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Abstract

In this article, we used density functional theory (DFT) to investigate the structural, electronic and nonlinear optical proper-
ties of N, P, As and Sb doped fullerene. The average polarizability and hyperpolarizability is significantly improved when
these impurities are substituted individually in the (C60) lattice structure. The maximum hyperpolarizability is calculated for
N-doped fullerene (3541.27 au) followed by P-doped fullerene (259.71 au), As-doped fullerene (102.52 au) and Sb-doped
fullerene (32.06 au). A similar trend is observed and the polarizability is found to decrease monotonically. Both the polariz-
ability and hyperpolarizability values are found to decrease with an increasing energy gap of the doped fullerene. N-Doped
fullerene has the lowest energy gap (1.28 eV) followed by P-doped fullerene (1.94 eV), As-doped fullerene (2.02 eV) and
Sb-doped fullerene (2.10 eV). The lowest energy gap minimizes the excitation energy and thus improves the nonlinear optical
response. From the calculation of time-dependent-DFT (TD-DFT), it is observed that the maximum absorption wavelength
of N-doped fullerene, which is about 830 nm, is shifted towards the longer wavelength at the infrared region in the case of
P, As, and Sb-doped fullerenes. The results obtained through this study will help encourage the potential utilization of the
metal-free doped-fullerene systems as a form of unique optical devices, thermal radiation detector, etc.
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1 Introduction

Through a previous couple of years, the design of new mate-
rials with remarkable non-linear optical (NLO) properties
has gained significant attention due to their many appli-
cations in optoelectronics, photonic devices, bio-sensing,
imaging, optical telecommunications, semiconductors,
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second harmonic generation, etc. [1-8]. Materials, which
can alter the fundamental parameters of an incident optical
beam, such as phase, amplitude, frequency, etc., received
tremendous attention for nonlinear optical activity (NLO).
A variety of organic, inorganic, organometallic and poly-
mer materials exist which show the NLO activity. A wide
range of methods have already been discovered in the litera-
ture (such as electron push—pull mechanism, metal-organic
assemblies) to further improve the NLO properties of vari-
ous materials. Hyperpolarizability also increases due to
excess diffuse electrons [9]. Alkali metal atoms have sig-
nificant contribution to make the molecular structure elec-
tron rich system. These excessive electrons received from
metals reduce the excitation energy and, therefore, increases
the NLO response [10—13]. Substituting is one of the most
efficient methods for altering the electronic properties of
the structure to have a sufficient number of electrons and
holes [14—18]. The literature shows numerous articles that
review information about the excess electron approach
employed to have large hyperpolarizability values [6-8].
For example, Niu et al. [6] observed the large first-order
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hyperpolarizability in the Al;,N;, nanocage fullerene-like
structure by substituting Li, Na and K in the crystal lattice.
In a second study, Maria et al. [7] described exactly how the
substituting of the alkali metal atom influences the hyper-
polarizability of BN nanocages. They found enhancement in
the NLO properties and first-order hyperpolarizability right
after metal incorporation. The hyperpolarizabilities associ-
ated with the doped structures vary from 103 to 105 au in
comparison to 0 au for undoped structure.

