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Abstract

For the past decades, experiment like photoelectron spectroscopy and computational studies have demonstrated that highly
coordinated transition metal centered boron nanoclusters favor planar or quasi-planar type structures, which could be potential
building blocks for designing better nanostructure with tailored properties. In this paper, we have studied geometrical structures,
electronic, optical and magnetic properties of the gas-phase Zn centered small boron clusters (n = 6–8) by employing density
functional theory (DFT) and time dependent (TD) DFT calculations with B3LYP hybrid exchange-correlation functional. Two
global minimum structures containing pyramidal and bi-pyramidal shaped ZnBm and Zn2Bm clusters shows symmetrical cyclic
motif. The adsorption energy, ionization potential and molecular orbital analysis revealed that Zn is chemically adsorbed on
the boron clusters occupying the hollow site and inverse sandwich bi-pyramidal (Zn2Bm) clusters are relatively more stable
compared to singly doped boron nanoclusters. Vibrational modes are calculated to validate the true minima nature of the
optimize structures which possesses no imaginary frequencies. All the pyramidal and bi-pyramidal clusters are optically active
and show blue shifts in our calculated absorption spectra. The DFT computations indicate spin polarization in the pristine B7
cluster which induces strong ferromagnetism in pristine and adsorbed B7 clusters.

Keywords

Boron nanoclusters, inverse sandwich molecules, DFT, structural stability, adsorption energy.

Introduction

In recent times, the study of atomic and molecular cluster has drawn more attention as these clusters
provides a link between bulk and nanostructured materials [1]. Earlier in 1956, Becker first reported the
experimental method of producing a large variety of neutral and ionized clusters such as LaB6 [2]. Till now,
many clusters have been investigated theoretically and also by experiments like photoelectron spectroscopy
[3]. As an electron-deficient semimetal, Boron (B) has high electronegativity, large co-ordination number,
short covalent radius and possesses attractive physical properties [4]. Because of these phenomenon, boron
emerges as a favorable candidate in device section which include variety of sectors from medicine to hydrogen
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storage industry [5–8]. As a result, boron clusters (Bm) have gained a considerable interest of the researchers.
At first Boustani computationally explored the geometric structures of Bm (m ≤14) clusters by employing
Hartree-Fock method in restricted mode and quasiplanar structures of boron were predicted to be more
stable form in case of small clusters [9–11]. Later these result were reaffirmed by Wanget al. [12, 13] who
performed both theoretical and experimental investigation. Anderson et al. carried an experimental study
on the mass spectra of boron clusters where these clusters were produced in easiest way like the laser ablation
technique [14]. The early theoretical investigation were performed for neutral and anionic B3-B15 clusters
[13, 15–20] and confirmed the planar or quasiplanar type atomic arrangements of these clusters.

Doping of various atom on boron clusters opens up the possibility of unique boron based nanostructures which
contains some intriguing properties [21]. There are many investigations on transition metal doped pyramidal
Bm nanoclusters [3, 22–25] which concerns about the stability and bonding mechanism of the clusters.
Moreover, transition-metal (TM) dopants (Cr, Mn, Fe, Co, Ni, Zr) can interestingly change the geometry of
small boron based nanoclusters [26–28]. Recently, transition metal (TM) appears as an interesting dopant in
boron nanoclusters in both theoretical and experimental sectors. These type of TM doped clusters are very
fascinating as they offer a building blocks to explore new molecular and nanostructures with novel chemical
and physical phenomenon [3, 24, 27, 29–31]. A theoretical investigation by DFT calculations have been
performed with TM at the center of a double-ring boron clusters M@B2n (M = Ti, Cr, Fe, Ni, Zn; n = 6, 7,
8) and found double aromaticity in those clusers [32]. Bi-pyramidal boron nanoclusters are not much focused
in contrast to pyramidal boron cluster [33–36]. A combined theoretical and experimental investigation was
carried on Ta2B6 to analyze their chemical bonding and found that bi-pyramidal structures are one of the
stable with D6h symmetry [37]. The optical excitation nature of small boron nanoclusters (n = 2–5, 6, 12
and 13) have been reported and found the collective and plasmonic behavior of the electronic excitations
in most of them [38]. Magnetic properties are less explored and in one of the study it was found that the
magnetic properties mainly come from the boron atoms and the overall magnetic moments are very specific
with the number of boron atoms [23]. The inverted sandwich structures with two TM atoms sandwiching
the central cyclic molecule exhibits fascinating chemical, opto-electronic and magnetic properties [39]. Many
experiments and computational studies have suggested that the inverted sandwich small boron complexes
are more stable configuration [40]. More study should be conducted to understand the stability of such boron
clusters which have inverse-sandwich structures and their properties. In this regard a small investigation has
done on B6 by adsorbing Zn atom by the author of this article where Zn2B6 show metallic behavior [41].
This motivates to perform detailed investigation of Zn adsorbed boron nanoclusters. Furthermore, there
were few works regarding Zn doped nanoclusters and their inverted-sandwich structures with pyramidal and
bipyramidal shape, though it shows better properties as dopant and can be used in sensing applications and
future phototherapy applications for carbon dots. and etc. [42–44].

