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ABSTRACT: The geometric, electronic structure, and thermodynamic
stability of large gadolinium-containing endohedral metallofullerenes, Gd,@
Cog, have been systematically investigated by comprehensive density
functional theory calculations combined with statistical mechanics treatments.
The Gd,@C,(230924)-Cyq structure, which satisfies the isolated-pentagon
rule (IPR), is determined to possess the lowest energy followed with some
stable non-IPR isomers. In order to clarify the relative stabilities at elevated
temperatures, entropy contributions are taken into account on the basis of the
Gibbs energy at the B3LYP level for the first time. Interestingly, a novel non-
IPR Gd,@C,(168785)-Cyg isomer which has one pair of pentagon adjacency
is more thermodynamically stable than the lowest energy IPR species within a
wide temperature interval related to fullerene formation. Therefore, the Gd,@
C,(168785)-Cos is predicted to be the most proper isomer obtained
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experimentally, which is the largest non-IPR carbon cage found so far. Our findings demonstrate that interaction between
metals and carbon cages could stabilize the fused pentagons effectively, and thus, the non-IPR isomers should not be ignored in
some cases of endohedral metallofullerenes. The IR features of Gd,@Cyg are simulated to assist its future experimental

characterization.

1. INTRODUCTION

Endohedral metallofullerenes (EMFs) have attracted broad
interest because of their unique structures, fascinating proper-
ties, and potential applications in biomedicine, electronics,
photovoltaics, and materials science.'™ After lanthanum was
first encapsulated inside carbon cages successfully,® a large
amount of endohedral metallofullerenes have been reported,
where the metals mainly from groups II and III’ and all
lanthanides as well as their corresponding metallic nitride
clusters,® metallic carbides,” noble gases,m phosphorus,11
nitrogen,'> and even metal oxides'’ are encapsulated into
various fullerene structures.

To date, lots of large endohedral metallofullerenes have been
synthesized and isolated experimentally. In 2000, a series of
dysprosium-containing as well as erbium-containing di-EMFs
were separated with the cage from Cg, to Coy.'* In 2006, Yang
and Dunsch successfully produced a family of di- and
tridysprosium fullerenes from Co, to C,y,, of which electronic
properties and optical band gaps were investigated by UV—vis—
NIR spectroscopy.'® Furthermore, Mercado et al. isolated the
disamarium fullerene,' Sm,@C,04-D34(822), which is the
largest endohedral fullerene to be crystallographically charac-
terized to date. Moreover, the complete series of digadolinium
endohedral metallofullerenes from Gd,@Cgy4 to Gd,@C, o5 Was
obtained recently.17 Meanwhile, Echegoyen and co-workers
also synthesized and isolated several species of trimetallic
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nitride template endohedral metallofullerenes (TNT EMFs),
M,;N@C,, (M = La, Ce, Pr, and Nd; n = 40—55)."®
Although numerous reports on the synthesis of large EMFs
are presented,'*™'® only a few cage structures of these EMFs
have been determined"” to date due to a general difficulty for
X-ray structural assignment and *C NMR spectrum. For Ceq-
based endohedral metallofullerenes, Popov and Dunsch
calculated the hexa-anions of the isomers satisfying the isolated
pentagon rule (IPR) of Cog and predicted the 166:C, isomer to
be the best candidate for the TNT cluster.”® Poblet et al.
examined the IPR hexa-anions of Cyg and suggested that the
most stable hexa-anions for encapsulation of the M, or TNT
cluster would be 215:D;.>' Nevertheless, in their work, only a
part of IPR isomers were taken into account and non-IPR
isomers which should be of great importance in some EMFs
were neglected. The encapsulated moieties might stabilize the
fused pentagons and even enhance the relative stability of
metallofullerenes, since the existence of metals or clusters in the
cage could reduce the surface tension and make the structure
stable. Consequently, the electronic stabilization between the
encapsulate moiety and the cage could make some fullerenes of
different sizes and symmetries that violate the isolated pentagon
rule become available templates for EMFs. Indeed, a lot of
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EMFs based on non-IPR cages have been synthesized, isolated,
and characterized experimentally.”>"** As a result, non-IPR

isomers should also been taken into the theoretical

consideration while investigating the structures and properties

of EMFs.

