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The ubiquitous benzene derivative of fullerene has been analyzed from a theoretical point of view. The
pronounced difficulties involved in its preparation relate to the structure of the frontier orbitals of the
primitive fragments (i.e. benzene and fullerene Cgp) and their corresponding interactions. The nature
of the inductive effect is studied on the basis of the nitro and amino derivatives (functional groups substi-
tuted on benzene ring). The electrophilic activation/deactivation patterns induced by substituent groups
added to phenyl-fullerene molecule are studied applying the criteria of reactivity indexes in conjunction
with the molecular electrostatic potential and the dipole moment of the molecules. The capacity of the
resultant molecule to generate organometallic derivatives similar to the dibenzene-chromium is also
studied. All structures were calculated using DFT methods.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The organo-fullerene compounds comprise a rare classification
of substances because the direct reactions between fullerene and
organic fragments are not common [1]. There are several methods
which can be used to synthesize the so-called organohydrofulle-
renes where a double bond on the fullerene surface is broken to
yield the substitution of a functional group and a hydrogen atom
[2]. Among these, it is important to mention those compounds
where the substitution makes it possible for an aromatic ring to
take a substituent on one end of a double bond, and a hydrogen
atom on the other [3,4], causing an elecrophilic aromatic substitu-
tion to occur. This type of compound constitutes the subject of our
interest.

The phenyl-fullerene (PF) is presented in Fig. 1; the molecule is
the only product resulting from the substitution of a benzene mol-
ecule on a (6,6) fullerene bond and its corresponding proton. The
first attempt to prepare this compound was undertaken by Olah
and his co-workers [5], but the problem encountered in a direct
reaction lies in the possibility that a multiple substitution will take
place at the surface of the Cgo, it is thus convenient that the prod-
ucts should consist of a mix of several substances. The titration
method [3,4] has been shown to represent a better option and
the phenyl-fullerene can be synthesized in this way, however little
information exists concerning its structure and reactivity.

The goal of this study is to analyze the nature of the electronic
structure of this molecule from a theoretical point of view, ana-
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lyzing the intrinsic properties involved in possible reactive behav-
ior, the changes precluded by new substituents on the benzene
fragment and the possibility of preparing organometallic
derivatives.

2. Methods

All calculations were carried out by applying a pure DFT method
for energy evaluations. In the case of structures of all derivatives of
benzene, Becke’s gradient corrections [6] for exchange and Per-
dew-Wang’s for correlation [7] were applied. This is the scheme
for the BPW91 method which forms part of the Gaussian 09 [8]
Package. The calculations were performed using the 6-31G** basis
set. The structure of complex di-benzenechromium-fullerene (BCF)
was optimized using DFT in the generalized gradient approxima-
tion (GGA) with the Materials Studio DMol3 program [9,10] from
Accelrys Inc. We employed the Perdew-Wang 1991 (PW91) ex-
change-correlation functional [11] with a double numerical, plus
a polarization function basis set (DNP) to describe the valence elec-
trons, in combination with Hartree-Fock effective core potentials
[12,13] for the treatment of the ionic cores. The structure was re-
laxed until the total remaining force was below 0.002 Ha/A, a ther-
mal smearing of 0.05 Ha was used to optimize geometry. Finally,
the structure was optimized with Gaussian 09.

Frequency calculations were carried out at the same level of
theory in order to confirm that the optimized structures were at
a minimum on the potential surfaces. Work strategy was selected
according to that proposed in the previous fullerenocene study
[11]. The bond lengths of the optimized structures were used for
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Fig. 1. DFT optimized geometry BPW91/6-31G** of PF.

the HOMA (Harmonic Oscillator Model of Aromaticity) method
[14,15] for studying aromaticity.

3. Model equations

The global eletrophilicity, w, defined by Parr et al. [16] as
@ =& is evaluated in terms of the electronic chemical potential
u (the negative of Mulliken electronegativity) approached by
p = —© and the chemical hardness 7 defined as # = (I — A). They
are evaluated in terms of the vertical ionization potential I and
electron affinity A for the ground state of the molecules, at the
BPW91/6-31G™ level of theory. The maximum electron flow

ANy is given as ANpgy = — £

n
4. Results and discussion

The first molecule that was studied is PF presented in Fig. 1. The
results suggest that the molecule is stable from a thermodynamic
point of view; the frequency calculation indicates that there are
not imaginary frequency values.

