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ABSTRACT: By means of density functional theory methods
together with statistical thermodynamic analysis, the Cg, mono-
metallofullerenes including special heterogeneous triangular clusters
were theoretically probed for the first time. Despite having
analogous structures, the YCN@Cy, and TbBCN@Csg, series exhibit
dissimilar thermodynamic stabilities, which lead to different
components of experimental products. Significant relationship
between the thermodynamic stabilities and geometry structures of
Cs, metallofullerenes is disclosed. Studies of the electronic
configurations of MCN@Cs, species not only explain their redox
potentials but also recover complicated interaction mechanisms
within them. In addition, predictions of the optical spectra of
observed MCN@C, species coincide with experimental detections
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well, indicating that simulations for other structures will be helpful for future characterization of these cyanoclusterfullerenes.

B INTRODUCTION

of huge computational work and difficult theoretical treatment

Ever since the discovery of the first endohedral metallofullerene
(EMF) La@Cg, in 1991, numerous EMF molecules
encapsulating various metal atoms or metalloclusters have
been synthesized. Presenting novel physical and chemical
properties brought by the entrapped atoms or clusters, the
EMFs have much wider potential applications than pure carbon
cages in electronics, photovoltaics, and biomedicine.”™® As a
common kind of EMF that has been extensively studied, the
monometallofullerenes (mono-EMFs) had been believed to
occur only in the form of M@C,, (21 = 80, 88, 96)*° for a long
time until the synthesis of a new kind of mono-EMF YCN@
C,(6)-Cg, in 2013.° The YCN@C,(6)-Cy, structure, which
could also be recognized as a cyano-clusterfullerene molecule
with fewer metal atoms than in previous cases (such as
Sc;CN@Cy and Sc;CN@Crg),'”'! has a special triangular
YCN cluster determined by the single-crystal X-ray diffraction
crystallography.

As for the EMFs containing lanthanide atoms, although most
lanthanide atoms have been successfully encapsulated, further
research on the lanthanide-based EMFs is still rather scarce due
to the difficult isolation and characterization of them in
experiment. Hence, a quantum chemical method would be the
best way to investigate the chemical/physical properties of the
lanthanide-based EMF systems. So far, previous theoretical
studies have uncovered the significant properties of some
lanthanide-based EMFs such as La,@C,,/La@Cgy,"*"* Ce,@
Cr/Ce@Cy,' " GdN@C,,/Gd,Cy,, ™' Yb@C,, "™
Dy,@C 0> Lu,C,,, """ MyN@C,, etc. Nevertheless, many
more lanthanide-based EMFs still lack detailed studies because
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of the lanthanide atoms having 4f electrons.

Apart from YCN@C,(6)-Cg,, another cyanoclusterfullerene
TbCN@Cg, has been synthesized by Yang’s group recently,*®
whose geometry structure was determined by X-ray crystallo-
graphic study, which disclosed a different carrier cage of C,(5)-
Cy,. Note that among the reported Cg, metallofullerenes, the
C,(5)-Cq, and C(6)-Cg, cages, as well as another two cages
C,,(9)-Cg, and C;,(8)-Cg,, have been frequently discovered in
experiments, and the products were always found to be
mixtures of certain kinds of isomers involving these cages.”” >
It seems that the compositions of Cg, metallofullerenes may
have dependence on the endohedral clusters, and unfortunately,
experimental observation usually has a shortage of compre-
hensive insight of the EMF structures. For many EMFs, limited
by various factors, not all the isomers can be isolated and
characterized. Take MCN@Cg, (M = Y, Tb), for example;
there are some questions that cannot be answered by the
present experimental results: why do the two molecules having
analogous metalloclusters involve different Cg, cages? Are
YCN@C,(6)-Cy, and TBCN@C,(5)-Cg, the sole synthesized
products of the two types of EMF systems? If not, what are the
structures of other isomers? Moreover, the MCN@Cg, model,
whose encapsulated cluster containing three types of elements
is the first pattern of heterogeneous endohedral metallocluster,
is still lacking deep insight of geometric and electronic natures.
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Therefore, the profound perception on the thermodynamic
stabilities of these cyanoclusterfullerenes, which directly relates
to the composition of experimental product, can only be
provided by theoretical methods. The determination of the
EMF structures from theoretical aspect normally has depend-
ence on the relative potential energies of the EMF isomers,
which, however, cannot always supply satisfying results due to a
non-negligible enthalpy—entropy effect within the formation
temperature interval of fullerene.**

