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Abstract. In this paper, the vibrational properties of fullerene hydrides with the chemical
formula of C60H2n are investigated using a method based on the potential energy of the
molecule. The potential used in this methodology is Adaptive Intermolecular Reactive
Empirical Bond Order (AIREBO). Using this interatomic potential, some of the most
important frequencies of the fullerene hydrides, such as the breathing mode frequency,
were calculated and then, analyzed. It was observed that in addition to the number of
hydrogen atoms in the structure, their position on the C60 cage had a signi�cant e�ect
on the natural frequency corresponding to a particular mode shape. The results obtained
by this method were compared and validated with quantum mechanics and experimental
observations. The simulation results demonstrated that the proposed method was capable
of calculating the vibrational properties of fullerene hydrides with high precision and low
computational cost.

© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

With the discovery of the fullerene molecule in 1985 [1],
a great progress occurred in nanoscience. Because of
their unique chemical structures, these molecules can
be widely used in various �elds of science, such as
drug delivery [2{6], nanoparticle reinforced compos-
ites [7,8], electrical insulating [9], nano-bearing [10,11],
nanocar wheels [12{17], supperconductors [18], and
nanodiodes [19].

Study of the mechanical and vibrational proper-
ties of carbon clusters [20,21] is an important feature
a�ecting their behavior. Given that fullerenes are
detected through infrared (IR) spectroscopy of carbon
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steam, an estimation of the natural frequencies of
these structures can be very useful in their identi�ca-
tion. Also, when C60 reacts with another molecule,
its natural frequencies and mode shapes play a very
important role. In this regard, some papers have been
published on identifying the natural frequencies and
the mode shapes of the C60 molecule in various ways,
such as Raman and IR spectroscopy [22,23], quan-
tum mechanics [24{26], continuum mechanics [27,28],
molecular dynamics simulations [29{31], �nite element
method [32{35], and so on.

The frequency corresponding to the breathing
mode shape as the most important frequency of
buckyballs can be easily determined through IR and
Raman spectroscopy [36,37]. In this mode shape, all
atoms in the molecule experience a simultaneous radial
vibration. The great importance of this mode shape
is due to its wide applications to the identi�cation of
structures and materials [38]. Eisler et al. [36] showed
that the frequency of this mode shape could be utilized
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in calculating the size of the molecular cage. Ghavanloo
and Fazelzadeh [39] presented an analytical formula
to calculate the breathing mode frequency, indicating
that this frequency had an inverse relationship with
the radius of the molecule. Considering the great
signi�cance of this mode shape, in addition to the
aforementioned researches, we can �nd other articles
examining the e�ect of environmental parameters such
as temperature and pressure on changes in this fre-
quency in C60 molecule [40{43].

Considering disadvantages of fossil fuels, includ-
ing air pollution, ozone depletion, global warming, etc.,
it is necessary to replace them with better alternatives
such as hydrogen. Hydrogen is the ideal alternative
to fossil fuels because it generates only water steam
after burning and it does not lead to any harmful
e�ects. The most important di�culty to use hydrogen
gas is its storage and safe transportation due to high
reactivity of this gas. One of the best methods for
the storage of hydrogen is chemical absorption of this
gas in other molecules. Fullerene C60 is proved to be
an excellent substrate for absorption of hydrogen by
several di�erent methods [44{50]. Synthesis methods
of fullerene hydrides have been extensively developing
because these hydrides can have potential applications
in hydrogen storage. They have also been suggested
as one of the IR emission sources in the interstellar
space [51]. It is also possible to improve the hole-
transport property of fullerene molecules by hydrogena-
tion [52,53]. The �rst chemical derivative of fullerene
ever synthesized after its discovery was C60H36 [54],
which can be obtained via birch reaction. It contains
4.5 mass % of hydrogen, making it potentially use-
ful as a hydrogen accumulator [55]. Karpushenkava
et al. [56] studied the thermodynamic properties of
several isomers of C60H36 in the ideal gas and crystal
states by theoretical methods and checked hydrogen
accumulation ability of this molecule. Hydrogen can
be inserted into the fullerene cage (endohedral H@C60)
or attached to it from the outside (exohedral C60H2n).
Both hydrogen storage methods by fullerenes have been
studied in many articles, but according to research [57],
it is desirable for hydrogen to be attached to the
fullerene structure from the outside.

