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The density functional calculations on
the structural and electronic properties of
the endohedral fullerene dimer (N2@C60)2

∗

Gao Hong(高 虹)a), Zhu Wei-Hua(朱卫华)a),
Tang Chun-Mei(唐春梅)a)†, Geng Fang-Fang(耿芳芳)a),

Yao Chang-Da(姚长达)a), Xu Yun-Ling(徐云玲)a), and Deng Kai-Ming(邓开明)b)

a)College of Science, Hohai University, Nanjing 210098, China
b)Department of Applied Physics, Nanjing University of Science and Technology, Nanjing 210094, China

(Received 3 February 2010; revised manuscript received 30 March 2010)

The generalised gradient approximation based on density functional theory is used to study the structural and

electronic properties of the endohedral fullerene dimer (N2@C60)2. Four N atoms sit at the cage centres in the form of

two N2 molecules. The density of states and Mulliken charge analysis explore that the energy levels from –6 to –10 eV

are mainly influenced by the N2 molecules.
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1. Introduction

Fullerenes have attracted much interest since the
discovery of C60.[1] The endohedral derivatives of
C60, which enclose atoms or molecules, can exhibit
unique physical and chemical properties.[2,3] Experi-
mentally, fullerene polymers are prepared by polyre-
action under certain condition.[4−6] For example, the
D2h symmetrical (C60)2 dimer has been obtained by
the high speed vibration milling method,[7] and its
dumbbell-shaped structure has already been deter-
mined through x-ray diffractometry.[8] Theoretically,
the (C60)2 dimer with dumbbell-shaped structure and
two adjacent cages linking by parallel double bonds
has the lowest energy.[9−11] As reported, Komatsu et
al.[12] have synthesised H2@C60 and its dimer. Al-
though Cao et al.,[13] Suetsuna et al.,[14] and Peres
et al.[15] have isolated N2@C60,[16] the experimental
preparation of (N2@C60)2 dimer is being under study.
In this paper, the main aim is to study the struc-
tural and properties of (N2@C60)2 dimer, we hope the
results can direct the developing of the experimental
work.

2. Theoretical methods and com-

putational details

The generalised gradient approximation[17] based
on density functional theory[18] is used in the cal-
culations. We choose the BLYP functional (Becke
gradient exchange functional[19] combines with Lee–
Yang–Parr correlation functional[20]) and DNP ba-
sis set[21] (double numerical basis functions together
with polarisation functions). The electronic struc-
ture is obtained by solving the Kohn–Sham equations
self-consistently[22] with the spin unrestricted scheme.
Self-consistent field procedure is carried out with a
convergence criterion of 10−6 a.u. on the energy and
electron density. The geometry optimisations are per-
formed with a convergence criterion of 10−3 a.u. on
the gradient, 10−3 a.u. on the displacement, and
10−5 a.u. on the energy.[23,24] The optimized bond
lengths for the single and double bonds of C60 are
1.46 Å and 1.40 Å (1 Å = 0.1 nm), respectively, in
good agreement with the experimental values of 1.43–
1.46 Å and 1.39–1.40 Å.[25−27] The calculated energy
gap (Eg) between the highest occupied molecule or-
bital (HOMO) and the lowest unoccupied molecule or-
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bital (LUMO) of C60 is 1.66 eV, which compares well
to the first excitation energy of 1.70 eV in previous
experiment.[28] Therefore, the computational scheme
is suitable to study the fullerene system.

3. Results and discussion

3.1.The structure

According to the previous studies,[9−11] the
(C60)2 dimer with two C60 cages linked by two parallel
double bonds should be most stable. In order to find
out the most stably combined style of four N atoms in
the lowest-energy (C60)2, we place the four N atoms
along the X, Y , and Z axes in both C60 cages sep-
arately. The distance between two N atoms (RN−N)
is at first four times the N–N bond length in free N2

molecule, and then decreases to half and quarter suc-
cessively.

Table 1 lists the initial RN−Ns, optimised RN−Ns,
binding energies (BEs), and doped energies (DEs) of
the nine structures. It is discovered that when the ini-
tial RN−N is four times of the N–N bond length in free
N2 molecule, the interaction between two N atoms will
be smaller than that between N and C, thus, two N
atoms are isolated from each other in the cage. How-
ever, when the initial RN−N decrease to half and quar-
ter of its value, the interaction between the two N
atoms is greater than that between N and C, hence,

the two N atoms are combined to one N2 molecule
in each cage. Commonly, the thermodynamic stabil-
ity of a fullerene is determined by its BE,[29] which
is defined as the difference between the energy sum
of all free atoms constituting the molecule and the
total energy of the molecule. The higher BE leads
to the more thermodynamic stability. As computed,
the BEs of the cages enclosing two N2 molecules are
about 27.71, 25.29 and 25.31 eV higher than that of
the structures encaging four isolated N atoms respec-
tively along the X, Y , and Z axes. The DE is defined
as DE = E[(N2@C60)2]-{E[(C60)2]+4E(N)},[30−32]

where E[(N2@C60)2], E[(C60)2], and E(N) are the to-
tal energies of (N2@C60)2, (C60)2, and single N atom
respectively. The negative DE means the exothermic
reaction, and the larger absolute value of DE leads to
the greater stability. It is found from Table 1 that the
structures enclosing two N2 molecules all have nega-
tive DE. Thus, the reaction to dope two N2 molecules
into the (C60)2 cages is exothermic and energetically
favoured. However, we do not know whether the two
N2 molecules are at or off the cage centre. Totally,
twelve sites are chosen to place them, as shown in
Fig. 1. We find that the N2 off the centre are all
back to the cage centre after optimisation. Thus,
the N2 molecules are most stable at the cage centre,
acting the same as the noble gas atoms[33] and the
N2@C60.[16]