The interaction between the metalloclusters and fullerene
cages is another significant aspect in the discussion of EMF
systems. Many researchers are used to depicting the electronic
configuration of an EMF molecule as (MC)™@C,," (MC
represents metallocluster), which suggests an ionic bonding
mechanism between the metallocluster and fullerene cage in
the form of electron transfer.*> However, some studies have
pointed out that, to some extent, a covalent bonding
mechanism can also exist in the EMF molecules. On one
hand, the metal atoms readily become cations due to donation
of certain valence electrons, and therefore ionic bonding occurs
in the EMF molecules. On the other hand, covalent bonding
mechanism, which is also called “electron backdonation”,
originating from orbital overlap between the metal valence
orbitals and cage orbitals,>* reveals complex interaction within
the EMF systems.

In this paper, complete features of thermodynamic stabilities
of MCN@Cg, (M =Y, Tb) series were depicted by means of
combined methodologies of quantum chemistry and statistical
mechanics. To disclose the interaction mechanisms within the
MCN@Cy, isomers (especially the TbCN@Cg, structures),
investigations of the MCN—cage interaction as well as the inner
bonding of TbCN cluster were performed. To obtain deep
insight into the optical properties of MCN@Cg, EMFs, the
UV—visible—near-IR (UV—vis—NIR) and *C NMR spectra of
the most important MCN@Cg, isomers were simulated and
compared with the experimental detections.

B EXPERIMENTAL SECTION

Since there is only one metal atom in the MCN@Cg, (M =Y, Tb)
species, and the MCN clusters were presumed to contribute two
electrons to the Cg, cages, giving rise to a C; valence state, the
energetics for all those 744 C3; anions (Cs, X 2, C,, X 5, C, X 58, C, X
23, C; X 656), including nine anions obeying the isolated pentagon
rule (IPR)***® and 735 non-IPR anions with 1—2 pentagon adjacency
(PA) fragments, were first screened at the AMI1¥ level. Then, 12 cages
with relative energies less than 30 kcal/mol as well as one previously
reported non-IPR cage C,(39663)-Cg, were chosen as the candidate
cages and reoptimized by the hybrid density functional theory (DFT)
B3LYP*** with 6-31G* basis set (Supporting Information, Table
S1). For comparison, another two lowest-energy C3, anions with two
PAs are also included in Supporting Information, Table SI.
Optimizations on the YCN@Cs, structures were first performed at
B3LYP/BSI level (BSI = 6-31G*~Lanl2DZ, where 6-31G* basis set
for C and N atoms and Lanl2DZ basis set with the corresponding
pseudopotential for Y atom). For comparison, another hybrid
functional theory PBEIPBE*' was also employed for the reoptimiza-
tions of partial YCN@Csg, structures possessing relative energies less
than 30 kcal/mol with the same basis set. The ground-state structures
of the TOCN@Csg, series were investigated at B3LYP/BSII level (BSII
= 6-31G*~MWBS54, where 6-31G* basis set for C and N atoms and
effective core potential basis set MWBS4 for Tb atom). Specially,
several important MCN@Cg, isomers were reoptimized by BP86>>*
method combining with triple-{ plus polarization (TZP) basis set for
the C, N, and Y atoms (MWBS4 was still used for Tb atom).
Rotational—vibrational partition functions for relative concentration

investigation of the YCN@Cg, and TbCN@Cs, series were provided
by structural and vibrational analyses calculated at B3LYP/BSI and
B3LYP/BSII levels of theory, respectively. The time-dependent (TD)
DFT calculations on the most important ThBCN@Cg, isomers were
carried out utilizing Perdew—Burke—Ernzerhof (PBE) functional
theory and BSII basis set. The *C NMR spectrum simulations for
both kinds of MCN@Cyg, species employing the gauge including
atomic orbital method (GIAO) method were also produced by PBE
method with a larger basis set for carbon atoms (6-311G* for C atoms,
6-31G* for N atom, and Lanl2DZ/MWBS54 for Y/Tb atoms as
before). All computational works above were performed by the
Gaussian03 program package excepting the calculations at BP86/TZP
and BP86/TZP~MWBS54 levels, which were carried out by the
Gaussian09 package (see Supporting Information).