In order to access hydrogen energy through its
burning, it is necessary to separate it from the fullerene
molecule. Several methods have been proposed for the
separation of hydrogen. One of these methods is to
stimulate the molecule by radiating high-power rays at
a speci�c wavelength to the structure of the molecule.
This radiation excites one of the mode shapes related
to C{H bond of the molecule and, by increasing the
intensity of radiation, the amplitude of oscillations
increases and eventually, the hydrogen atoms separate
from the C60 cage. Surely, the adjustment of the
wavelength of the radiated rays requires accurate in-

formation about the vibrational properties of C60H2n.
Having knowledge about the vibrational properties of
fullerene hydrides helps to calculate thermodynamic
properties of the structure [51]. Also, stimulating
speci�c mode shapes during the chemical reaction, as
well as detecting the type of fullerene hydrides using IR
and Raman spectroscopy, makes it ever more important
to know the values of natural frequencies and the shape
modes of these molecules.

Some previous studies have examined the natural
frequencies of fullerene hydrides. Bini et al. [58] pre-
pared several samples of C60H36 by the transfer hydro-
genation method and studied the vibrational properties
of those molecules by IR and Raman spectroscopy. IR
and Raman spectra of hydro fullerenes C60H18, C60H36,
and C60D18 were thoroughly studied using both ex-
perimental and computational techniques by Popov et
al. [59]. Other works about IR and Raman spectra of
C60H18 and C60H36 can be found in [60,61]. Generally,
interpretation of vibrational spectra of C60H2n is di�-
cult because of uncertainty in the isomeric composition
of the samples, presence of impurities, and low intensity
of many absorption bonds [51]. Also, one cannot obtain
all the natural frequencies of a structure by Raman
and IR spectroscopy, while it is the only practical way
to identify speci�c frequencies. It seems that another
method should be used for obtaining the vibrational
properties of a speci�c molecule. The �rst solution
to this problem is quantum mechanics technique. A
Density Functional Theory (DFT) technique is based
on quantum mechanics. Although DFT is a very
accurate method for calculating natural frequencies
and shape modes of a molecule, it is most often used
for molecules with a low number of atoms. Despite
high accuracy of DFT, this technique su�ers from high
computational cost. Therefore, the need for a more
e�cient methodology seems necessary.

Despite the great importance of determining vi-
brational properties of fullerene hydrides, this issue
is not addressed through a satisfactory method until
now. In addition, most of the work has been focused
on the two structures of C60H18 and C60H36 and other
fullerene hydrides with di�erent numbers of hydrogen
atoms have not been examined. Moreover, although
the breathing mode frequency has been investigated
for various carbon clusters, such as fullerenes or nan-
otubes, study of this frequency for C60H2n structures
has not been accomplished in any of the previous works.
Therefore, the main scope of this research is to study
vibrational properties of fullerene hydrides using a po-
tential energy based method. To calculate the natural
frequencies and normal modes of fullerene hydrides, the
sti�ness matrix of the molecule is computed based on
the interatomic potential energy function. The poten-
tial function used to model interactions among atoms in
fullerene hydrides molecules is Adaptive Intermolecular
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Reactive Empirical Bond Order (AIREBO), which has
a high accuracy in predicting natural frequencies of
hydrocarbons [31]. Using this method, the vibrational
properties of the C60H2n molecules are obtained with n
being an integer number ranging from 0 to 18. To
this aim, the frequency related to the breathing mode
shape of all of the fullerene hydrides, along with some
of their other important frequencies, is calculated. Due
to the fact that the breathing mode frequency depends
on the radius of the molecule, which has previously
been reported by Ghavanloo and Fazelzadeh [39], the
radius of gyration of each C60H2n is obtained and its
variations in terms of the number of hydrogen atoms
are analyzed. As a benchmark for evaluating the
accuracy of the proposed potential-based method, the
same results have also been obtained through DFT
calculations for a special case. The good consistency
between the results of the two methods demonstrates
the validity of our proposed method. Given that the
results of the DFT method are con�rmed by laboratory
results, it will be observed that there is also a good
agreement between the potential based approach and
the experimental results. Good precision and high
computational speed make this method an e�ective
technique for calculating the vibrational properties
of fullerene hydrides or other molecules compared to
the quantum mechanics and experimental methods
explained in this section.