In this article, we report an investigation on the geometry, stability, electronic, magnetic and optical proper-
ties of pristine and Zn adsorbed inverted sandwich boron nanoclusters, ZnnBm (m=6-8) with pyramidal and
bi-pyramidal shapes. This work has been carried out under density functional theory (DFT). To understand
structural stability, the adsorption energies (EAds), cohesive energies (ECoh), thermodynamical parameters,
lowest vibrational energies of the clusters have been investigated. The global indices such as chemical po-
tential, chemical hardness, electrophilicity, chemical softness have been calculated from highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies for observing the
chemical reactivity. The HOMO-LUMO gaps, Mulliken charge exploration and dipole moment have further
been studied to analyze the electronic nature of these nanoclusters. We have studied magnetic behaviors of
the clusters by calculating magnetic moment and spin density map. The optical properties have been studied
from the calculated absorption spectra and circular dichroism (CD) spectra which describe the interaction of
electromagnetic radiation with pristine and Zn adsorbed Bm nanoclusters and optical activity respectively.
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Computational Details

In this work we have employed density functional theory (DFT) that is implanted in Gaussian 16 package
with B3LYP as hybrid functional [45–47]. Since investigating clusters contain very few number of atoms
(from 6 to 10) and the atomic number of constituent atoms (B and Zn) is 5 and 30 respectively, we have
taken LanL2DZ basis set which is suitable for the system containing the element H(1) to Bi (83) [48].
SDD basis set has also employed to compare the results which is applicable for the system containing the
element H(1) to Hg (80) [49]. The B3LYP is one of the reliable and routinely implemented level of theory
in various investigation of different nanoclusters [50–52]. Initially all the clusters of pristine B6, B7 and
B8 were fully optimized and then Zn atom was absorbed in pyramidal and bi-pyramidal fashion in these
clusters. The adsorbed clusters which are inverse-sandwich shape again relaxed to global minima by using
the same basis sets. All calculations are done in spin unrestricted conditions to determine the magnetic
properties (magnetic moment and spin density map) of these clusters. The lowest vibrational frequency and
the number of imaginary frequency have investigated from vibrational frequency analysis. For investigating
electrical and optical properties, the excited states of these clusters have been calculated by using TD-DFT
approach.

To understand the relative stability of these clusters we have calculated adsorption energy (EAds) and cohesive
energy per atom (ECoh). The adsorption energy of the adsorbed clusters can be calculated by the equations
[53]-

EAds = EZniBm
− (EBm

+ iEZn)(1)

The cohesive energy per atom can be calculated as [53]:

ECoh =
EZniBm−(mEB+iEZn)

m+i (2)

here the symbol i (=1, 2) denotes the number of Zn atom and m (= 6-8) represents the number of boron
atom. EZniBm , EBm and EZnrepresent the total energy of Zn doped Bm cluster, the energy of Bm motif and
the energy of a single Zn atom respectively. For better insight of the adsorption phenomena, we have further
analyzed the thermodynamic properties which include the changes of Gibbs free energy (ΔG), enthalpy (ΔH)
and entropy (ΔS) by the following equations [54]:

G = GZniBm
− (iGZn +GBm

) (3)

H = HZniBm − (iHZn +HBm) (4)

S = H−G
T (5)

here G stands for the sum of electronic and thermal free energies, H refers to the sum of electronic and thermal
free enthalpies and T represents the standard room temperature (298.15 K) of optimized geometries. The
charge transfers between the pristine and Zn adsorbed Bm nanoclusters have been investigated by Mulliken
charge analysis and molecular electrostatic potential (MEP) map. The HOMO and LUMO energies are
computed for calculating the energy gap (Eg), Fermi level energy (EFL) and density of states (DOS) plots,

Eg = ELUMO − EHOMO (6)

EFL = EHOMO+ELUMO

2 (7)

The chemical potential (μ), global indices such as hardness (η), softness (S), electrophilicity (ω) and charge
transfer parameters ([?]N) of the adsorption systems are calculated as [55]-

µ = −(IP+EA)
2 (8)

η = (IP−EA)
2 (9)

S = 1
2η (10)

3
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ω = µ2

2η (11)

N = −µη (12)

where IP = -EHOMO and EA = -ELUMO are the ionization potential and electron affinity respectively [56,
57]. Optical properties have also investigated by using absorption spectra and CD spectra with B3LYP/SDD
density functional level of theory.

Results and Discussions

Structural Properties

Geometry of the global minimum structures

We have presented our results by exhibiting the optimized geometries of pristine and Zn incorporated inverse-
sandwich boron nanoclusters in Fig. 1. Pristine B6 structure has a cyclic benzene like planar structure with
C2h symmetry which is predicted to be the global minimum structure [58–60]. Symmetry changes to C1

for pyramidal and bi-pyramidal B6structures [61] as shown in Table 1 for two basis sets. These global
minimum structures also shows planer shapes that have observed in Fig. 1. The symmetrical bond length
of B6 between the nearest neighbors is 1.547 Å, obtained by an angle of 135.69° except for B2-B3 and
B5-B6 which are 1.632 Å. For the adsorbed B6systems, bond lengths are slightly changes to maintain the
equilibrium which has presented in supplementary material (Table S1). The lowest frequency of the pristine
B6 is 309.68 cm-1 for SDD basis set (311.30 cm-1for LanL2DZ) which is displayed in Table 1. But there exists
one imaginary frequency in pristine B6 for both basis sets [59]. While for the inverse-sandwich B6 structures
the value of lowest frequency decreases and no imaginary frequency is observed at the B3LYP/SDD and
B3LYP/LanL2DZ level of theory. Pristine B7 cluster has slightly distorted cyclic heptagonal shape with
lowest energy structures of CS symmetry [58, 62]. Again for the adsorbed B7 clusters, symmetry changes to
C1 [61] as does the bond lengths and the structures show almost planer shape except for ZnB7. In ZnB7,
two atoms (B5 and B6) are out of the plane as shown in Fig. 1. The average peripheral B–B bond length of
pristine B7 is about 1.584 Å and it is very close to the experimental B–B bond length of B2 (1.59 Å) [63].
No imaginary frequency is observed for all the B7 clusters except Zn2B7for LanL2DZ basis set.