B RESULTS AND DISCUSSION

Relative Stabilities and Structural Peculiarities of
MCN@Cg, (M =Y, Tb) Series. The energy sequence of C3;
anions, showing good accordance between the results of
semiempirical and DFT methods, supports C,,(9)-C35 anion as
the lowest-energy cage (Supporting Information, Table S1).
C,(6)-Cg; and C,(5)-Cg, cages become the second and third
lowest-energy anions with small relative energies of 2.1 and 4.0
kcal/mol, respectively. Note that the most stable non-IPR CZ;
anion is predicted to be C,(39701)-C3;, which was omitted by a
previous report.43 The C,,(7)-Cg, cage presents a pretty large
highest occupied molecular orbital—lowest unoccupied molec-
ular orbital (HOMO—LUMO) gap (1.73 eV) in anion state,
implying an evidence energy difference between the LUMO
and LUMO+1 orbitals in neutral C;,(7)-Cg, cage.

In the case of YCN@Cy, EMFs, the energy sequence of the
YCN@Cg, series is predicted to be similar to that of C3;
anions, implying little influence of encapsulating YCN cluster to
the energetic differences. As shown in Table 1, the C,,(9)-Cg,
cage exhibits the lowest potential energies in both series after
accepting the MCN clusters. In the YCN@Cg, series, YCN@
C,(6)-Cg, and YCN@C,(5)-Cg, species have small relative
energies within 5 kcal/mol, while other species lie more than 11
kcal/mol above the YCN@C,,(9)-Cs, structure according to
the first two levels of theory. Reoptimizations at BP86/TZP
level have further confirmed the sequence of the first four
isomers (Table 1la). The most energetically stable non-IPR
YCN@Cs, isomer is YCN@C,(39701)-Cg,, which is 22.9 kcal/
mol higher than YCN@C,,(9)-Cg,. The sequence of HOMO—
LUMO gaps of YCN@Csg, series also presents good accordance
with that of the C§; anions, indicating that two-electron
transfer from YCN cluster to carbon cage occurs in the YCN@
Cg, isomers.

Analogous energy and HOMO-LUMO sequences were
found between the YCN@Cg, and TbCN@Cy, series, meaning
the variation of metal atom might have slight influence on both
thermodynamic and kinetic stabilities of the two types of
MCN@Cs, series (Table 1b). However, the potential energies
at 0 K cannot reflect the real relative stabilities of those isomers
forming at high temperatures, and in many cases reported
previously,*>*** certain higher-energy fullerene isomers may
surpass the lowest-energy isomer in relative contribution within
the formation temperature interval. Here, to determine the
composition of the experimental products, statistical thermody-
namic analyses considering enthalpy—entropy effect were
performed for both MCN@Cs, series.

As depicted in Figure la, the YCN@C,,(9)-Cs, structure,
sharing the largest relative concentrations at all temperatures, is
followed by the YCN@C,(6)-Cg, structure, and both of them
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Table 1. Relative Energies (in kcal/mol) and HOMO—
LUMO Gaps (in eV) of MCN@Cg, (M =Y, Tb) Isomers at
Various Levels of Theory

(a) calculation results of YCN@Cyg, series

B3LYP/BSI PBE1PBE/BSI BP86/TZP
sym. no.” PA AE gap AE gap AE gap
Co(9) 0 00 154 00 174 00 069
C.(6) 0 30 156 28 176 28 070
Cy(5) 0 48 178 43 199 39 096
C4,(7) 0 117 200 115 222 118 Ll1
Cy(8) 0 113 108 117 127
C,(3) 0 180 138 175 157
Cy(1) 0 223 137 212 1%7
C,(39701) 1 229 134 217 155
C,(39 686) 1 288 119 281 140
C(4) 0 29.5 0.84 30.7 0.92
c.(2) 0 313 125
C,(39704) 1 374 126
C,(39663) 1 4.7 081

(b) calculation results of ThCN@Cy, series
BP86/
B3LYP/BSI TZP~MWBS4
sym. no.” PA AE gap AE gap
Co(9) 0 0.0 1.54 0.0 0.70
C.(6) 0 33 1.56 2.8 0.70
Cy(8) 0 5.0 178 43 0.96
Cy(7) 0 11.8 2.00
Cy(8) 0 12.0 1.09
C,(3) 0 189 1.36
Cy(1) 0 22.8 137
C,(39701) 1 239 135
C,(39 686) 1 30.0 120
C(4) 0 32.0 0.72
c(2) 0 321 123
C,(39704) 1 39.0 128
C,(39 663) 1 442 0.83

“Fowler number is used for the IPR isomers, while spiral number is
used for the non-IPR isomers.

have no interchange with other isomers. Evidently, the YCN@
Cy, curves are analogous to Boltzmann distribution excepting
for interchanges among two isomers of no thermodynamic
importance. Thus, it is reasonable to conclude that the YCN@

C,,(9)-Cg, structure should also be an experimental product
besides the reported YCN@C,(6)-Cg, structure. Moreover,
because of small contribution within all temperature intervals,
the YCN@C,(5)-Cg, isomer might occur as a trace in
experiment.

