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Abstract: This study on Lu,@Cg isomers provides insights into the metal-metal bond through the
confinement effect of fullerene cages. Density functional theory calculations were used to study
the nature of the Lu-Lu bond in two stable endohedral metallofullerenes (EMFs), Lu,@C,,_Cgy and
Luy@I;,_Cgp, both with negative endohedral energy. These two isomers are geometrically connected
through a simple Stone-Wales (SW) transformation. The electronic configuration of (Lup)*@Cgp*~
was also confirmed, leading to the formation of a two-center two-electron (2c—2e) Lu-Lu o single bond.
By comparing the Lu-Lu bonds in Luy@Cgy with those in acknowledged Lu,@Cy,,, the smaller Cgp
fullerene compressed the geometry of Luy resulting in a much shorter Lu-Lu bond length. However,
the Lu-Lu bond strength is slightly weaker in Luy@Cgp than that in large fullerenes, as the Lu-Lu bond
in Cg is likely a p-p o bond with an above the 40% contribution of p orbital and a strong metal-cage
interaction. Additionally, the vis-NIR spectra of Luy@C,,_Cgp and Lup@I;,_Cgp were simulated, which
could provide valuable information for future experimental studies on Lu-based EMFs.
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1. Introduction

Metal-metal bonds have been a subject of significant research interest in past decades,
which show important roles in catalysis and biology [1,2]. Metal-metal bonds provide
a large perturbation in electronic structure and the unique properties of these dinuclear
fragments can be harnessed in a broad range of applications [3]. Since the synthesis and
characterization of ReyClg?~ [4], there is growing evidence for the formation of metal-metal
bonds under specific conditions [5,6], and growing research interest in understanding the
nature of the metal-metal bonds. Generally, the transition metals could form multinuclear
complexes with direct metal-metal interactions, but a complex coordination environment
makes it difficult to understand the nature of metal-metal interaction [7].

Luckily, endohedral dimetallofullerenes (di-EMFs), i.e., fullerenes with two metal
atoms trapped inside are considered as the ideal model to study the metal-metal bond [8].
In 2014, di-EMF Sc,@C1(4059)-Cgg was determined as the geometry of Sc;Cgq molecule by
the single-crystal X-ray diffraction (XRD) [9]. La,@Co4 are also proposed with experimental
and theoretical methods [10], and later, theoretical study revealed that the La-La bond plays
a key role in the stability of dimetallofullerenes [Lay@Cy, ]~ (2n = 92-96) [11]. Recently,
Chen et al. have studied Sc-Y 62 bond in ScY@C3,(8)-Cs, [12].

Additionally, the previous reports clarified strong confinement effects of fullerene size
on the metal-metal bond in EMFs [7,13-15]. For example, Poblet et al. theoretically reveal a
U-U triple bond in U,@Cg with the effective bond order of 2.52, singly occupied molec-
ular orbitals (MOs) with metal-metal bond characters in U,@Cg, non-negligible U---U
interaction in U,@Cyg, but the metal-metal interaction almost disappears in U,@Cjpq4 [8].
In 2017, di-EMFs Lup,@Cyp, (21 = 82, 84, and 86) were synthesized and characterized with

Inorganics 2023, 11, 277. https:/ /doi.org/10.3390/inorganics11070277

https://www.mdpi.com/journal/inorganics


https://doi.org/10.3390/inorganics11070277
https://doi.org/10.3390/inorganics11070277
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://doi.org/10.3390/inorganics11070277
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com/article/10.3390/inorganics11070277?type=check_update&version=1

Inorganics 2023, 11, 277

2 0f9

the single-crystal XRD method, which gives the crystallographic evidence of direct Lu-Lu
bond between two divalent lutetium ions inside fullerenes [16]. Later, additional Lu,C,,
(2n = 76-90) molecules were reported with a wide range cage size, and the successful iso-
lation and unambiguous crystallographic assignment of a series of lutetium-containing
EMFs, LuyCy, (21 =76, 78, 80, 84, 86, 88, and 90), reveal an unrecognized decisive effect
of the cage size on the configuration of the encapsulated clusters [17]. Following theo-
retical studies reveal a stable two-center two-electron (2c—2e) Lu-Lu o bond in Lu,@Cgy
and Luy@Cgq [18,19]. However, experimental and theoretical study focused on the Lu-
containing di-EMFs with medium- or large-size fullerene cages and Lu-Lu bond in small
fullerene cages is still unclear.

