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Abstract: In the present study, the effect of transition elements on
structural properties and electronic and linear optical and nonlinear
optical (NLO) properties of fullerene C20 was studied by replacing the
transitions elements such as Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn with
one of the Cz carbon atoms at theoretical B3LYP/6-31+G(d) level.
Frequency calculations for all optimized structures show no imaginary
frequency which is the important evidence for their stability. It was
observed as the result of the doping of transition metals the values of Eqg
(highest occupied molecular orbital-lowest unoccupied molecular orbital
gap) was reduced which shows improving the electrical properties of the
C20 by doping the transition metal atoms instead of one of the carbon
atom. Additionally, transition metal doping in the Cz0 nanocluster
enhances its dipole moment which the C1eSc nanocluster has the highest
and the CioCu has the lowest dipole moment. Finally, it has been
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demonstrated that in the presence of the first raw transition metal of periodic table in Czo, the values of polarizability and first
hyperpolarizability (o and Bo) increases which the highest values of a and Bo was obtained via Sc and Mn atoms doping.
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1. INTRODUCTION

After the discovery of carbon nanotubes by Ajima, which
made a huge revolution in the science and technology of
nanomaterials, scientists showed a tendency to discover
new materials with little dimensions.! Recently, nanoscale
structures have been discovered in the form of fullerene
cages with the general formula, C, (n = 20, 22, 24, 30, 60,
...). It has been shown that these homologues of fullerene
molecules have excellent applications in electronic
devices, imaging materials, magnetic recording, and
environmental processes; so, their investigation will be
very interesting.>® By doping the transition metals into
fullerenes structure, some of the properties of this
structure are being changed significantly. When the first
applied laser was discovered in the 1960s, linear optical
properties were not shown, which is why nonlinear optics
(NLO) appeared.* Regarding difference between linear
and nonlinear optics, it can be declared that, in linear
optics, a momentary polarization of the electron density of
an atom is produced under the influence of an
electromagnetic field, and there is a nonlinear relation

between the non-induction polarization and the field. But
in nonlinear optics, the material responds to a large-size
field and the material's response to the field is nonlinear.
Non-linear optics is related to light behavior in nonlinear
materials, which is commonly observed at high light
intensities such as the intensity of pulsed lasers.®
Conventionally, lithium niobite (LiNbO3) and potassium
dihydrogen phosphate (KDP) are molecules that have
significant nonlinear optics. Theoretical calculations of
linear and nonlinear properties (NLO) are highly
remarked by semi-experimental methods, because the
information about the material with higher NLO, can
show how the synthesis strategy can be.%® Normally,
there are linear and nonlinear properties (NLO) in
materials with existence containing polar molecules with
no symmetrical center arrangement, such as polarized
polymers or crystals lacking a symmetry center.'-23 Some
effort was done to improve the NLO properties of
nanomaterials such as doping the alkali metal atoms on
the surface of nanomaterials®#%5, doping the transition
metal on nanoclusters,?6?” and decorating nanoclusters
with superalkali metal oxides M30.28%0 In this work,
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CioM (M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn)
nanoclusters are constructed by doping the first raw
transition metals in the periodic table into fullerene Cz
cells. Moreover, the linear and nonlinear optical (NLO)
and electrical properties, as well as geometric parameters
such as bond length and bond angles and their energy, are
studied.

2. COMPUTATIONAL METHOD

The CisM (M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn)
nanoclusters were completely optimized at theoretical
B3LYP/6-31+G(d) level.®22 Frequency calculations of all
optimized structures were done at the same level. For
calculation of the properties of odd metal atoms doping,
the unrestricted method was used. Density of States
(DOS) was calculated with GaussSum.3.3.9 program.3
The HOMO-LUMO (highest occupied molecular orbital—
lowest unoccupied molecular orbital) gap (Eg) values of
structures were achieved from the difference between €y
(HOMO energy) and €. (LUMO energy). Polarizability
(o) and the first hyperpolarizability (o) properties were
examined respectively, as linear optical and non-linear
optical (NLO) at the theoretical CAM-B3LYP/6-31+G(d)
level. The first hyperpolarizability (Bo) is a factor for NLO
response coefficient. It was calculated by using the
following equations:

1
= (b} + b2+ b2)? @)
and

(b +bijj +by) i, j,k=X)Y,Z (2)

Also, AE, AH and AG were calculated by using the
following equations:

AE = [E(C1oX) + E(C)] - [E(C20) + E(X)] (3)

AH = [H(C19X)+H(C)] — [H(Czo) + H(X)] 4

AG =[G(C1oX) + G(C)] - [G(C20) + G(X)] (5
All calculations were accomplished with Gaussian 09
package.®

3. RESULTS AND DISCUSSION

For better understanding of the content, the optimized
structures studied are shown in Figure 1.

