
lable at ScienceDirect

Vacuum 134 (2016) 48e53
Contents lists avai
Vacuum

journal homepage: www.elsevier .com/locate/vacuum
Density functional theory study on the [5,6]-diaryl-methano fulleroids
of C70 with different functional groups

Zahra Rostami a, *, Maziar Noei b

a Department of Chemistry, Payame Noor University (PNU), P.O. Box, 19395-3697, Tehran, Iran
b Department of Chemistry, Mahshahr Branch, Islamic Azad University, Mahshahr, Iran
a r t i c l e i n f o

Article history:
Received 23 August 2016
Received in revised form
11 September 2016
Accepted 12 September 2016
Available online 28 September 2016

Keywords:
C70
Functionalization
DFT
Electronic properties
* Corresponding author.
E-mail address: zahrarostami.pnu@gmail.com (Z. R

http://dx.doi.org/10.1016/j.vacuum.2016.09.024
0042-207X/© 2016 Published by Elsevier Ltd.
a b s t r a c t

We investigated the functionalization of [5,6] bonds of a C70 fullerene by diphenyl-methano (DPM)
derivatives using density functional theory calculations. It was found that the stability of [5,6]-DPM-
fulleroids (products) displays the same trend (a > b > g > d) to that detected experimentally. The re-
action energy is calculated to be in the range of �10.1 to �20.5 kcal/mol in the toluene solvent. We also
investigated the effect of different para-substituent groups on the reaction and electronic properties.
Amino group (especially eN(CH2CH3)2) in the para position of the phenyl groups of the DMP (compared
to the epoxy functionality used in the experiment) may make more easier the synthesis of the [5,6]- DMP
[70] fluorides, releasing much more energy. Also, amino groups significantly increase the electrical
conductivity and electron emission, and make the fullerene more suitable acceptor for solar cells. We
found a linear relationship between the LUMO and reaction energy, and the para-Hammett constant of
the substitutes. Theoretical orbital and NMR analyses explain the experimentally observed UVevisible
spectrums and NMR data, confirming the [5,6]-fulleroids production rather than [6,6]-
methanofullerenes.

© 2016 Published by Elsevier Ltd.
1. Introduction

Carbonaceous fullerenes, graphene, and carbon nanotubes
(CNTs) have become the center of considerable attention in nano-
science [1e6]. These nanostructures have been of special interest
and recognized as key materials for use in advanced nanotech-
nology, and intensive researches have been focused on exploring
the reactivity and preparing new derivatives [7e10]. Fullerenes are
the most interesting compounds for the solar cell devices due to
their exceptional optoelectronic properties [11e13]. Compared to
the common [60] fullerene, a better light absorption is observed for
the higher fullerenes such as [70] fullerene in the visible region
[14]. Therefore, a higher photocurrent values and better power
conversion are expected. For instance, the popular phenyl C71
butyric acid methyl ester (PCBM) mixed with p-conjugated poly-
mers displays a rise of over 50% in the photocurrent values
compared to the corresponding C60 [15]. The PCBM derivative
synthesis for [70] fullerene is more difficult because of its lower
symmetry in comparison to the C60.
ostami).
Previously, two types of PCBM derivatives have been synthe-
sized namely [6,6]-methanofullerenes and [5,6]-fulleroid which
have employed in the solar cell (organic photovoltaic devices)
[16,17]. The [5,6]-fulleroids are less stable and their synthesis is
more difficult than the [6,6]-methanofullerenes [14]. One kind of
PCBMs is diphenyl-methano (DPM) bridged fulleroid in which a
symmetricmolecule reacts with the fullerenes [14]. The [5,6]-open-
DPM fulleroids are less known because of synthetic difficulties due
to their less stability. Generally, the PCBM derivatives are synthe-
sized by two cycloaddition mechanisms [18e20]: i) 1,3-dipolar
cycloaddition of diazocompound to the fullerene which produces a
[5,6]-fulleroid and releases an N2 molecule, and ii) thermolysis of
diazocompound forms carbenes which can be added to the [6,6]
bonds and produces methanofullerenes.