For B8, an aromatic octagon with D4Dsymmetry (in Table 1) is the lowest-energy structure [58] and again
symmetry changes to C1 for the dopant atom (Zn) on B8 ring in pyramidal and bi-pyramidal fashion for both
basis sets. The overall bond lengths of all B-B are 1.565 Å in pristine B8 and for the adsorbed clusters bond
lengths are slightly increases (on average 1.582 Å) in both basis sets. This reveals that cyclic boron rings
are favorable for adsorbing metal atoms which causes the enhancement of bond length. All the B8clusters
are planar shape as shown in Fig. 1 except for ZnB8 where three atoms (B4, B5 and B6) are out of plane.
We have found no imaginary frequency for all the B8clusters (in both SDD and LanL2DZ). The value of
the lowest frequency increases like B8>ZnB8>Zn2B8and this reveals that our inverse-sandwich clusters are
more stable. Further in two basis sets (SDD and LanL2DZ), bond lengths and bond angles doesn’t vary that
much for all the pristine and inverse-sandwich Bm nanoclusters. All B7 clusters possesses ground-state spin
multiplicity in doublet state [9], while singlet for all B6 and B8 clusters.

Relative Stability

The relative stabilities can be analyzed by calculating different parameters like adsorption energy (EAds)
and cohesive energy (ECoh) per atom using equation (1 and 2) which are listed in Table 2.
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Fig. 1 Optimized structural configuration for adsorbing Zn on Bm (m=6-8) nanoclusters in inverse-sandwich
shape (arrow represent nearest and next nearest in-plane atoms from origin point).

Table 1 Data of lowest infrared absorptions, dipole moment μD and point group for pristine as well as Zn
adatom on Bm (m=6-8) nanoclusters.

System

Lowest
Frequency
(cm-1)

Lowest
Frequency
(cm-1)

No. of
Imaginary
Fre-
quency

No. of
Imaginary
Fre-
quency

μΔ

(Debye)
μΔ

(Debye)
Point
Group

Point
Group

SDD LanL2DZ SDD LanL2DZ SDD LanL2DZ SDD LanL2DZ
B6 309.68 311.30 1 1 0 0 C2H C2H

ZnB6 180.23 87.74 0 0 3.567 4.703 C1 C1

Zn2B6 153.84 214.25 0 0 0 0 C1 C1

B7 121.47 121.89 0 0 0.175 0.174 CS CS

ZnB7 41.12 53.00 0 0 3.170 4.228 C1 C1

Zn2B7 31.93 187.52 0 1 0.027 0.035 C1 C1

B8 51.69 62.48 0 0 0 0 D4D D4D

ZnB8 85.06 117.77 0 0 2.167 3.217 C1 C1

Zn2B8 166.38 181.92 0 0 0.009 0.0002 C1 C1

Adsorption energy defines the energy difference between the total energies of individual constituent atoms
and the bound cluster and the more negative values of adsorption energies indicate the more tightly bound
system [64]. The variation of adsorption energy has shown in Fig. 2(a) for adsorbed boron nanoclusters
and here observe that EAds increases for bi-pyramidal structures for all the boron nanoclusters. Also these
values are increases with the increase of the cluster size of boron [58]. This phenomenon also occurs because
one atom participates in the charge transfer process for pyramidal Bm whereas two Zn atom participates
in bi-pyramidal and so the value of EAds are increased. Thus, the doubly doped pyramidal boron cluster
stabilizes the nanostructures and Zn2Bm clusters are more stable. This implies that as soon as a cluster
gains extra electron in bi-pyramidal fashion, it becomes more stable than its pyramidal structure.

Table 2 Ground state energy, Adsorption energy (EAds) in eV unit and Cohesive Energy (ECoh) per atom in
eV/atom unit of pure as well as Zn adsorbed Bm (m= 2–6) nanoclusters for two basis set.

System

Ground
state
energy

Ground
state
energy EAds EAds ECoh ECoh

SDD LanL 2DZ SDD LanL 2DZ SDD LanL 2DZ
B6 -4046. -4046 - - -3.37 -3.37
ZnB6 -10228 -5831 -6.35 -5.59 -3.79 -3.79
Zn2B6 -16408 -7616 -11.75 -10.59 -3.99 -3.99
B7 -4723 -4723 - - -3.69 -3.69
ZnB7 -10904 -6508 -6.45 -5.65 -4.03 -4.03
Zn2B7 -17086 -8294 -13.06 -11.77 -4.32 -4.32
B8 -5397 -5397 - - -3.60 -3.60
ZnB8 -11581 -7184 -8.64 -7.78 -4.16 -4.16
Zn2B8 -17764 -8971 -16.27 -15.06 -4.51 -4.51

Hosted file
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image2.emf available at https://authorea.com/users/302041/articles/463473-an-ab-initio-

study-on-the-structural-electronic-and-optical-properties-of-inverted-sandwich-

monocyclic-small-boron-clusters-znnbm-n-1-2-m-6-8

Fig. 2 Variations of (a) Adsorption energy (EAds) and Cohesive Energy (ECoh) per atom in eV for Zn
adsorbed boron nanoclusters.

Cohesive energy is defined as the amount of energy to break something up into single atoms. The energetic
stability of the systems [65] is specified by the values of Ecoh and the lesser the Ecoh value, the more stable
the system is [66]. The variation of Ecoh for the adsorbed clusters has shown in Fig. 2(b). The obtained
negative values of cohesive energies presented in Table 2 indicate that all the pristine and adsorbed boron
nanoclusters are energetically stable. It was also observed (Fig. 2(b)) that the cohesive energy decreases
with the increase of the size of inverse-sandwich boron nanoclusters which shows that energetic stability
increases with the increase of the no. of adatom on Bmnanoclusters. Bi-pyramidal systems give the lowest
cohesive energy was and found highest value for the pristine Bm. These results show that Zn2Bm clusters
are more stable than the other clusters which are a reaffirmation of our investigation.

