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Abstract 
Fullerene derivatives have been shown to contribute in many applications. As a result, both structural and vibra-
tional properties of C60 and C80 fullerenes and their epoxides are studied by quantum mechanical semiempirical 
PM3 method. Results indicate a similarity between the structures of fullerenes as compared with their epoxides 
in one hand and the studied dimers on the other hand. The final heat of formation is higher in case of C80 and its 
epoxide as compared with that of C60. Results showed that, the calculated C60 spectra are higher than experimental 
spectra in terms of both anharmonicity effects and electron correlation.
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Scientific Paper

The structure of C60 was discovered, in 1985 by 
Harold Kroto et al.1 Five years later, Krätschmer et al.2 
investigated a technique for synthesizing C60 as a bulk 
solid. Later on, C60 was prepared in both powder form 
and bulk quantities.3 The vibrational Raman spectra for 
both C60 and C70 were obtained.4 The fine intramolecu-
lar vibrational modes of crystalline C60 were elucidated 
using high-resolution FT Raman spectroscopy.5 The 
surface morphology, optical absorption characteristics 
and structure of C60 cluster thin films which were ob-
tained by thermal evaporation have been investigated.6 
C60 solid film was irradiated with pulsed UV-laser-light, 
as a result, a surface transformation of the irradiated 
films has been observed. A new carbon phase has been 
formed with diamond-like sp3 bonding through an 
oxygen-assisted fullerene cage opening.7 A modified 
method of Raman scattering study for C60 dimer was 
described by Lededkin et al.8 The vibrational spectrum 
of C60 has been obtained through quantum chemical 
calculations.9 The equilibrium geometry of C60 has been 
calculated.10 Electron correlations are shown to have a 
significant influence on the calculated bond distances 
(1.446 and 1.406 Å). A program package for solving the 
vibrational Schrödinger equation in one and two dimen-
sions was developed by Stare and Mavri.11 Accordingly, 
the IR spectra can be calculated beyond the limit of 
electrical harmonicity. Furthermore, the Raman spectra 
can replace the dipole moment function by the cor-
responding polarizability function. It is demonstrated 
that, the Grid basis set has several advantages over the 
Gaussian basis set for realistic, anharmonic systems. 

Using a tight-binding potential model both structural 
and vibrational properties of C60 and C70 fullerenes were 
studied.12 It is shown that this tight-binding molecular-
dynamics scheme has accuracy comparable to ab initio 
techniques. The structure, energetic, and vibrational 
properties of five different [C60]N oligomers (N=2, 3, 
and 4) were studied using Density Functional based 
nonorthogonal tight-binding (DF-TB).13 Quantum 
molecular dynamics are used to assign the predominant 
IhC60 symmetries of observed modes. The vibrational 
structure in the phosphorescence spectrum of C60 is 
studied using molecular modelling.14 The spectral stud-
ies of the molecular dynamics of some adducts of C60 to 
TTF was investigated.15 Using ab initio calculations it 
is found that, g-C80 and g-C240 cages are less stable than 
their graphite isomers and have smaller HOMO-LUMO 
gaps.16 Terso potential molecular dynamics was used to 
investigate the interaction between C60 molecules and 
a diamond substrate. It is observed that the impact of 
C60 molecules on the diamond substrate seldom results 
in the formation of an sp3 structure.17 The C60 structure 
dependence on the C60 fullerene concentration in water 
was studied using UV-VIS, Raman, IR-spectroscopy and 
small-angle neutron scattering (SANS) as well as PM3 
semiempirical calculations.18 Using AM1 (UHF) type 
calculations the substitutionally B, N and P doped C80 
structures were found to be stable.19 Finally, either C60 

or C80 are linked into polymeric chains, and as a result 
nanotubes are produced.20–22 The potential acute and 
sub chronic toxic effects of fullerenes (C60) applied in 
benzene on the mouse skin were studied. The obtained 
data indicate that fullerenes applied in benzene at a 
likely industrial exposure level do not cause acute toxic 
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effects on the mouse skin epidermis.23 Genotoxicity of 
fullerene C60 has been determined in a prokaryotic in 
vitro test and in an eukaryotic in vivo system. Only at 
the highest possible fullerene concentration of 2.24 
micrograms per 1 mL medium, a slight genotoxic effect 
was observed in wing cells. Fullerol demonstrates no 
mutagenic effect at a concentration of 2.46 mg/mL.24

In the present work both the structure and vibra-
tional spectra were evaluated for two fullerenes C60, 
C80 with their dimers as well as their epoxide isomers.

