

  inorganics-12-00045




inorganics-12-00045







Inorganics 2024, 12(2), 45; doi:10.3390/inorganics12020045




Article



Stability and Electronic Properties of 1D and 2D Ca@C60 Oligomers and Polymers



Yabei Wu 1, Zhonghao Zhou 2,* and Zhiyong Wang 1,*





1



Key Laboratory of Advanced Light Conversion Materials and Biophotonics, Department of Chemistry, Renmin University of China, Beijing 100872, China






2



School of Materials Science and Engineering, Dalian Jiaotong University, Dalian 116028, China









*



Correspondence: zhonghao_zhou@ruc.edu.cn (Z.Z.); zhiyongwang@ruc.edu.cn (Z.W.)







Citation: Wu, Y.; Zhou, Z.; Wang, Z. Stability and Electronic Properties of 1D and 2D Ca@C60 Oligomers and Polymers. Inorganics 2024, 12, 45. https://doi.org/10.3390/inorganics12020045



Academic Editor: David Turner



Received: 18 December 2023 / Revised: 14 January 2024 / Accepted: 22 January 2024 / Published: 29 January 2024



Abstract

:

The polymerization of fullerenes is a significant method for obtaining fullerene-based materials that possess intriguing properties. Metallofullerenes, as a notable type of fullerene derivatives, are also capable of undergoing polymerization, potentially resulting in the creation of metallofullerene polymers. However, there is currently limited knowledge regarding the polymerization process of metallofullerenes. In this study, we have selected Ca@C       60   as a representative compound to investigate the polymerization process of metallofullerenes. The objective of this research is to determine whether the polymerization process is energetically favorable and to examine how the electronic properties of the metallofullerene are altered throughout the polymerization process. Ca@C       60   is a unique metallofullerene molecule that exhibits insolubility in common fullerene solvents like toluene and carbon disulfide but is soluble in aniline. This behavior suggests a potential tendency for Ca@C       60   to form oligomers and polymers that resist dissolution. However, the structures and properties of polymerized Ca@C       60   remain unknown. We employed density functional theory calculations to investigate the stability and electronic properties of one-dimensional and two-dimensional Ca@C       60   oligomers and polymers. Our findings indicate that the coalescence of Ca@C       60   monomers is energetically favorable, with a significant contribution from van der Waals interactions between the fullerene cages. The polymerization process of Ca@C       60   also involves the formation of covalent linkages, including four-atom rings and C-C single bonds. The increase in the number of the Ca@C       60   units to three and four in the oligomer leads to a significant decrease in the HOMO-LUMO gap. In the two-dimensional polymerized Ca@C       60  , the organization of the monomers closely resembles the spatial configuration of carbon atoms in graphene. With a direct bandgap of 0.22 eV, the polymerized Ca@C       60   holds potential for utilization in optoelectronic devices.
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1. Introduction


Fullerenes, which typically consist of several tens of carbon atoms, are carbon allotropes with a cage-like structure. These structures possess conjugated electronic configurations and display intriguing optical, electrical and electrochemical properties [1,2,3,4,5,6].   C 60  , the most prominent member of the fullerene family, has been extensively researched for several decades. Its derivatives have found wide-ranging applications in photovoltaic devices and have shown potential for disease treatment [7,8,9,10]. Alongside the C       60   monomer, there has been significant interest in studying the polymerized form of C       60  . Reports suggest that when exposed to photo irradiation or high pressure treatment, C       60   molecules can polymerize into oligomers and polymers [11,12]. The properties of the C       60   polymers have been explored through theoretical and experimental studies [3,13,14,15,16]. During the polymerization process, the reaction between two neighboring C       60   molecules typically occurs via a [2 + 2] cycloaddition mechanism, leading to the formation of a cyclobutane ring that connects two fullerene cages. Subsequent to polymerization, the resulting products usually exhibit high insolubility in solvents that can dissolve C       60   [16]. The structural composition of the products derived from C       60   sample is determined by the reaction conditions. The formation of polymers and metastable materials occurs when the pressure exceeds several GPa and the temperature surpasses several hundred degrees Celsius. At higher pressures and temperatures, the C       60   cage can rupture, leading to the production of diamond-like materials [16,17]. Sabirov utilized density-functional theory to examine the polarizability of fullerene oligomers (C       60  )       n   (n = 1–5) [18]. The study findings demonstrated that the average polarizability of (C       60  )       n   is not linearly correlated with the number of fullerene cores in the molecules, suggesting a violation of additivity. This phenomenon, referred to as the exaltation of polarizability, arises from the interaction between the  π -electronic systems of the fullerene cores in (C       60  )       n   and becomes increasingly significant as the distance between them increases. Quantum chemical calculations of fullerene oligomers are expensive because of the large size of the oligomers. Sabirov investigated energy, topology, and information theoretic descriptors, and obtained a ternary energy-topology-symmetry law. The findings indicate that topological indices are effective in identifying the most and least reactive atoms within the fullerene dimer structure [19].