Carbon and its allotropes are considered one among the
rising fields of research in the twenty-first century with
multi-disciplinary approaches. Rapid improvement of sci-
ence and technology provides many advanced experimental
methods such as chemical vapour deposition (CVD) [19],
catalytic chemical vapour deposition (CCVD) [20], high
vacuum chemical vapour deposition (HVCVD) [21], micro-
wave plasma chemical vapour deposition (MWCVD), etc.,
are extensively used for synthesizing these materials [22].
In historical perspectives, Kroto first observed fullerenes in
1985 [23]. The discovery of fullerenes opened an era for the
new synthetic molecular allotrope of carbon. Later on, the
discovery of carbon nanotubes [24] and graphene [25] in
1991 and 2004, respectively, revealed the diverse structural,
electronic and optical properties of these organic compounds
for varieties of applications. Cg, considered to be the most
stable carbon allotropes, consists of 60 sp2 hybridized car-
bon atoms that are bonded in a spherical structure. Func-
tionalization of fullerene is one of the most desired fields
of research, which have been investigated both theoretically
and experimentally by many researchers [26]. The intrin-
sic physical, chemical and optical properties of fullerene is
significantly affected when heteroatoms are used as dopants
to their lattice structures. Moreover, studies also show that
fullerenes derivatives exhibit non-linear optical properties
[27-29]. Apart from this, fullerenes and its derivatives with
polymer composites are widely used as an active catalyst in
electrochemical reactions, as well as in organic solar cells as
an electron acceptor [30, 31]. Many researchers investigated
the fundamental properties of fullerenes. Among all those
researchers. Feng Gao et al. found that N-doped fullerene, as
a catalyst, is suitable for hydrogen fuel cells [32]. Apart from
that, research carried out by Fahimeh Hassani et al. reveals
a strong non-covalent interaction in between sulphur doped
fullerene and iodine molecules to use it in drug delivery
application for hyperthyroidism treatment [33].

Due to the large surface area and spherical structure, the
carbon atoms of the fullerene, experiences strain. Hence,
it raises the internal energy in comparison with strain-free
compound and strained carbon bonds provide a significant
contribution to the polarizability of the structure. There-
fore, it is important to study how the electronic polarization
changes when different impurities are individually substi-
tuted in the fullerene lattice structure and its contribution
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towards the enhancement of non-linear optical activity. The
literature consists of full of articles in which electronic, and
nonlinear optical properties of a system are significantly
influenced by substituting [34—36]. Although limited reviews
are found on how the non-metal donor impurities (for exam-
ple N-Group elements) affect the NLO properties of fuller-
ene, exohedral, endohedral and substitution are the three
different ways in which impurities are added to fullerenes.
However, in this article, we proceed with the substitution
that involves the replacement of one carbon atom of fuller-
ene with a dopant. The optimized structures of doped fuller-
enes, frontier highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbitals (LUMO) along
with their energy gaps (Eg) and density of states (DOS) are
calculated using DFT. Furthermore, natural bonding orbital
analysis (NBO) and time-dependent-DFT simulations were
carried out to investigate the partial charge distribution on
the fullerene surface and also to find out the optical proper-
ties such as UV—-visible absorption spectrum of the doped
fullerenes. The polarizability tensor and first order hyper
polarizability are also calculated to investigate the non-linear
optical properties.

2 Computational details

The DFT implemented under Gaussian 09 software pack-
age [37] is used to simulate doped and undoped fullerene
structures. Till date, numerous analyses have been done
by many researchers as well as by our group using this
theory in the field of material science [38—43]. In all calcu-
lations, Becke, three-parameter, Lee—Yang—Parr [B3LYP]
exchange—correlation functional [44] along with 6-31 G
(d) basis set is adapted for the pristine, N, P and As-doped
fullerenes and Los Alamos National Laboratory 2 Double-
Zeta (LANL2DZ) [45] basis set is used for optimizing the
Sb -doped fullerene structures. Here, the LANL2DZ basis
set is chosen because it offers an effective core potential
(ECP), which considers relativistic effects for heavy atoms.
In this case, core electrons represented by an ECP. Litera-
ture reveals that both 6-31G(d) + LANL2DZ mixed basis
set significantly reduce the computational cost [46] and
consider both light and heavy dopants during the optimi-
zation. This computational approach has been used previ-
ously by many researchers [47, 48]. The reason for choos-
ing B3LYP hybrid functional is that it provides reasonable
bond lengths and angles within 0.02 A and 2°, respectively.
Moreover, it does not underestimate HOMO-LUMO gaps
and gives precise values of polarizabilities and hyperpo-
larizabilities for atomic as well as large molecular systems.
Therefore, it is better suited for the study of non-linear
optical property [49, 50]. Here, the buckyball structure
of fullerene (Cg,) is designed with 60 carbon atoms.
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These structures are geometrically optimized in the gas
phase without any symmetry constraint using restricted
and unrestricted DFT and no imaginary frequencies are
obtained, which represents that all the structures having
minimum energy configuration. The optimized fullerene is
then individually doped with N, P, As and Sb. The absorp-
tion wavelengths of optimized ground state structures are
calculated by time-dependent-DFT at the B3LYP/6-31G
(d)+ LANL2DZ level. In addition, the other properties,
such as molecular orbitals, natural population analysis
(NPA), HOMO-LUMO energy gap, the DOS, electrostatic
potentials and NBO are also obtained from the simulation.
Gauss view and GaussSUM [51] programs are used for
visualization and calculations of the total and partial DOS.

