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INTRODUCTION

Since the discovery of endohedral fullerenes in the early
90s, they have attracted great interest due to their enhanced
stability and a large variety of cage sizes [1-3]. The endohedral
fullerenes have been investigated for their potential application
as a new contrast agent in magnetic resonance imaging (MRI)
[4,5]. So far many new cluster fullerenes have been synthesized
by tuning the trapped metal atoms and stabilizing a large variety
of cage sizes including different isomeric structures [6-10],
different types of fullerenes with encapsulating different types
of metals such as alkali metal, group 2 and 3 metal as well as
lanthanide have been synthesized [11,12]. Similarly, recent
studies have been performed on the mixed metal-nitride cluster
fullerenes. The recent progress achieved in the isolation of the
mixed-metal cluster fullerenes is mainly due to difficulties in
their HPLC separation. Because of cluster fullerenes with
variable cluster composition but the same carbon cage isomer
exhibit a very similar HPLC behaviour [13,14]. During late
90s, the experimental synthesis methods produce 0.5% and
multiple endohedral fullerenes isomers that make it difficult
in the studies of their properties.
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The structure and electronic properties of endohedral fulle-
renes are well studied in both theoretically [15-19] and experi-
mentally [20-23]. Based on scalar-relativistic DFT calculations
the optical excitations of Sc3N@C80 and Lu3N@C80 metal nitride
clusters are discussed [24]. An enormous amount of studies
have been performed on the other metallofullerenes. Those
studies were mainly concentrated on the structural, electronic,
and magnetic properties. Further, earlier studies have concluded
that the stability of the clusters due to the charge transfer takes
place between the nitride cluster and the cage. Since the number
of transferred charges is large, it may enhance the reactivity
of sites in the carbon cage. However, the molecular scale infor-
mation such as reactivity is not yet fully elucidated. Some studies
have been performed on measuring the optical gap and electr-
onic properties of these clusters. However, limited attention
has been given to the reactivity of the sites on the cluster cages
on these metalloclusters. Estrada-Salas & Valladares [16] have
studied the surface reactivity of 3d-metal endofullerenes using
the density functional theory method. They have analyzed the
changes in the preferential sites of electrophilic, nucleophilic,
and radical attacks on the pristine C60 surface with endohedral
doping using 3d-transition metal anions. They have used two

https://orcid.org/0000-0002-2008-6636


reactivity indices, such as Fukui functions and molecular electro-
static potentials. Hence in the present study, the reactivity studies
on Sc, Gd, and Lu containing C80 clusters using first-principles
electronic structure calculations were performed. Theoretical
investigations of endohedral fullerenes represent a complex
task, which can be performed with sufficient accuracy with
the help of the first-principles density functional theory (DFT).
Special emphasis has also been given to predicting the active
binding sites for the above molecules using condensed Fukui
functions. Secondly, the change in the reactivity of sites in
endohedral fullerenes with different spin multiplicity system
was studied. For this purpose, the Gd3N@C80 system is selected,
because water-soluble Gd-based endohedral fullerenes have
attracted recent interest as a possible new generation of mag-
netic resonance imaging (MRI) contrast agents. They not only
can produce proton relaxivities several times and even ten times
greater than commercially available MRI contrast agents but
also are safer than the latter because the toxic Gd ions are

completely encaged inside the fullerene and do not dissociate
under physiological conditions. The spin multiplicity of a single
Gd3+ ion is 8 and the dimer is 19. Lu et al. [25] revealed the
structure and magnetic properties of Gd3N@C80 using density
functional theory methods. They have studied the various
configurations and spin multiplicity of Gd3N@C80 endohedral
fullerenes. Hence in the present study, the structural stability
and the reactivity of the sites in C80 cage associated with the
higher spin multiplicity of the Gd based system is performed.

COMPUTATIONAL METHODS

All the calculations were performed using the Gaussian
09W package [26]. The molecular structures of the studied
clusters were optimized at the PBEPBE/def2-TZVPP method
(Fig. 1). Vibrational frequency analyses were performed to
identify the structure as a global minimum structure. The cond-
ensed fukui functions fk(r) have been calculated using the atomic
charges qk calculated by the Mulliken charge analysis [27,28].

(a) 
(b)

(c) 
(d)

Fig. 1. Optimized structures of (a) Sc3N@C80, (b) Lu3N@C80 (c) Gd3N@C80 (S=7) (d) Gd3N@C80 (S=21) (atom colour: carbon (grey),
nitrogen (blue), scandium (white), lutetium (dark green), gadolinium (light green)
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fk
+ = qk(N+1) – qk(N)

fk
– = qk(N) – qk(N–1)

fk
0 = ½[qk(N+1) – qk(N–1)]

where N refers to the number of electrons in the system K, and
condensed Fukui functions fk

+, fk
−,and fk

0 represent the nucleo-
philic, electrophilic, and radial attacks, respectively.