2. Fullerene hydrides

As explained in the introduction section, fullerene hy-
drides C60H2n are obtained from the chemical reaction
of hydrogen with the C60 molecule. The number of
possible isomers of C60H2n varies over a wide range
from 23 for C60H2 to about 1023 for C60H2n [62]. In
this study, 39 fullerene hydride molecules with the C60
molecule, C60H2n (n is an integer number between
1 and 18), are investigated to achieve vibrational
properties. In Table 1, the chemical formula of each
of the compounds, along with the number of isomers
and the symmetry of isomers, is presented. For getting
information on the position of hydrogen atoms on
the C60 molecule for each of the isomers, study of
references [51,63,64] is helpful.

3. Methodology

3.1. AIREBO potential
The second version of Reactive Empirical Bond Order
(REBO) potential is able to properly predict vibra-
tional and elastic properties as well as the energy of
small hydrocarbons. However, this potential is not
suitable for studying systems with large intermolecular
interactions, since this version does not take into
account dispersive and non-bonded repulsive e�ects.

Given these drawbacks, the AIREBO potential,

Table 1. The chemical formula, number of hydrogen atoms, number of isomers, and symmetry of isomers of each molecule.

Compound
name

Number of
hydrogen atoms

Number of
isomers

Symmetry of
isomers

C60H2 2 3 C2v, Cs, C1

C60H4 4 4 Cs (No. 1), Cs (No. 2), Cs (No. 3), D2h

C60H6 6 2 D3, C3

C60H8 8 1 Cs
C60H10 10 1 Cs
C60H12 12 1 C1

C60H14 14 1 Cs
C60H16 16 1 Cs
C60 H18 18 5 C3v (1{2 addition), C3v (1{4 addition), C2, C3, C3v

C60H20 20 2 D5d, Cs
C60H22 22 1 Cs
C60H24 24 2 C1, C2

C60H26 26 1 Cs
C60H28 28 1 C1

C60H30 30 1 C1

C60H32 32 1 C1

C60H34 34 1 Cs

C60H36 36 10
T; C1; Th; D3d; D3d0 , C3 (No. 3),
C3 (No. 4), C3 (No. 64), S6 (No. 88), S6 (No. 91)
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introduced for the �rst time in 1990 [65], adds two
terms to REBO potential. This potential, revised in
2002 [66], can model intermolecular bonds in some
carbon allotropes and small hydro-carbons.

The total potential energy of AIREBO potential
can be written as:

EAIREBO =
1
2

X
i

X
j 6=i24EREBOij +ELJij +

X
k 6=i

X
l 6=i;j;k

ETorsionkijl

35 :
(1)

The �rst term on the left side is the REBO potential,
which consists of two terms for repulsive (V R) and
attractive (V A) interactions due to valence electrons,
and is given by:

EREBO =
X
i

X
j(�i)

�
V R(rij)� bijV A(rij)

�
; (2)

where bij is the bond-order potential and rij is the
distance between the nearest pair of atoms. For further
illustration see [66]. The component ELJij is written as:

ELJij =S(tr(rij))S(tbb�ij)CijV LJij (rij)

+ [1� S(tr(rij))]CijV LJij (rij); (3)

where S(t) is a switching function,

S(t) = �(�t) + �(t)�(1� t) �1� t2(3� 2t)
�
: (4)

In the above equations, �(t) is the Heaviside function
and rij is the distance between pairs of atoms. tr in
Eq. (3) is added to control the gradual exclusion of the
term LJ with respect to r. The switch tb indicates
the degree of signi�cance of the LJ interaction at
intermolecular distances. The last switching term C
controls the number of intermediate atoms between
atoms i and j. Finally, the last term ETorsion is the
torsional potential among atoms i; j; k, and l. This
function is written as:

ETorsionalkijl = !ik(rik)!ij(rij)!jl(rjl)VTorsion(!kijl);
(5)

where:

VTorsion(!kijl) =
256
405

"kijl cos10
�!kijl

2

�� "kijl
2

: (6)

Further elaboration on the terms in the above equa-
tions can be found in [67].

3.2. Calculation of frequencies
To calculate the natural frequencies and normal modes
of fullerene hydrides, we �rst obtain the energy function

of each molecule and then, use the second Newton's
equation of motion for each atom as follows:

mi
::
�i = �@V

@�i
; (7)

where V is the energy function based on AIREBO
potential; �1; �2; � � � ; �3N are the displacements in
Cartesian coordinates, �x1;�y1;�z1; � � � ;�zN ; mi is
the mass of ith atom; and N is the total number of
atoms in the molecule. From linear expansion of the
right side of Eq. (7), we have:

@V
@�i

=
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����
equilibrium
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�
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@�i@�j

�T ����
equilibrium

26664
�1
�2
...

�3N

37775 :(8)

The �rst term in the above equation is zero, because
there is not any force on each atom in the equilibrium
state. We can express the equations of motion for all
atoms in the matrix form as follows:

[M ](
::
�) = �[H](�); (9)

where M is the mass matrix. This matrix has a
diagonal form in which all nonzero elements equal the
mass of carbon or hydrogen. H is the Hessian matrix,
which is given by:

Hij =
�
@2V
@�i@�j

�
: (10)

To calculate the elements of Hessian matrix, we �rst
obtain the potential function of each structure in
the minimized state using the conjugate gradient and
steepest descent methods. Then, we displace each atom
in the positive and negative directions of Cartesian
coordinates with a very small value � and evaluate the
potential function in each position. Finally, Hij can be
obtained numerically from the following equation:

Hij =
Vi+�;j+� + Vi��;j�� � Vi+�;j�� � Vi��;j+�

4�2 ;
(11)

where:
Vi��;j = V (�1; �2; :::; �i�1; �i��; �i+1; :::; �3N );

Vi;j�� = V (�1; �2; :::; �j�1; �j��; �j+1; :::; �3N ); (12)

and � is chosen to be 10�4�A. By considering a harmonic
motion �i = �iei!t in Eq. (9), we will have:

([H]� !2[M ])(�): (13)

According to the above equation, the problem would
be reduced to �nding the eigenvalues and eigenvectors
of the matrix [M ]�1[H].
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Figure 1. Infrared spectroscopy of the fullerene molecule
obtained through both experimental and theoretical
(DFT) methods.

Among all the 3N eigenvalues and eigenvectors,
six are close to zero. These values account for rigid-
body translational and rotational motions of C60H2n
molecules. Therefore, after ignoring these rigid-body
modes, we reach a set of 3N � 6 eigenvalues and their
corresponding eigenvectors. This process is repeated
until all natural frequencies and normal modes of
all C60H2n compounds considered in this article are
obtained.

3.3. Quantum mechanics
A quantum mechanics analysis was performed using
DFT (B3LYP [31,68]) on fullerene hydrides. The
calculations were performed by setting the basis set as
6{31G [31,69]. The results of this method are used as
a reference for validating the results of the potential-
based analysis.