Thermodynamic Parameters

Thermodynamic properties give better insight to the adsorption behavior of Zn on Bm structure. The
thermodynamic properties which include change of Gibbs free energy (ΔG), enthalpy (ΔH) and entropy
(ΔS) have calculated by using equation (3-5) and listed them in Table 3. For adsorbed clusters, variation of
ΔH and ΔG are displayed in Fig. 3. Enthalpy (ΔH) is used as an indicator for classifying the adsorption
process (Either chemisorption or physisorption). If the value of ΔH is less than 0.42eV (40 KJmol-1) or
greater than 0.83eV (80 KJmol-1) then it either indicates physisorption or implies strong chemisorption
respectively [67].

Hosted file

image3.emf available at https://authorea.com/users/302041/articles/463473-an-ab-initio-

study-on-the-structural-electronic-and-optical-properties-of-inverted-sandwich-

monocyclic-small-boron-clusters-znnbm-n-1-2-m-6-8

Fig. 3 Illustration of various thermodynamic properties (changes of (a) Enthalpy and (b) Gibbs free energy)
for pyramidal and bi-pyramidal Bm nanoclusters where m=6-8.

In this study, the adsorption is chemisorption (ΔH ranges from 0.465 to 4.295) for all adsorbed Bm nan-
oclusters except the pyramidal and bi-pyramidal B6 clusters where physisorption occurs in two basis sets.
Besides, positive and negative signs have noted for the value of ΔH for inverse-sandwich clusters that points
to endothermic and exothermic nature respectively.

The negative change of entropy (ΔS) points the ordered adsorptions [54]. The negative value of Gibbs free
energy (ΔG) indicates the probability of the process and spontaneous nature of the adsorption [67] and
here all the adsorbed clusters except ZnB6exhibits it. Also, with the increase of the size of the adsorbed
Bm clusters, the value of ΔH and ΔG increases and it corresponds to the thermodynamic stability of the
inverted sandwich bi-pyramidal clusters except Zn2B6.

Table 3 List of thermodynamic properties (Changes of enthalpy (ΔH), Gibbs free energy (ΔG) in elec-
tronVolt (eV) unit, Entropy (ΔS) in electronVolt/mole.Kelvin (eV/Mole.K) unit) for Zn adsorbed inverse-
sandwich boron nanoclusters by using two basis set.

System ΔΗ ΔΗ ΔΓ ΔΓ ΔΣ ΔΣ

SDD LanL 2DZ SDD LanL 2DZ SDD LanL 2DZ
ZnB6 -0.37 -0.21 -0.05 0.08 -0.001 -0.001
Zn2B6 0.20 0.43 0.95 1.20 -0.002 -0.003
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System ΔΗ ΔΗ ΔΓ ΔΓ ΔΣ ΔΣ

ZnB7 -0.47 -0.26 -0.09 0.11 -0.001 -0.001
Zn2B7 -1.11 -1.05 -0.31 -0.19 -0.003 -0.003
ZnB8 -2.65 -2.39 -2.20 -1.96 -0.002 -0.001
Zn2B8 -4.30 -4.28 -3.40 -3.39 -0.003 -0.003

Electronic Properties

Charge Distribution Analysis

Charge density distributions has a crucial character in the field of quantum chemical calculation for molecular
system because it affects electronic properties of these molecular systems [68]. In this study Mulliken charge
distribution and partial charge of constituent atoms have been calculated by using B3LYP level of theory
and listed them in Table 4. The charge distributions of the clusters are depicted in Fig. 4. Comparing
pristine and adsorbed B6 and B7 structures, the value of overall QMulliken is found to be low for adsorbed
clusters, while for B8 clusters, Mulliken charge increases from its pristine clusters. From Fig. 4 we have
observed that in the B6 and B7 structure only B1 and B4 atom are negatively charged whereas the other
atoms are the electron donor which is also clearly depicted in Fig. 5(a, b) and the structure is planar. On
the other hand, pristine B8 is charge neutral and that’s why no color variations are observed in Fig. 5(c).
However, for inverse-sandwich B6 clusters (pyramidal and bi-pyramidal) orbital overlapping happened for
Zn atom with boron atoms and it leaves impact in the electron density which is understood by the deviation
in color gradient.
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Fig. 4 Mulliken charge distribution of pristine and Zn adsorbed Bm (m=6-8) structures in pyramidal and
bi-pyramidal fashion. Here red color indicates electron acceptor and green color refers the electron donor.

Also, the negative values of charge transfer parameter ([?]N) for all adsorbed clusters demonstrate that the
Bm clusters have an acceptor electron effect and Zn atom has a donor electron effect. As a result, we have
noticed that the positive charge is localized on Zn atom and all the B atoms are negatively charged in the
B6 clusters (Fig. 5(a)). This phenomenon is arisen for the variance of electronegativity between dopant (Zn)
and framework (boron atoms). As the electronegativity of boron (2.04) not very much larger than Zn (1.65),
so there is a weak electrostatic attraction between them. With the increase of cluster size, Zn atom remains
positively charged while boron frameworks become positively and negatively charged for all the adsorbed B7

and B8 clusters except Zn2B8. For this inverse sandwich molecule, Zn atom is negatively charged for SDD
basis set and positively charged for LanL2DZ basis set. These occur due to the combined electronegativity
effect of the constituent’s atom of the cluster because the clusters size increases. Also, in terms of partial
charges both the basis set show almost similar pattern for all the pristine and adsorbed clusters except some
little variations that we already observed in Fig. 4.

