-activity of the stable B102 are found at 599.8 (radial) and 1088.7, 1392.5 cm-1 

(tangential). In C50BB34 (3B) the Ag modes are found at 416.2 (radial) and 1146.5, 1151.1 

cm  (tangential) while in C-1
60 the Ag modes are at 497.1 (radial) and 1503.8 cm  

(tangential).  There are several infrared- and Raman-active modes in B

-1

5,90
102 and C50B34B  

(3B) compared to C60 due to the reduction in symmetry and greater degrees of freedom 

(see Appendix for all the infrared- and Raman-active frequencies). The displacement 

vectors corresponding to these modes are shown in Figure 3.3.2g-n respectively. 
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Figure 3.3.2. The displacement vectors corresponding to the radial (r) and tangential (t) 

Ag breathing modes of (g) B102 (599.8 cm-1, r), (h) B102 (1088.7 cm-1, t), (i) B102 (1392.5 

cm-1, t), (j) C50BB34 (3B) (416.2 cm , r), (k) C-1
50B34B  (3B) (1146.5 cm-1, t), (l) C50BB34 (3B) 

(1151.1 cm , t), (m) C-1
60 (497.1 cm , r), and (n) C-1

60 (1503.8 cm , t).   -1
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3.4 Conclusion 

 

Electron sufficient stuffed fullerene-like boron clusters are constructed using an 

icosahedral electron deficient B84 fragment of β-rhombohedral boron. The electron 

deficiency of B84 cluster was calculated by applying the Wade’s closo- n+1 and nido- 

n+2 skeletal electron counting rules on the fragments of B84 cluster. According to these 

rules B84 was found to be 50 electron deficient and hence the B84
-50 can not be a stable 

species. In order to stabilize the B84 by providing the 50 electrons we have adopted 

similar bonding criteria of β-rhombohedral boron, where the required number of 50 

electrons was compensated by different condensations and extra occupancies. Here, the 

condensation was terminating the open surface of B84 by capping the pentagons with 

boron and placing the extra boron atoms at the center of hexagons systematically.  Since 

we can not provide 50 electrons (or 16.66 boron atoms) by integer number of boron 

atoms, near electron sufficient clusters were modeled that is clusters close to electron 

precise B100.66. The clusters with near electron sufficient B98 – B102 are indeed found to be 

stable and the other far from B100.66 are destabilized. Therefore the stuffed fullerene-like 

boron clusters are preferentially stabilized with the stipulated electronic requirements.   

 

On the other hand the well understood structure and stability connection between 

boranes and carboranes prompted us to propose a carboranes route to stabilize the B84
-50. 

This gave C50BB34 an isoelectronic equivalent of B84
-50. Here we applied cluster fragment 

approach to evaluate the best possible position for carbon in C50B34B  cluster. We found 
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that the stability over the C50BB34 isomers is controlled by the curvature of the fullerene 

beside the general notion of the carboranes stability rules.  

 

The large HOMO-LUMO gaps, three dimensional aromaticity, and the 

detachment energies of these stuffed fullerene-like boron and boron carbide clusters 

unambiguously indicate their high stability. Existence of B84 clusters in the β-

rhombohedral boron and boron-rich icosahedral cluster solids (BRICS) prompts us 

towards a search for B12 stuffed boron fullerenes. There could be a possibility to trace the 

BB84 clusters in the melt of β-rhombohedral boron or BRICS.  The recent experimental 

realization of boron carbide spherical nanoparticles of the order of 50-100 nm in size by 

laser irradiation of boron powder dispersed in ethyl acetate suggest the starting directions 

in bringing up these promising clusters.  These are expected to be useful in boron 

neutron capture therapy of cancer,  as incompressible materials,  and their 

hydrogenated analogues would be promising candidates for hydrogen storage.
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Chapter 4 
 

Boron and Boride Sheets,  
Tubes, and Hollow Fullerenes 

 
 

 

 

 

 

 

 

4.1 Introduction 

 

Elemental boron is considered as one of the most complex crystal structure in the 

periodic table.1 It has many allotropes whose structural chemistry is mostly dominated by 

the three dimensional (3D) icosahedral B12 units with electron deficient multi center two 

electron (mc-2e) bonding network.1-3 Its next neighbor carbon has allotropes with variety 

of electron precise 2c-2e bonding networks namely 3D tetrahedral diamond and 

hexagonal graphite, 2D graphene sheet, 1D nanotubes, and 0D spherical fullerenes. 

Dimensionality is considered as one of the significant parameter in defining materials 

characteristics. The diverse chemical and physical properties of carbon: 0D fullerenes, 

1D nanotubes, and 2D sheets (graphene) are the best examples.4-6 But boron in general is 

not known to form allotropes with such varied dimensions like carbon. In chapter 3, we 

have showed one way to achieve stable 0D stuffed fullerene-like boron clusters from an 
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electron deficient B84 fragment of 3D dimensional β-rhombohedral boron. On the other 

hand, recently there are theoretical reports on 2D finite boron clusters,7-9 2D boron 

sheets,10 1D boron nanotubes,11,12 and 0D boron fullerenes13,14 analogous to benzenoid 

hydrocarbons, carbon sheets, nanotubes, and fullerenes respectively. Subsequently, the 

finite boron clusters,15 nanowires16 and nanotubes17 are observed in experiments. This 

show the low-dimensional allotropes of boron are just beginning.    

 
 The finite boron clusters are 2D structures up to n≈16 (n = number of atoms) and 

above sixteen they are found to be double ring and tubular structures which are equipped 

with mainly triangular motifs.18,19 These triangular finite 2D boron clusters are 

heuristically considered as precursors for the boron sheets, nanotubes, and fullerenes as 

the hexagonal benzenoid hydrocarbons are considered as precursors for carbon sheets, 

nanotubes, and fullerenes.10 The theoretically predicted boron sheets (BSs) and boron 

nanotubes (BNTs) based on these triangular motifs are found to be buckled or wrinkled 

unlike the carbon sheets and nanotubes which are planar and tubular respectively.11 

However the recent calculations by Tang et al on BSs10 and by Yang et al on BNTs12 

show that structures having 2/3 hexagonal voids in the triangular network are planar and 

tubular without buckling and also found to be more stable than the buckled sheets and 

tubes. The stable BS and BNT containing 2/3 hexagonal voids are named as α-sheet and 

α-tube respectively. Incidentally, before the prediction of stable α-sheet and α-tube, a 

stable hollow boron fullerene, B80 analogous to C60 was proposed by Szwacki et al using 

theoretical calculations.13 The structure of B80 is similar to C60, but it has an additional 

atom in the center of each hexagon. These allotropes of boron, analogous to carbon, 

appear as promising materials for all the characteristics of low-dimensional properties.  
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But, what made these low-dimensional allotropes of boron analogous to carbon as 

a stable species despite boron strongly prefers icosahedral B12 based allotropes is not 

clear. In the case of carbon the structural connections between the benzenoid 

hydrocarbons and the low-dimensional allotropes of carbon is understandable. The sp2 

hybridization of carbon (1s2,2s1,2px
1,2py

1
,2pz

1) flexibly transforms from 2D carbon sheets 

to 1D nanotubes to 0D fullerenes. While in boron, the connection between the finite 

boron clusters and the low-dimensional allotropes of boron is unclear. It is due to the fact 

that there is no boron structural precursor with the sp2 hybridization like in benzenoid 

hydrocarbons. If boron were to adopt sp2 hybridization (1s2,2s1,2px
1,2py

1
,2pz

0) it must 

leave the 2pz orbital as empty which will make boron electron deficient. Therefore, it 

selects instead multi-center based electron deficient polyhedral structures. Therefore, it 

appears that the formation of carbon sheet, nanotube, and fullerene analogues of boron 

allotropes is quite an arduous task.  

 

However, boron being next to carbon with one electron deficiency, it is known to 

form carbon analogues when stabilized by different elements which fulfill the electronic 

requirement of carbon (B-~C). The graphene analogue of hexagonal magnesium diboride 

[Mg+2(B-1)2~C2]20 and polycarbyne analogue of lithium boride chain (Li+B-~C)21,22 are 

notable experimental examples. This view suggests that if boron were to adopt the carbon 

skeleton it would need an extra electron for the stability. If the extra electrons are 

provided by the additional boron atoms without much disturbing the atomic arrangement 

of the carbon skeleton then we would see boron allotropes analogous to carbon. As a 

generalization, carbon analogue of boron requires n extra electrons or n/3 extra boron 
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atoms (where n is the number of atoms in carbon skeleton). These carbon analogue of 

boron allotropes contain a 4n/3 total number of boron atoms would be stable. In that 

prospect here we show systematically the adaptation of carbon sheets, nanotubes, and 

fullerenes by boron with respect to the electron count (or number of boron atoms) using 

first principles density functional and semi-empirical tight-binding calculations. In order 

to understand the structure and stability of BSs, BNTs, and boron fullerenes with respect 

to the electron count we analyze projected density of states (PDOS), crystal orbital 

overlap populations (COOP), electron density isosurfaces (EDI), and cohesive energy per 

atom (Ec). Similarly, we also study the electronic structure and stability of MgB2 sheets, 

nanotubes, and fullerenes which are isostructural and isoelectronic to graphene, carbon 

nanotube, and C60 fullerene respectively. We further intuitively assess the scope of 

viability of BSs and BNTs by comparing with the graphene and MgB2 structures. We 

also discuss the carbon analogues of boron allotropes structural preference over the 

icosahedral B12 based boron allotropes. 

 

 The chapter is organized in the following way: The construction of graphene and 

carbon nanotube analogues of boron viz BSs and BNTs are illustrated in Sec. 4.2. 

Computational details are described in Sec. 4.3. The results and discussion of the 

structure and stability with respect to the electron count and electrical properties of the 

BSs, BNTs, and B80 fullerenes are presented in Sec. 4.4.1, 4.4.2, and 4.4.3 of Sec 4.4 

respectively. Subsequently, MgB2 based sheets, nanotubes, and fullerenes are given in 

Sec 4.5. Finally in Sec. 4.6 the conclusions are given. 
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4.2 Construction of BSs and BNTs 

 

The BSs are constructed by taking the hexagonal graphene sheet as a beginning 

lattice with space group P6/mm where all the carbon atoms are substituted by boron. 

Such hexagonal BS contains two boron atoms (B2) per primitive unit cell is shown in 

Figure 4.2a. The lattice vectors are denoted by a1 and a2, where a1 = a ( 2
1 x + 6

3 y) and a2 

= a ( 6
32 ) y; 1a  = 2a  =

3
a . The B2 unit-cell is two electron deficient when compare to 

graphene (C2). According to 4n/3 rule a graphene analogue of boron should have 2.67 

boron atoms per primitive unit cell. The 0.67 fractional boron atoms do not allow us to 

keep in the calculatable plane lattice without disturbing the symmetry. However, this can 

be overcome by considering a super-cell contain six carbon atoms per graphene unit cell 

(C6) to construct an electron sufficient BS. The C6 graphene unit cell effectively contains 

three hexagonal voids. Substituting C6 by B6 we get a B6-sheet with deficiency of six 

electrons (Figure 4.2a). Placing the required six electrons by two boron atoms (each 

boron atom provides three valence electrons) at the center of the two hexagonal voids out 

of the three within P6/mm space group generates an electron sufficient B8-sheet as shown 

in Figure 4.2b. The lattice vectors for B8-sheet are denoted by b1 and b2, where b1 = ax 

and b2 = a ( 2
1− x + 2

3 y); 1b  = 2b  = a = 3lB-B. Filling the vacant hexagonal void in the 

BB8-sheet gives a fully triangular sheet (B9) which is a three electron excess sheet (Figure 

4.2c). The BNTs are constructed from the B6 unit cell (Figure 4.2a) much similar to the 

construction of carbon nanotubes (CNTs) from graphene  as shown in Fig. 4.2d-f. The 

BNTs satisfy the chiral vector or circumferential vector C

4

h = nb1 + mb2 = (n, m), where n, 
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m are integers, n ≥ m ≥ 0. The diameter of the tube can be given as d = π
3 lB-B 

2
221

2
1 nnnn ++ . The BSs are wrapped up into BNTs in such a way that the vector b2 

will be the translational vector for the BNTs. As an example here we constructed a zigzag 

(6,0) (following the CNTs terminology) BNTs with different electron counts similar to 

the above BSs. The (6,0) CNT contains 24 atoms per unit cell (C24). Substituting 24 

carbon atoms by boron we get a B24 tube (Figure 4.2d) which is 24 electrons deficient 

when compared to C24. Applying the 4n/3 rule on B24 we get electron sufficient B32 tube 

that is filling 2/3 of hexagonal holes (8 out of 12 in B24 tube) (Figure 4.2e). Occupying 

the remaining hexagonal holes of B32 by boron gives a 12 electron rich B36 tube (Figure 

4.2f). Thus the constructed BSs and BNTs with different electron counts will be exploited 

in assessing their structure, stability and electrical conductivity. 

 

Figure 4.2. (left) (a) Electron deficient hexagonal boron sheet (equivalent to graphene), 

where the primitive unit-cell (B2) is represented by two lattice vectors a1 and a2. It also 

represents the lattice vectors b1 and b2 for the super-cell B6-sheet or C6-graphene. 

(middle) (b) Electron sufficient B8-sheet which primitive unit-cell is represented by b1 

and b2 lattice vectors as in B6-sheet. (right) (c) Electron rich B9-sheet which super-cell is 

represented by b1 and b2 lattice vectors as in B6-sheet and B8-sheet. The extra added 

boron atoms at the center of the hexagons of B8-sheet and B9-sheet are indicated in green 

colour (dark in B&W print). The unit-cells of B6-sheet, B8-sheet, and B9-sheet are 

considered in such a way that the shift in the electronic energy levels can be directly 

compared. The inset in (c) is the side view of the optimized B9-sheet structure.  
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Figure 4.2. (left) (d) Electron deficient (6,0) boron or B24-tube. (middle) (e) Electron 

sufficient B32-tube. (right) (f) Electron rich B36-tube. The unit-cells of the tubules 

considered here are shown with the dotted lines. The extra added boron atoms at the 

center of the hexagons of B32-tube and B36-tube are indicated in green colour (dark in 

B&W print). The inset in (e) and (f) are optimized structures of B32-tube and B36-tube 

shown along the tube axis respectively.  