RESULTS AND DISCUSSION

To validate the functional and basis set used in this study,
the HOMO-LUMO gap was calculated and compared it with
the available experimental data. The results are shown in Table-1.
The HOMO-LUMO gap is an important quantity to study the
stability of the system. Yoon et al. [29] found that the hydrogen
binding energy is generally higher if the gap between the
HOMO and LUMO is lower. They studied the interaction
between hydrogen molecules and metallofullerenes using the
first-principle density functional theory method. In the present
study, the calculated HOMO-LUMO gap theoretically was
compared with available experimental results on these clusters.
Compare to the other available experimental and theoretical
results, the HOMO-LUMO for Sc3N@C80, Lu3N@C80, Gd3N@-
C80 (I) and Gd3N@C80 (II) are 1.50 eV, 1.57 eV, 1.41 eV and
1.33 eV, respectively. The experimental energy gap derived
from the onset of optical absorption 1.51 eV, 1.65 eV and 1.59
eV for Sc3N@C80, Lu3N@C80, and Gd3N@C80, respectively
[30]. In comparison with available experimental results, the
function used in this study produces a slightly lesser HOMO-
LUMO gap value. However, it is well known that the DFT
methods underestimate the HOMO-LUMO gap. Similarly, Lu
et al. [25] used GGA+U functional for their study on magnetic
properties of Gd3N@C80 system. Since, there is no
experimental HOMO-LUMO gap available for the Gd3N@C80

(II) system, when compared herewith the available theoretical
results of 1.33 eV, which coincides with our theoretical results.

The Fukui function proposed by Yang et al. [31] is one of
the local reactivity indices that represent the system’s response
to a simultaneous perturbation in the total number of electrons
N and the external potential v(r) due to the compensating
positive (nuclear) charges in the system. The evaluation of the
Fukui function values is not straight-forward due to the
difficulties associated with solving the derivatives of electron
density. Hence, Yang & Mortier [32] proposed a simple approach
to calculate the site reactivity, that is, condensed Fukui functions.
They have used atomic charges to determine the reactivity of
the sites in the molecular systems.

In present study, condensed Fukui functions was calculated
using the Mulliken population scheme and the reactive sites

for the nucleophile and electrophilic attacks have been deter-
mined. The favourable reactive sites for nucleophilic (blue)
and electrophilic (pink) attacks in Sc3N@C80, Lu3N@C80, Gd3N
@C80 (I) and Gd3N@C80 (II) are shown in Fig. 2. It is noted that
the C80 cage consists of pentane and hexane rings and also, as
mentioned by earlier studies, the C80 cage contains four different
types of C-C bonds in IPR fullerenes and two additional types
found in non-IPR systems. In both Sc3N@C80 and Lu3N@C80

systems have similar nucleophilic and electrophilic reactive
sites, i.e., the carbon atoms which are bonded with metal atoms
favourable for the nucleophilic attack and the carbon atoms
away from direct bonding with Sc or Lu were favourable for
electrophilic attacks. While considering the reactivity of the
sites in Gd3N@C80 (I) and Gd3N@C80 (II) systems, the react-
ivity of the sites in Gd3N@C80 (II) similar to Sc3N@C80 and
Lu3N@C80 systems. However, Gd3N@C80 (I) system contains
similar reactivity sites for the nucleophilic attack, which is the
carbon atoms attached with metal atoms, favourable for nucleo-
philic attacks and the electrophilic attack, the reactivity of the
sites were slightly different from other studied systems. If the
spin multiplicity of the system is changed from 8 to 22, some
of the carbon sites were turned to be favourable for electrophilic
attacks. As noted in Fig. 2, some of the carbon sites were turned
to be favourable electrophilic attack reactive sites, when the spin
multiplicity of the system changed, while considering the
number of reactive sites for nucleophilic attack and electrophilic
attack, the Sc3N@C80 system has 5 sites are favourable for the
nucleophilic attack and 12 sites are favourable for the electro-
philic attack, similarly for Lu3N@C80 system has 6 sites and
12 sites for nucleophilic and electrophilic attacks respectively.
In Gd3N@C80 (I) system, the number of carbon sites is 6 and 5
for nucleophilic and electrophilic attacks. In the Gd3N@C80

(II) system, the number of carbon sites is 6 and 9 sites favourable
for nucleophilic and electrophilic attacks. Overall, it has been
noted that in the studied systems, there are 5 to 6 sites favourable
for nucleophilic attacks and varies from 5 to 12 sites favourable
for electrophilic attacks. This indicates that most of the studied
systems were favourable for electrophilic attacks, except Gd3N
@C80 (I) system where the number of reactive sites were almost
equal.