Herein, Lu-Lu bond is studied in the smaller Cg fullerene cage with the highest
yield in the fullerene family by using density functional theory calculations and bonding
analysis. The aim is to evaluate the confinement effect of fullerene size on the Lu-Lu bond.
Two isomers, Cp,_Cgo and I;,_Cgp, which have been previously verified as the stable host
cage of Cg fullerene to encage inner moieties, were selected as they have well-established
thermodynamic stability and were used to encapsulate the Lu, dimer. The bonding features
of the Lu-Lu in the Cgy were evaluated via frontier molecular orbital (FMO), natural bond
orbital (NBO), and bond orders analyses. Additionally, the visible-near-infrared (vis-NIR)
spectra of Luy@Cy,,_Cgp and Lup@I;,_Cyy were simulated to study their electronic features
and gain a better understanding of the Lu-Lu bonds both in theory and experiment.

2. Results and Discussion
2.1. Stability and Geometries of Lu,@Cgy

The good stability of fullerenes Cy,_Cgp and I,_Cgp, connected through a single-
step Stone-Wales transformation, has been previously reported [20], and they have been
characterized as suitable isomers of C¢ fullerenes to encage metal atoms or clusters [8,21].
In this work, we focus on both Lu,@C;,_Cgp and Lu,@I;,_Cg to generally elucidate the
confinement effect of the fullerene on metal-metal bond.

Figure 1 shows the optimized geometries of Luy@Cy,_Cgp and Lupy@I;,_Cg. The low-
est frequencies for Lu,@Cy,_Cgo and Lu,@I,_Cg are calculated to be 36 and 45 cm™!,
respectively, suggesting their possible existence, as shown in Figures S1 and S2. The single-
point energy calculations showed that the Lup@Cy,,_Cg possessed energy of 5.3 kcal-mol !
higher than the energy of Lu,@I;,_Cg, of which results are confirmed by the hybrid func-
tional PBEO (PBE0/6-311G(d,p)~SDD/ /PBE0/6-31G(d)~CEP-4G) showing Lu,@C,,_Cgg
with energy of 0.7 kcal-mol ! higher than the energy of Luy@I;,_Cg.

AE =0 kcal'mol-! AE = 5.3 kcal-mol-!

Figure 1. Geometries of optimized Luy,@I},_Cgq (a) and Luy,@Cyp,,_Cgp (b) on the PBE/6-31G(d)~CEP-
4G, including the relative energy (AE) on the theoretical level of PBE/6-311G(d,p)~SDD with single-
point calculations.

In order to evaluate the effect of temperature, the Boltzmann distribution has been
calculated for Lu,@C,,_Cgp and Lup@I;,_Cgy. The results indicate that the Boltzmann
distribution of Lu,@Ij;,_Cgg is about 97%, 84%, 75%, 70%, 66%, and 63% at 500, 1000, 1500,
2000, 2500, and 3000 K, respectively, which is higher than Lu,@Cy,,_Cgp with the Boltzmann
distribution values of about 4%, 16%, 25%, 30%, 34%, and 37% at 500, 1000, 1500, 2000,
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2500, and 3000 K, respectively. The energy gaps between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are 0.19 and 0.35 eV
for Lup@I;,_Cgp and Lup,@Cy,_Cg, respectively, which are larger than the DFT-computed
HOMO-LUMO gaps of Lu,@C;(17,490)_Cyg and Lup,@C5,(19,138)_Cyg [22].

The formation energy for Luy@Cy,,_Cgp and Lupy@I),_Cg has been calculated by basis set su-
perposition error (BSSE) correction with a counterpoise calculation on the PBE/6-311G(d,p)~SDD
considering the Grimme’s dispersion with the original D3 damping function. The formation
energy for Luy@Cy,_Cgp and Lup@I),_Cgp are —179.7 and —156.4 kcal-mol 1, indicating the
possible synthesis and isolation in experiment. On the other hand, the much negative
formation energy indicates their good stability. The similar stability for Lu,@I;,_Cgg and
Lup@Cy,_Cgp might be explained by the geometrical connection with only the single-step
Stone-Wales transformation, and this case is similar to the hollow cage of C;,_C¢p and
I;,_Cgp isomers.