 

 

 
4.3 Computational Methods 

 

  The calculations are performed for sheets and nanotubes using density functional 

theory (DFT) implemented in CASTEP code which uses a plane-wave basis set approach 

to expand the electronic wavefunctions.23,24 Exchange and correlation of electrons are 

treated within the local density approximation (LDA) of Ceperley and Alder–Perdew and 

Zunger (CA-PZ) functional.25,26 Vanderbilt ultrasoft pseudopotentials for B(2s,2p), 

C(2s2,2p2), Mg(2p6,3s2) are used to describe the interaction between electrons and ions 

with cutoff energy of 240, 310, and 340 eV for the plane-wave basis set respectively.27 
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Integration of the wavefunctions is sampled over the first Brillouin zone with 6×6×4 (for 

sheets), 2×2×6 (for tubes), and 6×6×6 (for α-boron) k-point mesh generated by 

Monkhorst-Pack scheme.28 Pulay’s density mixing method is employed in the self-

consistent filed (SCF) electronic minimization procedure with charge mixing amplitude 

0.5 and SCF cutoff 5×10-7 eV/atom.29 Geometry optimizations are performed using 

Broyden-Fletcher-Goldfarb-Shanno30 method with convergence tolerances of energy 

5×10-6 eV/atom, force 0.01 eV/Å, stress 0.02 GPa, and displacement 5×10-4 Å. A super 

cell approach has been used (8 for sheets and 10 Å for nanotubes) to avoid the interlayer 

and intertubular interactions. Subsequently the PDOS are calculated for the optimized 

sheets and tubes. The EDIs are produced to indicate the formation of bonding types.  

 
Further extended Hückel (eH) PDOS and COOP are calculated upon the CASTEP 

optimized geometries using YAeHMOP program to get more insight into the bonding 

picture.31-33 The parameters used for boron and carbon are B2s (Hii = -15.2 eV, ζ = 1.3), 

BB2p (Hii = -8.5 eV, ζ = 1.3), and C2s (Hii = 21.4 eV, ζ = 1.625), C2p (Hii = -11.4 eV, ζ = 

1.625), where Hii and ζ are the valence ionization potentials and radial exponents of the 

Slater type orbitals respectively.  

 
The finite boron and MgB2 fullerene-like structures are calculated with DMOL3 

program34 using generalized gradient approximation (GGA) treated by Perdew-Burke-

Ernzerhof (PBE) exchange-correlation potential and an all electron double numerical 

atomic orbital augmented by d-polarization functions (DNP) as basis set is used.35 

Geometry optimizations were performed with a convergence threshold of 0.002 a.u./Å on 

the gradient, 0.005 Å on displacements, and 10-5 a.u. on the energy. 
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4.4 Results and Discussion 

 

4.4.1   BSs and BNTs 

 

  We begin with the BSs in comparison to C6-graphene. The optimized B6 and B8 

are retained in the C6 graphene-like flat structure whereas the B9 converged to a buckled 

structure (Figure 4.2a-c). Among them the electron sufficient B8 is found to be the lowest 

energy sheet. For completeness with respect to the electron count a three electron 

deficient B7-sheet (arrived by removing one central hexagonal boron atom from B8-sheet) 

also has been calculated which holds the flat structure close to B8 but higher in energy. 

The relative cohesive energy decreasing stability order of the BSs is B8 (0.000) > B9 

(0.205) > B7 (0.315) > B6 (1.023) eV (Table 4.4.1a). 

 
Table 4.4.1a. Cohesive energy per atom (Ec) in eV and the range of bond lengths in Å of 

the optimized B6, C6, B7, B8, and B9 sheets. 

   
 BB6 C6 BB7 BB8 BB9
Ec 
(eV) 

-5.893 -9.967 -6.601 -6.916 -6.711 

lB-B 
(Å) 

1.671  
to 

1.754 

1.409 1.654 
 to 

1.713 

1.677 
to 

1.692 

1.686 
to 

1.829 
 
 

The reason behind the stability order can be appraised by the notion of “better the 

occupied bonding and unoccupied antibonding bands greater the stability” of the system. 

This can be interpreted distinctly by looking at the PDOS, COOP and EDI of the different 

electron count B6, B8, and B9-sheets. The calculated DFT PDOS, eH PDOS, and eH 

COOP are shown in Figure 4.4.1a. The shape of the DOS curves is similar in both the 

methods. In general the bonding picture of C6 graphene can be considered as each carbon 

 107



atom (2s1 2px
1 2py

1 2pz
1) sharing an electron with each of its three in-plane nearest 

neighbors forming three localized sp2 σ-bonds and the fourth electron forms out-of-plane 

delocalized π-bond (pz) among them. That is the valence band is occupied by the σ and π 

bonding and the conduction band σ∗ and π∗ antibonding bands. The PDOS of C6 shows 

the above bonding scenario where the bonding and antibonding states are distinctly 

divided by the Fermi energy (Ef) (Figure 4.4.1a). Whereas in B6 (2s1 2px
1 2py

1 2pz
0) the 

DOS above the Ef and below 3.5 eV are bonding which are unoccupied (DFT DOS of B6 

in Figure 4.4.1a). These unoccupied bonding states mainly stem from the B(pz) bonding 

orbitals (π) as shown in the eH PDOS of B6 in Figure 4.4.1a. The COOP of B6 clearly 

shows the bonding character of the empty orbitals above the Ef (eH COOP of B6 in 

Figure 4.4.1a). In the electron sufficient B8 the Ef is shifted above by occupying the 

unoccupied B6 bonding states and separates the bonding and antibonding states as in C6. 

Moving to the electron rich buckled B9 the Ef is shifted up compared to B8 but above the 

Ef hardly any antibonding character is found. It is due the fact that the sheet is buckled 

and there is a mixing of the σ and π orbitals. This brings up a dominant PDOS of 

hexagonal central 3B of buckled B9 near the Ef when compared 2B PDOS of B8 (DFT 

PDOS of B8 and B9 sheets in Figure 4.4.1a). The Ef in the flat B9 is about 1.0 eV shifted 

up compared with buckled B9 as shown in B9 COOP plot in Figure 4.4.1a. The COOP of 

flat B9 shows antibonding states below Ef (between 7.5 to 6.3 eV) as expected which is 

0.068 eV/atom higher than the buckled B9. The PDOS of hexagonal central boron atoms 

in B8 and B9 coincide with the rest of six boron atoms (6B) as they do not disturb the 

local symmetry as a whole. The DOS at Ef indicates that all the BSs are metallic and C6 is 

a semi-metallic. 
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Figure 4.4.1a. Total density of states (DOS), atom and orbital projected DOS, and crystal orbital overlap populations 
(COOP) of B6, C6, B8, and B9 sheets are depicted here. The top row results are obtained from DFT calculations. The 
middle and bottom row results are obtained from eH calculations. Fermi energy level (Ef) is indicated by a dotted line. 
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 The B-B bond distances in the optimized BSs are in the range of 1.671 to 1.829 Å 

(Table 4.4.1a). The six-electron-deficient B6 and the three-electron-rich B9 have two 

distinguishable hexagonal B-B bond lengths (1.671, 1.754 and 1.686, 1.829 Å) due to the 

unoccupied bonding and occupied antibonding states which breaks the degeneracy of the 

valence bands. The electron sufficient B8 also has unequal bond lengths but with small 

differences (1.677 – 1.692 Å) which contrast to the C6 graphene where it has resonating 

C-C bonds (1.410 Å). It is because the hexagonal central B atoms induce a delocalized 

mc-2e bonding and other hexagonal holes are vacant which is indicated by the EDIs of 

BB8-sheet shown in Figure 4.4.1b.  

 

 

 
Figure 4.4.1b. Electron density isosurfaces along the σ (in-plane) and π (out-of-plane) 

bonds of B6, C6, B8, and B9 sheets are shown in the top and bottom row respectively. The 

close to red colour regions indicates accumulation of electron density and close to blue 

colour regions indicates depletion of electron density. 

 

Compared to C6 the electron density is depleted in B6 along the σ and π-frame. 

The σ-frame shows a 2-long and 4-short B-B bonds much similar to a cationic C6H6 

molecule. The depletion of electron density in B6 is restored back into B8 by fulfilling the 

electronic requirement of C6. However, the EDI of B8 suggests that the in-pane has a 

combination of localized 2c-2e (along the hexagonal B-B bond) and mc-2e bonding 
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(along the hexagonal B and to its central B). On the other hand in B9 the electrons are 

much delocalized over the sheet indicates its electron richness. Thus the bonding and 

antibonding analysis with respect to the electron count supports the stability order of the 

BB6, B8 and B9 sheets and in turn the applicability of 4n/3 rule holds good. 

 

The constructed BNTs B24, B32 and B36 from the three BSs B6, B8, and B9 are 

converged to tubular structures with little local distortions within the symmetry 

constraints as shown in the Figure 4.2d-f. Among them the B32 is found to be lower in 

energy as it is the isoelectronic and isostructural equivalent of C24. The relative cohesive 

energy decreasing stability order of these three BNTs is B32 (0.000) > 0.230 (B36) > 0.548 

(B24) eV (Table 4.4.1b).  

 
Table 4.4.1b. Cohesive energy per atom (Ec) in eV, the range of bond lengths in Å, and 

diameter in Å of the optimized B24, B32, and B36 tubules. 

 

 BB24 C24 BB32 BB36
Ec 
(eV) 

-6.237 -9.611 -6.785 -6.555 

lB-B 
(Å) 

1.464 
to 

1.533 

1.406 
to 

1.431 
 

1.732 
to 

 1.647, 

1.720  
to 

1.779 

d (Å) 4.065 4.771 5.014 5.632 
 

 
In order to have a complete stability order of the BNTs with respect to the 

electron count we have filled the 12 hexagonal gaps of B24 systematically which gives 

BB24+x (where x = 1-7, 9-11) tubes. We have chosen several different hexagonal positions 

of which the lowest energy tubules are considered here. Thus generated BNTs cohesive 
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energies are calculated without atomic relaxations including B24, B32, and B36 as shown in 

Figure 4.4.1c. This shows that B32 is the most stable in the (6,0) zig-zag BNTs series.  

 

 

 
Figure 4.4.1c. Cohesive energy of all the boron nanotubes in (6,0) zig-zag series. The 

BNTs without atomic relaxation are shown with light crossed gray bars and the BNTs 

with full atomic relaxation are shown with thick crossed gray bars. The B-B distance 

=1.720 Å is considered in all the unrelaxed tubules cohesive energy calculations.   

 

The reasons for the stability of BNTs with respect to the electron count are similar 

as explained for BSs. The calculated DFT PDOS, eH PDOS, and eH COOP are shown in 

Figure 4.4.1d. The shape of the eH PDOS near Ef is qualitatively same as DFT DOS. It is 

known that the dominant hybridization effects in the small diameter nanotubes play a key 

role in shifting the bands.4,36 However, the general trend of shifting Ef in connection with 

the electron count of BNTs is apparent in all the methods. COOP of B24 and B36 shows 

the bonding and antibonding nature of the states above and below the Ef respectively, 

whereas in B32 the bonding states are fully occupied as in C24. This helps to B32 lowering 

energy over the other electron deficient and electron rich BNTs. 
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Figure 4.4.1d. Total density of states (DOS), atom and orbital projected DOS, and crystal orbital overlap populations 
(COOP) of B24, C24, B32, and B36 tubules are depicted here. The top row results are obtained from DFT calculations. 
The middle and bottom row results are obtained from eH calculations. Fermi energy level (Ef) is indicated by a dotted line. 
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 The EDIs of BNTs shown in Figure 4.4.1e suggest the similar bonding patterns as 

in BSs other than bringing the curvature effects and hence the σ and π hybridization. The 

B-B bond lengths are increased from B24 to B36 as the diameter increases (Table 4.4.1b). 

There are two different B-B and C-C bonds in B24 (1.464, 1.533), B36 (1.720, 1.779) and 

C24 (1.406, 1.431 Å). This is the result of broken symmetry (sheets rolled into tubes) of 

C6 graphene for C24 and in addition to this the unoccupied bonding and occupied 

antibonding states for B24 and B36. The B32 has several different B-B bonds with average 

distance of 1.710 Å (Table 4.4.1b only shows the highest and lowest bond distances). The 

change in the bond distances in tubes can be seen from Figure 4.4.1e where the shorter 

bonds are accumulated with electron density and the longer ones are depleted. The 

depletion of electron density is slowly vanished from B24 to B36. The electron density 

distribution perpendicular to the tube surface is similar to the BSs (Figure 4.4.1b). 

 

 

 
Figure 4.4.1e. Electron density isosurfaces along the σ bonds of B24, C24, B32, and B36 
are shown in here. The close to red colour regions indicates accumulation of electron 
density and close to blue colour regions indicates depletion of electron density. 
 

 The eH DOS presented in Figure 4.4.1d shows the metallic nature of BNTs and 

CNT. However, we have noticed a small gap of 0.05 eV in the DFT calculated B24 tube at 

G point which is not observed in eH (see appendix for eH and DFT band structures of B32 

tube). It shows that the rehybridization effects play a significant role in calculating the 

band gaps of nanotubes with small diameter.12,37 The effect of rehybridization on 

electrical conduction in different BNTs is yet to be understood in detail. 