To study the stability of pure and doped fullerenes,
chemical potential (1), hardness (77), softness (S) and elec-
trophilicity (w) values are determined using the subsequent
equations, respectively [52].
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In the above equation, Eyoyn and Ey o represent the
energies of HOMO and LUMO respectively. Polarizability
() and hyperpolarizability () develop when a uniform elec-
tric field is applied to a molecular system. Taylor expansion
is used to write the energy of a system (E) in accordance
with a uniform external electric field (F) [53].
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tensor and called as third-order NLO coefficient. However,
the calculation of second-order hyperpolarizability is com-
putationally expensive, therefore in this calculation, we
centred our study limited up to the first-order hyperpolariz-
ability only. One can predict whether the material will show
NLO characteristics based on the first-order hyperpolariz-
ability. NLO behaviour is expected to be shown in molecules
with larger hyperpolarizability values. In the following equa-
tions, the average isotropic polarizability (a) and total first-
order hyperpolarizability (/) are described as [7].

1
(a) = g(axx + ay,, + a,.) and 5)

ﬂO = [(ﬁxxx + ﬂxyy + ﬂzzz)z + (ﬂyyy + ﬁyzz + ﬁyxx)z
/
+(ﬂzzz + ﬂzxx + ﬂzyy)z]l 2, (6)

where a,,, Ay, A, and ... ﬂxyy, etc. are the elements of the
second rank polarizability tensor and third rank hyperpo-
larizability tensor respectively in different directions. So far
as the DOS are concerned, it describes the number of states
per unit volume available for the charges to occupy each
energy. It is used to describe the localized states distributed
in a given energy range. In some publications, exponential
distribution is assumed while representing the DOS spec-
trum in case of semiconductors [54].

N exp <_—E> ,

kg T kg Ty

where N is the total DOS and T is the parameter which
indicates the width of the exponential distribution. However,
some other publications, Bissler et al. used a Gaussian shape
of the DOS to describe the distribution of localized states
described by the energetically disorder parameter opqg and
E; which is the central energy of the HOMO or LUMO, the
expression is

g(E) =

4

F=0

)
F=0

where the vector u is the permanent dipole moment and is a
second rank tensor; f is called the first-order hyperpolariz-
ability, which is a third rank tensor and known as second-
order nonlinear optical response coefficient; y is known as
the second-order hyperpolarizability, which is a fourth rank

N (E—-E)
8(E) = ——exp <—T>
\/EszOS 20p0s

Several researchers worked regarding the impact of the
DOS shape on the electronic properties of semiconductors
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using simulations and experiments and discovered that a
gaussian shape of the DOS most likely provides a reason-
able explanation [55].