In this paper, a comprehensive theoretical calculation has
been carried out to discuss the large dimetallofullerenes, Gd,@
Cog, for the first time. Gadolinium-containing endohedral
fullerenes are chosen here since they may contribute to the
development of a second generation of relaxation agents for
magnetic resonance imaging (MRI).*° It has been shown on
isomeric sets of fullerenes that potential energy itself cannot
generally decide stability order at high temperatures as the
entropic part of the Gibbs energy becomes essential.>* Hence,
the temperature—entropy effects by the Gibbs free energy
function are taken into account in order to obtain deeper
insight into the thermodynamic stability of Gd,@Cos.

2. COMPUTATIONAL DETAILS

For Cgg fullerene, there are 231 017 possible cage isomers (227 934 X
C), 2029 X Cy, 952 X Cy 27 X Cs, 58 X Cyyy 13 X Dy 1 X Cyjy 1 X Csy
2 X Dj;,) containing only pentagons and hexagons in their structures,
and only 259 isomers of them obey the isolated pentagon rule
(IPR)3* In general, those elusive non-IPR fullerenes are regarded to
be unstable and impossible of separation in the pristine fullerene form,
since adjacent pentagons eventually create quite large ring strain and
energy penalty.>**> Nevertheless, non-IPR fullerenes could be
stabilized”**™** as some kinds of endohedral metallofullerenes because
of the strong electronic interaction of the encapsulated metal ions with
adjacent pentagon pairs in carbon cages. Considering that the metal
atoms are mainly located upon the fused pentagons in the non-IPR
endohedral metallofullerenes, the isomers with three or more adjacent
pentagon pairs could not be efficiently stabilized by two gadolinium
atoms (or dimer) and would be less stable. Thus, it is reasonable to
choose all 259 IPR structures and non-IPR species with less than three
adjacent pentagons (number of pentagon adjacency denoted by PA,
namely, PA = 0—2) as appropriate candidates of metallofullerenes.
Therefore, under such a restriction, total 17 941 Cyg cage isomers have
been investigated thoroughly in the present work.

All those 17 941 isomers®' were primarily screened on the hexa-
anion state at the AM1% level to evaluate the energetics for the Cog
isomeric set. Then, the 10 most stable IPR isomers and 5 most stable
PA = 1 isomers were further optimized at the hybrid density functional
theory B3LYP®” level with 6-31G(d) basis set. Geometry optimiza-
tions of Gd,@Cyy based on the most stable Co’~ isomers were
performed at the B3LYP/3-21G-CEP level with the split-valence 3-
21G basis set for carbon and CEP-31G®® basis set with the
corresponding pseudopotential for Gd atoms. All DFT calculations
were performed employing the Gaussian 03 program package.*

Rotational—vibrational partition functions were constructed from
the computed structural and vibrational data at the B3LYP/3-21G-
CEP level of theory (though only of the rigid rotator and harmonic
oscillator quality and with no frequency scaling). Relative concen-
trations (mole fractions) w; of m isomers can be expressed through the
partition functions g; and the ground-state energies AH°; by a
compact formula

q; exp[ — AH( i/ (RT)]
YL q; expl = AH,;/(RT)]

Wi =

(1)

where R is the gas constant and T is the absolute temperature. Clearly
enough, the conventional heats of formation at room temperature
AH® g have to be converted to the heats of formation at the absolute
zero temperature AH’. Chirality contributions, frequently ignored,
must be also considered in eq 1 as its partition function g; is doubled
for an enantiomeric pair. In this way, the equilibrium concentrations
can finally be evaluated, where the partial thermodynamic equilibrium
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is described by a set of equilibrium constants so that both enthalpy and
entropy terms are considered accordingly. Note that eq 1 is an exact
relationship derived from the principle of equilibrium statistical
thermodynamics, that is, from the standard Gibbs energies of isomers,
and it is strongly temperature dependent. All entropy contributions are
evaluated through the isomeric partition functions.