The situation of TbCN@Cg, series is complicated with
significant stability interchanges among lower-energy isomers
(Figure 1b). The curve of the TbCN@C,,(9)-Cs, structure
slides down abruptly after 500 K and is surpassed by that of the
TbCN@C,(6)-Cg, structure at ~2000 K, then it intersects with
the curve of TBCN@C,(5)-Cq, at ~4800 K. The TbCN@
C,(6)-Cg, structure keeps the largest concentration at all higher
temperature intervals, implying that it would be a main product
within the fullerene formation temperatures (2000—3000 K).**
In addition, the concentrations of TbCN@C,,(9)-Cq, and
TbCN@C,(6)-Cs, structures are ~40%, while that of ThFCN@
C,(5)-Cg, reaches 20% at 2000 K, giving rise to a ratio of these
three isomers as 2:2:1 and suggesting a mixture of these
structures in experiment.

Generally, the component of YCN@Cy, is mainly composed
of YCN@GC,,(9)-Cg, and YCN@C,(6)-Cg, species, while
TbCN@C,,(9)-Cs, and TbCN@C,(6)-Cg, as well as
TbCN@C,(5)-Cq, play important roles in the product of
TbCN@Cg,. That all previously reported isomers have
outstanding stabilities and large concentrations reflects good
accordance with the experimental observations. The optimized
geometry structures of YCN@C,(6)-Cg, and TbBCN@C,(5)-
Cy, are in accord with the experimental detections, excepting
for longer C=N bonds (both are 1.183 A), which are more
comparable to the cases of Sc;CN@Cg, and Sc;CN@Cyq' """
than the unusual experimental observations (0.935 A in YCN@
C,(6)-Cg, and 0.94(5) A in TbCN@C,(5)-Cq,).>*® The
optimization of the HCN molecule carried out at B3LYP/6-
31G* level, which predicted a rather accurate C=N bond
length (1.160 A) compared with the real value (115.8 pm),
suggests high accuracy of our calculations and that the single X-
ray diffraction determinations on C=N bond are, to some
extent, discussable. After all, for the CN group, up to now no
evidence has confirmed a higher bond order and a shorter bond
length than triple bond.

The MCN*" cluster tends to keep a linear M—N=C form
rather than M—C=N form in free condition according to our
theoretical calculations. Triangular pattern is unachievable
because the Y/Tb atom is hard to bond with the C and N
atoms at the same time due to strong electrostatic repulsion
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Relative concentrations of low-energy MCN@Cg, (M =Y, Tb) isomers.
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between the metal and carbon atoms, which both possess
positive charges. However, when entrapped in the Cg, cages,
the MCN clusters are bent to various extents (Figure 2) with

ThbCN@C2(9)-Cs2

TbCN@C(6)-Cs2

TbCN@Cx(5)-Cs2

Figure 2. Geometry structures of main MCN@Cg, (M = Y, Tb)
isomers. The N atom is colored blue, while Y and Tb atoms are of red
and purple colors, respectively.

£MNC angles ranging from 86.06° to 117.97°. For each Cg,
cage, the corresponding YCN@Cg, species resembles the
TbCN@Cg, species in topological geometry, and the metal
atoms tend to be located near a hexagon ring of the Cg, cage
that lies on the plane or axis of symmetry. Both the triangular
MCN clusters in MCN@C,(6)-Cgq, molecules deviate from the
plane of symmetry with similar small dihedral angles. However,
a C, point group in YCN@C,(6)-Cs, has been confirmed by
3C NMR,” implying that the CN moiety can freely swing in the
C,(6)-Cg, cage. Hence, its isostructure TBCN@C,(6)-Cg, can
also possess a C, symmetry. Analogously, for C,(5)-Cg, and
C,,(9)-Cg, cages, their point groups of static geometry
structures are, apparently, destroyed by the metalloclusters. In
view of the case of C,(6)-Cg, EMF systems, it is superficial to
say that they have no symmetry in the form of EMF due to the
possibility of an internal dynamic mechanism of MCN clusters.
Supporting Information, Figure S1 reveals that the TbCN
cluster can easily rotate along the C, axes of C,(5)-Cg, and