The nature of the PF molecule manifests a narrow energy gap
(1.47 eV) between the HOMO and LUMO. In the fullerene (F) the
corresponding value is 2.762 eV previously obtained [17]. This sit-
uation arises due to the new arrangement of molecular orbitals
(MOs). Originally the molecular orbitals of F presented an arrange-
ment portraying a threefold degenerated set for the LUMO and a
fivefold degenerate set for the HOMO. In the case of benzene (B)
it manifests the classic distribution of a twofold degenerate set
for the HOMO and a near HOMO-1 which completes the sextet.
Mixing both molecules produces a large set of eight delocalized
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and occupied MOs that are very similar in energy and exert a
strong electronic influence, stronger than the one exerted by the
fivefold degenerated set of the fullerene. Therefore the LUMO is at-
tracted by this force and the gap in PF is lower than it is in a pure F
molecule. All this is depicted in the interaction diagram presented
in Fig. 2.

It is important to note that the energy of the HOMOs in both
cases (i.e. B: —5.95¢eV, F: —5.98 eV) is almost the same. It seems
possible that an electronic pair originally situated on the HOMO
of benzene could transfer to one of the three orbitals of the degen-
erated set of the fullerene LUMO and meanwhile the other four
aromatic electrons from the benzene mix with the fullerene
HOMO. Obviously the symmetry of the PF is very low and the large
degeneration taking place in the parent molecules is lost. However,
the new levels are very similar, suggesting electronic flow. The
shapes of the molecular orbitals are presented in Fig. 2, all of them
demonstrate strong fullerene participation. Indeed, the LUMO only
manifests fullerene participation and the HOMO, along with the
threefold degenerate set of HOMO-1 orbitals presents little partic-
ipation of benzene and a bond between both fragments.

This scheme is useful for establishing the reactive nature of PF.
A very important feature is that the LUMO represents a low energy
double degeneracy which can provide the site for easy electrophilic
substitution, a characteristic which varies little from that displayed
by pristine fullerene which is shown to have a weak electronic
acceptor nature. In contrast, PF is actually a strong electronic
acceptor. The HOMO and HOMO-1 set also play an important role
in this discussion because they offer eight electrons for interaction
with a very near LUMO. Thus semiconductor behavior is addressed.

The aromaticity of the ring joined to the F is expected to change
to some extent, so the evaluation of this possible modification was
carried out by applying the HOMA method [14,15]. The result is
interesting because the predicted value for free B is 1.0 and the va-
lue obtained for the B ring in our case is 0.995, therefore the
change is minimal and indicates that the F substituent displays al-
most neutral behavior because the hypothetical reactivity of B
manifests few changes.

In order to assess the last statement, new calculations were car-
ried out involving various functional groups substituted at the para
position on the B fragment to compare with the substitution on the
fullerene sphere. The substituents consisted firstly of an electron
releasing agent -NH, (APF) and secondly an electronic withdraw-
ing agent such as the -NO, group (NPF) (Fig. 3). The analysis of
these results is presented later in the text.

The electronic gap in the new molecules reflects the expected
changes. The energy gap for the nitro substituted molecule is prac-
tically the same as that of PF; the value is 1.43 eV in comparison
with 1.47 eV in the case of the unsubstituted one. The interesting
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Fig. 2. Interaction molecular orbital diagram sets for B, PF and F (eV).
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Fig. 3. Nitro and amine derivatives of PF.

change comes in the case of the amino substituted species, where
the energy gap is 1.3 eV. The inductive effect has impact on the
electronic structure. The flow of electrons comes from the substitu-
ent to the ring in the case of the -NH, group. Therefore the LUMO
is more strongly attracted in this instance. In contrast, the -NO,
substituted molecule manifests an inverted flow but the electronic
structure is similar to the unsubstituted case. The comparative
interaction in MOs diagram may be useful for showing these fea-
tures (see Fig. 4).

There are also important differences in terms of the shapes of
the molecular orbitals; those coming from the nitro derivative
(NPF) have practically the same shape as the corresponding ones
in the PF molecule. However, in the amino derivative (APF) dra-
matic changes are apparent because the aromatic ring shows
important participation at the donor level, which does not occur
in the previous cases. The substitution with a -NH, group contrib-
utes to obtain a compound with a shorter band gap. The corre-
sponding molecular orbital diagram shows that a quasi-double
fold degenerated set is present in the case of the HOMO, a feature
that accounts for the strong attraction on the part of the LUMO. The
band gap of the NPF compound is larger than the corresponding to
PF. The effect of the -NO, group electronegativity provokes a de-
crease of the HOMO and LUMO energy values with respect to the
PF compound. The electronic behavior is almost the same, i.e. all
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three substances should represent promising candidates for semi-
conductor applications.

On the other hand, the reactivity is also different because in the
case of the amino substituted compound the LUMO is more ex-
posed to an electronic attack than in the other instances. Therefore,
an electrophilic reaction can occur on it. However, the region of the
HOMO should also be reactive because it has four electrons all able
to participate in a nucleophilic reaction. Thus, the reactivity for this
compound could be more versatile than in the other cases.