3. RESULTS AND DISCUSSION

In EMFs, the encapsulated metal atom or cluster donates
electrons to the fullerene cage, giving rise to a negatively
charged electronic structure of the fullerene cage.' >** The
carbon-cage isomerism of EMFs shows a good correlation with
the relative stabilities of appropriately charged empty cages.
Consequently, the screening of a metallofullerene structure
usually begins by considering the charged empty cages. Since
the electronic structure of Gd,@Cys can be described as
(M?),@Cys"™, the Cog®™ hexa-anions were computed first. On
the basis of the extensive AMI results (see Supporting
Information for details), several lowest energy hexa-anions
and the corresponding Gd,@Cyg were selected and subjected
to further geometry optimizations and vibrational analyses all at
the B3LYP/3-21G-CEP level of theory. Relative energies and

Table 1. Relative Energies and SOMO—-LUMO Gaps of
Cos®™ and Gd,@Cyg at the B3LYP Level

Cos Cos®™ Gd,@Coq
spiral ID PA  sym  AE, kcal/mol gap, eV AE, kcal/mol gap, eV
230924 0 C, 0.00 1.80 0.00 13§
176408 1 C, 15.00 1.99 0.41 1.74
168785 1 C, 11.16 2.20 0.49 1.85
168764 1 C, 16.89 2.09 0.74 1.93
230933 0 C, 10.74 141 1.97 1.45
230926 0 C, 11.27 137 4.78 135
231010 0 C, 7.42 1.75 6.37 1.05
231005 0 C, 3.71 1.85 6.77 114
230979 0 (% 11.61 129 6.87 143
225816 1 c,* 23.82 1.90 12.71 113
230927 0 C, 22.09 1.07 14.97 1.34
230925 0 GC° 12.61 123 20.69 0.77
230728 1 C, 26.68 128 26.46 0.93
218092 2 C, 29.84 2.11 34.28 0.83

“The symmetry changes to C, after being encapsulated by Gd atoms.
“The symmetry changes to C; after encapsulated Gd atoms.

SOMO-LUMO gaps of Cos®~ and Gd,@Cyg are listed in Table
1.

It is revealed that an IPR isomer 230924:C,>" is the ground
state of Cyg at the hexa-anion state. The second and third
lowest energy structures of hexa-anion Cog are also IPR isomers
231005:C; and 231010:C,, respectively. Although it is known
that the fused pentagons are unfavorable to the stabilities of
carbon cages, several non-IPR isomers with one pentagon pair,
such as 168785:C;, 176408:C,, and 168764:C,, are found to
possess relatively low energies mainly owing to the strong
electronic interaction of the encapsulated metal ions with the
pentagon adjacencies. However, relative energies for most
isomers with two adjacent pentagons are found to be quite
high, indicating the chemical instability.

After encapsulation of two Gd atoms into the cage, the order
of relative energies shows some changes compared with that of
pristine Cyg cages at the hexa-anion state. It is demonstrated in
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Table 1 that a metallofullerene isomer with IPR structure
230924:C,, denoted by Gd,@C,(230924)-Cyg, is the lowest
energy structure with a SOMO—LUMO gap of 1.35 eV at the
B3LYP/3-21G-CEP level. The three following stable structures
with a relative energy difference less than 1.0 kcal/mol
compared to the ground state Gd,@C,(230924)-Cyg are
discovered to be novel non-IPR isomers wholly with one pair
of adjacent pentagons. Notably, the SOMO—LUMO gaps of
those non-IPR species are significantly larger than that of Gd,@
C,(230924)-Cys, indicating their specific kinetic stabilities.
Some other stable IPR isomers at the hexa-anion state display
some higher energy after encapsulation of Gd atoms. It is
worthy to note that the species with two pairs of pentagon
adjacency still behaves with a relatively high energy of 34.28
kcal/mol above the ground state. The energy interchange
confirms that the interaction between the encapsulated metals
and the cages could stabilize the less stable isomers, especially
for the case of non-IPR species, and might vary in terms of
different isomers.

For the system of Gd,@Cys because of the small energy
differences among the four lowest energy isomers, only the
separation energy itself cannot predict relative stabilities in an
isomeric system at high temperatures, as stability interchanges
induced by the enthalpy—entropy interplay are possible. To
obtain a deeper insight into the thermodynamic stability of
Gd,@Cyg, we investigated the entropy effects and evaluated the
relative concentrations through the Gibbs free energy terms.
Here, we only select and focus on the structures with separation
energy below some 30 kJ/mol in the Gd,@Cyg equilibrium
isomeric mixture, and so only nine lower energy isomers are
counted for equilibrium statistical thermodynamic analyses in
the present work.

The DFT-based temperature development of relative
concentrations of nine Gd,@Cyg isomers in a broad temper-
ature region is presented in Figure 1. The Gd,@C,(230924)-
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Figure 1. Relative concentrations of the low-energy Gd,@Cog isomers.