Calculation details 

Calculations were carried out on a personal 
computer, using semiempirical quantum mechan-
ics package, MOPAC 2002 which implemented with 
the version 1.33 CAChe Program (by Fujitsu), at 
the Spectroscopy Department, National Research 
Center, Egypt. The initial geometry optimization of 
both C60 and C80 was performed with the molecular 
mechanics (MM+) force field. The lowest energy 
conformations obtained by MM+, the method were 
further optimized at semiempirical methods PM3.25

Results and discussion 

MOPAC is used directly to predict numerous chemi-
cal and physical properties, such as geometry and infrared 
spectra. All the studied molecules were first subjected to 
geometry optimization at semiempirical PM3 level then 
the vibrational spectra were calculated at the same level.

Optimized geometry parameters: The geometry of 
both C60, C80 and their dimers as well as their epoxides 
are optimized. The optimized geometries of which 
are shown in Figure1. It is found from the optimized 
structure that, the molecular point group of C60 is corre-
sponding to Ih symmetry. For C80 the symmetry number 
for point group Ci is equal to 1. On the other hand, 
the symmetry number for point group Cs is also 1, for 
both of C60–O and C80–O. In addition, both molecules 
are in ground state and are not linear. For each of the 
studied fullerenes all carbons atoms are equivalent. 

Figure 1. Optimized structure of a.: C60, b.: C80, c.: C60-O, d.: C80-O, e.: C60 dimer, and finally f.: C80 dimer which are calculated at Mopac 
PM3 semiempirical level.

Table 1. Calculated bond lengths in angstrom for both C60, C80 
and their epoxides as well as their dimers which are optimized 
at MOPAC, PM3 semiempirical level. 
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The distances between the carbon atoms are 
calculated as in Table 1. For both C60 and C80, the C–C 
distance increased from 1.4045 Å to 1.4322 Å respec-
tively. Oxygen is binded to the two six rings, 6-6 bond, 
potentially forming a three COC ring. The isomer under 
investigation is the epoxide 6-6 bonded. The distance 
C–C was nearly quite similar in case of C60 and its 
epoxide. Furthermore, C–C shows identical bonds for 
C80 and its epoxide. Again, the distance C–O is longer 
for C80 epoxide than C60 epoxide in contrast to the angle 
COC. This means that C80 epoxide is characterized by 
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a very long bridging carbon distance as compared with 
C60. Studying the structure of carbon dimer is the first 
step towards understating the structure of carbon crys-
tal. Regarding Table 1 and comparing C–C distances of 
both dimer as well as monomer, it is clear that the C–C 
distance was not affected as a result of dimmerization. 

Infrared spectra: The calculated spectra are tabu-
lated in both Table 2 and Table 3, and the spectra are 
illustrated in Figure 2. According to the calculated vibra-
tional spectra the number of genuine vibrations is 174 
and 177 for C60 and its epoxide. The similar vibrations 
for C80 and its epoxide were 234 and 237 respectively. 
All the vibrational modes are mentioned and tabulated. 

Although C60 possesses 174 (3×60-6) normal vibra-
tions, it exhibits only 4 characteristic vibrational modes 
according to their higher IR intensity, and hence there 
are only 4 active bands. A C60 line at 591.94 cm−1 is 
observed, and assigned as lowest frequency Hg “squash-
ing” mode of Buckminsterfullerene. Accordingly the 
Ag (1) mode was obtained at around 781.83 cm−1. The 
two strong C60 lines, found at 1444.65 cm−1 and 1797.99 
cm−1, can accordingly be assigned to the two totally 
symmetric Ag (2) modes. As compared to C60, C60–O 
showed a shift in the four characteristic bands towards 
the lower frequencies, in addition two bands appear 
at 393.61 cm−1 and 1138.96 cm−1 due to the existing of 
oxygen. It is worth to mention that, C80 has 8 intense 
vibrational modes. The spectra of C80 showed the same 
vibrational feature of C60 with a noticeable shift towards 
a lower frequency. C80–O showed 10 intense vibrational 
bands, the four characteristic bands are considerably 
shifted towards lower frequencies. Finally, the striking 
reduction in the number of active bands as compared 
with the total calculated bands is evidently due to the 
molecule’s extremely high symmetry (Ih point group).

