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Abstract
Electronic and nonlinear optical properties of transition metal (Sc, Fe, Cu, and Zn) substitutional doped C20 fullerenes are 
studied through DFT calculations. Replacement of carbon of C20 fullerene with a transition metal atom remarkably increases 
the hyperpolarizability (βo) of the system, compared to 0 au hyperpolarizability of pure C20 fullerene. The maximum βo 
is calculated for Sc–C19 (2224.5 au) followed by Fe–C19 (790.1 au), Cu–C19 (592.1 au), and Zn–C19 (564.6 au). The 
same order is found for the polarizability of the resulting systems. The polarizability and hyperpolarizabilities are found to 
decrease with increase in ionization potential of the doped transition metal. Molecular reactivity descriptors reveal that the 
iron-doped fullerene Fe–C19 is the softest system with the highest electrophilicity among all studied. The outcome of this 
study will be useful for promoting the possible use of the metal–fullerene systems as a new type of electronic nano-devices 
having good-performance nonlinear optical (NLO) properties.

1 Introduction

During the last few decades, the design of new materials with 
outstanding NLO properties has received much attention due 
to their potential applications in optical and electro-optical 
devices [1–8]. A number of strategies have been reported in 
the literature to enhance the nonlinear optical properties of 
organic and inorganic materials. Electron push–pull mecha-
nism (for organic NLO materials), metal organic assemblies 
and formation of electrides are few strategies to mention in 
this regard. Recently, it has also been found that the intro-
duction of diffuse excess electrons (through doping with 
alkali metal atoms) in a system is an effective strategy for 
enhancement of NLO properties [9–13]. Systems with dif-
fuse excess electrons have significantly large hyperpolariz-
ability (βo) values. Alkali metal atoms are excellent at intro-
ducing diffuse excess electrons in a system. Excess electrons 
from metal possibly lower down the excitation energy and, 
therefore, enhance the NLO response [10, 13–15]. Doping 

of a structure with certain atoms is a way of enhancing the 
electronic property of that structure [16–21].

The literature reveals a number of examples where elec-
tride or diffuse excess electron approach has been applied to 
obtain exceptionally large hyperpolarizability values [6–8]. 
For example, Niu et al. [6] obtained stable inorganic elec-
tride compounds by doping three alkali metal atoms (Li, 
Na, and K) on the exterior surface of fullerene-like  Al12N12 
nanocage. They found large first hyperpolarizability values 
for the studied metal cluster. In another study, Ayub and 
coworkers [7] demonstrated how the substitutional doping 
of the alkali metal atom affects the hyperpolarizability of BN 
nanocages. They found improvement in the NLO properties 
and first hyperpolarizability of the resulting clusters upon 
metal incorporation. Substitutional doping of alkali metal in 
AlN nanocages has also been reported by the same authors 
[8]. The hyperpolarizabilities of the doped systems range 
from  103 to  105 au, compared to 0 au for parent undoped 
systems. For the last few years, modified carbon structures 
have gained much attention due to their unique electronic 
properties [22–24].