3 Results and discussion
3.1 Optimized structures

Initially, a model of pristine fullerene is designed and the
geometrically optimized final structure is shown in Fig. 1.
Now to get the most favourable doped fullerene structures,
a substituting site is selected and denoted by X on the car-
bon surface (Fig. 1a). After that, N is doped by replacing
the carbon atom belongs to the substituting site Fig. 1b and
then the structure is allowed to re-optimize. Further, P, As
and Sb atoms are individually doped and the re-optimized
structures are shown in Fig. 1c—e. It is clear from the figures
that, structural deformations occur on the fullerene surface
when it is individually doped with N, P, As and Sb atom:s.
The C—C bond length of the pristine fullerene is found to
be (~1.45 A). However, in case of N, P, As and Sb-doped
fullerenes the individual bond-lengths of the dopant atom
and surrounding carbon atom are found to be 1.42 A, 1.84 1&,
1.94 A and 2.12 A, respectively (Table 1). Therefore, an
average increase of bond length observed in these doped
structures. The calculated bond angle of 2C1-N-C2, in N
doped fullerene is found to be 1070 and for £C1-P-C2,
£C1-As-C2 and £C1-Sb-C2 is found to be 97.240, 92.740
and 86.250, respectively (Table 2), which is less in com-
parison to the bond angle of carbon atoms on the surface of
the pristine fullerene. Due to the variation of bond-lengths
and bond angles, the position of the dopant atoms in the

(a) (b) (c)

Fig.1 The optimized structures of a pristine fullerene, b N doped
fullerene, ¢ P doped fullerene, d As doped fullerene, e Sb doped
fullerene
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Table 1 The bond length of pristine and doped fullerenes in A

Cl-X C2-X C3-X
Pristine 1.45 1.45 1.45
N doped fullerene 1.42 1.42 1.40
P doped fullerene 1.80 1.84 1.84
As doped fullerene 1.91 1.94 1.94
Sb doped fullerene 2.15 2.12 2.15

optimized geometries is shifted to upward and creates a
structural distortion on the carbon surface. The local bond-
ing environment of fullerene is significantly affected by the
addition of these dopants due to the variation of their cova-
lent radii (0.76 A, 0.71 A, 1.07 A, 1.19 A and 1.39 A for C,
N, P, As and Sb, respectively) [56] and electro-negativities
(2.55, 3.04, 2.19, 2.18 and 2.05 for C, N, P, As and Sb,
respectively) [57].

3.2 Natural bonding orbital analysis

NBO is used to examine the delocalization of the electron
density, hyperconjugation effects and several second-order
interactions in the molecular system. Many authors used
this method to analyse interaction energies. Among those
authors, Maryam Koohi and co-workers found the intermo-
lecular charge transfer from donor to the acceptor in substi-
tuted heterofullerenes. Their study reveals that the stability
of heterofullerene increases with higher second-order pertur-
bation interaction [58]. In this study, the nature of the bond-
ing orbitals of individual dopant and nearby carbon atoms
are shown in Table 3. In the case of N, and P substituted
fullerene, the occupancy of the bonding orbitals varies from
0.98805 to 0.98951 and from 0.97615 to 0.97793, respec-
tively. However, for the As and Sb substituted fullerene, it
is found that the occupancy of the bonding orbitals varies
from 0.97455 to 0.97597 and from 0.97667 to 0.96675,
respectively.

3.3 Natural population analysis

NPA is performed based on the NBO, which is implemented
under the Gaussian09 package. The distribution of the

Table 2 The bond angles of pristine and doped fullerenes

«C1-X-C2 £C2-X-C3 £C3-X-C1
Pristine 120° 120° 108°
N doped fullerene 107° 118.80° 118.79°
P doped fullerene 97.24° 97.24° 87.93°
As doped fullerene 92.74° 83.34° 92.74°
Sb doped fullerene 86.25° 77.34° 86.25°
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Table 3 Natural bonding orbital
analysis

Fig.2 The total charge dis-
tribution of NBO analysis (in
unit of electrons) of a pristine
fullerene, b N doped fuller-
ene, ¢ P doped fullerene, d As
doped fullerene and e Sb doped
fullerene

System Bonding orbital Occupancy Composition

N-substituted fullerene CI-N 0.98806 37.19% C1 sp*#?+62.81% N sp>?>
C2-N 0.98951 37.23% C2 sp*>3+62.77% N sp>%
C3-N 0.98805 37.19% C3 sp*#?+62.81% N sp>?

P-substituted fullerene C1-P 0.97615 64.80% C1 sp*7°+35.20% P sp>*
C2-P 0.97615 64.80% C2 sp*7°+35.20% P sp>?
C3-P 0.97793 65.38% C3 sp*** +34.62% P sp>*!