Dipole moment is a quantity that measures the system
stability in the liquid phase. The dipole moment of the studied
systems viz. Sc3N, Gd3N@C80 (I), Gd3N@C80 (II) and Lu3N@C80

endohedral fullerenes are given in Table-1. The large values
of the Gd3N@C80 system are due to the dipole moment pointing
towards the z-direction. This large value indicates the system
stability in the liquid phase. Based on the dipole moment values,
in comparison with other studied systems, the Gd based system
could be more stable in the liquid phase. Because the electro-

TABLE-1 
CALCULATED HOMO-LUMO (HL) GAP, DIPOLE MOMENT (D), ELECTRON AFFINITY (EA) AND DIHEDRAL ANGLE 

Parameters Sc3N@C80 Lu3N@C80 Gd3N@C80 (S = 7) Gd3N@C80 (S = 21) 
HOMO-LUMO (eV) 1.50 1.57 1.41 1.33 
Dipole moment (debye) 0.203 0.410 1.109 1.105 
Electron affinity (eV) 4.21 4.22 4.39 4.44 
Dihedral angle <N-X1-X2-X3> -0.630 -16.010 -35.640 -35.830 
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static forces are long-range forces, which play a crucial role
in defining the structures and properties of the system [33].
The above force arises due to the presence of the permanent
electric dipole moments in the structure. In present study, the
large dipole moment of Gd3N@C80 fullerene could be arising
due to the floppiness of the endohedral X3N. The calculated
electron affinity values of Sc and Lu based fullerenes have similar
values and it is noted that around 0.056 eV difference between
the Gd3N@C80 (I) and Gd3N@C80 (II) system. The large electron
affinity value was noted at Gd3N@C80 (II) endohedral fullerene.

The atomic charges of the studied systems have been cal-
culated using the Mulliken population. In the Raman spectrum,
the low-energy part of the vibrational pattern was studied, since
it is directly correlated to bond formation between the M3N
cluster and fullerene cage. All the studied systems were found
to be neutral. It has been noted that the total charge of endo-
hedral X3N group is slightly positive because the inner group
contains three metal ions and one electronegative atom. The
C80 cage is slightly negative in all the studied systems (Table-
2). The C80 cage of Sc doped system is less negative (-1.105 e),
and Lu doped system is more negative (-1.394 e). This indicates
that the inner group Lu3N gains a more positive charge which
leads the C80 cage more negative. As mentioned by Yang et al.
[34], the smaller cluster-cage force constant in Sc3N@C80 than
the other studied system could be the reason behind lesser charge
transfer in Sc based system (Table-2). While considering both
Gd3N systems, there are no significant changes in the charges
of the inner group and cage. The negative charges of the C80

group of all the studied systems indicate that the cage attracts
the electron-deficient system that is, electrophile towards the
surface. While comparing all the studied system, Lu based
endohedral fullerene is more favourable for the electrophilic
attack, which is due to the higher negative charge at the surface.
These large charges transferred to the cage will localize on the

TABLE-2 
MULLIKEN CHARGE TRANSFER IN Sc3N@C80,  
Lu3N@C80, Gd3N@C80 (S = 7), Gd3N@C80 (S = 21) 

Parameters Sc3N@C80 Lu3N@C80 
Gd3N@C80 

(S = 7) 
Gd3N@C80 

(S = 21) 
X1 0.533 0.641 0.538 0.537 
X2 0.533 0.641 0.537 0.537 
X3 0.533 0.641 0.536 0.537 
N -0.493 -0.527 -0.477 -0.476 

C80 -1.105 -1.394 -1.132 -1.134 

 
surface and that enhance the reactivity of these carbon sites
for the electrophile attack.

The spin density is a property that also contains infor-
mation about the reactivity of the molecular system. Because
the large spin moment of Gd-based endohedral fullerene
revealed that, the alignment of the spin moment could provide
insights about the reactivity of the system. In present study,
we have studied the spin multiplicity 8 and 22 systems. In the
Gd3N@C80 (I) system, the spin moment of the three Gd atoms
was not aligned parallel that is antiferromagnetic, whereas, in
the Gd3N@C80 (II) system, the spin moment of all the Gd atoms
were aligned parallel, i.e. ferromagnetic nature. This could play
the important role in the different reactivity of the sites for the
electrophilic attack in these systems.

Conclusion

In the present investigation, density functional theory
calculations were performed to study the structure and reac-
tivity of X3N@C80 (X = Sc, Lu, Gd) endohedral fullerenes.
The calculations have shown that the studied endohedral fulle-
renes have a HOMO-LUMO gap value around 1.5 eV. The
calculated HOMO-LUMO gap of the studied systems has
slightly lower than the experimental value. The condensed Fukui
functions have shown that the reactivity of the sites is similar
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Fig. 2. Condensed Fukui functions of (a) Sc3N@C80, (b) Lu3N@C80, (c) Gd3N@C80 (S=7) and (d) Gd3N@C80 (S=21)
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in Sc and Lu system. However, in the case of Gd system with
spin 7 and 21, the reactivity of the site significantly changed.
The dipole moment values indicate that the Gd-based endo-
hedral fullerenes are stable in the liquid phase. This shows that
the Gd based endohedral fullerenes can be used in magnetic
resonance imaging. Further, it can be noted that the charge
transfer between X3N and C80 cage plays an important role to
determine the reactivity of the site.
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