Among carbon nanostructure, the C20 is the smallest 
fullerene with a dodecahedral cage structure. C20 has gained 
substantial attention for many physical applications due to its 
high surface area. Prinzbach et al. [25] synthesized the C20 
fullerenes for the first time. The  C20H20 was converted to 
 C20Br20 by substituting the H atoms with Br atoms and then 
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de-brominated to synthesize gas-phase C20 fullerene. The 
C20 was synthesized in the solid phase by using ion beam 
irradiation [26] and laser ablation [27] methods. It has been 
revealed that functionalization and doping can modify the 
electronic and magnetic properties of the C20 and related 
nanostructures [28–30]. An et al. [28] found that the unsta-
ble C20 cage can be stabilized by doping the alkali metal 
atoms (Li, Na, K, Rb, and Cs) at the center of the nanocage 
(encapsulation). They theoretically investigated (through 
DFT the transport properties of the C20 and the endohedral 
Li@C20 metallofullerene coupled to three-dimensional Au 
electrodes [29]. In another study, using DFT calculations, 
the impacts of transition metal atoms (Sc, Ti, V, Cr, Mn, Fe, 
Co, Ni, Cu, and Zn) doping at the center of C20 fullerene 
were explored [30]. The results reveal that the doping of Co, 
Ni, Cu, and Zn atoms is endothermic. On the other hand, the 
doping of Sc, Ti, V, Cr, Mn, and Fe atoms is exothermic. 
Recently, Rad et al. [31] used DFT calculations to study 
the application of transition metal-substituted C20 for the 
adsorption of adenine thymine and uracil [32] nucleotides. 
They found that transition metals are the best choice for 
increasing the electronic property of C20 fullerene. In the 
research conducted by Dheivamalar and Sugi [33], the struc-
tures and stabilities of dodecahedral fullerene C19X (X = Ni, 
Ti) and C20 were investigated using DFT. Paul et al. [34] 
studied the stabilities and reactivities of Cu- and Zn-doped 
structures of fullerene C20 by the reactivity parameters such 
as chemical hardness, chemical potential, and electrophilic-
ity index. They found the maximum hardness principle and 
minimum electrophilicity principle for those metal–fuller-
enes. The same group [35] compared the global reactivity 
of C19X (X = Fe, Co) fullerenes with C20 fullerene using 
the DFT approach. They confirmed that the applicability of 
fullerenes significantly increases by transition metal doping.

The literature is quite rich in examples where electronic, 
spectroscopic and nonlinear optical properties of a system 
are significantly influenced by doping [6–15]. This has been 
reported for carbon fullerenes, inorganic fullerenes, orga-
nometallic compounds, small clusters, etc. C60 fullerene 
and higher analogs have been extensively studied for dop-
ing’ however, the smaller C20 fullerene has not been well 
explored. Fullerenes can be doped with an external atom/
molecule in three different ways: exohedral, endohedral 
and substitutional. In exohedral and endohedral doping, the 
external atom interacts non-covalently. On the other hand, 
the external atom has a covalent bond in substitutional 
doping because it involves the replacement of an atom of 
fullerene with a dopant (transition metal in our case). Substi-
tutional doping is relatively less studied compared to exohe-
dral and endohedral doping. So, in this study we were moti-
vated to further follow the substitution doping of fullerene. 
Substitution doping involves the replacement of one C atom 
of C20 with a dopant (transition metal atom).

It should be noted that transition metal doping on fuller-
ene provides various functional properties including the 
ability of light absorption, catalytic activity, and giving and 
removing electron capability. These features would abso-
lutely influence and moderate the useful characteristics of 
the resultant doped fullerene. Solar-cell materials could also 
be considered through the transition metal-doped fullerenes 
[34].

In this regard, previously our group had investigated the 
NLO property of substitutional doping of the second row 
transition metal including zirconium, molybdenum, ruthe-
nium, and palladium as an operative technique to advance 
the NLO and electronic property of C20 fullerene [36]. In 
another research, we studied the NLO and the electronic 
properties of first row transition metals including Cr-, Ni-, 
and Ti-substituted C20 fullerenes [37]. We noticed that each 
transition metal in this row has its own effect on the NLO as 
well as the electronic property of C20 fullerene. Therefore, 
we were motivated in this study to see the effect of the other 
first row transition metals (Sc, Fe, Cu, and Zn) on the NLO 
properties of C20.

C20 fullerene is a symmetric fullerene for which hyper-
polarizability is zero. C20 is an interesting molecule because 
this is the smallest fullerene which breaks the “isolated pen-
tagon rule”. Replacement of a carbon atom of fullerene with 
a dopant, more particularly, the transition metal, is expected 
to break the symmetry due to the elongated M–C bond. 
Moreover, this doping is expected to produce improved elec-
tronic and nonlinear optical properties. For this purpose, Sc, 
Fe, Cu, and Zn are doped into C20 fullerene. The selected 
dopants include examples from early, middle, and late tran-
sition metals.