Different properties of [5,6] DPM-fulleroids remained approxi-
mately unexplored and scare investigations exist on these de-
rivatives because of synthetic problems. Recently, the synthesis of
[5,6] DPM-[70] fulleroids has been reported by Vidal et al. [14].
They have characterized these derivatives of C70 fullerene by
different methods such asmass, and UVevisible spectroscopies and
nuclear magnetic resonance (NMR) [14]. Besides, several theoret-
ical studies have scrutinized different aspects of the
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Fig. 1. Optimized structure of a C70 fullerene and its density of states (DOS) plot. En-
ergy in eV.

Table 1
The reaction energy of different [5,6] bonds (a, b, c, and d, Figs. 1 and 2) of C70 with
diphenyl-methano (DPM) derivatives in kcal/mol. Energy of HOMO, LUMO and the
HOMO-LUMO gap (Eg) of C70 and its complexes (eV). The DEg indicates the per-
centage of change of the Eg of the C70 after its reaction with DPM derivatives.

Compound Er EHOMO ELUMO Eg %DEg

C70 e �5.89 �3.17 2.72 e

a �20.5 �5.58 �3.07 2.51 �7.79
b �18.3 �5.64 �3.04 2.60 �4.52
g �13.7 �5.57 �3.04 2.52 �7.19
d �10.1 �5.59 �3.07 2.52 �7.39
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functionalization of different nanostructures, helping further un-
derstanding the reaction mechanisms, energetic and structural
parameters, thermodynamic a kinetic aspects, etc. [21e24]. Herein,
we explore the different isomers, energetic, electronic, and struc-
tural properties of [5,6] DPM-[70] fulleroids using density func-
tional theory (DFT) calculations, comparing the results with those
of the experiment [14].

2. Computational details

We investigate the below reaction following the experimental
work [14]:

C70 þ DPM ((Ph-C3H6COOCH3)2CN2) / [5,6]-DPM-[70]
fulleroid þ N2 þ Er (1)

The reaction energy (Er) is predicted as follows:

Er ¼ E ([5,6]-DPM-[70] fulleroid) þ E(N2) � E(DPM) � E(C70) (2)

where E ([5,6]-DPM-[70] fulleroid), E(N2), E(DPM), E(C70) are the
total energies of the optimized [5,6]-DPM-[70]fulleroid, N2 mole-
cule, aryl-aryl diazocompound (DPM), and C70 fullerene, respec-
tively. NMR, density of states (DOS) and natural bond orbitals (NBO)
analyses, the structural optimization, and energy calculations were
performed by using B3LYP density functional jointed with 6e31G*
basis set. The vibrational frequency analysis was performed at the
same level of theory to prove that all the structures belong to the
true local minima. The B3LYP is a dependable and commonly used
approach which has been exposed that predicts nearly satisfactory
energy and electronic properties for carbon nanostructures
[25e29]. For example, Zandler et al. have shown that the B3LYP
gives reliable geometry and electronic properties for porphyr-
inefullerene complexes [25]. The results of Matsuda et al. have also
indicated that the B3LYP leads to very accurate band gaps for CNTs
in comparison with the experimental data, suggesting its use in
designing these materials [26].

Chloroform was used as a solvent (like the experimental work
[14]) and the tetramethylsilane as a reference for the NMR calcu-
lations. The solvent in the other calculations is toluene. The polar-
izable continuum model (PCM) was used as to model the solvents
[30]. GAMESS program was employed to execute the all calcula-
tions [31]. The HOMO-LUMO gap (Eg) is defined as Eg ¼ ELUMO-
EHOMO, where ELUMO and EHOMO are energy of HOMO and LUMO.
The change of Eg as a parameter of the electronic sensitivity of the
C70 toward the DPM is calculated by DEg ¼ [(Eg2 � Eg1)/Eg1] � 100;
where Eg1 and Eg2 are the Eg values of the pristine and function-
alized C70, respectively.

