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Abstract The interaction between M (M=Ca, Yb) atom and
C74 (D3h) has been investigated by all electron relativistic
density function theory. With the aid of the representative
patch of C74 (D3h), we studied the interaction between C74

(D3h) and M (M=Ca, Yb) atom and obtained the interaction
potential. Optimized structures show that there are three
equivalent stable isomers and there is one transition state
between every two stable isomers. According to the minimum
energy pathway, the possible movement trajectory of M
(M=Ca, Yb) atom in the C74 (D3h) cage is explored. The
calculated energy barrier for Yb atoms moving from the stable
isomer to the transition state is 10.4 kcal mol−1 and the energy
barrier for Ca atoms is 6.1 kcal mol−1. The calculated NMR
spectra of M@C74 (M=Ca, Yb) are in good agreement with
the experimental data. There are nine lines in the spectra: one
1/6 intensity signal, four half intensity signals and four full
intensity signals.
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Introduction

Up to now, there are lots of endohedral metallofullerenes
(EMFs) to be isolated. Among them, quite a few EMFs
structures have been determined by NMR [1–3]. However,
C74 is very unstable and is called a “missing fullerene”, the
C74 cage is stabilized when a divalent metal (M) is inserted in
the cage, with two electrons transferred from the metal to the
C74 cage [4]. For example, some divalent M2+@C74

2− EMFs

(M=Ba [5–7], Eu [8], Sm [9–11], Ca [6, 12], Sr [6, 7], or Yb
[13]) have been isolated. The atom within the C74 (D3h) cage
has been assigned to M2+@C74

2− by UV–VIS, Raman and
EPR spectroscopy [5–14].

The position and motion of the encapsulated metal atoms
are important determinants of the chemical and physical prop-
erties of EMFs. Both experimental and theoretical studies
have revealed the dynamic behavior of metal atoms encapsu-
lated in pristine and functionalized fullerene cages. Experi-
mentally, Miyaka et al. [15] have used 45Sc solution NMR
spectroscopy to show the internal motion of the scandium ions
in Sc2@C84. The two scandium ions in Sc2@C84 have D2d

symmetry and rapidly change their positions with changing
temperature. Nishibori et al. [16] showed that lanthanum
atoms move inside C82 cages and the trajectory is like a bowl
or hemisphere at room temperature using the maximum en-
tropy method (MEM).Moreover, similar dynamical motion of
divalent metals in C74 (D3h) cages has been observed. The

13C
NMR spectra of Ca@C74 have been measured at different
temperatures and indicate that the Ca atom hops inside the
D3h cage [17]. Yamada et al. [18] reported the successful
synthesis of La2@C80(CH2)2NTrt, suggesting that two La
atoms can rotate freely in fullerenes. Recently, 13C NMR
spectroscopy strongly suggests that two encapsulated Lu
atoms rapidly rotate in Td-C76 fullerene cage [19]. Further-
more, the motion of metal atoms inside the fullerene cages has
been confirmed by theoretical studies. Andreoni et al. [20]
applied ab initio molecular dynamics to La@C60 and obtained
the dynamic trajectory of La inside C60. The dynamic behav-
ior of europium in C74 was investigated by semi-relativistic
density-functional based tight binding calculations and mo-
lecular dynamics simulations [21] by Viezte et al. Heine et al.
calculated the dynamic NMR spectra [22] of Sc3N@C80 using
quantum Born-Oppenheimer molecular dynamics simula-
tions, followed by DFT-NMR calculations on a large series
of snapshots from the simulations. Xu et al. [4] calculated the
13C NMR spectra of Yb@C74 and found that themotion of Yb
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atom is similar to Ca atom in C74 (D3h). Jin et al. showed that
the La atom probably undergoes boat-shaped movement at
high temperatures [23]. Zhang et al. [24] investigated
La2@C80 and indicated that the two La ions form a
pentagonal-dodecahedral path. Recently Gan et al. performed
a systematic density functional theory study on the isomers of
C74 with 0–3 B55 bonds and 35 candidate isomers of
Sc2S@C74. The results demonstrate that Sc2S@C74 violates
the isolated pentagon rule and its cage has two B55 bonds, the
transferred electrons from Sc2S cluster stabilize the active
cage (C74:13333) [25, 26].