The transition metal atoms chosen are representative of 
early, middle, and late transition metals. Another objective 
of the study is to explore the effect of doped transition atom 
on the geometry and charge allocation of the metallofuller-
ene system. The outcomes of this study can be useful for 
designing new materials for their possible utilization in elec-
tronics and high-performance NLO materials.

2  Computational details

To study the electronic structure of metal–fullerene, one 
atom of C20 is substituted with transition metal atoms (Sc, 
Fe, Cu, and Zn) and the systems were allowed to fully relax 
(see Fig. 1). The optimization was achieved at meta-hybrid 
functional (ωb97XD) of DFT with 6–31G(d, p) basis set, as 
implemented in G09 [38]. ωB97XD is a long range and dis-
persion-corrected method to reliably estimate the electronic 
properties of related nanostructures [39]. The structures are 
allowed to fully relax until the force on each atom is less 
than 0.01 eV/Å. The true minima nature of these complexes 
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was confirmed by the absence of any imaginary frequency. 
Different spin states were considered (four lowest possible) 
for different transition metal-doped fullerenes. The most 
stable spin states for transition metal-doped fullerenes are 
singlet for Zn–C19, doublet for Sc–C19 and Cu–C19, and 
quintet for Fe–C19.

For the valuation of stability of pure and doped C20, 
cohesive energies (Eco) are calculated by the following 
equations:

Cohesive energies (Eco) [7]:

where N is the number of atoms in the system and EC20, EC, 
EM, and EC19M are the energy of C20 fullerene, single carbon 
atom, metal, and metallofullerene, respectively.

Par et al. [40] stated the concept of electrophilicity in 
1999. The chemical potential (µ) is defined based on the 
following equation [41]:

(1)Pure C20 → Eco =
(

20EC−EC20

)/

N,

(2)C19M → Eco =
((

19EC + 1EM

)

−EC19M

)/

N,

Here, EHOMO is the energy of the highest occupied molec-
ular orbital (HOMO) and ELUMO is the energy of the lowest 
unoccupied molecular orbital (LUMO). Additionally, hard-
ness (ŋ) can be described using the Koopmans’ theorem [41] 
as:

Softness (S) [41] and electrophilicity (ω) [41] are also 
stated as in the following equations, respectively:

Polarizability calculations were carried out at the 
same level of theory [ωB97XD/6–31G(d, p)]. How-
ever, the first hyperpolarizability was calculated at 
ωB97XD/6–311 + G(d,p). The mean polarizability (α) and 
the first hyperpolarizability (βo) are denoted as [7]:

(3)� = −
(

EHOMO + ELUMO

)/

2.

(4)� =
(

ELUMO−EHOMO

)/

2.

(5)S = 1∕(2�),

(6)� = �2∕2�.

(7)� = 1∕3 (�xx + �yy + �zz),

Fig. 1  Relaxed structure of each metallofullerene: Sc–C19, Cu–C19, Fe–C19, and Zn–C19
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3  Results and discussion

3.1  Geometrical parameters

The optimized geometries are analyzed to realize the effect 
of dopant on the structural parameters. First of all, the most 
stable spin states of the doped fullerenes are evaluated. For 
this purpose, the four lowest possible spin states (such as 
doublet, quartet, sextet, and octet) of all doped fullerenes are 
considered and the relative energies are compared. All doped 
fullerenes are stable in the lowest spin state except Fe–C19, 
for which quintet spin state is the most stable. Different spin 
states of these fullerenes do not allow for a direct compari-
son of the bond lengths. More precisely, no trend could be 
traced in the M–C bond lengths.