As-substituted fullerene Cl-As 0.97455 65.83% C1 sp**' +34.17% As sp’ 7
C2-As 0.97455 65.83% C2 sp**' +34.17% As sp’ 7
C3-As 0.97597 66.70% C2 sp**4+33.30% As sp®*’

Sb-substituted fullerene C1-Sb 0.96675 70.51% C1 sp>32+29.49% Sb sp°*°
C2-Sb 0.96675 70.51% C2 sp>*®+29.49% Sb sp°*°
C3-Sb 0.97667 71.00% C2 sp>*%+29.00% Sb sp®*2

(@) (b)

-0.00le === (0.001e

-0.995¢ =ssssw 0.995e

)

-0.349¢ =mmmmmmmm— (.349e

-1.011e T 1.011e

-1.314c s 1.314e
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partial charges of doped and undoped fullerene structures
are shown in terms of the charge of the electron and with a
scaled colour bar at the bottom of each Fig. 2. The red, black
and green indicate the negative, neutral and positive charges,
respectively on the fullerene surface. The result obtained
from NPA signifies that the surface of the pristine fullerene
(Fig. 2a) is found to be neutral compared to the doped fuller-
enes. However, a significant change in the partial charge dis-
tribution is observed in the case of N, P, As and Sb -doped
fullerenes. Due to the highest electronegativity, N is found
to be negative (— 0.349¢) and its surrounding three carbon
atoms are positively charged (0.221e, 0.221e and 0.198e,
respectively). Further, the partial charges of the neighbour-
ing carbon atoms (— 0.377e, — 0.356e and — 0.356¢) of
Sb-doped fullerenes is higher compared to that of P doped
(— 0.307e, — 0.275e, — 0.275¢) and As-doped (— 0.269e,
—0.269, — 0.292e) fullerenes. As far as the dopants are con-
cern, Sb (1.314e) is found to be more positive than compared
to P (0.995¢) and As (1.011e).

Fig.3 The molecular orbitals of
HOMO and LUMO for a pris-
tine fullerene and alpha HOMO
and LUMO for b N doped
fullerene, ¢ P doped fullerene,

d As doped fullerene and e Sb
doped fullerene

@ Springer

3.4 Molecular orbital analysis

The distribution of the molecular orbitals is shown in
Fig. 3. In case of pristine and N-doped fullerene, com-
puted HOMO and LUMO are found to be localised on
the carbon atoms of the pristine, N and the neighbouring
carbon atoms as shown by Fig. 3a, b. The alpha HOMO is
found to be localised on P, As, and Sb atoms, respectively,
in P, As, and Sb-doped fullerenes (Fig. 3c—e). Moreover,
it is observed that the alpha LUMO is delocalised on
these substituting elements but localised on the surface
carbon atoms. Results obtained from the present calcu-
lation of energy reveals that HOMO-LUMO energy gap
(as shown in Fig. 4) of pristine fullerene (about 2.76 eV)
decreases to 1.28 eV on N substituting. However, P, As
and Sb substituting increases the energy gap and the over-
all increasing order followed by the dopant is N-fuller-
ene < P-fullerene < As-fullerene < Sb-fullerene. Variation

of E, performs an important role to cause a remarkable
change in the electrical conductivity. The relation between
conductivity as well as energy gap is given by the equa-
tion o & exp (—Eg/kT), where ¢ and k are defined as the
conductivity and Boltzmann constant, respectively. From
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Fig.4 Energy level diagram
along with the molecular orbit-
als of a N-doped fullerene, b
P-doped fullerene, ¢ As-doped

fullerene and d Sb-doped
fullerene
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the equation, it is usually seen that the small decrease in E,
causes considerably greater electrical conductivities [59].