Recently, the synthesis of monolayer and few-layer two-dimensional fullerene networks has been reported [20,21]. In the polymeric C       60   monolayer, the C       60   molecules are covalently bonded, showcasing excellent crystallinity and thermodynamic stability. Measurements of the electronic band structure of the polymeric C       60   monolayer indicate a bandgap of approximately 1.6 eV. The two-dimensional crystalline polymer of C       60   has been coined “graphullerene” and serves as a bridge between molecular and extended carbon materials. The synthesis of graphullerene involves the growth of single crystals of layered polymeric Mg       4  C       60  , followed by the removal of magnesium atoms [20,21]. Theoretical studies reveal that graphullerene is a meta-stable semiconductor with an indirect band gap [22].



Metallofullerenes, as a notable type of fullerene derivatives, may also have the ability to polymerize and form metallofullerene polymers. However, there is currently limited knowledge regarding the polymerization process of metallofullerenes. The aim of this study is to investigate the stability and electronic properties of polymerized metallofullerenes, a previously unexplored area of research. A variety of metal elements can be accommodated within the interior cavity of fullerene cages. Metallofullerene molecules have been extensively studied in terms of their synthesis, structures, and properties [23,24,25,26,27,28,29,30,31,32,33]. The arc-discharge technique is commonly employed for the synthesis of various metallofullerenes. While some metallofullerenes are soluble in organic solvents like toluene and carbon disulfide, others are not. One notable metallofullerene, Ca@C       60  , is soluble in aniline but insoluble in toluene and carbon disulfide [34]. This can be attributed to its reactivity towards polymerization and its lack of solubility in non-polar organic solvents. The solubility in aniline may be due to the formation of a charge-transfer complex. Currently, the understanding of the structure and characteristics of polymerized Ca@C       60   is very limited. To address this gap, our study focuses on examining the stability and electronic properties of Ca@C       60   oligomers and polymers using density functional theory (DFT) calculations. We also analyze the interactions between individual Ca@C       60   monomers.




2. Results and Discussion


In a previous study by Kubozono and co-workers, endohedral metallofullerene Ca@C       60   was prepared and extracted [34]. The preparation involved arc-heating graphite rods containing CaO, followed by extraction with aniline under an air atmosphere. The laser desorption time-of-flight mass spectra of the extracted solutions showed prominent peaks attributed to Ca@C       60  , demonstrating the stability of Ca@C       60  . We conducted DFT calculations on Ca@  I h  −C       60  . Figure 1a illustrates the DFT-optimized structure of Ca@C       60  . Upon encapsulation of a Ca atom, the molecule’s symmetry is reduced from   I h   to   C  2 v   . The Ca atom is positioned adjacent to a carbon-carbon bond, with a distance of 2.45 Å between the Ca atom and the carbon atom in the bond. In some metallofullerenes, the metal atom resides in close proximity to the center of a six-member carbon atom ring, while the coordination occurring at a carbon-carbon bond results in an increase in energy. Regarding Ca@C       60  , it is observed that the Ca atom is situated near a carbon-carbon bond and remains in an off-center position. If the Ca atom were to shift towards the center of the molecule, there would be a noticeable increase in the overall energy.



The HOMO-LUMO gap of Ca@C       60   is calculated to be 1.14 eV. To assess the charge distribution, we conducted a natural population analysis (NPA), revealing a NPA charge of 1.8 for the Ca atom. Considering that the Ca atom possesses two valence electrons, the calculated NPA charge signifies a transfer of two electrons to the fullerene cage. Therefore, the formal charge of Ca atom can be regarded as +2. The charge distribution of Ca@C       60   is illustrated in Figure 1b. It is evident that the negative charges on the fullerene cage are distributed unevenly. In particular, the carbon atoms in close proximity to the Ca atom exhibit a greater concentration of negative charges.