Analysis of the optimized geometries reveals that the 
symmetry of the fullerenes is completely broken. The tran-
sition metal element is also not present at the center. The 
M–C bond lengths vary among themselves in a system. 
The Zn–C19 is the system with the least variation of bond 
lengths. The Zn–C bond lengths are 1.989 and 1.990 Å. The 
Sc–C bond lengths are 2.114 and 2.148Å, whereas the cor-
responding bond lengths in Cu–C19 are 1.931 and 1.960Å. 
The Fe–C bond lengths are 1.989, 1.998, and 2.001Å. In 
general, the M–C bond lengths decrease with increase in 
atomic number except for Zn–C19. This behavior is attrib-
uted to the atomic radii of the transition metals concerned. 
The atomic radius of the transition metal atoms decreases 
from Sc to Cu and then increases for Zn. For example, the 
atomic radii of Sc, Fe, Cu, and Zn are 1.44, 1.16, 1.16 and 
1.24 Å, respectively. The longer bond length of Zn–C19 is 
also reflective of the weak interaction between fullerene and 
the metal atom (vide infra). A similar trend is observed in 
the diameter of the doped fullerenes. The diameter of the 
fullerenes is measured from the metal atom (as shown in 
Fig. 1). The diameter of the fullerene decreases while mov-
ing in the first row of the transition metals, except for Zn. 
The diameters of Sc–C19, Fe–C19, Cu–C19, and Zn–C19 
are 5.142, 5.039, 4.934 and 4.971Å, respectively.

Cohesive energy is next analyzed to account for the 
trends in bond lengths (see Table 1). The cohesive energy 
of C20 fullerene is 8.01 eV which decreases for all doped 
systems. The cohesive energy of Sc–C19 is 7.78 eV. The 
cohesive energy decreases while moving along the peri-
odic table except for Cu–C19 where a slight increase in 
the cohesive energy is observed. The cohesive energies 
of Fe–C19, Cu–C19, and Zn–C19 are 7.69, 7.71 and 
7.59 eV, respectively. The cohesive energy of Zn–C19 is 

(8)
�o =

[

(�xxx + �xyy + �zzz)2 + (�yyy + �yzz + �yxx)2

+(�zzz + �zxx + �zyy)2
]1∕2

.

much lower than that of the other doped systems, which 
reflects its relative instability. This observation is consist-
ent with the trends of bond lengths where the higher M–C 
bond reflected the instability of the Zn–C19 fullerene. The 
results also illustrate that the decrease in M–C bond length 
along the period (from Sc to Fe to Cu) is merely due to 
the small size of atoms along the series. It may be argued 
that the cohesive energies are intrinsically dependent on 
the strength of the M–C bond. The M–C bond strength 
is the lowest for Zn (about 22 kcal mol−1) compared to 
28–33 kcal mol−1 for M–C (M = Sc, Fe, and Cu). This 
low bond strength might be responsible for low cohesive 
energies.

3.2  Charge analysis

NPA charges are also analyzed for better understanding of 
the bonding between transition metal and fullerene. The 
NPA charges on the transition metal decrease from Sc to 
Cu, but then again increase for Zn. The NPA charges on the 
transition metals are 1.634, 1.350, 1.213, and 1.581 e for 
Sc–C19, Fe–C19, Cu–C19 and Zn–C19, respectively which 
are much higher than that reported for Ni–C19 (0.971 e) and 
Cr–C19 (1.044 e) [31, 32]. The fullerene parts in these struc-
tures possess a negative charge. The strength of the negative 
charge on carbon is proportional to the intensity of the posi-
tive charge on the transition metal. The highest charge on 
the carbons (neighboring transition metal) is observed for 
Sc–C19 (− 0.409 and − 0.506). It is interesting to note that 
all carbon atoms in the vicinity of the transition metal do 
not possess the same charge, which reflects the unsymmetri-
cal nature of these doped fullerenes. Similar unsymmetri-
cal distribution of charges is also observed for Fe–C19 and 
Cu–C19. The Zn–C19 fullerene is the only system where 
identical charges are seen on all carbon atoms, in the vicinity 
of the transition metal (See Fig. 2). It is also worth mention-
ing that almost all carbon atoms of the fullerene moiety in 
these doped structures possess negative charges; however, 
the intensity of the charge decreases while moving away 
from the transition metal.