C,,(9)-Csg, cages with rather small energy barriers (1.1 kcal/mol
in both ThBCN@C,(5)-Cg, and TbBCN@C,,(9)-Cg,), and it is
reasonable to assume that the YCN@C,,(9)-Cs, species being
isostructural with TBCN@C,,(9)-Cg, can also possess such
internal dynamic mechanism. Therefore, all the main MCN@
Cg, species should maintain the point groups of their pristine
cages.

On the basis of numerous experimental observations and
theoretical predictions, structural relationships among pristine
cages of certain EMFs, in the form of cage growth/ shrink*® ™%
and Stone—Wales (SW) rearrangement,”® have been discov-
ered. Balch et al. claimed that four experimentally discovered
Cy, cages would be possible intermediate structures during the
fullerene formation process toward a top-down mechanism.*’
In fact the C,(5)-Cy, cage omitted in their work also has
structural connection with C,(6)-Cg, cage through a one-step
SW rearrangement (Figure 3). Another non-IPR cage C,(39
663)-Cg, mentioned in ref 49 is not independent of other
famous Cg, cages but can give C,(6)-Cg, cage by means of an
SW rearrangement. Hence, all discovered Cg, cages have been
connected, implying significant relation between the thermody-
namic stabilities and topological geometries of Cg, EMFs. Being
different from other medium- or large-size fullerene series
whose discovered isomers are not always closely related by
simple SW rearrangement, the Cg, fullerene is fairly special for
the close structural relationships among all Cg, EMFs.

Electronic Properties of MCN@Cg, (M = Y, Tb)
Structures. According to Yang’s report, it appears that
different EMF structures with the same carrier cage and
valence state (such as ThBCN@C,(5)-Cg, and Yb@C,(5)-Cs,)
present similar electrochemical properties.”™ Moreover, the
electronic structures of YCN@Cq, and TbCN@Cg, species
having the same carrier cage are rather similar because of their
analogous frontier orbital distributions and energy levels
(Supporting Information, Figure S2); namely, these two types
of cyanoclusterfullerenes should exhibit similar electronic
properties. Here, we focus on the main ThOCN@Cs, structures
and analyze the frontier orbital interaction between the TbCN
cluster and Cg, cages. Shown in Supporting Information, Figure
S3, the LUMO orbitals of the three neutral hollow Cg, cages
become the HOMO orbitals of their EMF structures after

C(39663)-Cy,

C5(9)-Cy,

SW

@~@~0

C(6)-Cg,

Cy5)-Cgy

Figure 3. Schlegel diagrams of certain structurally related Cg, cages. The PA fragment of C(39 663)-Cg, cage is colored with red, and the fragments

referred to each SW rearrangement are of the same color.
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ThCN@C,,(9)-Cy,

ThbCN@C(6)-Cg,

ThCN@Cy(5)-Cy,

Figure 4. Serial numbers of carbon atoms (colored with blue) in Cg, cages that have large Tb—N Mayer bond order values.

accepting two electrons from the TbCN cluster, giving rise to a
(TbCN)*@C3%, valence state. The same electron-transfer
mechanism can be expected in the YCN@Cs, species because
of the analogous frontier orbitals of this series compared to
those of the ThPCN@Cs, species. Such ionic bond is the basis of
the interaction between the MCN clusters and Cg, cages.
However, there would also be covalent bonding features within
these cyanoclusterfullerenes according to previous studies on
EMFs. Further analysis of covalent bonding within the main
TbCN@Cy, isomers will be introduced later.