 114



4.4.2   Hollow Boron Fullerenes 

 
 Let us now look at the fullerene-like boron clusters. The fullerene-like boron 

clusters are arrived by choosing the C60 fullerene as a basic skeleton where all the carbon 

atoms are substituted by boron. This gives a B60 fullerene which is 60 electrons deficient 

when compared to C60. The 60 electron deficient icosahedral B60 structure would 

certainly an unstable species due to its high electron deficiency which is similar to the 50 

electron deficient stuffed fullerene-like B84 structure that we have discussed in Chapter 3. 

However, in Chapter 3, the unstable 50 electron deficient B84 stuffed fullerene-like boron 

cluster was stabilized by compensating the required 50 electrons by placing the extra 

boron atoms on the surface of the B84 cluster. Here, we have adopted similar route to 

stabilize the 60 electron deficient B60 fullerene by adding 20 boron atoms (each boron 

provides three valence electrons) in the centers of 12 pentagons and 20 hexagons of B60. 

This process generates several fullerene-like boron clusters with 80 boron atoms which 

are isoelectronic equivalent of C60 fullerene.  

 

However, placing 20 boron atoms in the centers of 20 hexagons of B60 generates 

an icosahedral B80 (B80-Ih) cluster which is symmetrically identical to C60 fullerene as 

shown in Figure 4.4.2a. According to 4n/3 rule the C60 fullerene analogue (isoelectronic 

and isostructural) of boron, B80-Ih would be expected as a stable species. We also have 

generated structures that are close to 4n/3 number of boron atoms and few high 

symmetric structures to understand the structure and stability with respect to the electron 

count.  
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Figure 4.4.2a. Icosahedral structure of B80 fullerene is shown along the C5 axis (left) and 

C2 axis (right) which is arrived by substitution of each carbon of C60 fullerene by boron 

and placing a boron atom in the center of each hexagon. The extra boron atoms (20 B) in 

the center of each hexagon of B60 are shown in green colour (dark in B&W print). 

   

The optimized B80-Ih retains in the same icosahedral symmetry. The central 

hexagonal boron atoms also retain in the plane of hexagons without much distortions. 

There are three distinguishable B-B bond length groups in B80: 30 short (1.687 Å) and 60 

long (1.732 Å) similar to C-C bond lengths in C60, 30 short (1.398 Å) and 60 long (1.451 

Å). The third group belongs to 120 medium B-B bonds (1.711 Å) that correspond to the 

B-B bonds between each central hexagonal boron to its six nearest neighbors.  The 

diameter (distance between two opposite pentagons) of B80 (7.97 Å) is larger than the C60 

diameter (6.65 Å).   

 

 Further, the harmonic vibrational frequencies of the optimized B80 structure are 

calculated. It is found that B80 has 7 low imaginary frequencies. These low imaginary 

frequencies correspond to small up and down displacements of central hexagonal boron 
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atoms. Therefore, the B80-Ih structure is not local minimum on the potential energy 

surface.38 However, by following-up of these frequencies the B80 structure is found to be 

minimum on the potential energy surface with Th symmetry. A systematic structural 

relaxation by following the 7 imaginary frequencies of icosahedral B80 structure produced 

another isomer of B80 which is also a minimum within Th symmetry as shown in Figure 

4.4.2b. The difference between the two isomers of B80-Th (1) and B80-Th (2) is the slight 

change in the positions of the central hexagonal boron atoms. The B80-Ih is found to be 

higher in energy when compare to B80-Th (1) and B80-Th (2) isomers (Table 4.4.2a). But 

after including the zero-point energy, the energy order is reversed. The isomer 

stabilization energy has been verified with other DFT method (PBEPBE/6-31g(d, p)) as 

well. This also shows the similar trends (Table 4.4.2a). The highest occupied and lowest 

unoccupied (HOMO – LUMO) gap is almost similar (~1.0 eV) in all the isomers of B80. 

 

   

 
Figure 4.4.2b. The two structures of B80 isomers [Th (1) and Th (2)] are shown along the 

C2 axis. The difference between the two isomers is the floppy displacement of the central 

hexagonal boron atoms. In B80-Th (1) structure, the central hexagonal boron atoms are 

shifting slightly away from the center along the Th symmetry directions (indicated by 

arrows) whereas in B80 Th (2) it is reversed. See appendix for list of B80-Ih frequencies.  
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Table 4.4.2a. Total electron energies (T.E), zero-point energies (Z.P.E.), T.E + Z.P.E., 

cohesive energy per atom (Ec) HOMO – LUMO (H – L) gaps of B80 isomers in eV.  

 

 
Results from DMOL3 calculated at  

GGA/PBE with all electron DNP level of theory 
BB80 

isomers 
T.E 
(eV) 

Z.P.E 
(eV) 

T.E + ZPE 
(eV) 

Ec (eV) 
[with ZPE] 

H – L 
(eV) 

BB80-Ih -54028.9908 9.5711 -54019.4197 -5.5203 0.987 
BB80-Th (1) -54028.9414 9.6302 -54019.3112 -5.5189 0.911 
BB80-Th (2) -54027.9852 9.6388 -54018.3464 -5.5069 1.076 

      
Results from Gaussian03 calculated at 
PBEPBE/6-31g(d, p) level of theory 

BB80-Ih -54016.0384 9.3327 -54006.7057 -5.6531 1.015 
BB80-Th (1) -54016.0856 9.4427 -54006.6429 -5.6523 0.971 
BB80-Th (2) -54016.0527 9.3939 -54006.6588 -5.6525 1.010 

 

 

Few structures that are close to 4n/3 number of boron atoms, isomers of B80, and 

high symmetric structures such as B72-Ih, B74-D3d, B76-C2h, B78-D3d, B80-D5d, B80-tube, 

BB82-D5d, B82-D5d (1), B82-D5d (2), B84-D2h, B86-D3d, B88-D2h, and B92-Ih are generated as 

shown in Figure 4.4.2c. These optimized structures retains in the spherical shape. But the 

central hexagonal boron atoms are much deviated from the center of the hexagons. The 

cohesive energy profile (Figure 4.4.2d) of the clusters shows the C60 fullerene analogue 

of B80-Ih structure is the lowest energy structure. Though, the structure B80-D5d and B80-

tube are isoelectronic equivalent of C60, their cohesive energies are far from B80-Ih. It 

suggests that the carbon analogue of boron not only required sufficient electrons but also 

the atomic arrangement should be as close to as carbon skeleton. The PDOS of the extra 

added 20 boron atoms mixing largely with the PDOS of B60 molecular orbital energy 

states in the entire energy spectrum of B80-Ih as shown in Figure 4.4.2e. This suggests that 
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there will not be any large charge variation from boron to boron. The mixing of extra 

added 20 boron atoms PDOS with B60 PDOS in B80 is similar to the mixing of extra 

added 18 boron atoms PDOS with B84 PDOS in B102 stuffed fullerene-like cluster (Figure 

3.3.1c in Chapter 3). The degeneracy of HOMO (five-fold, hu) and LUMO (three-fold, 

t1u) in B80-Ih is similar to C60 fullerenes. Not only are the degeneracy of the orbitals, but 

also the HOMO and LUMO similar to each other as show in Figure 4.4.2f.  

 

 

continued on the next page ….. 
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Figure 4.4.2c. Hollow fullerene-like boron clusters B72-Ih, B74-D3d, B76-C2h, B78-D3d, B80-

D5d, B80-tube, B82-D5d, B82-D5d (1), B82-D5d (2), B84-D2h, B86-D3d, B88-D2h, and B92-Ih are 

constructed from 60 electron deficient B60. The added boron atoms at respective positions 

are indicated in green colour (dark in B&W print). 

 

 

Figure 4.4.2d. Cohesive 

energy verses number of 

atoms for the optimized 

hollow fullerene-like boron 

clusters (Bn = 60 – 92). The 

isomers are underlined. The 

x-axis indicates the number 

of atoms not the scale. 
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Figure 4.4.2e. PDOS of B80-

Ih hollow fullerene-like boron 

cluster. The ↔ between the 

MO energy bar code indicates 

the gap between HOMO and 

LUMO (~1.0 eV).  

 

   

 

  

Figure 4.4.2f. (top left) B80-Ih HOMO (top right) B80-Ih LUMO, (bottom left) C60-Ih 

HOMO, and (bottom right) C60-Ih LUMO. HOMO and LUMO of B80-Ih and C60-Ih are π 

bonding and largely π nonbonding. 
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Thus, we have shown that the boron analogues (B8-sheet, B32-tube, and B80-Ih 

fullerene) of C6-sheet, C24-tube, and C60 fullerene which follow the 4n/3 rule are low 

energy structures among their low-dimensional alternatives. But, the allotropes of boron 

based on icosahedral B12 skeleton are found to be lower in energy than the low-

dimensional allotropes of carbon analogues of boron. The B8-sheet and B32-tube are 

0.472 eV and 0.604 eV higher in energy than the three dimensional α-rhombohedral 

boron (α-B12) allotrope. The B80-Ih fullerene is also 0.075 eV (including Z.P.E. it is 0.071 

eV) higher in energy when compared to B102 stuffed fullerene-like boron cluster (Chapter 

3). The stability of the icosahedral based allotropes over the low-dimensional allotropes 

of carbon analogues of boron is due to the intrinsic stability of icosahedral B12 skeleton 

which was discussed in Chapter 2 and 3.  

 

Though, the low-dimensional allotropes of carbon analogues of boron are higher 

in energy when compared to icosahedral B12 based allotropes, the energy barriers can be 

overcome if one would begin with a graphene/graphite analogue of boron. This process 

can be thought of similar to the experiments where carbon fullerenes and nanotubes are 

observed by ablating the carbonaceous feed stocks such as graphite.39,40 The attempts 

made for pure boron produced clusters up to n = 55 (n = number of atoms).41 The 

structural aspects of clusters were characterized by photoelectron spectroscopy, collision 

cross section measurements in combination with quantum mechanical calculations show 

that clusters up to n≈25 have planar and ring structures.18,19 Alternatively, the laser 

vaporization of YB66 produced multiple B12 icosahedra, the kind of [B13
-@(B12)n=0,2,3] 

clusters which would likely a seeding point for super-icosahedral [B12@(B12)12] structure 
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assembly.42,43 But the hollow fullerene-like boron clusters have not been observed so far. 

Is it that the experiments were not carried out with graphite-like boron? If so, how about 

materials based on hexagonal metal diborides where we have graphene-like boron sheets 

capped with metals. Here, we chose an intuitive scheme considering hexagonal MgB2 

(Figure 4.4.2g) as a feed stock to calculate the energetics that will enlighten our 

understanding towards the novel low dimensional boron allotropes. 

 

 

 
Figure 4.4.2g. The crystal structure of MgB2 (space group: P6/mmm) shown in 2×2 super 

cell along the side view (left) and top view (right) of the hexagonal boron sheet. The 

magnesium atoms are located above the centers of the boron hexagons.  

 

Mg3BB6      Mg3 + B6B  ΔH = 12.1 eV (1) 
 
4(B6)      3(BB8)   ΔH = -24.5 eV (2) 
 
4(B6)      2(α-B12)  ΔH = -35.8 eV (3) 
 

 

In the scheme we have constructed Mg3BB6 supercell from the hexagonal MgB2 

crystal which is isoelectronic equivalent of C6 and B8 sheets [(Mg B2
+2

B

-2)3 ~ C6 ~B8]. 

Equation (1) suggests that exfoliation of Mg3-sheet from Mg3BB6 requires 12.1 eV. It 
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supports the instability of B6-sheet. However, the conversion of the unstable B6-sheet into 

B8B −sheet and α-B12 is 24.5 and 35.8 eV favorable (equation 2 and 3) respectively. 

Though the formation of α-B12 is favorable than B8-sheet, the B6 to B8 heat of formation 

still encourages to search for graphene analogue of boron. Eventually, the graphene 

analogue of boron (or bundles of boron sheets) would act as a feed-stock for the boron 

nanotubes and fullerenes. A detailed thermodynamic and kinetics study based on first 

principles molecular dynamic simulations would answer the possible path ways to 

achieve these novel low dimensional boron allotropes.  

 

 

 

4.4.3   Boride Sheets, Tubes, and Hollow Fullerenes 

 
 Based on the isoelectronic and isostructural similarities between MgB2 and 

graphene [Mg+2(B-1)2~C2], we have constructed Mg3BB6 sheet, Mg12B24B  nanotube, and 

Mg30BB60 fullerene similar to B8-sheet, B32-tube, and B80-Ih fullerene as shown in Figure 

4.4.3. The magnesium atoms are kept above the center of hexagons in Mg3B6B  sheet and 

Mg12BB24 nanotube as in the bulk MgB2 crystal (Figure 4.4.2g). In the case of Mg30B60B , the 

BB60 fullerene has 20 hexagons and 12 pentagons (total 32 rings). But we need only 30 

rings to add 30 Mg atoms to be isoelectronic equivalent to C60 [(Mg30)+60
 B60B

-60 ~ C60]. 

Therefore we have chosen two high symmetric configurations D5d and D3d where two 

opposite pentagons and hexagons are left vacant as shown in Figure 4.4.3c,d. We also 

have considered the icosahedral symmetric Mg32BB60 where all the rings of B60 are capped 

with Mg atoms which is four electrons in excess when compared to C60 or B80.       
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Figure 4.4.3. Structures of (a) Mg3BB6-sheet, (b) Mg12B24B -tube, (c) Mg30BB60-D5d, (d) 

Mg30B60B -D3d, and (e) Mg32BB60-Ih. 

 

The optimized Mg3BB6 sheet retains the hexagonal sheet structure for boron and 

the magnesium atoms located above the center of hexagons at Mg-B distance of 2.374 Å 

which is 0.1 Å shorter than the Mg-B distance in bulk Mg3B6B  (Table 4.4.3a). The 

hexagonal B6 ring of the Mg3BB6 sheet has two types of B-B distances 1.731 and 1.733 Å 

whereas the bulk Mg3B6B  has resonating B-B bonds (1.748 Å). But the difference in the B-

B bond lengths of Mg3BB6-sheet is very small similar to the B8-sheet. The optimized 

Mg12B24B  nanotube, Mg30BB60 (D5d and D3d), and Mg32B60B  fullerenes also holds the tubular 

and spherical structures respectively (Figure 4.4.3b-e). The B-B and Mg-B bond 
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distances of Mg12BB24 tube, Mg30B60B  (D5d and D3d), and Mg32BB60 fullerenes are within the 

bonding range (Table 4.42a). The diameters of the boron tube of Mg12B24B  and Mg30BB60 

(D5d and D3d), Mg32B60B  (Ih) fullerenes are close to B80-Ih diameter (~8.0 Å). 