Table 1  The energy of HOMO (EHOMO), LUMO (ELUMO), Fermi 
level (EF), H–L gap (Eg), and cohesive (Ec)

All units are in eV

System EHOMO ELUMO EF Eg Ec

C20 − 7.330 − 1.889 − 4.609 5.441 8.01
Sc–C19 − 6.436 − 1.195 − 3.815 5.241 7.78
Fe–C19 − 5.708 − 2.971 − 4.339 2.737 7.69
Cu–C19 − 7.878 − 1.713 − 4.795 6.165 7.71
Zn–C19 − 7.994 − 1.629 − 4.811 6.365 7.59
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3.3  Electronic properties

The electronic properties of transition metal-doped C20 
fullerenes are next calculated (see Table 1). Figure 3 shows 
the HOMO and LUMO distributions of all studied sys-
tems. As can be seen in Fig. 3, substitution doping of tran-
sition metal on C20 fullerene results in significant changes 
in both HOMO and LUMO distributions. C20 fullerene 
has a relatively large HOMO–LUMO gap (5.441 eV). The 
energies of HOMO and LUMO are − 7.33 and − 1.889 eV, 
respectively. The doping of transition metal affects the 
HOMO–LUMO gap; however, the behavior of early and 

late transition metals is quite different. Early transition 
metal-doped C20 fullerenes have a HOMO–LUMO gap 
lower than the bare C20 fullerene. HOMO–LUMO gap 
of Sc–C19 is 5.241 compared to 5.441 eV for C20. The 
energies of HOMO and LUMO for Sc–C19 are − 6.436 
and − 1.195 eV, respectively, compared to − 7.330 and 
− 1.889 eV for C20. Analysis of the results reveals that the 
doping of Sc increases the energies of HOMO and LUMO; 
however, the effect is more pronounced on the former 
which leads to a decrease in the HOMO–LUMO gap. The 
distribution of densities also reveals that the HOMO and 
LUMO are both spread over the entire skeleton including 

Fig. 2  NPA charge distributions of different metal–C20 clusters: Sc–C19 (a), Cu–C19 (b), Fe–C19 (c), and Zn–C19 (d)
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the Sc atom. The distribution of density in HOMO on tran-
sition metal suggests a strong overlap between the metal 
center and the carbon part. Another supporting evidence 
for strong interaction between the metal and carbon part 
is the increase in the energy of HOMO. These findings 
are consistent with charge analysis and thermodynamic 
analysis which suggest that the carbon fragment and Sc 
atom interact strongly. Doping of an iron atom has a 
quite intense effect on the energies of HOMO and LUMO 
(different from the doping of other atoms). The energy 
of HOMO is increased, whereas the energy of LUMO 
is decreased which causes the HOMO–LUMO gap to 
decrease to 2.737 eV. The energies of HOMO and LUMO 
are − 5.708 and − 2.971 eV, respectively. Doping with a 
late transition metal (Cu or Zn) causes the HOMO–LUMO 

gap to increase. The increase in the HOMO–LUMO gap is 
due to a decrease in the energy of HOMO and an increase 
in the energy of LUMO, although the former is more pro-
nounced. Moreover, the effect of Zn is greater than the 
effect of Cu (see Fig. 3). The HOMO–LUMO gaps for 
Cu–C19 and Zn–C19 are 6.165 and 6.365 eV. The ener-
gies of HOMO and LUMO for Cu–C19 are 7.878 and 
− 1.713 eV, whereas the corresponding values for Zn–C19 
are − 7.994 and − 1.629 eV, respectively. Zn–C19 is unlike 
the other three nanocages. For Zn–C19, the zinc atom is 
deprived of any density in HOMO and LUMO, whereas in 
the other systems the HOMOs and/or LUMOs have density 
spread over the metal atom. Therefore, it may be argued 
that the overlap between the Zn and carbon framework is 
not strong which leads to low cohesive energies.