In the structures shown in Figure 1, three types of bond
lengths can be identified. Using the structures and bond
lengths, it has been attempted to observe the effects of
doping the transition metal atoms on the Cy structure.
The angle between the carbon-metal-carbon was also
measured. The corresponding numerical data obtained are
summarized in Table 1.

As seen in Table 1, the length of the metal bond with the
cluster is different in these compounds. The highest metal
bond with carbon in the case of a scandium is equal to
2.11 A with the bond angle of C-M-C (M is transition
metal atom) equals to 81.95. The shortest link length is
also seen in the doping of the Cy cluster with the
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chromium atom. The reported values for the transition
metal atoms radius are presented in Table 2.
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Figure 1. Optimized structures of C1sM nanoclusters.

Table 1. Structural information on the length bonds and angles of the
Cy and CyM nanoclusters

Structure R1(A) Rz (A) Rs3 (A) C-X-C
(Degree)

C2o 1.44 1.48 1.44 -

C1eSc 211 1.45 1.46 81.95
CuoTi 1.95 1.44 1.46 94.41
CiV 1.98 1.45 1.46 84.82
C1oCr 1.85 1.46 1.45 86.85
C1sMn 1.90 1.46 1.48 87.25
CioFe 1.89 1.47 1.45 81.54
C1Co 191 1.46 1.45 85.52
CuoNi 1.89 1.46 1.46 94.15
C1Cu 2.00 1.46 1.45 86.07
CioZn 2.02 1.46 1.45 85.53

Table 2.The atomic radii of 1* row transition metal atoms

Sc 164 Ti 147 \ 135
Cr 129 Mn 137 Fe 126
Co 125 Ni 125 Cu 128
Zn 137 .

Various parameters act on the M-C bond length and so no
distinct relations were found between the values of atomic
radii and M-C bond length. The value of R3 for the
CisMn is higher than the calculated values of other
nanoclusters which may be the result of d® electronic
configuration in Mn atom.

The density of the electronic states or the DOS spectrum
for all considered nanoclusters was then plotted. These
DOS diagrams are shown in Figures 2 and 3 for CiSc,
ClgTi, C19V, C19CI', ClgMn, ClgFe, ClgCO, ClgNi, ClgCU,
C19Zn nanoclusters with HOMO and LUMO orbital maps
for each of them.

The energy of HOMO and LUMO was calculated using
the electron state density spectra for different
nanoclusters. Using these energies, the distance of the gap
was also calculated. In Table 2, the energy values of
HOMO, LUMO and the gap are collected.
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Figure 2. DOS spectra and HOMO, LUMO profiles of C;sM (M = Sc,
Ti, V, Cr, Mn).
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As the result, it was shown that the Eg for most of the
nanoclusters reduced. However, in some cases, these Eg4
values increased. The value of %AEq shows the percent of
the relative difference of E4 in comparison to pristine Cao
fullerene and can be defined as;

E,(CuM) - E;(Cy)
DE, == 922231100
Eg(CZO)

In the case of reduction of Eg as the result of transition
metal doping, the value of %AEq is negative. In HOMO-
LUMO gap no electronic states exist. So the intensity of
DOS shows the number of electronic states in each
energy. It seems that the number of electrons in d orbitals
may be the factor of difference between the nanoclusters.
Results of calculation the energy, enthalpy and free
energy calculation for doping the transition metal on C20
nanocluster are listed in Table 3. As seen, all AE, AH and
AG values are positive, therefore their preparation with
direct reaction is impossible. It is clear for the preparation
of these nanoclusters, the row material with higher
content of energy must be used.
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Figure 3. DOS spectra and HOMO, LUMO profiles of C;oM (M = Fe,
Co, Ni, Cu, Zn).
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Table 2.the values of Eromo, ELumo, Eg and %AE; for the Cy and C1oM
nanoclusters