Table 1. The initial RN−Ns, optimised RN−Ns, BEs and DEs of (N2@C60)2.

the axis for locating N atoms initial RN−N/Å optimized RN−N/Å BEs/eV DEs/eV

X axis of (C60)2

4.44,4.44 3.94, 3.94 842.16 7.53

2.22,2.22 1.11,1.11 869.87 –20.19

1.11,1.11 1.11,1.11 869.87 –20.19

Y axis of (C60)2

4.44,4.44 4.07,4.07 844.54 5.14

2.22,2.22 1.11,1.11 869.83 –20.14

1.11,1.11 1.11,1.11 869.83 –20.14

Z axis of (C60)2

4.44,4.44 3.99,3.99 844.49 5.20

2.22,2.22 1.11,1.11 869.80 –20.11

1.11,1.11 1.11,1.11 869.80 –20.11

Figure 1 also shows 31 different sites which the N2 molecules will point to. The calculated BEs and DEs
of these 31 structures are almost isoenergy. It should be noticed that the DE defined here is the total energy
difference of (N2@C60)2 minus those of (C60)2 and two N2 molecules. Therefore, the thermodynamic stability
of the (N2@C60)2 dimer has no relation with the orientation of N2 molecules. We next take D2h symmetrical
(N2@C60)2-20 as an example to analyse its electronic properties. The calculated Eg of (C60)2 is 1.44 eV, about
0.22 eV smaller than that of C60, 1.66 eV, indicating that the dimer is more reactive. While, (N2@C60)2-20 has
an Eg approximate to that of (C60)2, 1.47 eV, indicating their similar kinematic stabilities.
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Fig. 1. (A-B, C-D, E-F, G-H, I-J,K-L), (A’-B’, C’-D’, E’-F’, G’-H’, I’-J’) are the possible stable positions of N2

molecules in the cage. Three cases in X axis: I = (A-B, A’-B’), II = (A-B, C’-D’), III =(C-D, C’-D’); two cases in

Y axis: IV = (E-F, E’-F’), V = (G-H, E’-F’); two cases in Z axis: VI = (I-J, I’-J’), VII = (K-L, I’-J’); five cases in

two axes: VII = (A-B, E’-F’); VIII = ( A-B, I’-J’); IX = ( C-D, E’-F’); X = ( C-D, I’-J’); XI = ( E-F, I’-J’). The

numbers 1 to 31 are 31 directions which the N2 molecule point to: 1–9 are nine different carbon atoms; 10, 11, 15

are three different pentagon centres; 12, 13, 14, 16 are four different hexagonal centres; 18, 20, 22, 23, 25, 26, 27,

29, 31 are nine different single bond centres; 17, 19, 21, 24, 28, 30 are six different double bond centres.

3.2.The electronic structure

Figure 2 shows the total density of states
(TDOSs) of (C60)2 and (N2@C60)2-20, and the par-
tial density of states (PDOS) of the N2 molecules in
(N2@C60)2-20. The DOS is obtained by a Lorentzian
extension of the discrete energy levels, with weights
being the orbital populations in the levels and a sum-
mation over them. The broadening width parameter
is chosen to be 0.15 eV and the Fermi energy (EF) is
taken to be zero. We find that there are small dif-
ference between –6 to –10 eV below the EF in the
TDOSs of (C60)2 and (N2@C60)2-20, indicating that
the energy levels in this range are maninly influenced
by N2 molecules. In addition, there is almost no peak
appearing around EF in the PDOS of N2 molecules in

(N2@C60)2-20, showing that N2 molecules have no in-
fluence on the frontier orbital. This can be clearly seen
from the HOMO and LUMO of (N2@C60)2-20 shown
in Fig. 3, in which the wave functions are distributed
in the carbon cage, while there is no distribution in
the nitrogen molecules at the centre of carbon cage.

Fig. 2. TDOSs of (N2@C60)2-20 and (C60)2, PDOS of

N2 molecules in (N2@C60)2-20.

Fig. 3. The HOMO and LUMO of (N2@C60)2-20.
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Next, we carry out the Mulliken charge analysis
of (N2@C60)2-20. We find that, the electrons of each
N atom are 0.002 e, while the charge of every C atom
is less than 0.098 e. Therefore, the electrons of each
N atom and C atom are almost unchanged in the for-
mation of (N2@C60)2-20, showing the small effect of
N2 molecules on the cage, as well.

The VIP is the total energy difference between
the one electron positively charged and neutral clus-
ters. The VEA is evaluated by adding one electron
to the neutral cluster in its equilibrium geometry and
taking the difference between their total energies. The
calculated VEA of (C60)2 and (N2@C60)2-20 are 3.13
and 2.77 eV, while the VIPs of (C60)2and (N2@C60)2-
20 are 6.48 and 6.49 eV, respectively. Obviously, the

VEA of (N2@C60)2-20 decrease much while the VIP of
it changes little, indicating that (N2@C60)2-20 is much
difficult to obtain electrons. Therefore, the ability for
obtaining electron of the cage is obviously affected by
the two N2 molecules.

4. Conclusion

The geometry optimisations show that the four
N atoms are located at the cage centres in the form
of two N2 molecules. The electronic analysis indicates
that the Eg of (N2@C60)2-20 is close to that of (C60)2.
The energy levels from –6 to –10 eV are mainly influ-
enced by the N2 molecules.
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