In order to demonstrate an agreement between
the quantum mechanics and experimental results, IR
spectra of the C60 molecule calculated by the DFT
method (B3LYP/6-31G) are compared with exper-
imental results reported by Chase et al. [70] (see
Figure 1). This comparison shows an appropriate
conformity between the results of the two approaches.

4. Results and discussion

After minimizing the total potential energy based on
AIREBO potential by conjugate gradient and steepest
descent methods, the natural frequencies and normal
modes of fullerene hydrides C60H36 are obtained by
the methodology explained in Section 3.2. Figure 2
shows the shapes of two fullerene hydride molecules
with di�erent hydrogen atoms.

Figure 2. The shapes of two fullerene hydrides having
di�erent numbers of atoms.

Figure 3. Infrared spectroscopy of C60H36 (S6(No.88))
obtained by Density Functional Theory (DFT)
calculations.

Based on [51], the natural frequencies of each
hydro fullerene can be divided in two groups: cage
vibrations and C-H bond vibrations. In the mode
shape of a frequency related to cage vibrations, all
carbon and hydrogen atoms can move. The range of
these frequencies is less than 1900 cm�1. In the mode
shape of C{H bond vibrations, only the hydrogen and
carbon atoms are connected to the C{H bonds and can
move. In the shape modes associated with this group of
frequencies, the movement direction of the carbon and
hydrogen atoms connected to a C-H bond is along the
same C{H bond. All frequencies associated with this
bond are in the range of 2900 cm�1 to 3100 cm�1. To
understand the variations of the frequency spectra of
hydro fullerenes, the IR spectrum of one of the C60H36
isomers is shown in Figure 3.

One of the most important frequencies of fullerene
families, which can easily be identi�ed through Raman
and IR spectroscopy, is the breathing mode frequency
(Ag(1)) in which all the carbon atoms of the molecule
experience a simultaneous radial vibration. After
adding hydrogen to the C60 structure, this mode
shape will change slightly (Figure 4). The amount of
the frequency corresponding to this mode shape and
the radius of gyration of the fullerene hydrides, both
calculated from the AIREBO potential and DFT, are
presented in Table 2. The values given in the brackets
are the results of the DFT method. As it can be seen in
this table, the results obtained from AIREBO potential
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Figure 4. The eigenvectors related to the breathing (Ag(1)) mode.

Table 2. Breathing mode frequency and radius of gyration of fullerene hydrides.

Molecule Symmetry

Breathing
mode

frequency
(cm�1)

Radius of
gyration

(�A)
Molecule Symmetry

Breathing
mode

frequency
(cm�1)

Radius of
gyration

(�A)

C60 482.7 [495.9] 3.55 [3.56] C60H20 D5d 402.9 [405.3] 3.64 [3.68]

C60H2 C2v 478.5 [488.7] 3.55 [3.57] C60H20 Cs 476.5 [472.6] 3.62 [3.67]

C60H2 Cs 479.5 [486.3] 3.55 [3.57] C60H22 Cs 471.2 [464.9] 3.63 [3.68]

C60H2 C1 471.0 [486.1] 3.55 [3.56] C60H24 C2 388.4 [395.5] 3.69 [3.70]

C60H4 Cs (No. 1) 478.0 [485.2] 3.56 [3.59] C60H24 C1 471.4 [446.6] 3.63 [3.69]

C60H4 Cs (No. 2) 475.2 [481.7] 3.56 [3.59] C60H26 Cs 460.3 [448.1] 3.64 [3.71]

C60H4 Cs (No. 3) 476.6 [479.9] 3.56 [3.59] C60H28 C1 487.9 [440.6] 3.65 [3.72]

C60H4 D2h 475.5 [484.3] 3.56 [3.59] C60H30 C1 422.3 [472.3] 3.66 [3.73]