3.5 DOS analysis

The DOS spectrum of undoped and doped fullerene struc-
tures is shown in Fig. 5. In the case of undoped fullerene,
the Fermi energy level coincides with the HOMO energy
level and it is found to be at — 5.98 eV (Fig. 5a). Consider-
ing the alpha electron distribution, as we introduce differ-
ent substituting element the Fermi energy level shifted from
its original position. For N and As-doped fullerenes, it is
observed that the partial DOS (PDOS) spectrum of N and
As is overlapped with that of carbon at the Fermi energy

% P Sb doped Fullerene
‘“t

level, as shown by Fig. 5b, d, respectively. This overlapping
signifies a strong orbital interaction of N and As to its neigh-
bouring carbon atoms on the fullerene surface and Fermi
level shifted to — 4.58 eV and — 5.24 eV for N and As-doped
fullerene, respectively. Further, for Sb-doped fullerene in
Fig. 5e the Fermi energy is found to be overlapped with
HOMO energy. However, no significant orbital overlapping
found in between the dopant and the carbon atoms at the
fermi level. The Fermi energy shifted to — 5.24 eV. As far
as P-doped fullerene is concerned, the fermi energy shifted
closer to LUMO at the higher energy (Fig. 5¢).
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«Fig.5 a Total and partial density of states of pristine fullerene. b
Total and partial density of states of N doped fullerene. ¢ Total and
partial density of states of P doped fullerene. d Total and partial den-
sity of states of As doped fullerene. e Total and partial density of
states of Sb doped fullerene
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Fig.6 UV-vis absorption spectra of N, P, As and Sb-doped fullerene
as indicated by dash dot, dash, dot, and dash dot dot respectively

3.6 UV-vis absorption spectra

UV-vis absorption spectra as shown in Fig. 6 are computed
using time-dependent-DFT (TD-DFT). Results obtained
from the simulated spectrum signify that the absorption
wavelength (1) for N-doped fullerene is found to be at 830
nm. However, when the fullerene is doped with P, As and
Sb atoms, the wavelength is shifted to the higher wavelength
region. As far as P and As-doped fullerene are concerned,
the wavelength is obtained at 967 nm and 922 nm, respec-
tively. Further, in comparison to this, Sb-doped fullerene is
found to absorb the wavelength at 954 nm.

3.7 Non-linear optical (NLO) properties

Analysis of hyperpolarizability provides significant informa-
tion to understand the non-linear optical property of doped
fullerenes. Polarizability and first-order static hyperpolariz-
ability are calculated using sum over states (SOS) method
under Multiwfn program [53, 60]. The output file gener-
ated by the Gaussian09 software is used as an input for the
calculation of polarizability. Moreover, time-dependent
DFT calculation is used to get the excited state energies and
transition dipole moments for the SOS method. However,
the result obtained from the calculations contains a large
amount of data in the form of hyperpolarizability tensor.
Therefore, we only discussed the dominant components,

which has important physical significance. In this case, all
the units are converted to esu. As shown in Table 4, polar-
izabilities and hyperpolarizability values are found to be
decreased significantly due to the increasing energy gap.
As far as the N-doped fullerene (N-59) is concerned, the
value of first-order static hyperpolarizability is found to be
the highest (3541.27 au) followed by P-C59 (259.71 au),
As-C59 (102.52 au) and Sb-C59 (32.06 au).