 

Table 4.4.3a. Average bond distances and diameters in Å, band or HOMO – LUMO gaps 

(H – L) in eV of Mg3BB6-bulk, Mg3B6B -sheet, Mg12BB24-tube, and Mg30B60B -D5d, Mg30BB60-

D3d, Mg30B60B -Ih fullerenes. 

 

System B-B Mg-B Mg-Mg Diameter H – L 
 

Mg3BB6-bulk 1.748 2.476 3.028 0 0 
Mg3BB6-sheet 1.732 2.374 3.005 0 0 
Mg12BB24-tube 1.661 2.3075 3.332 5.334 0 
Mg30BB60- (D5d) 1.758 2.305 3.768 8.151 0.097 
Mg30BB60- (D3d) 1.749 2.304 3.721 8.167 0.077 
Mg32BB60- (Ih) 1.755 2.306 3.732 8.162 0.278 

 

 

The Mg30BB60-D5d, Mg30B60B -D3d, and Mg32BB60-Ih fullerenes are calculated for their 

harmonic vibrational frequencies. All the three are found to be minima on the potential 

energy surface. Among the Mg30B60B -D5d and Mg30BB60-D3d isomers, the Mg30B60B -D5d 

fullerene is found to be 1.5 eV lower in energy. The stability of Mg30BB60-D5d over the 

Mg30B60B -D3d could be due to not using the two pentagons which are in general strained 

than the hexagons for Mg cap. However, they have very low HOMO-LUMO gaps 

compared to B80-Ih fullerene. This is because the molecular orbital electronic states 

belonging to Mg atoms are falling in the gaps of boron states. The site projected density 

of states are plotted for Mg3BB6-bulk, Mg3B6B -sheet, Mg12BB24-tube, and Mg30B60B -D5d 

fullerene (Figure 4.4.3f-i). The PDOS profile of all these systems clearly shows that Mg 

and B having their own manifold of states unlike in the boron sheets, tubes, and 
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fullerenes. It is understandable that the high electropositive Mg atoms can easily donate 

electrons to the unoccupied boron molecular orbitals. Comparing the PDOS of Mg3BB6-

bulk with Mg3B6B -sheet, the Mg states are relatively more dominant near Ef in sheet than 

in the bulk (Figure 4.4.3f,g) due to the shorter Mg-B bonds (Table 4.4.3a). The boron 

states are similar in both bulk and sheet structures. 

 

  

 

  
 

Figure 4.4.3. Site projected density of states of (f) Mg3BB6-bulk, (g) Mg3B6B -sheet, (h) 

Mg12BB24-tube, and (i) Mg30B60B -D5d fullerene. The Fermi energy level (Ef) or HOMO is 

indicated by dotted line. 
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The high DOS near the Ef of Mg3BB6-bulk and Mg3B6B -sheet indicates their metallic 

character.44,45 In the case of Mg12BB24 tube the PDOS profile is much broaden due to 

curvature of the tube and its high DOS at Ef depicts metallic nature (Figure 4.4.3h). The 

PDOS of Mg30B60B  is also similar to the sheets and tubes where the gap between occupied 

and unoccupied states is very small (0.1 eV) despite its molecular nature (Figure 4.4.3f,i). 

 

Analysis of the well converged structures of MgB2 based sheets, tubes, fullerenes 

suggests that the 4n/3 rule holds good similar to the boron sheets, tubes, and fullerenes. A 

more rigorous study on the electronic and vibrational stability of these structures would 

improve our understanding of qualitative aspects of chemical bonding ideas. However, 

the structure and stability trends of these novel low dimensional boron and boride 

structures with respect to the electron count that we have adopted from the carbon 

skeletons suggest new ways of looking at the materials that were not conceived. 

 

 

 

4.5 Conclusion 

 
 We have showed that despite boron prefers three dimensional icosahedral B12 

based allotropes due to its intrinsic electron deficiency, it is possible for boron to form 

low dimensional allotropes analogous to carbon sheets, nanotubes and fullerenes 

provided an extra electron per boron atom. That is when boron has similar electronic 

configuration that carbon has (B-~C) boron can adopt structures of carbon. We have 

considered the hexagonal graphene sheet (C6), (6, 0) nanotube (C24), and C60 fullerene to 
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construct analogous boron allotropes by substituting all the carbon atoms by boron and 

then compensated the electron deficiency by adding sufficient number of boron atoms 

systematically. This generated B8-sheet, B24-tubule, and B80 fullerene which are 

isoelectronic and symmetrical equivalents of C6-sheet, C24-tubule, and C60 fullerene. We 

also generated sheet-like B6, B7, B9, tube-like B24 to B36, and fullerene-like B60 to B90 

structures which are either electron deficient or electron rich. Among all these structures, 

we found based on the cohesive energies that structures having 4n/3 (where n is the 

number of atoms in carbon analogous skeleton) numbers of boron atoms with carbon 

allotrope equivalent symmetry, B8-sheet, B24-tubule, and B80-Ih fullerene are in low 

energy. The bonding analysis based on PDOS and COOP suggested that the reason for 

the better stability of the low energy structures is the presence of better occupied bonding 

and unoccupied antibonding orbitals. Similarly we also studied Mg3BB6-sheet, Mg12B24B -

tubule, and Mg30BB60 fullerene structures and found to be viable. The DOS indicate boron 

and boride sheets are metallic. The novel low-dimensional boron and boride structures 

with their high metallic conducting nature expected to be useful in the nano-electronic 

regime. Despite of all these we also found that the graphene analogue of boron, B8-sheet 

and C60 analogue of B80 fullerene are higher in energy when compare to icosahedral B12 

based allotropes α-B12 and stuffed fullerene-like B102 by 0.472 and 0.075 eV respectively. 

However, our intuitive scheme based on Mg3B6B  sheet suggests that crossing the barrier of 

(12.1 eV) exfoliation of Mg atoms from Mg3BB6 sheet would form graphene like boron 

and it would act as feed-stock for other low dimensional boron allotropes. 
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Chapter 5 
 

Mechanical Properties of  
Boron and Boron-Rich Solids 

 
 

 

 

 

 

 

 

5.1 Introduction 

 

Allotropes of boron and boron rich icosahedral cluster solids (BRICS) are known for 

their robust mechanical properties and greater hardness.1-4 Boron and BRICS such as 

boron carbide (B12C3), boron suboxide (B12O2) are the hardest known materials after 

boron nitride and diamond.5-7 Boron is ranked at 9.3 on the Mohs hardness scale where 

diamond is 10 and on the extended Mohs hardness scale B12C3 and B12O2 are ranked at 

14 and >14 where diamond is 15.8-10 The excellent mechanical properties of boron and its 

related materials allow withstanding to hostile conditions. Recently high pressure 

experiments using diamond anvil cell showed that the elemental β-rhombohedral boron 

as a superconductor with transition temperature of 11.2 K at a record pressure of 250 

GPa.11 Despite these promising applications the complete list of elastic stiffness constants 

of β-rhombohedral boron and relative mechanical stability of α-rhombohedral boron and 
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β-rhombohedral boron are not known either from experiments or from theory. There are 

few theoretical calculations on elastic stiffness constants of α-rhombohedral boron.12,13 

There exists no experimental data for elastic stiffness constants of α- rhombohedral 

boron and there is an incomplete experimental data for β-rhombohedral boron 

hitherto.14,15 This is mainly because of two reasons: (i) Boron has relatively small X-ray-

scattering power which makes difficult to perform the diffraction experiments.  Though 

boron has large neutron-scattering cross-section (~ 760 barns), the large pristine samples 

are not easily accessible due to their high melting point (~2300 °C) where almost every 

element in the periodic table can mix with boron.16-18 It is also the problem of irreversible 

phase transformation of α-rhombohedral boron to β-rhombohedral boron at around 1200 

°C.17-20 (ii) The overwhelming preference of B12 icosahedron in β-rhombohedral boron 

and its borides create complex crystal structures of large lattice constants with intrinsic 

defects such as partially occupied lattice and interstitial sites (Table 2.3.2a, 2c, and 2.3.3a 

in Chapter 2). Therefore it is difficult to compute such complex structures along with 

intrinsic defects for any desired information from first-principles calculations.21,22 On the 

other hand, the role of the intrinsic defects or electron deficiency in mechanical stability 

of β-rhombohedral boron and BRICS is also not understood so far.  

 

If the complete list of elastic stiffness constants for both the phases, α- and β-

rhombohedral boron were known, it would be possible to propose their relative 

mechanical stability and mechanical properties. Therefore, in this Chapter, we present a 

complete list of elastic stiffness constants and their derived mechanical properties such as 
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bulk modulus, shear modulus, and Young’s modulus of α-rhombohedral boron (α-B12) 

and β-rhombohedral boron (β-B106.83) using first principles DFT calculations.  

 

Unfortunately, the β-B106.83 is not calculable due to intrinsic defects. Therefore, 

we use the modeled solids Li8Be3BB102 and Li10CB102 based on mno electron counting rule 

that were discussed in Chapter 2 which closely represents the electronic structure of β-

B106.83B . In order to understand the role of intrinsic defects in mechanical stability of β-

BB106.83, the ideal β-rhombohedral boron (β-B105) also calculated for elastic stiffness 

constants and their derived properties. We further attempted to understand the role of 

electron sufficient chemical bonds in improving the hardness of α-B12 and β-B106.83 and 

compared with the known superhard B12C3 and B12O2 materials. Before discussing the 

results let us briefly outline the computational methods that are used to calculate the 

elastic stiffness constants and their derived properties. 

 

 

 

5.2 Computational Methods 

 

The structures are initially optimized using CASTEP code based on DFT.23,24 The 

plane-wave basis set approach has been used to expand the electronic wavefunctions. 

Interaction between the ions and the electrons were described using the Vanderbilt 

ultrasoft pseudopotentials.25 Exchange and correlation of electrons is treated within the 

Generalized Gradient Approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 

functional.26 Over the converged geometries the zero pressure 6×6 linear elastic stiffness 
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constants matrix [Cij]6×6 is calculated with finite strain technique (applying a given 

homogeneous strain and calculating the resulting stress while optimizing the geometry 

with fixed lattice parameters).23 Since all the crystal structures under study belong to 

R3m space group, the matrix [Cij]6×6 contains six independent elastic stiffness constants 

(C11, C33, C44, C12, C13, and C14 (here we followed Voigt notation).27,28 The arrival of six 

independent elastic stiffness constants is briefly shown in the following equations.  

 

Within the elastic limit (small deformations) the stress (σij) is directly 

proportional to the strain (εkl) (Hooke’s law), so that the stress components are linear 

functions of the strain components. This can be written as 

 

     klijkl
kl

ij C εσ ∑=    ---- (1) 

 
where ijσ  and klε  are second order stress and strain tensor matrices. The  are fourth 

order tensors which are the elastic stiffness constants of the crystal. Similarly, the strain 

can be expressed in terms of stress   

ijklC

 
     klijkl

kl
ij S σε ∑=    ---- (2) 

 
where  are the elastic compliances of the crystal. The  and  in equation (1) & 

(2) stands for 9×9 square matrices respectively. Here, we chose equation (1) to represent 

the elastic stiffness constants using symmetry equality conditions (the compliances are 

similar to this). The equation (1) can be represented in matrix form  

ijklS ijklC ijklS
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The 9×9 elastic stiffness constants matrix can be reduced to a 6×6 matrix by 

applying the symmetric conditions of both the stress ( ijσ  = jiσ ) and strain ( ijε  = jiε ) 

tensors. Before writing the reduced 6×6 elastic stiffness constant matrix, let us simplify 

the four-index  notation by Voigt simplified vector notation which is as follows. ijklC

62112,51331,43223
333,222,111

============
======

yxxyxzzxzyyz
zzyyxx

 

  
According to this notation the stress matrix is represented as 

 

     

345
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σσσ
σσσ
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→    ---- (4) 

 

Therefore, the reduced 6×6 elastic stiffness constant matrix can be written as  
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Now the Hooke’s law takes the form 

 
    jij

j
i C εσ ∑=    ---- (6) 

 
The 6×6 elastic stiffness constant matrix in equation (5) by definition is also symmetric 

( = ), therefore the 6×6 or 36 independent elastic stiffness constants reduced to 21 

(as shown in equation (7)). 

ijC jiC

 

666564636261

5151515151

44434241

333231

2221

11

CCCCCC
CCCCC

CCCC
CCC

CC
C

              ---- (7)    

 

Using these 21 independent elastic stiffness constants one can study mechanical 

deformations of any arbitrary crystal structure completely. However, by virtue of crystal 

structure symmetry, the 21 independent elastic stiffness constants can be further reduced. 

The high symmetric cubic crystals only need three independent elastic stiffness constants, 

C11, C12, and C44 to study complete mechanical deformations. In our case, the 

rhombohedral R3m space group crystal structures only need 6 independent elastic 

stiffness constants [C11, C33, C44, C12, C13, and C14] to study complete mechanical 

deformations.27,28 Once we have the Cij matrix elements the bulk modulus, shear 

modulus, Young’s modulus, etc are possible to be calculated using the stress-strain 

relations and different average schemes [Voigt–Reuss–Hill (VRH)].29-31    

 138



5.3 Results and Discussion 

 

The calculated elastic stiffness constants and their derived properties, bulk 

modulus (B), shear modulus (G), and young’s modulus (E) of α-B12, β-B105, Li8Be3BB102, 

and L10CB102 are tabulated in Table 5.3a. The calculated volume and density are also 

added to this Table and compared with the available experimental results. The calculated 

volume and density of α-B12 and β-B105 are in agreement with the experimental data. But 

the calculated volume of β-B105 is relatively increased and hence decrease in the density 

when compare to β-B106.83. This could be due to the fact that the β-B105 does not represent 

the real experimental structure (β-B106.83). While the calculated volumes of Li8Be3B102B  

and L10CB102 are lowered when compare to β-B106.83 which is similar to the α-B12. 