Table 4 Different electrical parameters of the pristine and Zn adsorbed Bm nanoclusters.

Parameters Basis Sets B6 ZnB6 Zn2B6 B7 ZnB7 Zn2B7 B8 ZnB8 Zn2B8

QMulliken SDD 0.290 0.179 0.036 0.195 0.178 0.061 0.001 0.227 0.025
LanL2DZ 0.284 0.382 0.405 0.194 0.353 0.420 0.001 0.428 0.285

Partial charge of ad atom SDD - 0.179 0.036 - 0.161 0.017 - 0.114 -0.025
LanL2DZ - 0.382 0.405 - 0.050 0.419 - 0.292 0.285
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Parameters Basis Sets B6 ZnB6 Zn2B6 B7 ZnB7 Zn2B7 B8 ZnB8 Zn2B8

EHOMO (eV) SDD -5.61 -5.67 -4.72 -6.63 -5.98 -5.46 -5.90 -6.02 -6.14
LanL2DZ -5.61 -5.46 -4.49 -6.63 -5.94 -5.23 -5.90 -6.01 -5.95

ELUMO (eV) SDD -4.84 -3.47 -4.63 -4.62 -4.08 -4.21 -4.73 -4.87 -3.92
LanL2DZ -4.84 -3.35 -4.15 -4.62 -3.88 -4.17 -4.74 -4.60 -3.90

EFL (eV) SDD -5.23 -4.57 -4.68 -5.63 -5.03 -4.84 -5.32 -5.45 -5.03
LanL2DZ -5.23 -4.41 -4.32 -5.63 -4.91 -4.70 -5.32 -5.31 -4.93

Eg (eV) SDD 0.77 2.20 0.09 2.01 1.90 1.25 1.17 1.15 2.22
LanL2DZ 0.77 2.11 0.34 2.01 2.06 1.06 1.16 1.41 2.05

[?]N (eV) SDD - -4.16 -103.89 - -5.29 -7.74 - -9.47 -4.53
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Fig. 5 Partial Mulliken charges of Pristine and adsorbed Bmclusters for different basis set.

The molecular electrostatic potential (MEP) map is used to define regions of electron density localization
and delocalization in the interior of molecular structures [69, 70]. These maps are beneficial for identifying
electrophilic or nucleophilic region of the compound and it helps to determine the charge circulation around
the surface of the compound. All calculated results of pristine and Zn adsorbed boron nanoclusters are shown
in Fig. 6. Here, the electrophilic and nucleophilic regions identified by the red and blue colors which also
represent the negative and positive charges respectively. The observed maps indicate a positive potential
in all adsorbed clusters (blue color is shown around the Zn atom), while red color, a negative potential is
confined to the Bm nanoclusters.
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Fig. 6 Molecular Electrostatic Potential (MEP) map for all pristine and adsorbed Bm nanoclusters at iso-
scale value of 0.007. Regions of higher electron density are shown in red and of lower electron density in
blue (values in atomic units).

These outcomes are comparable to the Mulliken charge calculations. Therefore in the adsorbed clusters,
the dopant atom holds donor electron consequence. That’s why charge transfer occurs slightly (the value of
[?]N) between the boron nanoclusters and the Zn atom.

Dipole Moment

The dipole moment is a vital electronic property that counts the irregular charge circulation of the com-
ponents of a molecule and with more dipole moment the structure becomes more polar [71]. Moreover it
is a convenient pointer for knowing adsorption phenomena (adsorbate-absorbent interaction). The dipole
moment (μD) of pristine and Zn adsorbed Bmclusters have been calculated and listed in Table 1. Pristine
and bi-pyramidal B6 clusters have no dipole moment as they possess symmetric structure. An exception
observed for ZnB6 (3.569 for SDD and 4.703 for LanL2DZ). But unusually all the B7 clusters show dipole
moment. Pristine and pyramidal B7 clusters are polar (μD=0.035-0.175 D) while bi-pyramidal clusters are
strongly polar (μD=3.170 for SDD and 4.228 for LanL2DZ) [72]. Pristine B8 have no dipole moment and
bi-pyramidal B8 is slightly polar while pyramidal ZnB8 are strongly polar (μD=2.167 for SDD and 3.217
for LanL2DZ). However, the majority of all the pyramidal boron clusters possess higher dipole moment
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and this happens because pyramidal structure shows asymmetric charge distribution but the pristine and
bi-pyramidal clusters have inherent symmetric charge distribution.

Ionization Potential and Electron Affinity

The ionization potential (IP) is a key parameter to analyze the stability of the molecular system. Usually
IP classify as: Koopmans IP, vertical IP and adiabatic IP. In this study we use Koopmans IP which is the
HOMO energies [61]. In our work Koopmans IP are calculated for the lowest energy structures of pristine
and inverse-sandwich Bm nanoclusters and presented in Table 5. Among the pristine Bm clusters, B7 has the
largest value of IP. For ZnBm clusters, ZnB8 and among the bi-pyramidal clusters, Zn2B8have the largest
ionization potential. This all agreeing to the higher stability of these clusters [61].
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Fig. 7 Variations of (a) Ionization Potential (IP) and Electron Affinity (EA) for various Bm clusters by
using SDD basis set.