The redox potentials of Cg EMFs can be reasonably
explained from the viewpoint of frontier orbital analysis. The
orbital energy levels, whose absolute values strongly depend on
the employed theory method, can conform to the reality with
their relative values. The HOMO—-LUMO gap of TbCN@
C,(5)-Cg, is 0.22 eV larger than that of two MCN@C,(6)-Cs,
species, exhibiting good accordance with the difference between
the AEg,, rc values of C,(5)-Cy, and C{(6)-Cg, EMFs in ref 26.
In addition, the separation difference (0.5 V) between the first
and third reduction steps of C,(5)-Cg, and C,(6)-Cg, EMFs can
be explained by the fact that the energy gap between LUMO
and LUMO+1 orbitals (LUMO—-LUMO+1 gap) in TbCN@
C,(5)-Cg, is 0.43 eV narrower than that in MCN@C,(6)-Cg,
(Supporting Information, Figures S2 and S3). The small
separation between the first two reduction steps and the last
two reduction steps could be attributed to electron paring
energy brought by the second electron filling in the LUMO or
LUMO+1 orbital. As for the MCN@C,,(9)-Cg, structures, now
that their HOMO—LUMO gaps are close to those of MCN@
C,(6)-Cg, species and their LUMO—LUMO+1 gaps are notably
larger than those of other MCN@Cs, species, their AE,,, k¢
values would be ~1.15 V, and large separations between the
first and third reduction steps could be expected.

To obtain deeper interpretations of the bonding behavior
within the TBCN@Cs, isomers, natural bond orbital (NBO)
analysis was performed at B3LYP/6-31G*~MWB28 level.
Because of the computational complexity of the ECP basis with
a smaller effective core, only the ThPCN@C,,(9)-Cg, structure
was analyzed successfully, in which the Tb atom possesses an
electron configuration of 6s*'%4f'95d°¥6p°*, In view of a
4£76s* configuration in neutral Tb atom, the significant decrease
in 6s and 4f orbitals reveals that three electrons detach from the
Tb atom, two of which transfer to carbon cage, and the third
one may correspond to the increased electronic populations in
CN moiety (increased by 0.37 e) and the unoccupied Sd and
6p orbitals. Besides, the electron backdonation from carbon
cage is another factor leading to the large electronic populations

in the 5d and 6p orbitals of Tb atom. According to our previous
work, for a typical EMF series, the electronic populations of
metal atoms in various isomers were always predicted to be of
little difference,**' and hence other TbCN@C;, isomers
should possess similar electronic populations.

Furthermore, the covalent bonding features of TbPCN@Cg,
series involving Mayer bond orders and bonding critical point
(BCP) indicators, the latter of which is based on quantum
theory of atoms in molecules (QTAIM) and has been used for
a variety of EMF systems,”>* were obtained by means of the
MULTIWEN 3.2.1 program.54 Here, we still focus on the
bonding behavior of Tb atom toward the CN moiety and the
carbon atoms nearby.

It is revealed that the Tb—N Mayer bond order values,
ranging from 0.581 to 0.593, possess positive correlation with
the Tb—N distances (Supporting Information, Table S2).
Although the distances between Tb and the carbon atom (C84)
of CN moiety are close to or even longer than other Tb—C
distances, the Th—C84 Mayer bond orders (0.480—0.559) are
much larger than other bond orders referring to the cage
carbon atoms. Considering that the total orders of Tb bonding
to CN moiety in the three cages are as large as 1.073—1.140,
significant Tb-CN interaction can be concluded in the form of
covalent bonding. The interaction between Tb and cage atoms
shows delocalization features like those of previous reports:*>>°
having bond orders ranging from 0.166 to 0.270, those carbon
atoms near the Tb atom (Figure 4) compose small regions and
possess total bond orders from 1.356 to 1.547, suggesting
remarkable orbital overlaps between the Tb atom and Cg,
cages.

The BCPs referred to Tb—cage and Tb—CN bonds are
shown in Supporting Information, Figure S4, and the
corresponding parameters are collected in Supporting In-
formation, Table S2. Small and positive electron density and
Laplacian values predicted in all BCPs show similarities to other
EMF systems.*>*”>® For the Tb—N BCPs, despite of two
positive energy densities in TBCN@C,(6)-Cy, and TbCN@
C,(5)-Cg,, probably ascribed to longer Tb—N distances
(compared to TbCN@C,,(9)-Cg,) that may cause weaker
interaction, small ellipticities of the three Tb—N BCPs indicate
noteworthy covalent interaction in the Tb—N bonds. It is
revealed that all carbon atoms involved in the Tb—C BCPs
belong to the blue regions in Figure 4, and it seems that there
are inconspicuous differences between the Tb—N and Tb—C
BCPs in terms of electronic densities and ratio of the absolute
value of the potential energy density to the kinetic energy
density (IVI/G). However, larger ellipticities of the Tb—C
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BCPs disclose characteristic increasing 7 character of these
Tb—C bonds. In addition, owing to the internal dynamic
mechanisms in the ThBCN@Cg, structures as mentioned above,
some other carbon atoms, also included in the blue regions, are
actually equivalent to the carbon atoms having Tb—C BCPs,
and hence they may present the same covalent features with Tb
atom. This phenomenon further affirms the delocalization
features of the metal-cage covalent interaction.