Elevated electronic richness is a feature common to all these
cases, as a consequence of the original electronic accumulation
on the HOMO of pristine F that is reflected in the substituted com-
plexes. There is thus a temptation to test the molecule in a model
where electrons are able to interact to form new species. A classic
example would be the interaction with transition metal atoms.
Therefore, an organometallic sandwich was designed. The shape
of this organometallic complex is shown in Fig. 5. The original PF
interacts with a chromium atom and another benzene ring to form
a derivative of di-benzenechromium (BC).

The semiconductor behavior of this organometallic molecule is
once again assessed with reference to the HOMO-LUMO gap. The
corresponding value is 0.01 eV. This is a very interesting result be-
cause this compound can be considered as a strong conductor or
even as a synthetic metal. The interaction diagram of the frontier
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Fig. 4. Diagram of interaction sets for molecular orbitals of APF, PF and NPF (eV).
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Fig. 5. Di-benzenechromium fullerene (BCF).

molecular orbitals and the shape of these eigenfunctions are pre-
sented in Fig. 6.

The curious point in this case is that the HOMO is derived com-
pletely from the BC fragment, whereas the LUMO is a pure F com-
bination. The origin of these eigenfunctions is interesting. Firstly,
the HOMO is derived from the e, molecular orbital of the original
HOMO-1 of BC. This MO is a combination of dy, and dy, and certain
symmetric combinations derived from the aromatic ring, the key
point being that the HOMO of the BC does not participate in the
frontier molecular orbitals of the fullerene complex. This molecular
orbital is presented as the HOMO-2 function in the new interaction
diagram. Secondly, the LUMO of the fullerene complex is practi-
cally an appreciable part of the original LUMO of isolated F (t;y).
Therefore, the behavior in this complex will involve the participa-
tion of the fullerene fragment in electrophilic reactions and partic-
ipation of the BC fragment in nucleophilic reactions, which is the
same as the APF derivative behavior. This is a very interesting fea-
ture in the BCF complex because the chemistry varies radically
from one case to the other. It is important to note that the PF mol-
ecule depicted above manifests very different behavior, because in
this instance almost all the frontier MO’s are focused on the F frag-
ment and the aromatic B ring participates very little, so that in this
instance all reactions must be oriented to the F.

The relative stability of each proposed molecule has been esti-
mated considering their absolute entropy values because it is not
possible to make a direct comparison of thermodynamic values
since this is not a set of isomers. Therefore, the entropy of pristine
fullerene calculated at the same level of theory has been consid-
ered as a reference. Fig. 7 shows the absolute entropy values of
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Fig. 7. Absolute entropy for all molecules studied.

the five species. Obviously, the fullerene entropy has a very low va-
lue because it is a very symmetric structure in comparison with the
studied molecules, but the relative differences are very significant.
It is notorious that the derivatives are found in two groups, the first
one contains the PF and the nitro derivative NPF, which have more
or less a similar behavior; in the second one are the aniline APF
and the organometallic derivatives BCF which have the lower en-
tropy values with the exception of pristine fullerene. It is impor-
tant to note that the only experimentally known species of the
studied items is the phenyl-fullerene which shows large absolute
entropy. Therefore, it is possible to expect that the other com-
pounds could be prepared.

The inductive effect caused by substitution on a phenyl ring is
evident in the analysis of the molecular electrostatic potential of
the four different molecules. Fig. 8 shows the molecular electro-
static potential surface for PF, NPF, APF and BCF.

Taking the PF molecule as a reference, it is possible to observe
that the effect of the deactivant group (-NO;) provokes a decrease
in electron density upon the F fragment. There is an opposite effect
of the activant group (-NH,) where the distribution of electron
density upon the fullerene fragment increases with respect to the
PF molecule. With respect to the BCF molecule, the behavior is
analogous to the APF substituted molecule. This was a test to de-
fine whether the BC fragment has an electron-releasing nature,
which appears to be the case. The magnitude and direction of the
dipole moment vector is used as evidence of the asymmetry in
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Fig. 6. Diagram of interaction between molecular orbitals and sets of frontier molecular orbitals of F, BCF and BC. Frontier molecular orbitals of the organometallic complex

are shown.
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Fig. 8. Molecular electrostatic potential (eV) mapped onto electron density for the four studied systems showing dipole moment vector (D). For clarity, the dipole moment
vector is augmented 3 times with respect to their value. All molecules are presented in the same scale.

Table 1

Theoretical reactivity indexes BPW91/6-31G** in atomic units calculated for PF, APF, NPF and BCF as described in Section 3.