 

 The calculated zero pressure six independent elastic stiffness constants [C11, C33, 

C44, C12, C13, and C14] stability can be checked using the Born-Huang criterion.32,33 

According to Born-Huang criterion for stability of a crystal the elastic stiffness constants 

matrix [Cij] must be positive definite. For rhombohedral structure with six independent 

Cij, the conditions for the stability are that C11, C11 – C12, [(C11 + C12)C33 – 2(C12)2], [(C11 

–C12)C44 – 2(C14)2] are must be greater than zero. The Cij of all the crystal structures 

listed in Table 5.3a (the figures of α-B12, β-B105, and Li8Be3BB102 are shown in Chapter 2, 

Figure 2.3.1a-d, 2.3.2a-d, and 2.3.3c respectively) satisfies the above stability conditions 

other than the α-B12. This indicates that the α-B12 is mechanically a metastable species 

which is consistent with experimental results that α-B12 irreversibly transforms into β-
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rhombohedral boron at around 1200 °C. The previous elastic constants calculations based 

on force constants and lattice vibrations also supports the metastable nature of α-B12.13

 

Table 5.3a. The six independent elastic stiffness constants (Cij) with diagonal component 

[Cd = (2C11+C33)/3] and their derived properties, bulk modulus (B), shear modulus (G), 

and young’s modulus (E) in GPa, and volume (Å3), density (D in gm/cm3) of α-B12, α-

BB12(exp), β-B105, β-B106.83 (exp) Li8Be3B102B , and L10CB102. 

 

Cij α-B12 α-B12 
(exp)a

β-B105 β-B106.83 
(exp)b,c

Li8Be3BB102 L10CB102

11 508.8  316.2 467.0 503.3 488.2 
33 598.1  213.1 473.0 488.4 486.7 
44 265.1  58.4 198.0 226.2 214.1 
12 74.5  52.6 241.0 47.7 47.3 
13 53.0  91.7  53.4 63.5 
14 -17.2  42.1 15.1 0.0 0.0 
Cd 538.6  281.9 469.0 498.3 487.7 
B 218.9 224.0d 144.3 185.0d 200.4 201.3 
G 249.1  82.9 203.0e 226.7 216.2 
Ex 492.9  238.7  493.9 476.8 
Ey 492.9  238.7  493.9 476.8 
Ez 588.4  167.4  478.0 471.7 
V 83.3 87.3 823.4 820.3 815.3 807.9 
D 2.58 2.46 2.29 2.33 2.41 2.43 

 aRef[34], bRef[35], cRef[14], dRef[16], eRef[15] 

 

Among the six Cij’s of α-B12, C33 has largest value (598.1 GPa), that is the bonds 

oriented along the z direction (aligned with crystallographic c-axis) of the rhombohedral 

unit cell should be stiffer. Indeed the bonds aligned along the z direction are the 2c-2e B-

B covalent bonds (polar bonds shown in Chapter 2, Figure 2.3.1a-d) which are shorter 

(1.652 Å) than the equatorial 3c-2e B-B bonds (1.987 Å) lying approximately in the x-y 

plane. The other two longitudinal elastic stiffness constants C11 = C22 = (508.8 GPa) < C33 
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supports the above argument. The greater Young’s modulus along the Ez (588.4 GPa) 

compare to Ex and Ey (492.95 GPa) also in good agreement that C33 > C11, C22 (Table 

5.3a). The shear elastic stiffness constant C44 is found to have 265.1 GPa which is greater 

than the other C12 (74.5 GPa) and C13 (53.0 GPa) shear elastic stiffness constants. The 

calculated bulk modulus (219 GPa) is close to the experimental value ~224 GPa and 

other theoretical values 222, 207 GPa.12,16,36 However, the calculated Cij’s and elastic 

moduli of β-B105 are in disagreement with the experimental results (Table 5.3a). This is 

due to the fact that the β-B105 is a five electron deficient structure (as discussed in 

Chapter 2) and does not represent the experimental structure, B106.83. It appears that the x-

y plane condensed icosahedrons (the B28 fragments, Chapter 2, Figure 2.3.2i) of β-B105 

are not much effected by the electron deficiency since the relatively close values of C11 = 

C22 = 316.2 GPa are comparable to experimental C11 = 467 GPa,. While the C33 (213 

GPa) which is far from the experimental value (473 GPa) indicates that the B-B cluster 

bonds of edge aligned icosahedral B12 fragments (as show in Chapter 2, Figure 2.3.2c) 

are weaken due to the effect of electron deficiency. This is understandable as the B28 

fragment is not electron deficient (B28
+1) whereas the B12 need two electrons (B12

-2) to 

form stable bonds.           

 

 At this point we make use of the modeled solids Li8Be3BB102 and Li10CB102 which 

are electron sufficient and found to show close resemblance with the electronic structure 

of β-B106.83. The elastic stiffness constants, bulk modulus and shear modulus of 

Li8Be3B102B  and Li10CB102 are almost in good agreement with the experimental results of 

β-B106.83 (Table 5.3a). This suggests that the missing five electrons in β-B105 are 
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essentially needed not only for the thermal stability but also for the mechanical stability. 

The electron sufficiency has really made significant contribution to increase the C33 in the 

model solids which was found to be weakened in the electron deficient β-B105. The close 

values of C33 and C11 in β-B106.83 and model solids essentially indicates that all the B-B 

bonds are cluster type unlike in α-B12 where the polar B-B bonds are 2c-2e in nature 

which reflected in C33 > C11. The close equal values of Young’s modulus in three 

directions (Ex, Ey, Ez) of the model solids also supports the condensed nature of the B12 

polyhedral clusters throughout the crystal structure whereas in α-B12 crystal the B12 

polyhedral network is connected by the directional 2c-2e and quasi-directional 3c-2e 

bonds which is clear by the inequality C33 > C11. The C44 shear component of the model 

solids also found to be closer to the experimental C44 of β-B106.83 but not the other shear 

component C12. The shear component C44 of β-B106.83 and model solids is lower than α-

BB12. This reflected in lowering the average shear modulus (Table 5.3a) of β-B106.83 and 

model solids than the α-B12. The bulk modulus of α-B12 is greater than the β-B106.83 and 

model solids because α-B12 has higher density.  

 

The experimentally undetermined C13 in β-B106.83 can be taken as the average C13 

(58.4 GPa) of the two model solids which is close to the C13 of α-B12. Though the Born-

Huang criterion for the elastic stability holds good in the model solids, the C14 component 

is just zero whereas it is 15 GPa in β-B106.83. However, we could see that the other Cij 

values and the elastic moduli of the model solids are closely corroborate with the 

experimental results (Table 5.3a). The diagonal component Cd = (2C11+C33)/3 of β-B106.83 

(469 GPa) is slightly lesser than the C33 (473 GPa) which indicates that the B10-B-B10 
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chain is less stiff than the icosahedral B12 chain running along the edges of the 

rhombohedral unit cell [Chapter 2, Figure 2.3.2. (g)]. Experimental compressibility data 

(below 10 GPa) on β-rhombohedral boron supports Cd < C33.18 But in model solids, it 

found to be reversed (Cd > C33). This is due to the fact that the B10-B-B10 analogous 

chains in model solids Li8Be3BB102 (BeB9-Be-BeB9) and Li10CB102 (LiB9-C-LiB9) (see 

Chapter 2, Figure 2.3.3c) are electron sufficient whereas the B10-B-B10 chain in β-B106.83 

has six boron partially occupied sites (B[13] site).  The partially occupied sites in β-

B106.83B  appear to weaken the B10-B-B10 chain, though the chain is 0.01 % shorter than the 

BeB9-Be-BeB9 and LiB9-C-LiB9 chains of the model solids. The diagonal component, Cd 

of α-B12 (538.6 GPa) is greater than β-B106.83 and the model solids. Unlike in β-B106.83 

and model solids there is no such chain-like B10-B-B10 cluster bonded network (average 

B-B cluster bond distance in B10-B-B10 chain of β-B106.83 is 1.805 Å) in α-B12 along the 

diagonal axis. Instead we could see the strong polar 2c-2e B-B bonds (1.652 Å) running 

in the rhombohedral axis around the diagonal axis as sown in Figure 5.3a. Though there 

are the weak equatorial 3c-2e B-B bonds (1.987 Å) approximately perpendicular to the 

diagonal axis of α-B12 (the two 2c-2e and 3c-2e networks of α-B12 individually depicted 

in Chapter 2, Figure 2.3.1c,d), the greater C33 elastic stiffness constant contributes in 

improving the Cd. If these weak 3c-2e B-B bonds were to be 2c-2e bonds, the structure 

would be mechanically more stable, certainly thermodynamically also. That is what 

happened in few of the hardest boron rich phases, B12C3 and B12O2 crystals37 where the 

equatorial sites are connected via stabilizing 2c-2e B-C and B-O bonds respectively as 

shown in Figure 5.3b,c. It emphasizes that though α-B12 has grater bulk modulus and 
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shear modulus than β-B106.83, the mechanically destabilizing C14 and the weak 3c-2e 

equatorial bonds makes it a metastable structure. 

 

 

Figure 5.3a. Crystal structure of α-B12

perpendicular to the diagonal axis. The 

boron atoms shown in light-salmon 

colour belong to the polar sites and the 

green colour atoms belong to the 

equatorial sites. The polar B-B bonds 

running in the rhombohedral axis (not the 

Cartesian coordinate axis which is shown 

here) around the diagonal axis and the 

equatorial 3c-2e bonds perpendicular to 

the diagonal axis can be seen here. 

 

    
 
Figure 5.3. (left) (b) Crystal structure of B12C3 where the equatorial boron atoms are 

connected to the carbon atoms of the diagonal C-B-C chain by 2c-2e B-C bonds. (right) 

(c) The equatorial boron atoms of B12O2 are connected to the diagonally situated oxygen 

atoms by 2c-2e B-O bonds. The polar boron/carbon sites are similar to α-B12. 
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The calculated bulk modulus of B12C3 (242.3 GPa) and B12O2 (234.4 GPa) are in 

good agreement with the experimental values 245 and 228 GPa respectively4 and greater 

than that of α-B12, β-B106.83, and the model solids. The bulk modulus is considered as one 

of the parameter in correlating hardness of materials.4,38 The hardest material diamond 

bulk modulus is 443 GPa which is far above from the boron and boron-rich solids.39 

Therefore, any relative improvement in the bulk modulus of boron and boron-rich solids 

would also improve the hardness. One way is improving the relative strength of the 

chemical bonds and density of the crystals under electron sufficient requirements which 

would expect to increase the bulk modulus.  

 

In order to examine this we have calculated B12C2Be, B12N2Be, B12C2, and B12N2 

for bulk modulus within the framework of B12C3 and B12O2 crystal structures. The C-B-C 

chain in B12C3 (Figure 5.3b) is substituted by C-Be-C and N-Be-N to get B12C2Be and 

BB12N2Be respectively. Similarly the oxygen atoms in B12O2 (Figure 5.3c) are substituted 

by carbon and nitrogen to get B12C2 and B12N2. The bulk modulus of these solids 

B12B C2Be, B12N2Be, B12C2, and B12N2 are found to be 227.6, 245.6, 217.0, and 226.7 GPa 

respectively. We have only noticed improvement in the bulk modulus of B12N2Be which 

is isoelectronic to B12C3. In B12N2Be though the chain N-Be-N length (3.079 Å) is 

increased, the B12 cluster equatorial vertex to its nearest chain atom bond distance (B-N) 

is shorter (1.524 Å) when compared to B12C3 (Table 5.3b). In addition to this the density 

of B12N2Be is slightly increased in comparison to B12C3. This might have caused the bulk 

modulus of B12N2Be to increase over that of B12C3. 
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Table 5.3b. Bulk modulus in GPa, chain length (C-B-C type in B12C3 and O--O type in 

BB12O2), distance between B12 vertex (Bv) to its nearest chain atom (Xc) in Å, volume in 

Å , and density in gm/cm  of the optimized B3 3
12C3, B12C2Be, B12N2Be, B12O2, B12C2, and 

B12B N2 crystal structures.  

 

Crystal Bulk modulus 
(GPa) 

Chain length 
(Å) 

BBv-Xc
(Å) 

Volume 
(Å3) 

Density 
(gm/cm3) 

 
BB12C3 242.3 2.828 1.587 104.79 2.626 
BB12C2Be 227.6 3.308 1.545 107.90 2.505 
BB12N2Be 245.6 3.079 1.524 104.86 2.641 
BB12O2 234.4 2.979 1.481 99.39 2.702 
BB12C2 217.0 3.176 1.527 104.92 2.433 
BB12N2 226.7 3.064 1.465 100.56 2.605 

 

 
In the case of B12C2Be the bond length trends are similar to B12N2Be, but it is 

deficient by two electrons and also has lower density compared to B12C3 or B12N2Be and 

hence found with lower bulk modulus (Table 5.3b). The other B12O2 framework based 

solids B12C2 and B12N2 also followed the similar trends of B12C3 framework solids. 