Optical Spectra of Main MCN@Cg, Species. To aid
future characterizations of the MCN@Cg, EMFs, simulations of
the UV—vis—NIR and *C NMR spectra of the main MCN@
Cg, isomers were carried out. Evidently, the simulated UV—
vis—NIR spectrum of the TBCN@C,(6)-Cyg, structure (Figure
5) is almost the same as that of the YCN@C,(6)-Cs, structure.’

ThCN@Cy,(9)-Cyz
ThCN@ Cy(5)-Cy,
ThCN@Cy(6)-Cg,

\ Onset=1452 nm

/ Bandgap=0.85 eV
« Onset=1441 nm
————

Bandgap=0.86 eV

\ Onset=1087 nm

000 1200 1400 1600 1800 Bandgap=1.14 eV

400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

Figure S. Simulated UV—vis—NIR spectra of main TbCN@Cg,
isomers.

The peaks of the TBCN@C,(5)-Cyg, structure in the UV and
visible regions accord with experimental observations, and the
first excitation predicted at 1.14 eV is quite comparable with the
reported optical band gap (1.0 €V).>° The computed first
excitation of the ThBCN@C,,(9)-Cs, structure locates at 0.86
eV since its HOMO—LUMO gap is nearly that of the TbCN@
C,(6)-Cg, structure. The excitations of the YCN@C,,(9)-Cg,
structure should highly resemble those of TBCN@C,,(9)-Cs,
because of their analogous electronic structures.

The calculations of *C NMR spectra of MCN@C,(6)-Cg,
and MCN@C,,(9)-Cs, species were performed for comparison
and are shown in Supporting Information, Figure S5. All the
chemical shifts fall into the aromatic region, and the shift
sections of MCN@C,,(9)-Cg, species (130—15S ppm) are
narrower than those of MCN@C,(6)-Cg, species (125—15S
ppm). Obviously, there is little difference between the two
kinds of metallofullerenes with the same cages. Although,
presumably ascribed to certain factors (such as solvent effect),
the long lines lying in the higher field of the YCN@C,(6)-Cg,
structure are predicted to be somewhat different from
experimental observations,” the whole shift section (125.5—
152.9 ppm) and the shifts of short lines (125.5—143.6 ppm)

can coincide with the experimental data well.

Bl CONCLUSIONS

Extensive studies of the MCN@Cg, (M = Y, Tb) series by
means of DFT calculations in conjunction with statistical

thermodynamic analysis disclose overall perspectives of the
MCN@Cg, products, in which several new stable isomers
besides the reported ones have been discovered, and notable
differences of the thermodynamic stabilities of these two sorts
of cyanoclusterfullerenes have been revealed: the YCN@
C,,(9)-Cg, and YCN@C,(6)-Cg, species are predicted to be
the most stable isomers and the main products in electric arc,
while three TBCN@Cg, isomers, namely, ThCN@C,,(9)-Cs,
and TbCN@C,(6)-Cg, as well as ThBCN@C,(5)-Cg,, would be
dominant in the synthesized TbOCN@Cg, EMFs due to their
outstanding stabilities. Special geometrical connections via
simple SW rearrangement among all the Cg, cages discovered
heretofore have been uncovered, reflecting a significant
relationship between the geometrical structures and thermody-
namic stabilities of the Cg, EMFs. The frontier orbital analysis
not only defines the electron transfer in the main MCN@Cg,
structures, but also provides excellent explanations for the
redox potentials detected in experiment. Especially, a detailed
investigation on the covalent bonding behavior within ThCN@
Cg, structures recovers significant Tb—CN and Tb—cage
covalent features, which is another factor bringing in the
change of electronic configuration of the Tb atom excepting
electron transfer. Finally, the predictions of the optical spectra
of the main MCN@Cs, isomers provide important information
for the future characterizations of the MCN@Cg, EMFs. In
conclusion, this work would be not only of importance for the
interpretation of thermodynamic stabilities and electronic/
geometric peculiarities of the novel cyanoclusterfullerenes but
also valuable for further experimental and theoretical research
on the EMFs encapsulating heterogeneous groups.
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