C60H6 D3 471.1 [478.8] 3.57 [3.60] C60H32 C1 496.2 [469.1] 3.67 [3.74]

C60H6 C3 473.3 [474.8] 3.57 [3.60] C60H34 Cs 386.9 [375.7] 3.68 [3.74]

C60H8 Cs 480.2 [482.4] 3.58 [3.61] C60H36 T 455.8 [457.5] 3.66 [3.74]

C60H10 Cs 474.2 [482.5] 3.59 [3.62] C60H36 C3 (No. 64) 426.4 [395.9] 3.70 [3.76]

C60H12 C1 471.5 [476.4] 3.60 [3.63] C60H36 C1 421.8 [390.9] 3.70 [3.76]

C60H14 Cs 468.1 [425.0] 3.61 [3.64] C60H36 C3 (No. 3) 455.8 [472.7] 3.68 [3.76]

C60H16 Cs 493.1 [417.1] 3.62 [3.66] C60H36 C3 (No. 4) 429.2 [414.8] 3.68 [3.76]

C60H18 C3v (1-2 add) 487.6 [477.5] 3.61 [3.66] C60H36 Th 418.7 [398.4] 3.73 [3.76]

C60H18 C3v (1-4 add) 438.1 [437.2] 3.63 [3.66] C60H36 D3d 355.4 [422.4] 3.72 [3.76]

C60H18 C3 445.4 [458.3] 3.63 [3.67] C60H36 D3d0 321.6 [371.8] 3.69 [3.75]

C60H18 C2 397.1 [412.5] 3.64 [3.67] C60H36 S6 (No. 88) 411.7 [357.4] 3.68 [3.75]

C60H18 C3v 490.1 [477.3] 3.61 [3.66] C60H36 S6 (No. 91) 398.7 [344.6] 3.71 [3.75]

and DFT are close to each other in predicting the
breathing mode frequency and the radius of gyration.

The method proposed in this paper is capable of
calculating natural frequencies and mode shapes of a
molecule, such as C60H2n, at several times higher speed
than DFT method, while the accuracy of the results of
the proposed method is also acceptable.

In order to hold a better view of the changes
in the results obtained from the vibrational analysis
of fullerene hydrides, the results of two methods in
terms of the number of hydrogen atoms are plotted
in Figure 5 (for structures with a number of isomers
of 2 or more, the �rst isomer mentioned in Table 2 is

considered). According to this �gure, the breathing
mode frequency does not have monotonic variations,
while the gyration radius of the molecule increases with
the increase in the number of hydrogen atoms. Given
that in all structures, the breathing mode frequency is
less than that obtained for the fullerene molecule, it
can generally be deduced that by adding hydrogen to
C60, the breathing mode frequency decreases.

Figure 6 shows the variations in the breathing
mode frequency and radius of gyration for di�erent iso-
mers of the C60H36 structure. The numbering order in
this �gure is based on the order in Table 2. As seem in
this �gure, the breathing mode frequencies of di�erent
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Figure 5. Variation of breathing mode (Ag(1)) frequency
and radius of gyration in some fullerene hydrides when the
number of hydrogen atoms changes in the structure.

Figure 6. Breathing (Ag(1)) mode frequency and radius
of gyration for several isomers of C60H36 molecule.

isomers of C60H36 are not equal and about 100 cm�1

di�erence is observed between their maximum and
minimum values, while the gyration radii of isomers
are almost the same. Regarding this diagram, it can
be pointed out that although the number of hydrogen
atoms in fullerene a�ects the breathing mode frequency

Figure 7. Variation of the mean radius of molecular cage
in some fullerene hydrides when the number of hydrogen
atoms changes in the structure.

of fullerene hydrides, the position of hydrogen atoms on
the C60 cage is also of great importance in determining
the amount of this particular frequency. In addition,
according to the results obtained from Figure 5 and
Figure 6, the relationship between the gyration radius
and the breathing mode frequency of the fullerene
hydrides cannot be veri�ed.