Table 5 Records of ionization potential (IP) and electron affinity (EA) for various pristine and inverted-
sandwich boron nanoclusters

System IP (eV) IP (eV) EA (eV) EA (eV)

SDD LanL2DZ SDD LanL2DZ
B6 5.61 5.61 4.84 4.84
ZnB6 5.67 5.46 3.47 3.35
Zn2B6 4.72 4.49 4.63 4.15
B7 6.63 6.63 4.62 4.62
ZnB7 5.98 5.94 4.08 3.88
Zn2B7 5.46 5.23 4.21 4.17
B8 5.90 5.90 4.73 4.74
ZnB8 6.02 6.01 4.87 4.6
Zn2B8 6.14 5.95 3.92 3.9

For all the clusters, IP increases for pyramidal system and then decreases for bi-pyramidal system as compared
with the pristine system except B8 clusters. In the B8 clusters, the value of IP is increased for both the
adsorbed clusters as compared to the pristine clusters. The electron affinities (EA) of pristine and Zn
adsorbed Bm nanoclusters are also calculated and presented in Table 5. The EA values get decreased for
pyramidal clusters and then increased for bi-pyramidal clusters as compared to pristine clusters except all
B7 clusters. This trend is compared with IP and their variations are shown in Fig. 7. The lesser EA value
indicates the electronic stability of the clusters and here B7, ZnB6 and Zn2B8 are more electronically stable.

Molecular Orbital

The HOMO and LUMO orbital of each system is shown in Fig. 8. Both these orbital are responsible for
chemical reaction. Due to having strong covalent bonds, the s and p orbitals of atomic boron are hybridized to
produces delocalized, multicentered bonds [73]. For B6 cluster hybridization and delocalization was orbitals of
atomic boron are hybridized to produces delocalized, multicentered bonds [73]. For B6 cluster hybridization
and delocalization was observed. Mostly there are four types of bonds that grasp together the small boron
clusters: two-centered σ bonds, three-centered bent σ-type (banana-shaped) bonds, multicentered π-type
bonds, and multicentered σ-type bonds [73]. These humble representations get complex with the increase in
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s-p hybridization (as the cluster size increases).
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Fig. 8 HOMO-LUMO representation for pristine and inverted sandwich clusters.
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Some more σ-type and π-type bonds are seen for pristine B7and B8. For pyramidal cluster HOMO is slightly
shifted to Zn atom except ZnB8 where HOMO mainly surrounds the boron ring. On the other hand LUMO’s
contribution focused on boron atoms. In case of adsorbing two Zn atoms on Bm, an even distribution among
all the constituent atoms observed for HOMO whereas LUMO is restricted with the two Zn atoms.

Fig. 9 Density of States (DOS) spectra of pristine and Zn doped (a) B6, (b) B7 and (c) B8 nanoclusters.
Cyan, dark wine and violet color represents the pristine, pyramidal and bi-pyramidal structures respectively.

According to Shuhong Xu et al. the more HOMO-LUMO energy gap is related to the more electron delo-
calization of the structure [74]. We have observed that the pyramidal B6 clusters are more delocalized than
bi-pyramidal B6 clusters except in the case of B8 clusters, bi-pyramidal clusters are more delocalized than
pyramidal clusters. While for B7clusters, pristine B7 is more delocalized as compared with the pyramidal
and bi-pyramidal clusters

Density of States (DOS) and Energy Gap Analysis

In our study, we have investigated the density of state (DOS) spectra of pristine and adsorbed boron cluster
as in Fig. 9, where Fermi level is set to zero. The DOS of a system is the set of numbers of different states
at a particular energy level that are allowed to be occupied by electrons and it gives an initial idea about the
HOMO-LUMO gap and distribution of unpaired electrons in the system [64]. From Fig. 9, we can predict
that impurity states are formed in both HOMO and LUMO region near the Fermi level for adsorbing Zn
atom in Bmnanoclusters. More peaks are observed outside the gap region (Fig. 9) when one Zn atom is
added and for two Zn atoms Homo spectra almost cross the Fermi level for B6 cluster and then due to these
peaks the Eg values of the ZnB6 increase and Zn2B6 decreases significantly compared to pristine B6. For
B7 and B8 clusters, the peaks of pyramidal clusters are almost coincided with the pristine structures with a
slight variation and thus the band gap does not vary that much. But peaks are found in the gap region for
Zn2B7 which decreases its band gap while for Zn2B8 peaks are found outside the gap regions which results
large energy gap. The energy gap (Eg) depict the chemical and kinetic stability of the molecule [75]. The
HOMO-LUMO energies and the energy gap are listed in Table 4 and the comparisons of HOMO-LUMO gap
and their relations with adsorption energy are depicted in Fig. 10.
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Fig. 10 (a) Comparison of bandgap for pristine, pyramidal and bi-pyramidal boron nanoclusters and (b)
variations of adsorption energy with energy gap for pyramidal and bi-pyramidal Bmclusters.

For pyramidal B6 motif, the value of Egincreases from 0.792 eV to 2.198 eV and it decreases to 0.0866 eV for
bi-pyramidally adsorbed structure as we already observed in DOS spectra. The exceptionally small Eg value
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of Zn2B6 has catch interest and we particularly observed the Eg value of Zn2B6 for LanL2DZ basis set which
is 0.34 eV and it is not very close to SDD value. So, for clarification, more calculations have performed by
using some other basis set which are 6-31G (d, p) and 6-311G and tabulated them in Table 6 to compare all
the values of Eg for Zn2B6.

Table 6 List of HOMO-LUMO energy gap (in eV unit) by using different basis set for Zn2B6.