However, we have to notice that the B12O2 which is having shorter bonds and higher 

density than B12C3 found to have lower bulk modulus but the experimental 

indentation/scratch tests suggested that B12O2 is harder than B12C3.7,40 Therefore, the bulk 

modulus should be considered only a relative parameter in correlating with hardness for 

particular type of crystals. Nevertheless, our limited examples Li8Be3BB102 and Li10CB102 

of β-B106.83, B12C2Be and B12N2Be of B12C3, and the B12C2 and B12N2 of B12O2 type of 

crystals suggests that the electron precise solids with high density have higher bulk 

modulus and expected to improve the hardness. 
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5.4 Conclusion 

 

We have calculated from first principles DFT the complete list of elastic stiffness 

constants and their derived mechanical properties bulk modulus, shear modulus, and 

Young’s modulus of α-B12, the five electron deficient β-B105, and electron sufficient 

model solids Li8Be3BB102 and Li10CB102 which resembles β-B106.83 using finite strain 

technique. The elastic stiffness constants matrix of α-B12 was found to be less than zero 

{[Cij] < 0} and therefore according to Born-Huang criterion the α-B12 is mechanically a 

metastable structure. On the other hand, though, β-B105 is deficient by five electrons it 

was found to be mechanically stable. But the calculated elastic stiffness constants and 

their derived mechanical properties of β-B105 were in disagreement with the available 

experimental results of β-B106.83. However these experimental results of β-B106.83 were 

achieved by the electron sufficient model solids Li8Be3B102B  and Li10CB102. This suggests 

that the missing five electrons in β-B105 are essential for better mechanical stability. The 

concept of bond strength vs elastic stiffness constant was analyzed in α-B12, β-B105, and 

the models solids. The analysis suggests that the 3c-2e bonds (presented in x-y plane) in 

α-B12 are weak and the 2c-2e bonds (along the z-axis) are strong which is also reflected 

in the Young’s modulus (Ez > Ex = Ey). While in the model solids the elastic stiffness 

constants of C11 and C33 and the Young’s modulus Ex, Ey, and Ez are relatively close to 

each other which indicate the high cluster bonding nature of β-rhombohedral phase. The 

calculated bulk modulus of B12C3, B12O2 and their framework based solids B12C2Be, 

BB12N2Be, B12B C2, and B12N2 suggest that the electron sufficient nature of the chemical 

bond with high crystal density would improve the hardness of the materials.  
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Appendix 
 

  
 

 
 

 

 

 

 

 

 

A.1 Infra-red and Raman active frequencies for B102-D3d, 

C50BB34-C2h, B80-Ih, and C60 fullerenes  

 

Harmonic vibrational frequencies of B102-D3d at B3LYP/6-31G* 
Frequencies 

(cm-1) 
IR 

(km/mole) 
Raman 

(Ǻ4/amu) 
Mode Frequencies 

(cm-1) 
IR 

(km/mole) 
Raman 

(Ǻ4/amu) 
Mode 

208.7952 
212.1392 
212.1412 
216.8132 
216.8139 
222.2418 
222.2437 
225.3686 
229.5765 
229.579 

238.2184 
238.2232 
243.8496 
243.8562 
258.7664 
261.8551 
261.859 

266.2466 
269.9737 
269.9741 
274.3522 

0 
10.787 

10.7896 
0.0014 
0.0013 

0 
0 
0 
0 
0 
0 
0 

133.0175 
133.0567 
0.0001 
69.951 

69.9035 
2.6314 

0 
0 
0 

0 
0 
0 
0 
0 

74.5775 
74.5901 
29.7448 
114.8729 
114.8908 
41.8665 
41.7359 

0 
0 
0 
0 
0 
0 

11.585 
11.5876 
2.2501 

?A 
?A 
?A 
EU 
EU 
EG 
EG 

A1G 
EG 
EG 
EG 
EG 
EU 
EU 
?A 
?A 
?A 

A2U 
?B 
?B 

A1G 

615.7802 
620.477 

623.6231 
623.6293 
632.6932 
632.6961 
647.073 

647.0758 
648.4938 
648.6699 
648.6732 
648.947 

656.9702 
660.8893 
660.8924 
665.9059 
665.9137 
666.1636 
666.1674 
672.2805 
672.2866 

0 
0 

7.4074 
7.413 

0 
0 

10.4603 
10.4626 

0 
0 
0 
0 

3.7911 
6.133 

6.1545 
11.2525 
11.2445 

0 
0 
0 
0 

0 
0 
0 
0 

19.2126 
19.27 

0 
0 

14.2087 
0.5918 
0.5837 
0.0003 

0 
0 
0 
0 
0 

21.4189 
21.4558 
3.2936 
3.2821 

A1U 
A1U 
EU 
EU 
EG 
EG 

A2U 
A2U 
EU 
EU 
EU 
EU 

A2U 
A2U 
A2U 
A2U 
A2U 
EG 
EG 
EG 
EG 
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276.0301 
284.5361 
284.5369 
288.2122 
307.3659 
307.3735 
311.5552 
321.0571 
322.4036 
328.9508 
328.9531 
329.8608 
329.8612 
330.8415 

338.62 
338.6203 
339.2512 
339.721 
344.9 

344.9041 
349.7666 
349.7689 
349.9564 
355.1844 
355.3213 
361.7064 
361.7073 
362.5859 
362.5871 
371.6625 
371.6633 
372.0886 
375.6825 
379.0613 
384.4343 
384.4373 
385.3925 
385.3932 
390.1417 
390.1434 
393.5271 
398.6648 
406.2246 
406.5485 
408.8558 
408.8561 
421.0007 
421.0011 
426.9621 
433.8646 
433.8705 
437.5949 
443.3236 
443.329 

449.6183 
449.6187 

0 
1.6399 
1.6412 

25.3814 
0 
0 
0 

4.1876 
0 

1.6599 
1.6583 

0 
0 
0 

7.94 
7.9379 

0 
0.0003 

0 
0 
0 
0 
0 
0 
0 
0 
0 

16.9599 
16.96 

13.7922 
13.799 

0 
0 

7.1773 
19.4296 
19.4259 

0 
0 

0.7423 
0.7452 

0 
0 

16.6642 
0 
0 
0 

5.5309 
5.5309 

0 
0 
0 
0 
0 
0 

13.8145 
13.8209 

0 
0 
0 
0 

21.9763 
21.9969 

0 
0 

30.6382 
0 
0 

35.783 
35.7071 
91.978 

0 
0 
0 
0 

19.4271 
19.4885 
16.0305 
15.9931 
98.0692 

0 
0 

25.5922 
25.5888 

0 
0 
0 
0 

150.7765 
0 
0 
0 
0 

3.5772 
3.5792 

0 
0 
0 
0 
0 

16.4422 
0.4776 
0.4757 

0 
0 
0 

6.5132 
6.5236 

0 
32.4798 
32.4212 

0 
0 

?B 
EU 
EU 

A2U 
EG 
EG 

A2G 
A2U 
A1G 
EU 
EU 
?A 
?A 
?A 
EU 
EU 

A2G 
A2U 
EG 
EG 
?A 
?A 
?A 

A2G 
A1U 
EG 
EG 
EU 
EU 
EU 
EU 

A1G 
A1U 
A2U 
EU 
EU 
EG 
EG 
EU 
EU 

A1U 
A2G 
A2U 
A1G 
EG 
EG 
EU 
EU 

A2G 
EG 
EG 

A1U 
EG 
EG 
EU 
EU 

673.4475 
673.4597 
673.5613 
678.3353 
678.3449 
679.2844 
682.5373 
682.5394 
685.3636 
690.1291 
693.0502 
693.0509 
694.0525 
697.486 

697.8192 
697.8227 
704.7718 
712.4847 
725.9897 
726.0002 
726.2971 
729.2842 
729.2865 
729.869 

729.8699 
740.9242 
740.998 
741.004 

744.6489 
756.5164 
760.9287 
760.9357 
763.3348 
763.3362 
777.1348 
777.1373 
790.5344 
799.0483 
799.0512 
808.9082 
849.4526 
849.4531 
852.8291 
854.8766 
857.5543 
857.5556 
859.8658 
859.8675 
860.3161 
860.8149 
869.4806 
869.482 

869.6382 
874.2409 
877.3784 
877.3787 

97.4305 
97.3978 
0.0995 

0 
0 

0.0001 
0.3189 
0.3211 

0 
0 

46.7143 
46.7102 
6.9625 

0 
0 
0 
0 
0 

2.3289 
2.3342 

30.5405 
0 
0 

8.1623 
8.1733 

0 
0 
0 

3.1546 
0 
0 
0 

17.7041 
17.7002 

0 
0 
0 

18.9936 
18.9964 
2.0056 

0 
0 
0 
0 
0 
0 

11.0029 
11.0031 

0 
54.7533 

0 
0 
0 

124.7781 
0 
0 

0 
0 
0 

71.3567 
71.3391 

0 
0 
0 
0 

3.0452 
0 
0 
0 
0 

277.7864 
276.9632 

0 
0 
0 
0 
0 

22.49 
22.4546 

0 
0 

64.3577 
79.1397 
78.9653 

0 
205.1534 
14.2961 
14.3018 

0 
0 

39.7767 
39.7627 
223.5692 

0 
0 
0 

47.089 
47.0529 
41.5449 

0 
19.1855 
19.1577 

0 
0 
0 
0 

7.9838 
7.9903 

32.7044 
0 

0.5847 
0.5852 

?C 
?C 
?C 
?B 
?B 
?C 
?C 
?C 
?B 

A1G 
EU 
EU 

A2U 
A1U 
EG 
EG 

A2G 
A1U 
?D 
?D 
?D 
EG 
EG 
?D 
?D 
?A 
?A 
?A 

A2U 
A1G 
EG 
EG 
EU 
EU 
EG 
EG 

A1G 
EU 
EU 

A2U 
EG 
EG 

A1G 
A2G 
EG 
EG 
?A 
?A 
?A 

A2U 
?A 
?A 
?A 

A2U 
EU 
EU 
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450.3425 
450.3435 
453.4343 
453.6441 
453.6464 
460.4346 
460.4367 
464.7717 
467.4358 
467.4404 
470.1193 
476.3949 
476.3987 
478.6414 
482.774 
483.524 

484.2358 
484.3945 
484.3951 
488.8945 
488.8951 
493.8273 
499.649 

499.6494 
504.5639 
505.0202 
505.0204 
508.971 

513.8268 
513.8318 
516.7775 
517.6762 
529.8195 

529.82 
530.5964 
530.5979 
536.0782 
537.1376 
537.1402 
539.1064 
539.2437 
539.2447 
541.9499 
547.084 
547.085 

549.2565 
549.2573 
562.1866 
562.1877 
565.7352 
567.5558 
567.5603 
567.7791 
569.4119 
573.6588 

574.87 

0 
0 

11.4602 
3.702 

3.7082 
0 
0 

2.9784 
2.0634 
2.0648 

0 
0 
0 
0 
0 
0 

1.3096 
32.1759 
32.1767 

0 
0 
0 

2.58 
2.5794 

0 
0 
0 
0 

4.8263 
4.8267 
1.5816 

0 
0 
0 

11.4332 
11.4368 

0 
11.6594 
11.661 

0 
0 
0 

8.7697 
16.8984 
16.9005 

0 
0 

0.4664 
0.4672 

0 
0 
0 
0 

0.0338 
0 

6.1286 

9.0888 
9.0962 

0 
0 
0 

2.5179 
2.5172 

0 
0 
0 
0 

5.0106 
5.0295 

0 
0 

1.2687 
0 
0 
0 

24.1972 
24.2087 
0.5812 

0 
0 
0 

10.9975 
11.0092 
255.5722 

0 
0 
0 
0 

218.874 
218.8573 

0 
0 

0.4643 
0 
0 
0 

4.4738 
4.477 

0 
0 
0 

68.9991 
68.985 

0 
0 

73.3122 
31.1203 
31.0974 

0 
0 
0 
0 

EG 
EG 
?B 
?B 
?B 
EG 
EG 
?B 
?B 
?B 

A2G 
?B 
?B 

A1U 
?B 

A1G 
?B 
?B 
?B 
EG 
EG 

A1G 
EU 
EU 

A1U 
EG 
EG 

A1G 
EU 
EU 

A2U 
A2G 
EG 
EG 
EU 
EU 

A1G 
EU 
EU 

A1U 
EG 
EG 

A2U 
EU 
EU 
EG 
EG 
EG 
EG 

A1G 
EG 
EG 
EG 
EG 

A2G 
EU 

877.4461 
877.9583 
877.9584 
880.4087 
888.3627 
888.3638 
893.0455 
893.0475 
896.4868 
902.8233 
902.8236 
904.4089 
913.0447 
913.0469 
914.1358 
915.6429 
915.6435 
923.988 

929.3799 
930.4533 
935.6949 
935.6963 
941.2638 
941.264 

944.5787 
951.4031 
951.4041 
955.8201 
955.8209 
967.5027 
971.1279 
978.2312 
978.2336 
989.5466 
1002.9962 
1002.9966 
1003.2494 
1003.2505 
1004.2835 
1010.8324 
1010.8325 
1011.5965 
1018.0376 
1018.0527 
1023.006 
1023.0116 
1024.3783 
1024.8319 
1032.0615 
1069.2535 
1074.4298 
1074.4299 
1074.9918 
1077.5038 
1077.505 
1088.7202 