The Lu-Lu bond length in Luy@I;,_Cgp and Lu,@Cy,_Cgp are 3.04 and 3.14 A, respec-
tively, which are much smaller than the previously reported Lu-Lu bond length (~3.50 A) in
Lu,@Cy, (2n > 76) [17-19,22]. This suggests that there is a confinement effect of fullerenes
on the Lu-Lu bond length. The bond length of Sc-Sc and Y-Y in Cg, are 3.201 and 3.695 A,
respectively, and bond length of La-La in Cgy is 3.826 A, indicating the presence of a metal—
metal single bond, which has been verified in both theory and experiment [22]. Based on
the geometry, further study into the confinement effect of fullerenes on the Lu-Lu bond
is warranted.

2.2. Electronic Structures of Luy@Cg

The electronic structure of Luy@Cgy was further investigated through NBO calcula-
tions. The results in Table 1 show that there is charge transfer from inner Lu, dimer to
the Cg fullerenes, and in combination with the Lu-Lu o bond in Cg, the 6s orbitals of
Lu atoms lose four electrons in Luy@Cgp. Therefore, the electronic configurations of both
Luy@I;,_Cgp and Lupy@Cy,,_Cgp can be expressed as (Lup)**@(Cgp)*~.

Table 1. Natural population analysis (NPA) on Lu,@I;,_Cgp and Luy@Cy,_Cgp, and the NPA charges
(e) for metal atoms on the PBE/6-311G(d,p)~SDD.

Molecules Atoms Populations NPA Charges
Luy@I;,_Cgp Lul 5d037650-296p0-486d0-88750-29 0.78
Lu2 5d0.36680.376p0.466d0.857p0.28 0.78
Lu,@Cy,_Cgp Lul 5d036650-306p041640-9770-39 0.65
Lu2 5d0'34650'306p0'326d0'897p0'40 0.83

In addition, the location of fractional charge on 6p, 6d, and 7p orbitals of Lu atoms
implies the occurrence of back-donation, similar to that observed in other EMFs [23-37].
This is further supported by the presence of electrostatic interaction between the Lu, dimer
and fullerene cages, as depicted in Figure 2. These observations are consistent with the
ionic model of EMFs [13,38,39].

-1.0e 1.0e

Figure 2. NPA charges for Lu,@I;,_Cgp (a) and Luy@Cp,,_Cg (b) on the PBE/6-311G(d,p)~SDD, in
which the atoms are colored by corresponding NPA charges.
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Lu,@C,,_Cg

Furthermore, the FMOs have been mapped as shown in Figure 3, in which the Cg
fullerenes based on single-point calculations are obtained from the optimized Lu,@I;,_Cgp
and Lupy@Cy,_Cgp. The highest occupied molecular orbitals (HOMOs) of Lu,@Cgy are
contributed by the Luy dimer, presenting the Lu-Lu bond. It is clear that the LUMO
and LUMO + 1 of the Cg fullerenes become the HOMO-1 and HOMO-2 of the Lu,@Cg
indicating the four-electron transfer from inner moiety to fullerene cage, and this result is in
line with the natural bond order analysis again confirming the electronic configuration of
(Lup)**@(Cgo)*~. This electronic configuration has been verified in the previous report on
Lup,@Cy,, (2n > 76) [17-19,22]. Additionally, the t;,, LUMO has been split after encapsulation
of Lup dimer. As shown in Figure 3, after encapsulation of Luy dimer in I;;-Cg, its energy
level of LUMO + 1 and LUMO is equal, but the energy level of LUMO + 2 is —4.22 eV.
This is derived from the distortion of Cgg fullerene. The symmetry of I[,-Cgp and Cp,-Cgp
have reduced to D3; and Cy, respectively, after encapsulation, and the calculated distortion
energies of I;,-Cgp and Cp,-Cgp are 35.4 and 29.6 kcal-mol 1, respectively, on the theoretical
level of PBE/6-311G(d,p)~SDD.

w;)->

LUMO+1
-4 47====-4.47
LUMO

I,_Cgo Lu,@l,_Cq

Figure 3. FMOs for stable Cy;,_Cgp, I;,_Cgo, Lup@I;,_Cgo, and Luy,@Cy,,_Cgp molecules with isovalue
of 0.03 a.u. for the surface with the PBE functional, 6-311G(d,p) basis set for carbon atoms, and SDD
basis set for Lu atoms. The highest occupied molecular orbitals (HOMO) represented the Lu-Lu bond
in Cgp. The blue numbers represent the energies of orbitals.