Basis Sets EHOMO (eV) ELUMO (eV) Eg (eV)

SDD -4.720 -4.634 0.086
LanL2DZ -4.687 -4.150 0.340
6-31G -4.418 -4.306 0.110
6-311G -4.639 -4.448 0.191

The calculated Eg values are 0.11eV and 0.191 eV for 6-31G (d, p) and 6-311G basis set respectively and it
is quite close to the calculation of SDD basis set. The low band gap of Zn2B6 may occurred for the overlying
of Zn orbital with boron orbital and this also shows P-type behavior of this cluster. Also, this exceptionally
low energy gap indicates electrical conductivity in Zn2B6 which cause easy electron transfer. So a transition
from semiconducting to metallic phase has occurred for Zn adsorbed B6clusters. For B7 clusters, band gap
decreases from pristine cluster to pyramidal and bi-pyramidal clusters which are clearly depicted in Fig. 10
(a) and also in the DOS spectra. Thus for Zn adsorbed B7 clusters show semiconducting property. For B8

clusters, energy gap first decreases (ZnB8) and then increases (Zn2B8) and a transition to wide band gap
semiconductor occur as the cluster size increases.

Magnetic Properties
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Among all the clusters, pristine and Zn adsorbed B7 shows magnetism and their spin densities are shown in
Fig. 11. As only the pristine B7 cluster shows dipole moment (0.175) which makes it unique as compared
with the other two pristine clusters (B6 and B8) and that’s why this CS symmetry of B7 introduces spin
density in the boron framework. For pristine B7, the main contribution in spin density comes from B1, B4,
B5 and B7 atoms.

Fig. 11 Illustration of Spin density for pristine and Zn adsorbed B7 nanoclusters (at an iso-value of 0.007
electron/Å3).

After adsorbing one Zn atom, B1, B3, B4, B7 possesses spin density and Zn atom contributes slightly. For
bi-pyramidal cluster, the contribution comes from B3, B4, B6 and B7 and also the two Zn atoms contribute
slightly to form spin density (Fig. 11). As the boron atoms of the structure mainly contribute to the spin
density so they can act as possible active positions for further exohedral functionalization [76].
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Fig. 12 Alpha and Beta density of states (DOS) spectra of pristine and adsorbed B7 clusters.

From the dos spectra (Fig. 12), we have observed that the up spin (alpha) and down spin (beta) DOS
are not identical and a variation between them is observed for all the clusters. This indicates that these
materials induce magnetic properties. So we have calculated their magnetic moments and the value of
magnetic moments of B7, ZnB7 and Zn2B7 are 5.00 μB, 6.875 μB and 8.333 μB respectively. Magnetic
moment increases for inverse-sandwich B7 clusters indicating their transition to strong ferromagnetism.

Optical Properties

Optical property describes the behavior of a material to the photon of light. In this investigation, we have
studied Ultraviolet Visible (UV-Vis) spectra and Circular Dichroism (CD) spectra to analyze the optical
nature of all the nanoclusters. From UV-Vis spectra, a

(a) (b)

(c) (d)

range of wavelength of light is marked that is absorbed for a particular material and is represented by a peak
in the graph [77]. The B6 nanocluster absorbs visible light as evident by the sharp peak at 530 nm and also,
a small peak at 340 nm indicates high energy light absorption.

Fig. 13 Graph of Absorption vs wavelength for pristine and adsorbed (a) B6, (b) B8 and (c) B7nanoclusters.
(d) Represents the absorption spectra of ZnB7.
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After doping Zn atom, the peak starts to shift left. For ZnB6, a peak was found at 330 nm while a wide range
peak (200nm-400nm range) was observed for Zn2B6 as shown in Fig. 13(a). Pristine B7 cluster absorbs a
wide range of visible light (479nm-595nm). It gives a sharp peak at 947nm which also indicate their potential
applications in solar cells [78]. But after adsorption of Zn atom, Zn2B7 absorbs a wide range of light (from
363nm to 521 nm) while the absorption peak of ZnB7 at 1474 nm indicates low energy light absorption. The
oscillator strength is found very low for ZnB7 as compared to pristine B7 and Zn2B7. That’s why in the
absorption spectra comparison graph of B7 clusters, ZnB7 shows only a straight horizontal line (Fig. 13(c))
and later for better understanding it is depicted individually in Fig. 13(d). B8 clusters show blue shift after
adsorption of Zn atom on the framework (Fig. 13 (b)). Thus, it may conclude that the adsorbed clusters
are responsive to high energetic light.

When material absorbs any electromagnetic radiation, then CD spectrum produced for circular polarized light
(right and left). It also measures the optical activeness of a material and is mainly found in optically active
chiral molecule. In this investigation, we don’t have any CD spectrum for all pristine Bm nanoclusters, but
we have found CD spectra for the adsorbed clusters as shown in Fig. 14. This reveals the optical activeness
of the adsorbed nanoclusters and also shows their chiral effects in nanoscale. Also noticed that CD spectra of
these two clusters have different shift and this is because the clusters have different shape and size. Adsorbed
nanoclusters possess asymmetric charge distribution and it is one of the crucial reasons they exhibit chirality,
and these can be tuned among these clusters.

(a) ZnB6 (b) Zn2B6

(c) ZnB7 (d) Zn2B7

(e) ZnB8 (f) Zn2B8

Fig. 14 CD spectra of Zn adsorbed Bn (n=6-8) nanoclusters.

Chemical Potential and Global Indices

Hosted file
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Chemical potential (μ) and the global indices such as hardness (η), softness (Ѕ) and electrophilicity (ω)
explain the chemical stability of a structure. HOMO and LUMO energies have been used to calculate them
by using equation (8-11) for two basis set and presented in Table 7 and their trend are depicted in Fig. 15.
If Chemical potential of a structure decreases, the reactivity of the structure decreases thus the stability
increases [79].