3. Results and discussion

The optimized structure of a C70 fullerene and its DOS plot are
shown in Fig. 1. The C70 nearly has a spheroidal shape (like a rugby
ball) with 25 hexagonal and 12 pentagonal rings. It differs from the
[60] fullerene in an aromatic belt, containing five hexagonal rings.
The symmetry is D5h and there exist four [6,6] (aed) and four [5,6]
(1e4, Fig. 1) different bonds (numbers 6 and 5 designate the hex-
agonal and pentagonal rings, respectively). The bond 1 is the
shortest one with the length of 1.39 Å and the bond 4 is the largest
one with the length of about 1.47 Å. The DOS plot indicates that the
HOMO and LUMO levels lie at �5.89 and �3.17 eV, respectively,
generating an Eg of 2.72 eV (Table 1).

Two types of bonds of C70, namely [6,6] and [5,6], can be func-
tionalized by the DPM, affording [6,6]-methanofullerenes or [5,6]-
fulleroids. In this work, we will follow the experimental work in
which the synthesis of different isomers of DPM-[70] fulleroids has
been reported [14]. As the DPM compound is symmetric and there
exist four different [5,6]-bonds, four different DPM - [5,6]-fulleroids
can be formed as shown in Fig. 2. The reaction energy is a proper
parameter for quantitatively considering the site-selectivity of the
DPM addition to the C70 molecule. Table 2 indicates that the most
stable complex is a with the reaction energy of �20.5 kcal/mol
which is followed by b, g, and d complexes. After the functionali-
zation of C70 the length of bond a in complex a is increased from
1.39 to 2.11 Å, representing a bond cleavage. Based on the NBO
analysis, the hybridization of two carbon atoms of C70 which



Fig. 2. The complexes of a, b, g, and d- DPM - [5,6]-[70] fulleroids (see Table 1).

Table 2
The reaction energy of a- [5,6] bond of C70 with diphenyl-methano (DPM) which is
functionalized with different groups (kcal/mol). Energy of HOMO, LUMO and the
HOMO-LUMO gap (Eg) of these complexes in eV. The DEg indicates the percentage of
change of the Eg of the C70 after the reaction. sp is the Hammett para constant of
different functional groups.

Functional group Er EHOMO ELUMO Eg %DEg sp

NEt2 �26.9 �4.75 �2.96 1.78 �34.38 �0.87
NMe2 �26.6 �4.82 �2.97 1.85 �32.06 �0.83
NH2 �25.5 �4.98 �2.97 2.01 �26.19 �0.66
OCH3 �20.3 �5.59 �3.05 2.53 �6.93 �0.27
H �17.8 �5.63 �3.08 2.55 �6.35 0
F �17.4 �5.70 �3.14 2.56 �5.93 0.06
COOH �16.2 �5.77 �3.14 2.57 �5.48 0.45
CF3 �15.9 �5.47 �3.17 2.57 �5.66 0.54
CN �14.4 �5.85 �3.27 2.58 �5.66 0.66
NO2 �13.2 �5.89 �3.31 2.58 �5.14 0.78
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contributed in the reaction is changed from sp2.16 to sp2.98, and the
Wiberg index of the [5,6]-bond is decreased from 1.06 to 0.18,
approving the bond cleavage.

The bond a (Fig. 1) is the more strained bond because it is in the
pole of the apex of C70. This comparatively high strain makes the
bond amore reactive for the DPM addition. The equatorial region of
the C70 has lower bond strain because of the smaller curvature.
Thus, the equatorial bonds such as d are less reactive and there is
higher energy barrier to be overcome. The HPLC data from Ref. [14]
(Fig. 3) indicate that the complex a (a- [5,6] fulleroid in the
experiment) has the highest peak among the all isomers. Also, it
shows that the formation of complex d is negligible and a peak for
this complex is not appeared in the HPLC. This is in good agreement
with our findings which demonstrates that the complex d with the
smallest stability (Er ¼ �10.1 kcal/mol) may not be produced
compared to the other isomers.

Our calculated 1H NMR of the most stable complex (a) in Fig. 4
shows that the most shielded hydrogens are three hydrogens of
eCH3 groups which appear at 0.75e0.99 ppm. The experimental
value is about 0.99 ppm [14] being in good agreement with our
results. Going from hydrogens of theeCH3 toward the oxygen atom
through the alkyl chain the hydrogens shift to downfield because of
inductive electron withdrawing effect of the oxygen atom. The
electronegative oxygen atom draws electrons away from adjacent H
atoms on the alkyl chain, thus, these hydrogens display lower field
signals. Two hydrogens of the eCH2e (methylene) group attached
to the oxygen atom appear signals at 3.57e3.80 ppm



Fig. 3. The experimental HPLC and UVevisible plots for the complex a which were
reproduced from Ref. 14 with permission from The Royal Society of Chemistry.