Molecule  Ionization energy (I)  Electron affinity (A)  Chemical potential (1)  Molecular hardness ()  Electron flow (ANpne)  Global electrophilicity ()
BCF 0.176 0.084 —-0.260 0.093 2.805 0.364
APF 0.237 0.077 -0.314 0.159 1.964 0.308
PF 0.247 0.080 -0.327 0.167 1.957 0.320
NPF 0.255 0.090 —0.345 0.165 2.089 0.359

Considering that F acts as the electrophile agent in all these compounds, it is possible to analyze which member of the substituent group causes major electron flow ANpqy.
This quantity can be measured by the amount of additional electronic charge needed to stabilize an electrophile. The global electrophilicity represents the susceptibility of the
system to acquire an additional amount of electronic charge ANyq, considering two properties : the first one consists of the chemical potential as a measurement of the
tendency of the system to electron diffusion and the second one is the resistance of the system to exchange electronic charge with the environment, which is called chemical

hardness [16].

the charge distribution of the molecules. The effect of deactivation
caused by the NO, group is inferred as a change in the direction of
the dipole moment vector with reference to the PF molecule.

The analysis of distribution of the molecular electrostatic po-
tential yields some additional information. The electrophilic acti-
vation/deactivation patterns induced by substituent groups
added to PF molecule arise from this analysis. The distribution of
the molecular electrostatic potential can be studied together with
pure indexes of reactivity arising from the density functional the-
ory developed by Parr et al. [16]. Table 1 shows these theoretical
indexes, calculated by applying the chemical model BPW91/6-
31G™. The vertical ionization energy (I) and electron affinity (A)
are calculated from the energy difference between the cation with
respect to the neutral molecule and the neutral with respect to the
anion, respectively.

From Table 1, it is possible to make a simple analysis involving
only the organic derivatives. In this sense it is apparent that the
maximum flow is manifested by the -NO, substituted molecule.
This attribute can be explained by the fact that the F fragment in
this compound is shown as a region with positive potential (see
Fig. 7), indicating that it will accept more negative charge than
any other species. Accordingly, it is possible to observe that the
NPF has a greater o value than PF and APF. These results agree
with the fact that the NPF is the molecule with the lowest LUMO
level (see Fig. 4). The electron flow in both PF and APF is very sim-
ilar. However, the electrophilicity of PF is higher than that of APF,
which can be explained by means of the distribution of positive po-
tential on all the compounds. The molecular electrostatic potential
chart clearly shows a more positive potential in the NPF com-
pound, followed by PF and, finally, the APF constitutes the least
electropositive species.

The electrostatic potential distribution, electron flow and elec-
trophilicity of the chromium complex follows the tendency of
the —-NH, substituted molecule, where the fullerene fragment is
activated due to the charge distribution. The maximum flow of
the BCF complex represents the greatest value for the entire series
and it does manifest the greatest electrophilicity. Fig. 6 shows the
shape of the frontier molecular orbitals of the metallic complex,

where it is possible to appreciate that there is a net electronic flow
from HOMO to LUMO between the BC (HOMO) and the F (LUMO)
fragments. A similar phenomenon is present in the APF compound
in which there is a strong localization of the fullerene and the aro-
matic fragment in the HOMO and LUMO without mixing. This kind
of flow does not appear in the PF species and neither in the NPF.
However, this phenomenon is not enough to yield a large electro-
philicity value since the NO, derivative has a higher electrophilic-
ity than PF and APF and it shows a large value of electronic flow,
but it is clear from the Molecular Orbital splitting diagram that this
flow is localized completely in the F fragment. A global sight of the
analysis shows that those compounds containing the aniline and
the organometallic substituents have the lower energy gaps be-
tween HOMO and LUMO. Also, the electronic flow is favored from
the substituents to the fullerene due to the availability of its low
energy LUMO. This last characteristic is supported by the reactivity
indexes which also show that these species are the ones with max-
imum electron flow, therefore it is expected that APF will be a good
semiconductor and BCF perhaps can be classified as a synthetic
metal.

5. Conclusions

Several organic and organometallic derivatives of fullerene
were studied from a theoretical point of view. Firstly, PF which is
a known substance yields interesting results. The molecule is a
much more effective semiconductor species than fullerene alone,
but curiously the effect arose from the renewed participation of
resonance electronic flow in the fullerene without any participa-
tion on the part of the new ring in the frontier molecular orbitals.
In order to clarify this point, new calculations were carried out on
some derivatives for which the inductive effect was taken into ac-
count. Thus, the nitro and the amino derivatives were also consid-
ered and it was evident that the electron withdrawal substituent (-
NO,) had no major influence on the entire molecule because its
behavior was very similar to that observed in PF. However, the
electron releasing group (-NH,) caused significant changes. In this
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case there was participation of the entire aromatic ring on the fron-
tier molecular orbitals and this represents the best semiconductor
compound. The complex arising from the combination of F and BC
has very interesting characteristics: the frontier molecular orbitals
seem to be completely independent of each other, the HOMO is
completely localized on the organometallic substituent, whereas
the LUMO belongs completely to the F. Likewise, this last molecule
also shows synthetic metal behavior.
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