Fig. 15 Comparison of (a) hardness (η) and softness (S) (global indices) of all the clusters and variations
of chemical potential (μ) and electrophilicity (ω) for (a) B6, (b) B7 and (c) B8 clusters (pristine, pyramidal
and bi-pyramidal) by using SDD basis set.

In this study chemical potentials decrease from pristine Bm to adsorbed (pyramidal and bi-pyramidal) clusters
except of ZnB8 (Fig. 15(c)). This signifies that Zn adsorbed Bm nanoclusters is less reactive than pristine
Bm cluster and also stability increases for these adsorbed nanoclusters. On the other hand, it is observed
that hardness and softness have built vice-versa relationship and this is depicted in Fig. 15(d). If softness is
decreased, then hardness increased which again reaffirms the chemical stability of these nanoclusters.

Table 7 List of Chemical potential (μ) and global indices (Hardness (n), Softness (S) and Electrophilicity
(ω)) for two basis set in case of pristine as well as Zn adsorbed Bnnanoclusters (where n= 6-8).
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System

Chemical
Potential
μ (ε῞)

Chemical
Potential
μ (ε῞)

Hardness
η (ε῞)

Hardness
η (ε῞)

Softness Ѕ
(eV-1)

Softness Ѕ
(eV-1)

Electrophilicity
ω (ε῞)

Electrophilicity
ω (ε῞)

SDD LanL2DZ SDD LanL2DZ SDD LanL2DZ SDD LanL2DZ
B6 -5.225 -5.225 0.385 0.385 1.299 1.299 35.455 35.455
ZnB6 -4.570 -4.405 1.100 1.055 0.455 0.474 9.4931 9.196
Zn2B6 -4.675 -4.320 0.045 0.170 11.111 2.942 242.840 54.889
B7 -5.625 -5.625 1.005 1.005 0.498 0.498 15.742 15.742
ZnB7 -5.030 -4.910 0.950 1.030 0.526 0.485 13.316 11.703
Zn2B7 -4.835 -4.700 0.625 0.530 0.800 0.944 18.702 20.839
B8 -5.315 -5.320 0.585 0.580 0.855 0.862 24.145 24.399
ZnB8 -5.445 -5.305 0.575 0.705 0.870 0.709 25.781 19.960
Zn2B8 -5.03 -4.925 1.110 1.025 0.450 0.488 11.397 11.832

The electrophilicity first decreased for pyramidal B6and then suddenly abruptly increased for bi-pyramidal
B6clusters as compared to pristine B6. This sort of opposite case has already been observed for the energy
gap value of Zn2B6. Here for Zn2B6, we have found large value of electrophilicity of 253.581eV as it shows
extremely low HOMO-LUMO gap (0.086 eV). Thus we again performed more investigation with 6-31G and
6-311G basis set for Zn2B6 and obtained 169.884eV and 108.081eV electrophilicity respectively. As these
are close to the value of SDD basis set investigation, so it again endorses our study. The same trend is
happen for B7 clusters but the changes are quite small. For B8 clusters exception occurred and Zn2B8 has
low electrophilicity then the pristine and pyramidal clusters as observed in Fig. 15 (c). As electrophilicity
is related to chemical stability and an increase in electrophilicity is accompanied by a decrease of chemical
stability. So, from our result, we can predict that B6, ZnB7 and Zn2B8 are chemically more stable than the
other clusters.

Conclusions

In this study, we performed comprehensive investigation of the pristine and Zn incorporated inverse-sandwich
Bm (n=6-8) nanoclusters at the B3LYP level with two basis sets (SDD and LanL2DZ) in the DFT method.
The optimized geometry reveals that all the pristine Bm nanoclusters are in global minimum energy state
with point group C2h, CS and D4D respectively and C1 for all the adsorbed clusters. The relative stabilities
of the adsorbed clusters (according to different calculated parameters) show that Zn2Bm clusters are more
stable among all the adsorbed clusters. Thermodynamic properties imply that chemisorption occurs for all
the inverted-sandwich clusters which make them more stable except ZnB6 and Zn2B6 (physisorption occur).
Charge distribution analysis signifies that positive charge gets localized on Zn atom and all the boron atoms
are negatively charged in the adsorbed nanoclusters except Zn2B8 where Zn atom is negatively charged
and this is also validated by MEP map. Moreover, pristine B7 cluster shows spin polarization and all the
pyramidal boron clusters possess higher dipole moment because of their asymmetric charge distribution. For
that reason, pristine and Zn doped B7 clusters show magnetism among all the clusters which is witnessed
by the spin density and alpha-beta DOS spectra. Magnetic moment increases for adsorbed B7 clusters
indicating their transition to strong ferromagnetism.

According to IP values, pristine B7, pyramidal ZnB8 and bi-pyramidal Zn2B8 have the largest ionization
potential, corresponding to its higher stability. From the molecular orbital, we have observed that pristine
B7, pyramidal B6 and bi-pyramidal B8 clusters are more delocalized than the other clusters which indicate
their greater stability. In terms of HOMO-LUMO energy gap, inverse-sandwich Bm nanoclusters show semi-
conducting property. But exception happened for Zn2B6 where we found a transition from semiconducting
to metallic phase. By investigating global parameters, we have observed that Zn doped Bm nanoclusters is
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less reactive than pristine Bm cluster and Zn2B8 are chemically more stable and possesses higher hardness
than the other clusters. Absorption spectra shows that Zn adsorbed Bmnanoclusters show blue shift in
inverse-sandwich structures and can absorb high energetic light which is very useful for various engineering
applications. All the pyramidal and inverse sandwich boron nanoclusters are optically active due to the
asymmetric charges in those nanosystems.
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