The C       60   cage contains two types of C-C bonds. One type corresponds to the hexagon-hexagon ring junction, known as the (6,6) bond, while the other corresponds to the pentagon-hexagon ring junction, known as the (5,6) bond. In our previous research, we investigated the reactivity of the (5,6) and (6,6) bonds in Ca@C       60   towards Diels-Alder cycloaddition reactions using density functional methods [35]. For the pristine C       60  , the reactivity of the (6,6) bond is much higher than that of the (5,6) bond. We found that for the Diels-Alder mono-addition reaction, the unreactive (5,6) bond in C       60   can be effectively activated by encapsulating a Ca atom. The enhancement of reactivity is attributed to both electron transfer from the metal atom to the fullerene cage and the interaction between the metal cation and the cage. The functionalization of Ca@C       60   leads to significant increases in the HOMO-LUMO gap, which can improve the chemical stability of Ca@C       60  . For the formation of oligomers of Ca@C       60  , both the (5,6) and (6,6) bonds could serve as reaction sites. Consequently, various structures of Ca@C       60   oligomers were considered in this study.



It has been reported that the metallofullerene Li@C       60   can form dimers in solid states [36]. In the dimer of Li@C       60  , the fullerene cages are connected by a single C-C bond. In our study on the dimer [Ca@C       60  ]       2  , four possible isomers were considered. Isomer 1, referred to as [Ca@C       60  ]       2  -1, consists of two fullerene cages connected by a single C-C bond (Figure 2a). Isomers 2–4, on the other hand, involve the linkage of the fullerene cages through a four-atom ring (Figure 2b–d). Isomers 2–4 can be seen as the result of [2 + 2] cycloaddition reactions between two Ca@C       60   molecules. Three products were considered from the [2 + 2] cycloaddition reactions between two Ca@C       60   molecules. The product formed by connecting two (6,6) bonds is labeled as [Ca@C       60  ]       2  -2 (Figure 2b). The product formed by connecting two (5,6) bonds is labeled as [Ca@C       60  ]       2  -3 (Figure 2c). Finally, the product formed by connecting a (6,6) bond and a (5,6) bond is labeled as [Ca@C       60  ]       2  -4 (Figure 2d). Our DFT calculations revealed that [Ca@C       60  ]       2  -3 has the lowest energy, indicating that the dimerization of Ca@C       60   prefers to occur at the (5,6) bond of the fullerene cage. This situation is different from the C       60   dimer. In the case of C       60   dimer, the fullerene cages are connected by cycloaddition reaction between two (6,6) bonds. Once metal atoms are encapsulated, the cage’s reactivity is altered due to electron transfer from the metal atom to the fullerene cage. As previously discussed, the unreactive (5,6) bond in C       60   can be effectively activated by encapsulating a Ca atom in the context of the Diels-Alder mono-addition reaction. It is a common trend that the reactivity of the (5,6) bond towards Diels-Alder reactions is heightened in the case of metallofullerenes compared to empty fullerenes.



We examined five isomers of the trimers [Ca@C       60  ]       3  . The first isomer, [Ca@C       60  ]       3  -1, is formed by linking three Ca@C       60   molecules with C-C single bonds (Figure 3a). Isomers 2–4 can be regarded as the product of [2 + 2] cycloaddition reactions between three Ca@C       60   molecules. In [Ca@C       60  ]       3  -2, only (6,6) bonds are involved in the cycloaddition reactions (Figure 3b), while in [Ca@C       60  ]       3  -3, only (5,6) bonds are involved (Figure 3c). In [Ca@C       60  ]       3  -4, the four-atom ring connecting the fullerene cages is formed by a (6,6) bond and a (5,6) bond (Figure 3d). In [Ca@C       60  ]       3  -5, the three fullerene cages are arranged in a triangular shape and connected by a four-atom ring and two C-C single bonds (Figure 3e). The four-atom ring is formed by cycloaddition reaction between two (5,6) bonds. DFT calculations indicate that [Ca@C       60  ]       3  -5 has the lowest energy, making the triangular trimer more thermodynamically stable than the linear isomers.



For the tetramers [Ca@C       60  ]       4  , we considered six isomers. Isomers 1–4, which are linear molecules (Figure 4a–d), have a bonding pattern similar to isomers 1–4 of the trimers. The fifth isomer, [Ca@C       60  ]       4  -5, has a rectangular shape, with four fullerene cages connected by two four-atom rings and two single bonds (Figure 4e). In the sixth isomer, [Ca@C       60  ]       4  -6, the fullerene cages form a rhombus shape (Figure 4f). DFT calculations show that [Ca@C       60  ]       4  -5 and [Ca@C       60  ]       4  -6 have significantly lower energy compared to the other isomers. The arrangement of the fullerene cages in [Ca@C       60  ]       4  -6 is similar to the reported two-dimensional monolayer C       60   polymer “graphullerene” [20,21,22]. The computed charge distribution of the atoms in [Ca@C       60  ]       4  -5 and [Ca@C       60  ]       4  -6 is depicted in Figure 4e,f. It is evident that the negative charges on the fullerene cage are concentrated in close proximity to the Ca atom. Consequently, there exists a robust electrostatic attraction between the negatively charged fullerene cage and the Ca cation.