In this study, the interaction between the M (M=Ca, Yb)
atom and the C74 (D3h) cage is analyzed considering the
representative patch of C74 (D3h). The stable point and
transition state (TS) of M@C74 (M=Ca, Yb) are found
using all electron relativistic density function theory. We
analyzed the Raman spectra of M@C74 (M=Ca, Yb). With
the aid of the potential energy surface (PES) obtained by a
single point energy scan over theσh surface of the cage, the
motion of M (M=Ca, Yb) atom in the cage is clarified.
Furthermore, we obtained the trajectory of M (M=Ca, Yb)
atom in the C74 (D3h) cage respectively and forecasted the
dynamic NMR spectra of M@C74 (M=Ca, Yb). We ana-
lyzed the dynamic motion of M (M=Ca, Yb) atom and
explained the reason why M@C74 (M=Ca, Yb) possesses
D3h symmetry.

Computational details

The density functional theory (DFT) calculations of Yb@C74

were performed using the Dmol3 code [27, 28], firstly with the
generalized gradient approximation (GGA) [29] and the
Becke-Lee-Yang-Parr (BLYP) [27, 28] exchange correlation
functional, which is a combination of the Becke exchange
functional coupled with the Lee-Yang-Parr (LYP) correlation
potential. The basis sets used in this work were double-
numerical quality basis sets with polarization functions
(DNP). To take into account relativistic effects [30–33], the
all-electron scalar relativistic method using the Douglas-Kroll-
Hess (DKH) Hamiltonian, the most accurate approach avail-
able in Dmol3, was chosen. Self-consistent field procedures

Fig. 1 All electrons relativistic
DFT BLYP/DNP optimized
structures of Yb@C74 (a) and
transition state (b); Optimized
structures of Ca@C74 (c) and
transition state (d) with B3LYP/
6-31G calculation

Table 1 Computed geometry parameters and energy parameters of
Yb@C74 (C2v) and Ca@C74 (C2v)

M2+@C74
2− Structure Relative

energiesa

(kcal mol−1)

The distance
of M-center
(Å)

Number of
imaginary
frequencies

Yb@C74 C2v(a) 0 1.8 0

C2v(b) 10.4 − 1

Ca@C74 C2v(c) 0 1.5 0

C2v(d) 6.1 − 1
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were carried out with a convergence criterion of 10−6 a.u. on
the energy and electron density. The full geometry optimiza-
tions were performed using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm with a convergence criterion of
10−3 a.u. on the displacement and 10−5 a.u. on the energy.
The transition states were searched for using the complete
LST/QST [34] method with a convergence criterion of
0.002 a.u. on the RMS. The single point energy scans were
carried out with the GGA functional, the BLYP correlation
exchange functional, DNP basis sets, and considering relativ-
istic effects. The 13C_NMR spectrum of Yb@C74 was calcu-
lated using the ADF program [35, 36], with the generalized
gradient approximation (GGA), the BLYP exchange correla-
tion functional, and the TZP basis set.

The density functional theory (DFT) calculations of
Ca@C74 were performed using the Gaussian 03 code [37]
with the Becke-(three-parameter)-Lee-Yang-Parr (B3LYP)
[30] exchange correlation functional. The full geometry opti-
mizations were performed using the 6–31 basis sets. While the
single point energy scans were carried out with the GGA
functional, the BLYP correlation exchange functional, DZ
basis sets. We used the same basis sets to obtain the Raman
spectra and 13C_NMR spectra of Ca@C74.

Results and discussion

Geometry optimization and transition state of M@C74

(M=Ca, Yb)

Accoding to the experimental evidences [4, 17], the hollow
C74 cage with D3h symmetry was firstly optimized, and then
the M (M=Ca, Yb) atom was put in the cage. To find the most
stable position for the M (M=Ca, Yb) atom in C74, full
geometry optimizations were carried out for M@C74

(M=Ca, Yb), giving the most stable structure of M@C74

(M=Ca, Yb) shown in Fig. 1(a, c). The point group symmetry
of M@C74 (M=Ca, Yb) reduces from D3h to C2v upon en-
capsulation of the M (M=Ca, Yb) atom. The Yb atom is
located about 1.8 Å off-center and under a [6] double bond
along a C2 axis on the σh plane and the Ca atom is located
about 1.5 Å off-center, and the global minimum was con-
firmed. The transition state of M@C74 (M=Ca, Yb) is shown
in Fig. 1(b, d) and the M (M=Ca, Yb) atom is located in the
opposite direction along the C2v axis with the imaginary
frequency of 48.9i cm−1for Yb@C74 and 72i cm−1 for
Ca@C74. The optimized geometric parameters were shown
in Table 1.