Fig. 4. Calculated H NMR for
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(Exp. ~ 3.91e4.12 ppm [14]). The hydrogens on the phenyl group are
divided to two categories including meta and ortho ones. Substit-
uent eOC4H9 can act both as an electron withdrawing agent
(because of high electronegativity of oxygen atom, thus causing a
shift to downfields) and as a lone pair donor to the aromatic ring,
thus causing a shift to upfields). The meta and ortho hydrogens
cause signals at 6.66 (exp. ~ 7.19) and 8.05 (exp. ~ 8.47) ppm,
respectively. The mesomeric effect of eOC4H9 can be used to
elucidate the predicted shieldings in the aromatic ring, inwhich the
protons in the ortho sites are more powerfully shielded than in the
meta site. Our NMR results are in good agreement with those of the
experiment.

It is shown in Table 1 that upon the C70 functionalization by
DPM, the LUMO level is not changed significantly. The change of
LUMO energy in the DPM-[70] fulleroids compared to the C70 is
about 0.10 eV. In consistence with this result, the experimental
cyclic voltammetry (CV) the first reduction potential (E11/
2: ~ �1.03 V) of these complexes is nearly equal to that of C70 (E11/
2: ~ �1.02 V) [14]. It is well known that the first reduction potential
in is related to the LUMO energy and the higher LUMO levels
correspond smaller reduction energies [32]. Table 1 demonstrates
that after the functionalization, the Eg is also slightly narrowed.
These results are in good agreement with the experimental
UVevisible spectrums which show that the change of absorption
modes are not significant [14]. The negligible change in the Eg and
UVevisible indicates that the p-conjugated system (double [6,6]
bonds) of C70 is not affected upon the functionalization and the
products are [5,6]-fulleroids rather than [6,6]-methanofullerenes.
The p-homoconjugation is not disturbed and the energy of
HOMO and LUMO levels is not considerably changed (Table 1).

The experimental UVevisible spectrum for the most stable
complex a in the toluene solvent (Fig. 3) demonstrates three
distinct peaks at 476, 394, and 338 nm which correspond to
approximately 2.61, 3.14, and 3.67 eV, respectively [14]. These
experimental energies are proportional to the electron transfer
from the HOMO of complex a to the LUMO, LUMOþ1, and LUMOþ2
which are calculated to be about 2.51, 3.15, and 3.48 eV, respec-
tively. Upon absorption process in a compound, the lowest optical
transition specifies the optical gap [33]. The experimental optical
gap is about 2.61 eV corresponding to the theoretical Eg which is
about 2.51 eV. This shows a good agreement between the experi-
mental and theoretical calculations.

As experimentally the synthesis of [5,6]-fulleroids has been
reported to be a difficult task, we investigate the effect of different
functional groups on the reaction and different other parameters.
To this aim, we replaced the eOC4H9 groups on the phenyls of the
complex a by different groups as listed in Table 2. The results
the complex a (Fig. 2).



Fig. 6. The para-position Hammett constant of different functional groups against the
HOMO and LUMO of different DPM - [5,6]-[70] fulleroids.
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indicate that the electron withdrawing groups especially the eNO2
and eCN ones significantly make the reaction energy more positive
and are not favorable for the addition reaction. While electron
donating groups (compared to eH group) present a stronger re-
action and more negative reaction energy. Interestingly, we found
that amino groups are more favorable for [5,6]-fulleroids formation
compared to the epoxy ones which have been used in the experi-
mental work [14]. Especially, the eN(CH2CH3)2 group gives the
largest negative reaction energy (about �26.9 kcal/mol).