2.3. Bonding Features of Lu,@Cg

Figure 3 illustrates the presence of a clearly localized bonding molecular orbital
between two Lu atoms in Luy@Cgp, which has been reported in previous studies [16-19].
The energy level of the bonding molecular orbitals is —4.66 and —4.54 eV for Lu,@I;,_Cq
and Luy@C,,_Cg, respectively. However, due to the confinement effect of the smaller
fullerene cage size, such as Cgg, further investigation is needed to determine the strength of
the Lu-Lu bond. The LUMOs are shown in Figure S3, which display both a metal-metal
antibonding orbital and a 7 antibonding orbital.

To study the nature of the Lu-Lu bond in small fullerene sizes, we calculated the Mayer
bond order (MBO) and Wiberg bond order (WBO) and the results are presented in Table 2.
Despite the much shorter bond length of Lu-Lu in fullerene Cg, the MBO for Lu-Lu bond
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in Cg is smaller than that in larger fullerenes. For example, in Lup@Cy,, (211 = 84 and 86),
the MBO is a little larger than 1 for Lu-Lu bond with a larger bond length [18,19]. The
WBOs for Lu-Lu bond in Cgj are also smaller than 1. To gain further insights into this
abnormal phenomenon, the hybrid compositions of M-M bond in Luy,@Cg were studied
with NBO calculations. As shown in Table 2, the p orbital contributes more than 40% to
the Lu-Lu bond, while the rest of the contributions come from the s and d atomic orbitals.
Thus, the Lu-Lu o bond in Cg is likely a p-p 0 bond. Previous studies have shown that
the Lu-Lu bond is mainly contributed by s orbitals [18,19], in which the metal-metal bond
is more like a s-s 0 bond. Generally, the overlap of s orbitals is more effective than that
of p orbitals, meaning that the s-s o bond is much stronger than the p-p o bond. On the
other hand, the interaction between Lu, dimer and fullerene cage Cg is stronger with MBO
values of 4.19 and 4.82 for Lup,@I;,_Cgp and Luy@Cy,,_Cg, respectively.

Table 2. Mayer bond order (MBO) and Wiberg bond order (WBO) of Lu-Lu bond, and hybrid
compositions of M-M bond in the Lu,@Cy at the theoretical level of PBE/6-311G(d,p)~SDD.

Molecules MBO WBO Atoms Hybrid Composition

Lul 5(26%)p(46%)d(28%)

Lua@l;_Ceo 099 073 Lu2 5(36%)p(43%)d(21%)
Lul $(26%)p(44%)d (30%)

Lu;@Ca0_Coo 0.84 0.67 Lu2 5(28%)p(45%)d(27%)

In Lup@I;,_Cgp and Lup@Cy,_Cgp, the Lu-Lu o bond is mainly derived from p orbitals,
for which the bond strength is related to the bond length. The Lu-Lu bond in I,_Cgg with
higher values of bond orders (0.99 for MBO and 0.73 for WBO, Table 2) show stronger
bond strength than that in C,,_Cgg, because the shorter bond length in I;,_Cgp than that in
Cao_Coeo-

2.4. Simulated Spectra of Luy@Cg

Figure 4 illustrates that the excitation energies of the first excited state of Lu,@I},_Cgg
and Lu,@Cy,_Cgp are 0.49 eV (2542 nm) and 0.47 eV (2637 nm), respectively, which are
smaller than the first excitation energy of approximately 0.90 eV (1384 nm) for Luy@Cgg
in both theory and experiment [16,19]. The excitation form Sy to Sy is primarily derived
from the transition of electrons from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO) of Lu,@Cgy, and the energy required
for this transition is 0.78 e~ and 0.61 e~ for Lupy@I},_Cgp and Luy@Cy,,_Cg, respectively.
As demonstrated in Figure 3 and Figure S3, the HOMO corresponds to the metal-metal
bonding orbital and the LUMO corresponds to the metal-metal antibonding orbital and
the 7t antibonding orbital in Luy@Cg), which is potential reason why their first excitation
energy is low. The much lower first excitation energy and the ease of electron transition
suggest the poor photochemical stability of Luy@Cg.