Cyg, which is the lowest energy structure, must be prevailing at
very low temperatures. However, as the temperature increases,
its relative concentration declines rapidly and is surpassed by
two non-IPR species Gd,@C;(168785)-Cyg and Gd,@
C,(176408)-Cys around 200 K and finally become very slight
beyond 2000 K. Then, at a temperature of 400 K the relative
concentration of Gd,@C,;(168785)-Cog ascends to its max-
imum yield of 40.4% compared to the Gd,@C,(230924)-Cyq
species with a fraction of 16.7%. It is clearly shown that the
non-IPR isomer Gd,@C,(168785)-Cyg is the most important
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structure in a broad temperature region from 200 to 2000 K.
Moreover, two other non-IPR structures, Gd,@C,(176408)-
Cos and Gd,@C,(168764)-Cyg also have considerable concen-
trations before 500 K, though they become less important at
higher temperatures. Note that some other IPR isomers Gd,@
C,(230926)-Cy5, Gd,@C,(230933)-Cyg, and Gd,@
C,(231010)-Cog perform proper thermodynamic stabilities.
The rest of the isomers do not show any distinct stability
compared with the Gd,@C,(168785)-Cog species throughout
the whole temperature region. It is well known that
metallofullerene formation occurs at high temperatures, which
is widely regarded between 500 and 3000 K. Even though some
isomers exhibit partly comparable relative fractions, the non-
IPR structure, Gd,@C,(176408)-Cyg, shows the most signifi-
cant thermodynamic stability in this temperature region.
Consequently, the non-IPR Gd,@C,(176408)-Cys species is
proposed to be the most probable structure of the Gd,@Cgg
complex synthesized and isolated in the experiment.

Figure 2 shows the top and side views of the optimized
structures Gd,@C,(230924)-Cyg and Gd,@C,(168785)-Cyg. In

(b) Gd,@C(168785)-Cog

Figure 2. Top (left) and side (right) views of the optimized structures
(a) Gd,@C,(230924)-Cys and (b) Gd,@C,(168785)-Cys. Adjacent

pentagons are colored violet.

the case of isomer Gd,@C,(230924)-Cgyg, two Gd atoms are
coordinated to the C, axis with a distance of 5.66 A and the
shortest Gd—C distance is predicted to be 2.38 A. In the
optimized geometry of Gd,@C,(168785)-Cog, one Gd atom
locates upon the fused pentagons, which is similar to the metal
ion position determined in other non-IPR endohedral full-
erenes such as Sc,@Cgs and La,@C-,.*' The reason for such a
phenomenon stems from the strong electrostatic interaction
between metal and carbon cage.** Another Gd atom in Gd,@
C,(168785)-Cos stays upon a hexagon with a Gd—Gd distance
of 6.09 A. To date, the determined cage structures of
dimetallofullerenes usually belong to IPR species or some
non-IPR isomers possessing two pairs of pentagon adjacency
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Figure 3. Main frontier molecular orbital diagrams of Gd,@C,(230924)-Cyg (top) and Gd,@C,(168785)-Cyg (bottom).
such as Sc,@Cg4s and La,@C,,. Interestingly, the novel dimetallofullerenes only with one pair of pentagon adjacency,

structure of Gd,@C,(168785)-Cyg is ascertained as the first and its shortest Gd—C distance is 2.40 A.
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Figure 3 illustrates the main frontier orbital diagrams of two
main metallofullerene isomers Gd,@C,(230924)-Cys and
Gd,@C,(168785)-Cyg. It is revealed that in both structures
the SOMO orbitals are mainly contributed by the carbon cage
and the LUMO orbital is chiefly distributed on the metal atoms
like the case of other endohedral dimetallofullerenes reported.

Why three new non-IPR metallofullerenes (Gd,@
C,(168785)-Cyg, Gd,@C,(176408)-Cyq, and Gd,@
C,(168764)-Cyg) are almost isoenergetic in comparison with
the lowest energy IPR isomer (Gd,@C,(230924)-Cos)? To
explore this question, Mulliken charge distributions of Gd,@
Cys are needed to be analyzed. Here, we only focus two
representative structures, Gd,@C,(230924)-Cys and Gd,@
C,(168785)-Cas.