Figure 7 demonstrates the changes in the mean
radius of the molecular cage of C60H2n structures in
terms of the number of hydrogen atoms. It is seen in
the �gure that the mean radius of the hydro fullerene
molecule increases with the increase in the number of
hydrogen atoms of the structure, and it seems that
this factor is the most important one in the ascending
behavior of the radius of gyration in terms of the
number of hydrogen atoms.

One of the other most important frequencies of
fullerene hydrides is the frequency related to the C{
H bond vibrations. The number of these frequencies
is equal to the number of hydrogen atoms in the
structure and in their related mode shape, only the
atoms attached to the C{H bonds vibrate along those
bonds. In Table 3, there is a comparison between the
results of the DFT method and the potential-based
method in calculating the minimum and maximum
frequencies of the C{H bond vibrations for some of the
fullerene hydrides. The good consistency of the results
of the two methods can be deduced from the data in
Table 3.

Although other shape modes of fullerene hydrides
could also be studied by a comparison between the
results of both potential-based and DFT methods for
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Table 3. Minimum and maximum natural frequencies of C{H bonds of some hydro fullerenes.

Molecule Symmetry

Minimum
natural

frequency
related to C-H
bond-AIREBO

potential (cm�1)

Minimum
natural

frequency
related to C{H

bond-DFT
method (cm�1)

Maximum
natural

frequency
related to C{H
bond-AIREBO

potential (cm�1)

Maximum
natural

frequency
related to C{H

bond-DFT
method (cm�1)

C60H2 C2v 2928.2 3031.17 2931.0 3052.62
C60H4 Cs(No. 1) 2890.1 3022.31 2928.4 3068.25
C60H6 D3 2928.7 3030.94 2931.5 3053.12
C60H12 C1 2866.5 3000.39 2933.2 3084.28
C60H18 C3v(1{4 add) 2928.9 2988.24 2968.6 3020.55
C60H24 C2 2891.9 2969.24 2950.9 3058.80
C60H34 Cs 2853.2 2931.09 2952.1 3076.63
C60H36 T 2884.4 2973.31 2929.5 3075.30
C60H36 Th 2843.6 2942.59 2929.5 3080.24
C60H36 S6(No. 88) 2882.0 2939.49 2925.8 3073.84

their frequencies, the complexity of their shapes caused
them not to be perused. In fact, when hydrogen
is added to the fullerene structure, the shape of the
resulting molecule is no longer symmetrical and it is
di�cult to detect the frequency corresponding to a
particular mode shape. For this reason, among all
vibrational modes of a C60H2n molecule, only two
breathing and C-H bond vibrations, which were easily
identi�able, were mentioned in this article.

One of the most important uses of hydrogenated
fullerenes is in storing hydrogen for exploitation of
its energy in the burning process. Although burning
hydrogen is high in energy and it does not produce
harmful gases such as CO2, which causes heating and
pollution of the earth, because of its high reactivity,
hydrogen cannot be stored as pure hydrogen gas and
needs to be in the structure of some other molecules.
Fullerene is one of the most important hydrogen stor-
ages and hydrogen can be attached to its cage, directly
or by mediation (with the help of alkali metals).
It should be noted that for hydrogen to be burnt,
separation of hydrogen from the structure of fullerene

and its conversion to hydrogen gas is required. After
the separation, hydrogen gas can react with oxygen and
its energy can be used.

If hydrogen is attached to the fullerene surface
without mediation, one of the methods to separate it is
to stimulate the shape modes of the C-H bond vibra-
tions by radiating high-intensity rays on the structure
of the molecule. By stimulating this mode shapes,
the vibrations of the molecule are only limited to
the oscillations of atoms connected to the C-H bonds.
Hence, it is possible to increase the amplitude of the
oscillations of the atoms by increasing the intensity
of the radiated wave and cause the hydrogen atom to
separate from the fullerene structure. In various mode
shapes related to the C{H bond vibrations of C60H2n
molecules, the number of mobile atoms varies.