Figure 5 depicts the molecular orbital diagrams for Ca@C       60  , [Ca@C       60  ]       2  -3, [Ca@C       60  ]       3  -5 and [Ca@C       60  ]       4  -6. DFT calculations reveal a significant alteration in the HOMO-LUMO gap of the oligomers [Ca@C       60  ]       n   compared to the monomer Ca@C       60  . The HOMO-LUMO gaps for Ca@C       60  , [Ca@C       60  ]       2  -3, [Ca@C       60  ]       3  -5 and [Ca@C       60  ]       4  -6 are 1.14, 1.36, 0.60 and 0.27 eV, respectively. The dimer [Ca@C       60  ]       2  -3 shows an enlarged HOMO-LUMO gap in comparison to Ca@C       60  . For the trimer and tetramers, the HOMO-LUMO gap substantially decreases as the number of Ca@C       60   units increases. The HOMO-LUMO gaps for other isomers of the oligomers are summarized in Table 1. In the case of empty C       60  , the HOMOs and LUMOs are degenerate, with the HOMOs being five-fold degenerate and the LUMOs being triply degenerate. However, when a Ca atom is encapsulated, two electrons occupy the LUMO of C       60  , resulting in the HOMO of Ca@C       60   having a similar shape to the LUMO of C       60  . Additionally, the LUMO and LUMO+1 of Ca@C       60  , which are derived from the LUMOs of C       60  , are almost degenerate. Similarly, the HOMO-6 to HOMO-1 of Ca@C       60  , which are derived from the five-fold HOMOs of C       60  , have very close energies.



In the case of the dimer [Ca@C       60  ]       2  -3, both the HOMO and LUMO are observed to be spread across two fullerene cages. Additionally, the HOMO is also observed to be present at the C-C bridge that connects the fullerene cages. Moving on to the trimer [Ca@C       60  ]       3  -5, it can be observed that the HOMO and LUMO are primarily distributed at the two fullerene cages that are connected by a four-atom ring. In the case of the tetramers [Ca@C       60  ]       4  -6, the HOMO and LUMO are distributed across the two fullerene cages, which are separated by a significant distance.



The UV-vis-NIR absorption spectra for Ca@C       60  , [Ca@C       60  ]       2  -3, and [Ca@C       60  ]       3  -5 are presented in Figure 6. It is observed that both Ca@C       60   and [Ca@C       60  ]       2  -3 exhibit an absorption onset at approximately 1000 nm, with a prominent absorption peak at around 800 nm. Notably, [Ca@C       60  ]       3  -5 displays a broad absorption peak spanning the range of 1400–3000 nm, which can be attributed to its small HOMO-LUMO gap. This characteristic suggests potential applications in the fields of biomedicine and optoelectronic devices. On the other hand, the TDDFT calculations for [Ca@C       60  ]       4  -6 were unsuccessful due to the high computational cost.



On the basis of DFT calculations, we compared the energy between the oligomers [Ca@C       60  ]       n   and the monomer Ca@C       60  . The results indicate that the formation of oligomers is an exothermic process. We calculated the relative energies for [Ca@C       60  ]       n   per Ca@C       60   unit using the monomer Ca@C       60   as a reference. The calculated values for [Ca@C       60  ]       2  -3, [Ca@C       60  ]       3  -5,[Ca@C       60  ]       4  -5 and [Ca@C       60  ]       4  -6 per Ca@C       60   unit are −0.54, −0.67, −0.69 and −0.70 eV, respectively, revealing significantly lower energies compared to the monomer Ca@C       60  . Remarkably, the relative energy decreases with an increase in the number of Ca@C       60   units. Consequently, the process of polymerizing Ca@C       60   exhibits a favorable energy profile.



The stability of the oligomers [Ca@C       60  ]       n   can be attributed to two factors. Firstly, the covalent bonding between the fullerene cages plays a crucial role. Secondly, the van der Waals interaction between the fullerene cages also contributes to the stability. To illustrate this, we examined the dimer [Ca@C       60  ]       2  -3 as a representative compound and calculated the dispersion energy between the two fullerene units. This was achieved by performing energy decomposition using dispersion corrected density functional theory (DFT-D3). The calculated dispersion energy was found to be 0.49 eV, indicating that the dispersion energy significantly contributes to the dimer formation. To visualize the weak interactions between the fullerene cages, we conducted an analysis using the Independent Gradient Model based on Hirshfeld partition (IGMH) for [Ca@C       60  ]       2  -3, [Ca@C       60  ]       3  -5, and [Ca@C       60  ]       4  -6. The results are presented in Figure 7. The isosurface of  δ g indicates the region where dispersion interaction is present. It is evident that dispersion interaction exists between the fullerene cages.