3.8 Quantum molecular descriptors

To find the stability and reactivity, we study the chemical
potential (u), hardness (1), softness (S), and electrophilic-
ity (w) of the doped and undoped fullerenes. The variation
of molecular descriptors, which typically characterize spe-
cific information about the undoped and doped fullerene
molecule, are presented Table 5. The hardness of fullerene
decreases from 1.38 to 0.645 eV when it is doped with N.
However, its value increases from P-doped to As-doped
fullerene. The hardness of P and As doped fullerene is found
to be 0.975 eV and 1.12 eV, respectively. For Sb-doped
fullerene, the hardness is found to be 1.05 eV. Since hard-
ness is a way of measuring stability for the chemical system
against deformation; as a consequence, C60 is most stable,
while C59-N and C59-P tend to be more prone to change
under external deformation. As far as the softness is con-
cern, it is following the opposite trend to hardness. C59-N
is the softest material with a softness value of 0.775 eV.
Undoped fullerene is found to be the least soft with softness
value 0.362 eV. The softness of P and As doped fullerene is
0.512 eV and 0.444 eV, respectively. Investigation of electro-
philicity data indicates that the electrophilicity of C59-N is
found to be the highest than comparing to undoped and other
doped fullerenes. The electrophilicity of C59-P is 9.04 eV
that reduces to 8.21 eV for C59-As and 8 eV for C59-Sb.
However, undoped C60 has the lowest electrophilicity which
is around 7.6 eV. The chemical potential of C60 is very close
to C59-As, it shifts from — 4.6 eV for C60 to — 4.2 eV for
C59-P and — 4.1 eV for C59-Sb. The maximum change in
chemical potential is noticed for C59-N.

4 Conclusion

DFT is used to study the substituting effect on the change
in structural, electronic and nonlinear optical proper-
ties of doped fullerene. Here, the most stable spin states
are undertaken throughout the optimization of individual
doped fullerenes. It turns out that the energy gap of C60
fullerene keeps on increasing for all doped systems when
moving from top to bottom in Group 15 (from N to Sb)
of the periodic table. N-doped fullerene is found to have

@ Springer



130 Page 100f 11

S.Thakur et al.

Table 4 The non-linear polarizability and hyperpolarizabilities of doped fullerenes

System Dipole Dipole moment  Isotropic average Isotropic average First order static First order static hyper
moment (esu cm) polarizability () in  polarizability (@) in  hyper polarizability — polarizability (f) in
(Debye) (X107'%) atomic units (a.u.) electronic units (esu) (/) in atomic units electronic units (esu)

(10724 (a.u.) (10739

N doped fullerene  1.22 1.22 11.47 1.69 3541.27 30.55

P doped fullerene  0.1346 0.13 2.6 0.385 259.71 2.24

As doped fullerene 0.5686 0.56 2.3 0.340 102.52 0.884

Sb doped fullerene 1.9372 1.93 2.03 0.30 32.06 0.276

Units of u is in Debye (D), 1 Debye (D)=1x10""% esu cm, for a, 1 a.u.=0.1482x 1072* esu, for 8, 1 a.u.=0.008629 x 1073 esu [54]

Table 5 HOMO (H), LUMO

Syst HOMO (eV LUMO (eV \% Y S(ev! \Y
(L), chemical potential (u), ysterm (eV) (V) peV) 7 V) eV @ (V)
hardness (i), softness (S), C60 —5.98 -322 —46 1.38 0.362 7.6
and electrophilicity (@) of all C59-N —458 -329 -39 0.645 0.775 11.79
system of undoped and doped
fullerenes C59-P -52 -325 —42 0.975 0512 9.04

C59-As — 547 —3.22 —-43 1.125 0.444 8.21

C59-Sb -5.24 —-3.14 —-4.1 1.05 0.476 8
the lowest energy gap and having the lowest LUMO energy References

level. The lowest energy gap signifies the highest conductiv-
ity compared to undoped and doped fullerenes. Moreover,
our findings show that NPA charge on N doped fullerene is
found negative. However, its strength is found positive which
increases from P to Sb and the fullerene portion within these
structures acquire a negative charge. The strength of nega-
tive charges is proportional to the magnitude of the positive
charge on the non-metal. The polarizability of C60 increases
when doped with non-metals. The highest level of polariz-
ability and hyperpolarizability are estimated for N-doped
fullerene which decreased progressively while moving from
top to bottom in the group. The reduction in hyperpolariz-
ability is due to the increase in the energy gap in that group.
The higher energy gap increases the excitation energy and
thus lowering the NLO response. The highest value of first-
order hyperpolarizability in case of N-doped fullerene indi-
cates that it is promising material showing non-linear opti-
cal properties. Moreover, the present investigation provides
a significant contribution to study the enhancement of the
conductivity of fullerene by tuning the energy gap in the
presence of different substituting elements.
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