It is advised that the wavelength of the radiated
ray should be equal to the frequency of the mode shape
with the maximum number of vibrating atoms in order
to separate more hydrogen atoms from the structure
of the molecule. Figure 8 shows three mode shapes
related to the molecule C60H36(T). In each of them,

Figure 8. Three C{H bond shape modes of C60H36(T).



A. Golzari and H. Nejat Pishkenari/Scientia Iranica, Transactions B: Mechanical Engineering 27 (2020) 1933{1944 1941

Table 4. Frequencies corresponds to the C{H bond
vibrations of fullerene hydride molecules with the
maximum number of mobile hydrogen atoms.

Molecule
Frequency

value
(cm�1)

Number of
mobile

hydrogen
atoms

C60H18 (C3v (1{2 add)) 3001.57 7
C60H18 (C3v (1{4 add)) 2992.13 7
C60H18 (C3) 3029.64 6
C60H36 (T ) 3016.51 12
C60H36 (C3 (No. 64)) 3075.07 8
C60H36 (C1) 3075.80 10
C60H36 (C3 (No. 3)) 3040.52 7
C60H36 (C3 (No. 4)) 3023.64 12
C60H36 (Th) 2951.07 20
C60H36 (D3d) 2961.46 16
C60H36 (D3d0) 3027.54 13
C60H36 (S6 (No. 88)) 3039.57 9
C60H36 (S6 (No. 91)) 3084.91 12

the number of mobile atoms is di�erent. One hydrogen
atom moves at the frequency of 2978.76 cm�1, four
hydrogen atoms at the frequency of 3064.58 cm�1, and
12 hydrogen atoms at the frequency of 3016.51 cm�1.
Since the adjustment of the wavelength of the radiated
ray on the surface of the fullerene hydride to separate
the maximum number of hydrogen atoms from the
structure depends strongly on the proper recognition of
the frequencies and the mode shapes of the molecules,
it is necessary to identify all vibrational features of
the molecules in an appropriate manner. It is rec-
ommended to use a very e�cient method in terms of
accuracy and computational time, such as the method
presented in this paper. In Table 4, C60H18 and
C60H36 isomers along with a frequency of the C{H bond
vibrations corresponding to the maximum number of
mobile hydrogen atoms are presented. The results of
this table were obtained by the DFT method.

5. Conclusion

In this paper, a potential-based method was used
to predict the vibrational properties of fullerene hy-
drides. Furthermore, radius of gyration for each
C60H2n molecule was calculated through minimization.
The interatomic potential used in these calculations
was Adaptive Intermolecular Reactive Empirical Bond
Order (AIREBO). To evaluate the accuracy of vibra-
tional analysis, the results of AIREBO potential were
compared with the results of quantum mechanics and
previous experiments. The comparison demonstrated
that the AIREBO potential in the innovate potential-

based method was able to calculate the natural fre-
quencies of the fullerene hydrides with a fairly good
accuracy and low computational e�ort. The other
important achievements of this study are as follows:

- Generally, the breathing mode frequency of the
fullerene hydrides is less than that of the fullerene
molecule;

- The radius of gyration of C60H2n molecules increases
as the number of hydrogen atoms increases;

- There is no clear relationship between the radius of
gyration and the breathing mode frequency of the
hydro fullerene;

- The radius of gyration for all C60H2n molecules
considered in this paper was underestimated by
AIREBO potential;

- Although the amount of frequency associated with a
particular mode shape for fullerene hydrides depends
on the number of hydrogens in the structure, it has
a strong dependence on the position of the hydrogen
atoms on the C60 molecule;

- The computational cost of Density Functional The-
ory (DFT) is several times more than that of the
proposed potential-based method.
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