0 
58.3862 
58.387 

0 
0 
0 

4.1451 
4.1501 

0 
2.1001 
2.0987 

11.9933 
0 
0 

85.6983 
5.6591 
5.6552 

0 
0 
0 

63.5087 
63.5076 

0 
0 
0 

10.5593 
10.5602 

0 
0 
0 
0 

19.5907 
19.5941 
12.0254 

0 
0 

0.004 
0.004 

0 
5.7015 
5.7007 
0.0028 

0 
0 
0 
0 
0 

6.526 
0 
0 

2.0652 
2.065 

26.1674 
0 
0 
0 

0.0001 
0 
0 

2.2476 
5.7271 
5.7373 

0 
0 

71.3069 
0 
0 
0 

9.8169 
9.8275 

0 
0 
0 
0 
0 
0 
0 
0 

59.4612 
59.474 

283.1932 
0 
0 

198.6972 
199.2356 

0 
0 
0 
0 
0 

53.1112 
53.0882 

0 
0 
0 
0 
0 
0 

32.3046 
32.2308 
15.7068 
15.7018 
3.5149 

0 
38.5205 
72.4852 

0 
0 
0 

48.065 
47.9583 
224.6576 

EU 
EU 
EU 
EU 
EG 
EG 
EU 
EU 

A1G 
EU 
EU 

A2U 
EG 
EG 
?B 
?B 
?B 

A2G 
A1U 
A2G 
EU 
EU 
EG 
EG 

A1G 
EU 
EU 
EG 
EG 

A1U 
A2G 
EU 
EU 

A2U 
EG 
EG 
?A 
?A 
?A 
EU 
EU 

A2U 
?E 
?E 
?E 
?E 

A1G 
A2U 
A1G 
A1G 
EU 
EU 

A2U 
EG 
EG 

A1G 
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574.8739 
580.4986 
580.5019 
583.1643 
583.1647 
584.0215 
585.0643 
585.0646 
591.2124 
594.5289 
597.7572 
597.7581 
599.8131 
600.2663 
600.2678 
612.4235 
615.3874 

6.1345 
0 
0 

0.0398 
0.0399 
0.4883 

0 
0 
0 

47.9586 
0 
0 
0 

36.7358 
36.7342 

0 
0 

0 
159.7278 
159.7675 

0 
0 
0 

58.3604 
58.314 

0 
0 

13.8197 
13.7849 
183.4104 

0 
0 
0 

7.7128 

EU 
EG 
EG 
EU 
EU 

A2U 
EG 
EG 

A2G 
A2U 
EG 
EG 

A1G 
EU 
EU 

A2G 
A1G 

1091.1121 
1091.1131 
1095.247 
1095.2474 
1097.5731 
1320.7295 
1320.731 
1322.3249 
1322.3269 
1330.4089 
1337.0567 
1342.102 
1342.1027 
1353.4084 
1368.9255 
1368.9374 
1392.5362 

0.1852 
0.1853 

0 
0 
0 

10.1625 
10.175 

0 
0 
0 

0.0018 
0 
0 

127.1052 
194.8152 
194.8091 

0 

0 
0 

17.9858 
18.0362 

0 
0 
0 

116.9314 
117.0085 
3.3009 

0 
64.4479 
64.4122 

0 
0 
0 

65.275 

EU 
EU 
EG 
EG 

A1U 
EU 
EU 
EG 
EG 

A1G 
A2U 
EG 
EG 

A2U 
EU 
EU 

A1G 
 
  
 
 

Harmonic vibrational frequencies of C50BB34-D3d at B3LYP/6-31G* 
Frequencies 

(cm-1) 
IR 

(km/mole) 
Raman 

(Ǻ4/amu) 
Mode Frequencies 

(cm-1) 
IR 

(km/mole) 
Raman 

(Ǻ4/amu) 
Mode 

290.6477 
290.7533 
297.0619 
299.317 

302.7268 
303.8682 
307.1072 
311.5083 
312.2357 
314.0832 
314.186 
318.463 

323.7225 
327.8343 
358.125 

361.5165 
368.9133 
377.8955 
380.4007 
384.1316 
384.9137 
397.3802 
399.278 

402.5659 
413.3308 
416.2638 
418.018 

435.1054 
435.2002 
445.4227 
446.1836 

0.8092 
0.4689 

0 
0 

5.4714 
2.4216 
1.6603 

20.0174 
0 

14.5239 
0 

16.4722 
0 

0.7 
0 

0.8399 
3.4754 
5.6904 

0 
0 
0 
0 
0 
0 

0.4168 
0 
0 
0 
0 
0 

0.2894 

0 
0 

22.3776 
21.572 

0 
0 
0 
0 

18.6047 
0 

18.3222 
0 

21.1222 
0 

0.1014 
0 
0 
0 

0.1234 
0.514 

0.1672 
0.0744 
0.061 

0.4917 
0 

129.181 
0.0235 
0.0025 
0.862 

0.3755 
0 

AU 
BU 
AG 
BG 
BU 
AU 
AU 
BU 
BG 
AU 
AG 
BU 
AG 
AU 
BG 
BU 
AU 
BU 
BG 
AG 
AG 
BG 
BG 
AG 
BU 
AG 
BG 
BG 
AG 
BG 
AU 

776.1909 
777.8359 
778.1539 
789.9328 
790.7179 
794.3066 
794.7332 
794.8233 
798.5112 
800.8313 
804.4319 
804.6007 
804.9886 
806.6992 
807.6864 
809.3602 
810.225 
811.924 
815.904 

815.9759 
820.5064 
823.1268 
831.3154 
837.2721 
837.2928 
838.3065 
848.4446 
854.7542 
855.2454 
857.9566 
859.8681 

0.1017 
0 
0 

11.3502 
0 

4.3125 
1.8105 

0 
0 
0 
0 

14.6062 
2.9255 

0 
0 

1.0881 
3.1585 

0 
0 

7.7361 
1.9678 
4.5686 
0.0791 
1.7419 

0 
0 
0 

9.6018 
6.9393 

0 
3.0186 

0 
7.3179 
6.2836 

0 
1.3737 

0 
0 

0.8394 
3.0871 
0.7713 
0.0992 

0 
0 

1.6311 
0.9319 

0 
0 

1.0996 
2.5367 

0 
0 
0 
0 
0 

1.8261 
1.0304 
1.9201 

0 
0 

10.686 
0 

AU 
BG 
AG 
AU 
AG 
BU 
AU 
BG 
AG 
BG 
BG 
BU 
AU 
BG 
AG 
AU 
BU 
AG 
AG 
AU 
BU 
AU 
AU 
BU 
BG 
AG 
BG 
AU 
BU 
AG 
AU 
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446.324 
449.1978 
455.6579 
458.6619 
462.3395 
464.8086 
470.512 

477.2817 
477.3504 
478.9068 
487.7502 
487.9114 
493.3916 
499.8887 
503.6724 
508.1241 
508.5999 
512.584 

513.7072 
514.2096 
523.4091 
523.4415 
526.7386 
530.5844 
551.5419 
556.9232 
560.684 

568.9073 
569.9918 
570.9877 
578.3811 
585.9472 
588.652 

601.7709 
604.0223 
604.9738 
613.3737 
627.5774 
630.1268 
630.9639 
634.2069 
634.5869 
638.6482 
639.1516 
640.5913 
642.0655 
642.2166 
648.627 
649.689 

650.7303 
652.83 

652.9729 
655.728 

660.6369 
664.9901 
665.5512 

0 
2.1036 
4.5829 
0.5939 

0 
0.3525 
1.2953 

0 
0 
0 
0 
0 

0.3753 
0 

0.0008 
0 
0 

1.7547 
0 

1.4275 
4.5568 
5.6692 

0 
0 

0.4541 
0.134 

0.6066 
24.8168 
74.1262 
22.6395 
77.7806 

0 
0 

13.5451 
0 

14.1291 
0 
0 
0 
0 

2.1111 
0 

2.8462 
0 

8.9554 
0 

35.7901 
3.6629 

0 
0 

3.0761 
10.386 

33.0247 
0.0228 

21.4721 
0.0732 

0.6374 
0 
0 
0 

0.3283 
0 
0 

1.6018 
1.0815 
0.4795 
1.7811 
0.3892 

0 
1.3422 

0 
0.2609 
0.7809 

0 
0.6047 

0 
0 
0 

1.9653 
2.0948 

0 
0 
0 
0 
0 
0 
0 

0.276 
0.4264 

0 
0.0245 

0 
0.1243 

15.2665 
11.9876 
1.9878 

0 
1.9084 

0 
0.8119 

0 
0.8811 

0 
0 

4.0911 
2.6846 

0 
0 
0 
0 
0 
0 

AG 
BU 
AU 
BU 
AG 
AU 
BU 
AG 
BG 
BG 
AG 
BG 
AU 
AG 
AU 
BG 
AG 
BU 
AG 
AU 
BU 
AU 
AG 
BG 
BU 
AU 
BU 
AU 
BU 
AU 
BU 
BG 
AG 
AU 
BG 
BU 
BG 
AG 
AG 
BG 
AU 
BG 
BU 
BG 
BU 
AG 
BU 
AU 
AG 
BG 
AU 
BU 
BU 
AU 
BU 
AU 

861.0715 
862.5174 
871.5419 
930.7353 
941.0639 
943.0507 
948.172 

949.4807 
950.4473 
951.4335 
952.2207 
957.7474 
958.4139 
960.8693 
962.6023 
963.539 

968.3252 
969.5424 
972.8633 
973.4593 
974.5508 
981.1005 
981.2501 
984.5009 
991.7915 
992.2218 
1001.400 
1005.444 
1006.784 
1013.517 
1022.194 
1026.886 
1032.945 
1033.785 
1034.017 
1036.663 
1041.574 
1042.380 
1047.581 
1049.758 
1051.808 
1052.238 
1056.572 
1058.809 
1064.183 
1072.872 
1073.276 
1077.337 
1085.396 
1091.259 
1093.152 
1098.655 
1098.983 
1100.909 
1105.949 
1116.789 

0 
20.4678 

0 
0 
0 

6.8472 
17.4217 

0 
0 
0 

19.3225 
0 

40.9363 
0 
0 

87.2904 
11.6064 

0 
102.0038 

0 
0 
0 
0 

57.6672 
0 

11.0798 
9.6976 

0 
0 
0 

16.4414 
1.9878 

0 
24.1988 

0 
14.3111 

0 
75.3012 

0 
93.7901 
19.7452 

0 
0.4767 

18.7969 
0 

8.908 
0 
0 
0 

17.4408 
18.3147 

0 
0 

3.4466 
2.4516 

18.5519 

2.3228 
0 

8.5088 
4.8024 
2.3003 

0 
0 

0.4508 
2.2547 
0.3414 

0 
1.1739 

0 
28.5223 
0.4559 

0 
0 

2.2934 
0 

2.633 
1.5845 
4.8925 
0.4935 

0 
3.4214 

0 
0 

1.6445 
0.2274 
0.7803 

0 
0 

7.7903 
0 

7.6451 
0 

3.8643 
0 

4.1242 
0 
0 

5.1053 
0 
0 

0.1245 
0 

1.8626 
1.1149 
2.0648 

0 
0 

0.4743 
0.6939 

0 
0 
0 

BG 
BU 
AG 
AG 
BG 
AU 
BU 
BG 
AG 
BG 
BU 
BG 
BU 
AG 
AG 
AU 
AU 
AG 
BU 
BG 
AG 
AG 
BG 
BU 
AG 
AU 
BU 
AG 
BG 
BG 
BU 
AU 
AG 
AU 
BG 
BU 
BG 
AU 
AG 
BU 
BU 
AG 
AU 
BU 
BG 
AU 
BG 
AG 
AG 
AU 
BU 
AG 
BG 
AU 
BU 
BU 
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5.0161 665.5903 
665.9849 
668.4388 
672.3278 
673.5134 
679.0338 
680.9384 
690.6379 
699.6854 
704.4779 
705.6306 
706.6064 
710.3445 
710.7912 
712.4065 
716.3711 
717.819 

718.5851 
719.7713 
721.1048 
726.7663 
736.9113 
738.0218 
738.5723 
742.5483 
743.204 
744.322 
753.198 
756.899 
762.059 

765.1643 
766.0996 
772.1604 
773.3426 
774.0559 
775.6372 

0 
4.1541 0 
2.59 0 

0 18.9893 
0 34.8671 

1.0512 0 
0 1.534 

1.4548 0 
3.8661 0 
0.8538 0 

0 5.7764 
0 15.9148 
0 9.3357 

2.2225 
0.2968 

0 
6.1126 
5.2646 

0 
0 
0 

2.5508 
0 
0 

2.102 
0 

0.2572 
0 
0 

11.7961 
5.7909 
1.7332 

0 
0 
0 

2.9429 

BG 
AG 
AG 
BU 
AU 
BG 
BU 
AG 
AG 
BG 
BU 
AU 
BU 
BG 
AG 
AU 
AG 
BG 
BU 
AU 
AU 
AG 
BU 
AU 
BG 
BU 
BG 
BU 
AU 
AG 
AG 
BG 
AU 
BU 
BU 
BG 

1121.167 
1123.916 
1124.044 
1125.881 
1128.510 
1132.060 
1133.462 
1135.851 
1137.549 
1138.380 
1140.524 
1146.502 
1149.821 
1151.148 
1155.961 
1172.500 
1181.795 
1186.382 
1194.961 
1195.773 
1201.430 
1210.448 
1215.440 
1248.379 
1624.534 
1627.502 
1628.621 
1645.016 
1648.163 
1650.658 
1679.639 
1682.549 
1717.156 
1730.287 
1742.443 
1753.020 

0 
0.0859 

0 
3.0557 
1.1437 
1.1713 

0 
3.6991 

0 
7.5977 
6.1951 

0 
0 
0 

0.0452 
0 
0 

18.4687 
8.8888 
0.2978 
4.846 

0 
0 
0 

11.3046 
0 
0 

122.0291 
0 

160.4625 
0 

31.3727 
0 

101.9385 
153.3064 

0 

1.4681 
0 

0.7657 
0 
0 
0 

5.6831 
0 

0.0209 
0 
0 

52.0979 
1.0397 

30.0412 
0 

0.0305 
1.1951 

0 
0 
0 
0 

0.1961 
0.6237 
2.4599 

0 
21.8558 
18.6609 

0 
25.1984 

0 
27.4258 

0 
11.4488 

0 
0 

33.5896 

AG 
AU 
BG 
BU 
AU 
AU 
AG 
BU 
BG 
AU 
BU 
AG 
BG 
AG 
AU 
BG 
AG 
BU 
AU 
BU 
BU 
BG 
AG 
AG 
BU 
AG 
BG 
AU 
AG 
BU 
AG 
BU 
BG 
AU 
BU 
AG 