Figure 2. Active vibrational modes for C60 as well as its epoxide 
C60–O and C80 and its epoxide C80–O. 
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Comparison with Experimental results: Figure 3 
presents the experimental FTIR spectrum.26 of 1.4 mm 
thick film of C60. The figure shows the four character-
istic bands of C60. The comparison between calculated 
and experimental frequencies revealed that, the cal-
culated bands are shifted to higher frequencies. The 
reason is that, the harmonic vibrational frequencies 
are typically higher than the fundamental ones which 
are observed experimentally. A major source of this 
disagreement is the neglect of anharmonicity effects 
in the theoretical treatment. In addition, an error also 
arises because of incorporation of electron correlation.

Figure 3. FTIR spectra of 1.44 mm thick film of C60.

Figure 4. The change in final heat of formation in kcal/mol, as 
a function of temperature in K for C60, C80, C60–O and finally 
C80–O respectively.
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Final heat of formation: Other important physical 
parameter which is calculated for the studied fullerene 
is the final heat of formation. It is relates to the ele-
ments in their standard state at 298 K. The final heat of 
formation is calculated as –811.087 kcal/mol at 298 K. 
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Table 2. Calculated vibrational spectra for C60 and its epoxide.

Figure 4 shows the final heat of formation, studied 
as a function of temperature from 200 K up to 500 K. 
The calculated heat of formation was –803.142 kcal/mol 
at 200 K then changed gradually to reach –841.127 
kcal/mol at 500 K. Regarding C80, the calculated heat of 
formation was –1021.204 kcal/mol at 298 K. As seen in 
Figure 4 the calculated heat of formation has changed 
from –1010.100 kcal/mol, up to –1062.175 kcal/mol over 
a temperature range from 200 up to 500 K. Finally it 
is clear that, the final heat of formation changes as a 
function of temperature for both C60 and C80. Com-
paring between both types of carbons, the final heat 
of formation of C80 is lower than that of C60 by 210.0 
kcal/mol. The calculated final heat of formation has 
slightly increased by 30 kcal/mol, in case of C60 epoxide 

and 20 kcal/mol, for the case of C80 epoxide. The change 
in the values of final heat of formation for the studied 
fullerenes indicates that, this property can be consid-
ered as a function of fullerenes molecular structure.

Conclusions 
In this work both structure and vibrational proper-

ties of both C60 and C80 were studied using semiempirical 
PM3 calculations. The obtained results of vibrational 
frequencies are shifted to higher frequencies as a re-
sult of anharmonicity effects in theoretical treatment 
as well as the incorporation of electron correlation. 
On the other hand, PM3 results are considered to be 
fast and satisfactory as compared to other methods.
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��������� ��������� ��������� �������� �������� �������� ��������� ��������� �������� ��������
��������� ��������� ��������� �������� �������� �������� ��������� �������� �������� ��������
��������� ��������� ��������� �������� �������� �������� ��������� �������� �������� ��������
�������� � � � � �������� ��������� ��������� �������� �

Table 3.Calculated vibrational spectra for C80 and its epoxide.
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Derivati fulerenov so se pokazali za zelo uporabne v različne namene in so zato predmet številnih raziskav. S 
kvantnomehansko semiempirično metodo PM3 smo raziskali strukturne in vibracijske lastnosti fulerenov C60 in 
C80 ter njunih epoksidov. Rezultati kažejo na podobnosti med strukturami fulerenov in epoksidov ter med nji-
hovimi dimerami. Tvorbena entalpija tako C80 kot tudi njegovega epoksida je višja od tvorbene entalpije ustreznih 
struktur s C60. Če upoštevamo anharmoničnost in elektronsko korelacijo, so vrednosti frekvenc v izračunanih 
spektrih za  C60 višje od eksperimentalnih.
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