In addition, although the absorption peaks of Luy@I;,_Cgp and Luy@Cy,_Cgp isomers
have similar shapes (Figure 4), there is a clear difference in their absorption strength, which
can be useful for distinguishing them in the future experiments. Specifically, Luy@I;,_Cgg
exhibits a much stronger absorption peak at around 750 nm compared to Luy@Cy,_Cgo. The
absorption band at 200-700 nm for Lup,@Cy,,_Cgy is slightly wider than that of Luy@I;,_Cegp.
Furthermore, the IR spectra of Luy@Ij,_Cgp and Luy@Cy,_Cgg were simulated (Figure S4) to
evaluate their vibration models. These characterized absorption peaks in the vis-NIR and
IR spectra can be beneficial for future characterization of Luy@Cg in experiments.
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Figure 4. Simulated vis-NIR spectra of the Lup,@I},_Cgp (a) and Lup,@Cy,_Cgg (b) isomers. The
broadening function is Lorentzian and full width at half maximum is 0.30 eV.

3. Computational Methods

The optimizations of Luy@Cy,_Cgp and Lu,@I;,_Cgy were carried out on the PBE/6-
31G(d)~CEP-4G theoretical level [40,41], in which the basis function 6-31G(d) was used for
the carbon atom and CEP-4G containing pseudopotential was used for the lutetium atom
with valance electronic configuration of 4f'45d!6s?. The frequencies were calculated on the
same theoretical level for the optimized geometries of Luy@Cg, and all of them are free
from imaginary frequency meaning the existence of local minima point for Luy@Cy,,_Cgg
and Lup@I;,_Cgg. The PBE has been previously proved to be the suitable functional for
the lutetium-based EMFs [18,19,42,43]. To obtain accurate energy and frontier molecular
orbitals (FMOs), a single-point calculation was performed on the PBE/6-311G(d,p)~SDD
theoretical level, in which a larger basis set 6-311G(d,p) [40] with polarization functions
and SDD with effective core pseudopotential were used for the carbon and lutetium atoms,
respectively. In order to confirm the calculated results on PBE, the hybrid functional PBEO
(PBE0/6-311G(d,p)~SDD/ /PBE0/6-31G(d)~CEP-4G) calculations were also carried out for
both Lu,@Cy,_Cgo and Lup@I;,_Cgp. In order to evaluate the effect of temperature, the Boltz-
mann distribution has been calculated for Lu,@C,,,_Cgp and Lu,@I;,_Cgy. The formation
energy for Luy@Cy,_Cgg and Lup@I;,_Cgy was calculated based on basis set superposi-
tion errors via counterpoise corrections on the theoretical level of PBE/6-311G(d,p)~SDD.
NBO [44] analyses were also conducted on the PBE/6-311G(d,p)~SDD theoretical level.
The vis-NIR spectra were simulated on the PBE/6-31G(d)~CEP-4G theoretical level. All
the above calculations were carried out by Gaussian16 software package [45]. In addition,
Mayer bond order (MBO) [46] together with localized molecular orbitals (LMOs) [47,48]
analyses for Lu,@Cgy were performed with the Multiwfn program [49].
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4. Conclusions

Based on the Lup,@I;,_Cgp and Luy@Cy,,_Cgp which are related by a single-step Stone—
Wales transformation, we provide insight into the confinement effects of fullerene on the
metal-metal bonding. Although, in the Luy@Cg, there is a much shorter Lu-Lu bond
length, its bond strength is a little weaker than the Lu-Lu bond in large fullerenes, because
the Lu-Lu o bond in Cg is likely a p-p o bond with the contribution p orbital above
40% and a strong metal-cage interaction. Clearly, the confinement effects of fullerene play
important roles in the geometry of the inner cluster, especially the bond length in the present
work, and the electronic effect is more important for the bonding nature. Furthermore,
the electronic configurations of (Lup)**@Cgo*~ were confirmed. Additionally, the vis-NIR
spectra of Luy@Cy,_Cgp and Lupy@I;,_Cgp were simulated, which could give some valuable
information for the future experimental study on Lu-based EMFs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/inorganics11070277/s1, Figure S1: Several selected displacement vectors of
Luy@I;,_Cgp with vibration frequencies, including the lowest vibration one; Figure S2: Several selected
displacement vectors of Luy@Cy,,_Cgp with vibration frequencies, including the lowest vibration
one; Figure S3: Lowest unoccupied molecular orbitals (LUMO) with localization of Luy@I;,_Cg (a)
and Luy@Cy,_Cgp (b) with isovalue of 0.03 a.u. for the surface; Figure S4: IR vibration spectra for
Luy@I;,_Cgg (a) and Lupy@Cy,,_Cgp (b). The broadening function is Gaussian function and full width

at half maximum is 12 cm~1; coordinates for optimized geometries: Luy@I;,_Cgp and Luy@Cy,,_Cgp.
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