0 
0 

1.8538 
0 
0 

3.4325 
2.7472 
0.5643 

0 
1.0552 
0.3196 

0 
2.058 

0 
1.2011 
2.3078 

0 
0 
0 

0.1272 
0.2309 

20.9544 
0 

 
   
 
 

Harmonic vibrational frequencies of B80-Ih at B3LYP/6-31G* 
Frequencies 

(cm-1) 
IR 

(km/mole) 
Raman 

(Ǻ4/amu) 
Mode Frequencies 

(cm-1) 
IR 

(km/mole) 
Raman 

(Ǻ4/amu) 
Mode 

-141.6405 
-141.6396 
-141.6355 
-126.532 
-126.5308 
-126.5228 
-126.5219 
176.795 

176.7954 
176.7957 
176.7962 
176.7971 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

66.7135 
66.7128 
66.7119 
66.7156 
66.7179 

T2U 
T2U 
T2U 
GG 
GG 
GG 
GG 
HG 
HG 
HG 
HG 
HG 

636.2709 
636.2715 
665.899 

665.8999 
665.9012 
665.9026 
667.9155 
667.9158 
667.916 

673.9838 
673.9843 
673.985 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

?B 
?B 
GU 
GU 
GU 
GU 
T2U 
T2U 
T2U 
T2G 
T2G 
T2G 
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232.9207 
232.9224 
232.9235 
232.9253 
237.1148 
237.1164 
237.1171 
242.6701 
242.6713 
242.6723 
242.6728 
264.8847 
264.8848 
264.885 

264.8851 
264.8854 
272.7747 
272.7771 
272.778 

272.7794 
272.7802 
300.1357 
300.1363 
300.1365 
300.1369 
310.4618 
310.4636 
310.4652 
315.1725 
315.1726 
315.1729 
315.1731 
315.1732 
320.6667 
346.8368 
346.8373 
346.8377 
362.019 

362.0193 
362.0194 
362.0194 
362.0197 
417.9115 
424.5415 
424.5418 
424.5428 
426.8536 
426.8537 
426.854 

426.8544 
437.4513 
437.4518 
437.452 

437.4522 
446.3233 
446.3241 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

42.2257 
42.2251 
42.2271 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2.3832 
2.3824 
2.3819 

0 
0 
0 
0 
0 
0 
0 
0 

28.4877 
28.4874 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

26.9096 
26.9004 
26.9032 
26.9084 
26.9159 

0 
0 
0 
0 
0 
0 
0 

7.8285 
7.8317 
7.8327 
7.8313 
7.8254 

195.2326 
0 
0 
0 
0 
0 
0 
0 
0 

64.6733 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

GU 
GU 
GU 
GU 
T2U 
T2U 
T2U 
GU 
GU 
GU 
GU 
HU 
HU 
HU 
HU 
HU 
HG 
HG 
HG 
HG 
HG 
GG 
GG 
GG 
GG 
T1U 
T1U 
T1U 
HG 
HG 
HG 
HG 
HG 
AG 
T2G 
T2G 
T2G 
HU 
HU 
HU 
HU 
HU 
AG 
T1U 
T1U 
T1U 
GG 
GG 
GG 
GG 
GU 
GU 
GU 
GU 
T1U 
T1U 

675.5829 
675.583 

675.5843 
686.3354 
686.3366 
686.338 

686.3385 
718.8595 
718.8599 
718.861 

718.8614 
718.8616 
722.6764 
722.6775 
722.679 

728.2244 
728.2251 
728.2267 
728.2271 
728.2285 
739.4618 
739.4627 
739.4631 
761.6437 
761.6462 
761.6484 
767.9834 
767.9839 
767.9842 
767.9848 
840.7819 
840.7822 
840.7832 
840.7842 
840.7857 
860.7353 
860.7355 
860.7361 
860.7365 
863.854 

899.1952 
899.1964 
899.1971 
910.2299 
910.2301 
910.2313 
930.6834 
930.6835 
930.6838 
930.684 

932.4523 
932.4526 
932.4527 
932.4529 
932.4532 
941.401 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

86.9901 
86.9914 
86.9929 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

25.3171 
25.3094 
25.3021 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

2.0361 
2.0341 
2.0361 
2.0361 
2.0373 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

12.857 
12.8563 
12.861 

12.8703 
12.8675 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.129 
0.1281 
0.1285 
0.1282 
0.1282 

364.6852 

T1G 
T1G 
T1G 
GG 
GG 
GG 
GG 
HG 
HG 
HG 
HG 
HG 
T2U 
T2U 
T2U 
HU 
HU 
HU 
HU 
HU 
T1U 
T1U 
T1U 
T1G 
T1G 
T1G 
GU 
GU 
GU 
GU 
HG 
HG 
HG 
HG 
HG 
GG 
GG 
GG 
GG 
AU 
T1U 
T1U 
T1U 
T2U 
T2U 
T2U 
GU 
GU 
GU 
GU 
HG 
HG 
HG 
HG 
HG 
AG 
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446.3252 
468.2197 
468.2204 
468.2208 
472.5059 
472.5062 
472.5069 
490.643 

490.6434 
490.6435 
490.6438 
490.644 

502.2284 
502.2285 
502.2286 
526.9426 
526.9439 
526.9444 
526.9445 
526.946 

545.5868 
545.5872 
545.5876 
545.5878 
545.5882 
567.085 

567.0852 
567.0854 
567.086 

568.0023 
568.0034 
568.0045 
568.0049 
568.0058 
605.6734 
605.6736 
605.6737 
605.6748 
610.2049 
610.205 

610.2056 
635.3741 
635.3748 
635.3756 
635.377 

635.3771 
636.2693 
636.2694 
636.2704 

28.4874 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

15.4443 
15.4302 
15.4441 
15.4278 
15.4317 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

23.885 
23.8825 
23.8833 
23.8838 
23.8786 

0 
0 
0 
0 
0 
0 
0 

3.4769 
3.4815 
3.4773 
3.4823 
3.4801 

0 
0 
0 

T1U 
T1G 
T1G 
T1G 
T2G 
T2G 
T2G 
HG 
HG 
HG 
HG 
HG 
T2U 
T2U 
T2U 
HU 
HU 
HU 
HU 
HU 
HU 
HU 
HU 
HU 
HU 
?A 
?A 
?A 
?A 
?A 
?A 
?A 
?A 
?A 
GU 
GU 
GU 
GU 
T2G 
T2G 
T2G 
?B 
?B 
?B 
?B 
?B 
?B 
?B 
?B 

965.6197 
965.6214 
965.6219 
976.9182 
976.9188 

976.92 
980.3572 
980.358 

980.3588 
980.3596 
1000.7617 
1000.7621 
1000.7625 
1000.7627 
1000.7629 
1011.8201 
1011.8208 
1011.8216 
1011.8224 
1011.8229 
1020.9532 
1020.9545 
1020.9551 
1021.5203 
1021.5209 
1021.5223 
1021.5224 
1021.5233 
1046.1278 
1046.1286 
1046.1289 
1046.1298 
1073.9748 
1073.9754 
1073.9757 
1075.2785 
1075.2796 
1075.2799 
1075.28 

1075.2811 
1088.4038 
1088.405 
1088.4057 
1088.4064 
1088.4075 
1095.5615 
1095.5618 
1095.5639 
1095.5641 

578.653 
578.6871 
578.6933 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

20.2408 
20.2417 
20.2391 
20.2393 
20.2377 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

106.9273 
106.8826 
106.9017 
106.9027 
106.9049 

0 
0 
0 
0 

T1U 
T1U 
T1U 
T1G 
T1G 
T1G 
GG 
GG 
GG 
GG 
HU 
HU 
HU 
HU 
HU 
HU 
HU 
HU 
HU 
HU 
T2U 
T2U 
T2U 
HG 
HG 
HG 
HG 
HG 
GG 
GG 
GG 
GG 
T2G 
T2G 
T2G 
HU 
HU 
HU 
HU 
HU 
HG 
HG 
HG 
HG 
HG 
GU 
GU 
GU 
GU 
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Harmonic vibrational frequencies of C60-Ih at B3LYP/6-31G* 
Frequencies 

(cm-1) 
IR 

(km/mole) 
Raman 

(Ǻ4/amu) 
Mode Frequencies 

(cm-1) 
IR 

(km/mole) 
Raman 

(Ǻ4/amu) 
Mode 

265.0357 
265.036 

265.0365 
265.037 

265.0375 
340.3348 
340.3351 
340.3352 
356.7669 
356.7677 
356.7687 
356.769 

407.8596 
407.8599 
407.8604 
407.8609 
407.8612 
434.8959 
434.896 

434.8962 
434.8964 
434.8965 
487.8865 
487.8866 
487.8869 
487.8871 
497.1464 
534.4323 
534.4325 
534.4326 
539.4518 
539.4521 
539.4523 
539.4526 
539.4531 
566.4465 
566.4466 
566.4467 
569.3234 
569.3237 
569.3242 
576.0555 
576.0555 
576.0557 
576.0558 
588.0809 
588.0824 
588.0844 
678.7523 
678.7528 
678.7532 
678.7535 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

28.9007 
28.8998 

28.9 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

10.523 
10.5235 
10.5235 

0 
0 
0 
0 

22.5813 
22.5776 
22.5781 
22.5795 
22.5802 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.4519 
0.4518 
0.4528 
0.4517 
0.4519 

0 
0 
0 
0 

129.1253 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

HG 
HG 
HG 
HG 
HG 
T2U 
T2U 
T2U 
GU 
GU 
GU 
GU 
HU 
HU 
HU 
HU 
HU 
HG 
HG 
HG 
HG 
HG 
GG 
GG 
GG 
GG 
AG 
T1U 
T1U 
T1U 
HU 
HU 
HU 
HU 
HU 
T2G 
T2G 
T2G 
T1G 
T1G 
T1G 
GG 
GG 
GG 
GG 
T1U 
T1U 
T1U 
HU 
HU 
HU 
HU 

804.5631 
804.5632 
840.4414 
840.4422 
840.4428 
966.1879 
977.7126 
977.7129 
977.7144 
983.2658 
983.2692 
983.2711 
983.2714 
1095.630 
1095.630 
1095.632 
1095.633 
1127.035 
1127.037 
1127.038 
1127.039 
1127.040 
1202.185 
1202.185 
1202.186 
1214.910 
1214.911 
1214.912 
1245.550 
1245.551 
1245.552 
1245.552 
1245.553 
1277.629 
1277.629 
1277.629 
1277.629 
1277.630 
1303.153 
1303.154 
1303.155 
1334.967 
1334.967 
1334.968 
1334.968 
1335.309 
1335.31 

1335.310 
1335.311 
1371.706 
1371.706 
1371.707 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

9.0554 
9.0573 
9.0576 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

12.7293 
12.7304 
12.726 

12.7283 
12.7317 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

22.9557 
22.9392 
22.9537 
22.9466 
22.9516 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

T2G 
T2G 
T1G 
T1G 
T1G 
AU 
?A 
?A 
?A 
?A 
?A 
?A 
?A 
GG 
GG 
GG 
GG 
HG 
HG 
HG 
HG 
HG 
T2U 
T2U 
T2U 
T1U 
T1U 
T1U 
HU 
HU 
HU 
HU 
HU 
HG 
HG 
HG 
HG 
HG 
T1G 
T1G 
T1G 
?B 
?B 
?B 
?B 
?B 
?B 
?B 
?B 
HU 
HU 
HU 
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678.7538 
716.9258 
716.9264 
716.927 

716.9271 
716.9279 
720.468 

720.4683 
720.4686 
735.2528 
735.2528 
735.2529 
740.7703 
740.7706 
740.7708 
740.771 

740.7713 
750.807 

750.8071 
750.8073 
750.8074 
753.3554 
753.3557 
753.3558 
753.3561 
765.4314 
765.4316 
765.4317 
765.4321 
787.5519 
787.5559 
787.5576 
787.5594 
787.5612 
804.5631 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0.4432 
0.4439 
0.4436 
0.4435 
0.4433 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

8.4433 
8.4436 
8.444 

8.4429 
8.4442 

0 

HU 
HG 
HG 
HG 
HG 
HG 
T2U 
T2U 
T2U 
T2G 
T2G 
T2G 
HU 
HU 
HU 
HU 
HU 
GU 
GU 
GU 
GU 
GG 
GG 
GG 
GG 
GU 
GU 
GU 
GU 
HG 
HG 
HG 
HG 
HG 
T2G 

1371.707 
1371.708 
1373.092 
1373.093 
1373.093 
1455.042 
1455.043 
1455.043 
1455.044 
1455.044 
1460.672 
1460.672 
1460.673 
1464.513 
1464.514 
1464.515 
1464.515 
1503.816 
1537.914 
1537.914 
1537.914 
1537.915 
1566.237 
1566.237 
1566.237 
1607.880 
1607.880 
1607.880 
1607.881 
1607.881 
1617.091 
1617.091 
1617.092 
1617.092 
1617.092 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

11.8867 
11.8862 
11.8876 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

2.7377 
2.7334 
2.7351 
2.7316 
2.7381 

0 
0 
0 
0 
0 
0 
0 

408.3615 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

50.265 
50.2767 
50.258 

50.2715 
50.2717 

HU 
HU 
T2G 
T2G 
T2G 
HG 
HG 
HG 
HG 
HG 
T1U 
T1U 
T1U 
GU 
GU 
GU 
GU 
AG 
GG 
GG 
GG 
GG 
T2U 
T2U 
T2U 
HU 
HU 
HU 
HU 
HU 
HG 
HG 
HG 
HG 
HG 
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A.2 Band structure of B32-tube 

  

 

 

(Top) DFT (LDA/CA-PZ) and (bottom) eH band structure of B32-tube and their expanded 

band structures are shown in the right. 
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“It would be possible to describe everything scientifically, but it 

would make no sense; it would be without meaning, as if you 

described a Beethoven symphony as a variation of wave pressure.” 

          
- Albert Einstein 
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