Raman frequency analyses

For the molecular point group C2v, the 219(=3*75–6) normal
modes of M@C74 (M=Ca, Yb) belong to the following sym-
metry species:

Γ ¼ 59A1 IR; Ramanð Þ þ 51A2 IR; Ramanð Þ
þ 55B1 IR; Ramanð Þ þ 54B2 IR; Ramanð Þ

Among all the 219 vibrational modes, 216 normal modes is
the vibration of hollowC74 cage and three normal modes is the
vibration of M-C74 (M=Ca, Yb).

Kuran et al. [8] studied the Raman spectra of Eu@C74 and
point out that the observed vibrational modes can be roughly
distinguished as internal cage modes between 200 cm−1 and

Fig. 2 Plot of the wave number of the low frequency Raman metal-cage
mode vs. M-1/2

Fig. 3 Geometries of C74-D3h (a)
and the representative patch of
C74(D3h) (in the shadow) (b)

J Mol Model (2013) 19:4521–4527 4523



1600 cm−1 and a special (europium metal-C74 cage) mode
at 123 cm−1. In other words, only one mode in the low
frequency range (<200 cm−1), which may be attributed to
the metal vs. cage mode. There will be no difference in
the 216 normal modes of the hollow C74 cage. Generally
speaking, there is only one peak in Raman spectra of
endphedral metallofullerenes (single-metal) range from
100 cm−1 to 200 cm−1. Since this peak is only found in
endohedral metallofullerenes and relates to the motion of
encapsulated metal ions in carbon cages, it has been taken
as the fingerprint vibration of endohedral metallofullerenes.
The experimental values are 123 cm−1(Eu@C74) [7, 8],
134 cm−1(Sr@C74) [7] and 120 cm−1(Ba@C74) [8] respec-
tively. We computed the values are 171 cm−1(Ca@C74)
and 117 cm−1(Yb@C74). The plot of the wave numbers of
the metal vs. cage Raman mode below 200 cm−1 versus
the square root of the reciprocal mass of the enclosed
metal of the endohedral fullerenes was show in Fig. 2.
A linear function representing all data points has been

found and it indicates a nearly identical force constant
between the metal ion and the charged cage.

The interaction between M (M=Ca, Yb) and C74 (D3h)

A representative patch for C74 (D3h)

C74 fullerene has only one isomer that satisfies the isolated
pentagon rule withD3h symmetry. To describe the symmetry of
a C74 (D3h) cagemore simply, we took a right angle patch under
a circum-spherical surface as being a representative patch of the
C74 (D3h) cage. The representative patch is shown in Fig. 3.

The area of the patch LMN is equal to 1/12 of the total
surface area. There are 27 key points on the C74 (D3h) repre-
sentative patch. Points C1 to C9 represent nine different types
of carbon atoms. Points b1 to b12 represent the twelve distinct
C-C bonds. While r61 to r64 represent the four types of six-
member rings and r51 to r52 represent the two types of five-
member rings.

Fig. 4 Calculated potential energy curves of M atoms on the 27 key paths. (a Yb@C74; b Ca@C74)

B B

AA

a b

Fig. 5 The potential energy
surface of Yb (a) and Ca (b) at the
surface of σh in C74 (D3h)
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The interaction between M (M=Ca, Yb) and C74 (D3h)

The interaction energy of M-C74 (D3h) was calculated. Firstly,
the C74 (D3h) cage was fixed, and then the Yb atom and the Ca
atom were allowed to approach the 27 key points along the
radial directions, which pass through the center of cage and
the key points. The calculated potential energy curves as a
function of the distance between the M (M=Ca, Yb) atom and
the key points are shown in Fig. 4.

From the graph we can see that there is a minimum
energy point in each potential energy curve. These
energy minima are located between 1.7 Å and 1.9 Å
from the center of cage for Yb atom and 1.4 and 1.6 Å
from the center of cage for Ca atom. The five minimum
energy lines are C7, b11, r52, b12 and r64, which are all
located in the σh plane. To clarify the minimum energy
pathway, the σh plane should be considered.