The Mulliken charge distributions of Gd,@C,(230924)-Cyg
and Gd,@C,(168785)-Cog are depicted in Figure 4. For both

Figure 4. Mulliken charge distributions of Gd,@C,(230924)-Cyg (left)
and Gd,@C,(168785)-Cyg (right). Green represents positive charge,
and red represents negative charge.

structures, the carbon cage is negatively charged and the Gd
atoms exhibit positive states. Compared with the “equator” of
the cages, large positive charges mainly distribute on the poles
of cages. In the Gd,@C,(168785)-Cog, the charge of two
carbon atoms connecting adjacent pentagons is —0.054 and
—0.082, respectively. Interestingly, the number of negatively
charged carbon atoms at the adjacent pentagon pole is larger
than that at other poles. In other words, the electrons are much
more decentralized at the adjacent pentagon pole, resulting in a
strong electronic interaction between the positive metal and the
fused pentagon with negative charge. Because of this important
electrostatic interaction, the non-IPR EMF species could show
a high relative stability as Gd,@C,(168785)-Cyg does in the
present work.

Since theoretical IR spectra may assist the experimental
identification of metallofullerenes and provide some valuable
information on the distinct cage structures, harmonic vibration
frequencies and infrared absorption intensities of the stable
Gd,@Cyg isomers have been evaluated at the B3LYP/3-21G-
CEP level. As shown in Figure 5, there exist two major regions
in both spectra: the first one (1000—1700 cm™") corresponds to
a C—C stretching mode and the second one (200—1000 cm™")
corresponds to a cage breathing mode. Obviously, the
adsorption intensity is similar for Gd,@C,(168785)-Cyg and
Gd,@C,(230924)-Cyg in the range 200—1000 cm . Never-
theless, one apparent difference is exhibited on the vibrational
intensity at 1000—1700 cm " range between Gd,@C,(168785)-
Cys and Gd,@C,(230924)-Cyg, which is helpful to identify two
molecular structures. For example, Gd,@C,(230924)-Cq,
displays only one intensive peak at 1400 cm™', while Gd,@
C,(168785)-Cy shows several similar peaks with regular
intensity in the area of 1340—1400 cm'. Moreover, one

2043

Gd@C1(168785)-Cos

L S L B S B B S I N L B L B S
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

viem!

Gd2@C2(230924)-Cos

A, rn M
rr~r+ 1+ rvrrr1r vrvvirvrrvrrrrrvrrr i rvr i
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

viem'!

Figure S. Simulated IR spectra of Gd,@C,(168785)-Cyg (top) and
Gd,@C,(230924)-Cyg (bottom).

distinct sharp absorption peak at 1542 cm™" for structure Gd,@
C,(168785)-Cyg is presented, in contrast to the lower
absorption bands displaying at the same region for Gd,@
C,(230924)-Co.

4. CONCLUSIONS

A systemically theoretical investigation has been performed on
the large gadolinium-containing endohedral dimetallofullerene
Gd,@Cys by a hybrid density functional theory technique. An
IPR isomer, Gd,@C,(230924)-Cyg, is predicted as the lowest
energy structure followed by three non-IPR isomers on the
basis of B3LYP/3-21G-CEP optimizations. Entropy effects have
also been investigated to clarify relative stabilities at high
temperatures, and statistical equilibrium concentration inter-
changes evaluated through the Gibbs free energy terms indicate
that a novel non-IPR species Gd,@C,(168785)-Cgs is the most
thermodynamically stable structure within a broad temperature
interval related to fullerene formation. Furthermore, the Gd,@
C,(168785)-Cyg structure also possesses a high kinetic stability
due to its larger SOMO—LUMO gap. As a consequence, it is
convinced that the newly found non-IPR structure, Coq-
168785:C;, should be the most suitable host cage for
encapsulation of the Gd, group, which is also the largest
non-IPR carbon cage for EMFs found so far. The analyses on
the Mulliken charge distribution and main molecular orbital
diagrams reveal a strong electrostatic interaction between the
metal and fused pentagons. In addition, the IR spectra for two
isomers are simulated theoretically, which may be helpful to
further experimental identification of Gd,@Cog. The present
work could supply some valuable guidance for the synthesis and
experimental characterization of large endohedral metallofuller-
enes and the corresponding derivatives.
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The AMI optimized relative energies of 500 lower energy C98
isomers at hexa-anion state, and Cartesian coordinates of two
major Gd2@C98 isomers optimized at the B3LYP level. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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