Structure En (eV) EL (eV) Eq (eV) qEq (%)
Ca -5.5 -3.62 1.88 -
Ci9Sc -4.78 -3.13 1.65 -12.23
CioTi -5.19 -3.59 1.6 -14.89
CiV -5.02 -3.53 1.49 -20.74
CiCr -5.65 -3.33 2.32 23.40
C1sMn -5.48 -3.86 1.62 -13.83
CigFe -5.59 -3.35 2.24 19.15
CisCo -5.51 -3.76 1.75 -6.915
CioNi -5.69 -4.09 1.6 -14.89
CisCu -6.04 -4.36 1.68 -10.63
CioZn -6.36 -3.39 2.97 57.98

The dipole momentum of the fullerene Cy is zero. By
doping the transition metals, the dipole moment increases.
The highest dipole moment increase is 3.5 which belongs
to the C19Sc nanocluster. The results in Table 4 show that
doping of metals leads to an increase in dipole moments
and the regular Cy fullerene has the lowest dipole
moment.

The amount of polarizability in the Cy is 188.17. Doping
of transition metals increases the amount of polarizability.
Among these nanoclusters, the highest polarizability value
belongs to the Ci9Sc. So, it indicates that molecules
containing metal have more polarizability. Also, the metal
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doping process increased the value of the first
hyperpolarizability for all nanoclusters. In the
nanoclusters, the highest value of the first
hyperpolarizability (Bo) belongs to the C19Mn nanocluster.

Table 3. AE, AH and AG values of C15M nanoclusters

Structure oE (kcal mol?) aH (kcal mol?) a6 (kcal mol?)
Ci19Sc 99.56 95.66 96.03
CuoTi 69.69 66.11 66.25
CiV 67.40 63.69 64.30
C1Cr 76.64 72.44 73.41
Ci9Mn 81.00 77.04 77.89
CioFe 66.11 63.57 64.88
C19Co 130.51 127.39 128.05
CuoNi 113.95 122.11 111.44
C1oCu 174.44 170.93 171.02
CioZn 193.32 190.54 191.61

Table 4 Polarizability (a), the first hyperpolarizability (Bo) and dipole
moment (u) values of C1sM nanoclusters

Structure bo (a.u.) U(a.u.) € (a.u)
C2o 0.3975 188.17 0.00
C19Sc 2232.55 223.02 3.50
CioTi 1528.42 217.04 2.58
CioV 1871.64 219.47 2.20
C1oCr 890.79 212.30 1.59
C19Mn 5400.46 213.82 131
CioFe 1767.24 207.95 1.58
C19Co 1279.45 208.98 1.26
CuoNi 832.52 206.41 0.85
C1oCu 634.36 206.69 0.84
Ci9Zn 642.41 205.91 1.18

4. CONCLUSION

In the present study, the quantum-mechanics calculation
of the effects of doping transition metals on electrical
properties and linear and nonlinear optical properties
(NLO) of fullerene Cy was investigated. The results of
the calculations indicated that the doping of transition
metals was reduced regarding the distance between the
highest occupied molecular orbitals (HOMO) and the
lowest unoccupied molecular orbitals (LUMO) in the
CisM nanoclusters. The electrical properties of the
molecule were improved by doping the metal on Cy.
Also, satisfactory results in terms of nonlinear optics in
the structures were observed, so that the dipole moment,
the polarizability and the first hyperpolarizability
increases. According to the DOS graphs, the least energy
of the gap is found for vanadium doping and the greatest
energy of gap was due to the doping of the zinc metal in
fullerene. The results of the dipole moment indicate that
the doping of transition metals on the Cy increases dipole
moment. The Ci9Sc nanocluster has the highest and the
C19Cu has the lowest dipole moment. By comparing
dipole moments of nanoclusters with fullerene Cy (with
zero the dipole moment), it can be concluded that all
nanoclusters are more polarized than fullerene Cy. In
general, it has been proved in the present study that the
presence of the first raw transition metal of periodic table
in Cy, increases p, o and Po, and somewhat decreases in
Ey and bond lengths compared to non-metallic molecules.

Inorg. Chem. Re2021, 5, 252-256

Article

Also, the value of Cy fullerene doping with Sc and Mn
increases the values of p, a and Po.
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