The results in Table 2 indicate that the reaction energies with
different functional groups are proportional with their para Ham-
mett constant (sp). As shown in Fig. 5, this relationship is nearly
linear with R2 ¼ 0.9494 and by decreasing the value of sp the re-
action energy becomes more negative. When amino groups are
substituted in the para-position of the phenyl groups, the reaction
is stronger and the hexagonal rings nearest to the binding sites are
perturbed so that the length of the nearest CeC bonds (1, Fig. 1) to
the binding carbons is increased from 1.39 to 1.49 Å, decreasing the
p orbitals overlap. Thus, this breaks the p-conjugated system of
these rings and changes the Eg from 2.72 eV in the pristine C70 to
2.01, 1.85, and 1.78 eV in the complexes in which the para positions
of phenyl groups are substituted by eNH2, eN(CH3)2, and
eN(CH2CH3)2, respectively. Overall, the major result of amino-
substitution is a substantial increasing the HOMO level with a
smaller change in the LUMO. However, this change of LUMO to
higher energies is of great importance for the solar cell applications
of the fullerenes [34]. We find approximately a linear relationship
between the para Hammett constant (sp) of the substituent groups
with the LUMO energy as shown in Fig. 6. It indicates that the
functional groups with more negative sp more increase the LUMO
level of the fullerene system; thereby, increasing the performance
of a solar cell.

It has been previously shown that the functionalized [70] ful-
lerenes are interesting materials as an acceptor for the solar cell
systems [34]. In the solar cell systems improving the open-circuit
voltage (VOC) will significantly rise the performance of cell [34].
The VOC and performance of a solar cell system is depended on the
charge transfer between the LUMO of the acceptor and the HOMO
of the donor. Thus, the smaller gap between these orbitals gives
easier charge transfer and higher VOC which is possible by
increasing the LUMO level of the acceptor. We concluded that the
nitro groups in the para position will increase the performance of
[70] fullerene derivative as a solar cell acceptor (Fig. 6).

The HOMO level is much more affected by the substituting
groups especially by the amino groups (Table 2). In Fig. 6, we shows
Fig. 5. The para-position Hammett constant of different functional groups against the
reaction energy of Eq. (1).
the change of HOMO by the para-Hammett constant of the func-
tional groups. As it can be seen the relationship is not linear as good
is it is for the LUMO level. However, the electron donating and
withdrawing groups shift the HOMO level to higher and lower
energies. This trend can help the development of the electron
emitters which use the fullerene derivatives. Nanostructures such
as fullerenes, nanotubes, graphene, and so on extensively have
been studied as electron emitters [35e38]. For easier electron
emission from the surface of a material, it is needed that the work
function to be reduced. It is well known that the higher HOMO level
the smaller work function [39]. Thus, electron donating functional
groups, especially eN(CH3)2 and eN(CH2CH3), can improve the
field emission properties of the [70] DPM-fulleroids. Finally, it can
be deduced that the electronic properties of [70] DPM-fulleroids
can be tailored (depending on their applications) by using
different functional groups on the para position of phenyl groups
with different Hammett constants.
4. Conclusions

The functionalization a C70 fullerene DPM derivatives was
investigated using DFT calculations in toluene solvent. The stability
of [5,6]-DPM-fulleroids demonstrates the same trend
(a > b > g > d) to that detected experimentally. We investigate the
effect of different functional groups on the reaction and different
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other parameters. To this aim, we replaced the eOC4H9 groups on
the phenyls of the complex a by different groups, indicating that
the electron withdrawing groups especially the eNO2 and eCN
ones significantly make the reaction energy more positive and are
not favorable for the addition reaction. While electron donating
groups (compared to eH group) present a stronger reaction and
more negative reaction energy. Interestingly, we found that amino
groups is more favorable for [5,6]-fulleroid formation compared to
the epoxy ones which have been used in the experimental work.
Especially, theeN(CH2CH3)2 group gives themost negative reaction
energy of about �26.9 kcal/mol. The reaction energies with
different functional groups are proportional with their para-Ham-
mett constant and by decreasing the value of sp the reaction energy
becomes more negative. Our theoretical results of orbital analysis
and H NMR are in good agreement with those of the experimental
work. Electrical conductivity, VOC, work function, and electron
emission properties of [70] fullerenes can be tailored by different
para-position substitutions.
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