Fig. 3  HOMO–LUMO distributions of different systems
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3.4  Nonlinear optical properties

Nonlinear optical properties of these doped fullerenes are 
evaluated through the first and second hyperpolarizability 
values. Besides the first hyperpolarizability, polarizability 
values are also calculated and shown in Table 2. C20 fuller-
ene is a spherical molecule with relatively small polarizabil-
ity. The polarizability of C20 is 186.1 au, which increases 
when doped with transition metals. The highest polarizabil-
ity is calculated for Sc–C19 (222.1 au) which decreases to 
209.9 au for Fe–C19. The high polarizability of Sc–C19 over 
Fe–C19 may be attributed to a relatively large M–C bond or 
the large size of the Sc atom. The polarizability for Cu–C19 
and Zn–C19 are 205.6 and 204.81 au. The polarizability of 
Zn–C19 is lower than that of Cu–C19 which is contrary to 
the expected based on the M–C bond length. Therefore, the 
size of the transition metal atom is a more probable reason 
for the trend. The polarizability values decrease monotoni-
cally with an increase in the atomic number of the doped 
atom (along the row).

The hyperpolarizability also follows a similar monotonic 
trend where the hyperpolarizability values decrease while 
moving along the row of the periodic table. The highest 
hyperpolarizability of 2224.5 au is calculated for Sc–C19, 
followed by 790.1 au for Fe–C19. The hyperpolarizability 
of Cu–C19 and Zn–C19 is 592.1 and 572.0 au, respectively. 
The hyperpolarizability of alkali metal-doped fullerenes is 
well known in the literature [7, 8, 10, 11]. The remarkably 
high hyperpolarizability of alkali metal-doped fullerenes is 
believed to arise from diffuse excess electrons arising from 
the interaction of alkali metal with the rest of the cluster. 

The generation of the diffuse excess electron depends on the 
ionization potential of the doped metal. The lower ioniza-
tion potential of doped metal atom favors the generation of 
diffuse excess electrons.

Quite similar to the alkali metal-doped cases [7, 8], it may 
be argued here that the decrease in hyperpolarizability along 
the row of first transition metal atoms is due to increase 
in the ionization potential. Scandium, due to its large size, 
loses electrons and causes an increase in hyperpolarizabil-
ity. The zinc atom, on the other hand, is very resistant to 
loose electron and, therefore, is not a stimulant for boosting 
hyperpolarizability.

3.5  Quantum molecular descriptors

The global indices of reactivity are next studied accord-
ing the method presented by Rad et al. [32] for all metal-
lofullerenes to realize the reactivity and stabilities of the 
structures. The vertical ionization potential is obtained by 
considering the difference in energy of a neutral molecule 
and its cation (with the geometry of the ground state). Simi-
larly, the energies of neutral and anionic species are taken 
for electron affinities. As can be seen in Table 3, the ioniza-
tion potential of C20 is 7.39 eV which decreases to 6.40 
and 7.31 eV for Sc–C19 and Fe–C19, but increases to 7.61 
and 7.75 eV for Cu–C19 and Zn–C19. Quite similar to the 
ionization potential, electron affinities also do not follow 
any regular trend. The electron affinity of C20 fullerene is 
1.91 eV which decreases to 1.26 eV for Sc–C19; however, 
it increases remarkably to 2.41 eV for Cu–C19.