Using the single point energy scan, we obtained the PES of
the σh plane. The results are shown in Fig. 5. There are three
equivalent local minima on the σh surface of the cage along
the C2 axis, denoted by A. The transition states B are located
in the opposite position with A along the C2 axis. M (M=Ca,
Yb) will need to overcome the potential barrier when it hops
between the three off-center stable minima while passing
through saddle point B. The relative energies between A and
B are about 10 kcal mol−1 for Yb atom and 7 kcal mol−1 for Ca
atom which are consistent with the value from the geometry
optimization listed in Table 1. The minimum energy pathway
is on the σh plane and it is proposed that the motion of M
(M=Ca, Yb) forms a ring, which is shown in Fig. 6. Zhang
et al. [23] obtained a pentagonal-dodecahedral path of La
atoms in La2@C80 by analyzing the potential profile between
different points, which is in good agreement with experiment
results. That is, it is reasonable to predict the motion of the
atom inside the cage by comparing the energy of different
configurations.

Prediction of 13C_NMR spectrum

Using the trajectory of M (M=Ca, Yb) in the C74 (D3h) cage,
the 13C NMR spectrum of M@C74 (M=Ca, Yb) can be
predicted. First, we qualitatively analyze the 13C NMR of
M@C74 (M=Ca, Yb). These should be nine lines that corre-
spond to the nine types of atoms in the C74 (D3h) cage. The
nine carbon atoms are defined as shown in Fig. 3. We can
predict the intensity of lines: C1 has C3v local symmetry, so it
should give 1/6 intensity signals; C2, C5, C7, C9 haveCs local
symmetry, so should give half intensity signals; C3, C4, C6,
C8 have C1 local symmetry, so should give full intensity
signals. In addition, we calculated the chemical shifts for all
of the carbon atoms to simulate the dynamic 13C_NMR spec-
trum of M@C74 (M=Ca, Yb). The 74 C atoms were divided
into nine groups according to the representative path of C74

(D3h), and their arithmetic average chemical shifts were
obtained. The results are shown in Tables 2 and 3.

From Tables 2 and 3 we can see that the 13C_NMR spectra
are in good agreement with experimental results. For each
spectrum, there are four lines with full intensity, four lines
with half intensity and one line with 1/6 intensity. These NMR

Fig. 6 The movement trajectory of M inside the C74 cage

Table 2 13C NMR of Yb@C74

δe(ppm)[4] δc(ppm) Degeneracy C

132.95 131.09 2 C1

133.41 132.89 12 C8

135.36 133.38 6 C9

137.25 134.90 12 C6

137.99 137.52 6 C5

138.45 137.55 12 C3

142.58 139.58 12 C4

145.56 141.80 6 C7

150.48 146.98 6 C2

Table 3 13C NMR of Ca@C74

δe(ppm) [17] δc(ppm)(this work) I[17] Degeneracy C

133.6 134.35 0.4 2 C1

133.5 134.97 1.1 6 C9

135.9 136.07 1.9 12 C8

137.6 138.34 1.8 12 C6

138.3 140.02 1.0 6 C5

139.2 140.48 2.0 12 C3

143.2 142.74 1.8 12 C4

146.1 144.65 − 6 C7

150.8 151.23 1.0 6 C2
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spectra indicate that M@C74 (M=Ca, Yb) retain the D3h

symmetry of the C74 cage.

Conclusions

Geometry optimization and vibrational frequency analysis for
M@C74 (M=Ca, Yb) are carried out with ADF program. It is
found that both configurations of the lowest energy structure
and the TS of M@C74 (M=Ca, Yb) have C2v symmetry. The
energy barrier is 10.4 kcal mol−1 for Yb to hop from one stable
site to another. While the corresponding energy barrier is
6.1 kcal mol−1 for Ca atom. The dynamic motion of M
(M=Ca, Yb) atom in the C74 (D3h) cage is analyzed according
to the energy distribution. The lowest energy pathway is on
the σh plane, and the trajectory is a ring withD3h symmetry for
M@C74 (M=Ca, Yb). We also calculated the Raman spectra
of M@C74 (M=Ca, Yb) and found the values are in good
agreement with the experimental results. On the basis of this,
the dynamic 13C NMR spectra of M@C74 (M=Ca, Yb) were
predicted and these NMR patterns indicated that the systems
haveD3h symmetry. This indicates that the dynamic motion of
the encaged metal atom can be used to determine the dynamic
motion of one or more atoms inside carbon cages.
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