The hardness of the doped structures follows the same 
trend as for their ionization potential. The hardness first 
decreases from C20 to Sc–C19 (and Fe–C19) and then 
increases for Cu–C19 and Zn–C19. The hardness of C20 
is 2.72 eV, whereas the hardness for Sc–C19 and Fe–C19 
is 2.62 and 1.368 eV, respectively. Zn–C19 is the hard-
est cluster among all with a hardness value of 3.182 eV. 
Since softness is the opposite of hardness, therefore, it was 
expected that the softness would follow an opposite trend to 
hardness. Indeed, this is the case. The Fe–C19 is the softest 

Table 2  The calculated 
polarizability and 
hyperpolarizability values of all 
systems

System α (au) βo (au)

C20 186.1 0
Sc–C19 222.1 2224.5
Fe–C19 209.9 790.1
Cu–C19 205.6 592.1
Zn–C19 204.81 572.0

Table 3  Ionization potential (I), 
electron affinity (A), HOMO 
(H), LUMO (L), chemical 
potential (μ), hardness (η), 
softness (S), and electrophilicity 
(ω) of all systems

All units are in eV
[η = (L − H)/2]/eV; [μ = (H + L)/2]/eV; S = [1/2η]/eV−1; ω = [μ2/2η]/eV
a Calculated from the difference in energy of a neutral and cationic species
b Calculated from the difference in energy of a neutral and anionic species

System Ia Ab H L η µ S ω

Free C20 7.39 1.91 − 7.330 − 1.889 2.720 − 4.609 0.184 3.909
Sc–C19 6.40 1.26 − 6.436 − 1.195 2.620 − 3.815 0.191 2.780
Fe–C19 7.31 1.54 − 5.708 − 2.971 1.368 − 4.339 0.365 6.872
Cu–C19 7.61 2.41 − 7.878 − 1.713 3.082 − 4.795 0.162 3.725
Zn–C19 7.75 1.68 − 7.994 − 1.629 3.182 − 4.811 0.157 3.634
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cluster with a softness value of 0.365 eV. The Zn–C19 is 
the least soft material in the series with softness values of 
0.157 eV. The softness of Sc–C19 and Cu–C19 are 0.191 
and 0.162 eV, respectively (see Table 3).

The chemical potential of C20 fullerene is − 4.609 eV 
which decreases to − 3.815 eV for Sc–C19. The chemical 
potential of Sc–C19 is lower in the series. The chemical 
potential of Fe–C19 is higher than that of Sc–C19, but lower 
than that of the bare C20 fullerene. The chemical poten-
tials of late transition metal-doped fullerenes (Cu–C19 and 
Zn–C19) are higher than those of the parent fullerene. The 
chemical potentials of Cu–C19 and Zn–C19 are − 4.765 
and − 4.811 eV. The electrophilicity, which is dependent 
on the chemical potential and hardness, is also calculated. 
The higher chemical potential and low hardness lead to high 
electrophilicities. The highest electrophilicity is calculated 
for Fe–C19 (6.872 eV). The high electrophilicity of Fe–C19 
is due to the lower hardness (1.368 eV). The electrophilic-
ity of other doped fullerenes is lower than that of the par-
ent C20. The electrophilicity values of Sc–C19, Cu–C19, 
and Zn–C19 are 2.780, 3.725, and 3.634 eV compared to 
3.909 eV for C20. It can be concluded from a quantum 
molecular descriptor that Fe–C19 is the most electrophilic 
in nature.

4  Conclusion

Substitution of a carbon atom of C20 fullerene with a transi-
tion metal atom (Sc, Fe, Cu, and Zn) toward following the 
change in electronic and NLO properties has been investi-
gated using DFT approach. For this purpose, the most stable 
spin states of the doped fullerenes were appraised. It was 
found that the cohesive energy of C20 fullerene decreases 
for all doped systems while moving along the periodic table 
except for Cu–C19 where a slight increase was observed. 
Our results show that the NPA charges on the transition 
metal decrease from Sc to Cu, but then again increases for 
Zn. The fullerene parts in these structures possess negative 
charge, and its strength is proportional to the intensity of the 
positive charge on the transition metal. The polarizability 
of C20 rises when doped with transition metals. The maxi-
mum polarizability and hyperpolarizability are calculated 
for Sc–C19 which decreased monotonically with an increase 
in the atomic number of the doped atom. The decrease in 
hyperpolarizability along the row of first transition metal 
atoms is due to an increase in the ionization potential.
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