For the two-dimensional polymers [Ca@C       60  ]       ∞  , we considered two possible structures. The first one, [Ca@C       60  ]       ∞  -1, is constructed by extension of the Ca@C       60   units in [Ca@C       60  ]       4  -6. The second one, [Ca@C       60  ]       ∞  -2, is constructed by extension of the Ca@C       60   units in [Ca@C       60  ]       4  -5. Figure 8 displays the optimized structures of these polymers. In [Ca@C       60  ]       ∞  -1, each fullerene cage is connected to six adjacent cages, resembling a “graphullerene” structure [20,21,22]. In [Ca@C       60  ]       ∞  -2, each fullerene cage connects with four adjacent cages. DFT calculations indicate that [Ca@C       60  ]       ∞  -1 is thermodynamically more stable than [Ca@C       60  ]       ∞  -2. The energy difference for the unit cell containing two Ca@C       60   units is 1.08 eV. Figure 9 shows the band structure for [Ca@C       60  ]       ∞  -1, with a direct bandgap of 0.22 eV. Notably, this bandgap is significantly smaller in comparison to that of “graphullerene” [20,22]. This reduction in bandgap can be attributed to the transfer of electrons from Ca atoms to the fullerene cage. As a result, a portion of the conduction band of "graphullerene" is occupied by these transferred electrons. Consequently, the polymer [Ca@C       60  ]       ∞  -1 exhibits distinct electronic characteristics in comparison to “graphullerene”. The band structure of [Ca@C       60  ]       ∞  -1 reveals that the wave vectors corresponding to the Conduction band minimum (CBM) and Valance band maximum (VBM) are both situated at the high symmetry point G in the Brillouin zone. The electron transition mode displays vertical transitions, while the band structure itself demonstrates direct bandgap characteristics. Notably, since the CBM and VBM coincide at the same momentum point, the transition from the valence band to the conduction band in [Ca@C       60  ]       ∞  -1, upon absorption of photons by electrons, only requires adherence to the energy conservation constraint, without necessitating additional phonon interaction. In comparison with indirect bandgap materials, [Ca@C       60  ]       ∞  -1 exhibits superior quantum efficiency, rendering it a promising contender for optoelectronic devices.




3. Computational Details


DFT calculations were conducted on Ca@C       60   and its oligomers and polymers. The oligomers included the dimer[Ca@C       60  ]       2  , the trimer [Ca@C       60  ]       3   and the tetramer [Ca@C       60  ]       4  . The polymers were referred to as [Ca@C       60  ]       ∞  . Gaussian16 version A03 [37] was used for the calculations on the oligomers, with the PBE0 functional employed [38]. To account for the significant van der Waals interaction between the fullerene cages, the dispersion correction D3(BJ) was applied [39]. The geometric optimization utilized the def2SVP basis set for the carbon and calcium atoms [40], while the def2-TZVP basis set was used for single-point energy calculations [41]. The counterpoise method of Boys and Bernardi was employed to correct the basis set superposition error (BSSE) [42]. The interaction between Ca@C       60   monomers was investigated using the MULTIWFN program [43], specifically the analysis of independent gradient model based on Hirshfeld partition (IGMH) [44,45]. The visualization of the calculation results was achieved using the Visual Molecular Dynamics (VMD, version 1.9.3) software [46].



We utilized the Dmol3 package [47,48] to perform calculations on the polymers [Ca@C       60  ]       ∞   within periodic models. The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional [49] was applied to simulate the electron exchange correlation interaction. Electron-ion interactions were described using the DFT Semi-core Pseudopotentials (DSPP) [50]. The wave function is expanded by Double Numerical plus polarization (DNP) basis set, and the Brillouin zone is used by 2 × 4 × 1 K-point grid for [Ca@C       60  ]       ∞  −1, 4 × 2 × 1 for [Ca@C       60  ]       ∞  −2. The van der Waals interaction was described using the Tkatchenko-Scheffler method [51]. In order to prevent interlayer interaction between the same research objects, a 15 Å vacuum layer was applied.




4. Conclusions


We conducted a comprehensive investigation into the stability and electronic properties of oligomers and polymers of Ca@C       60   through DFT calculations. In the most stable Ca@C       60   dimer, the fullerene cages are connected through a four-atom ring, with each fullerene cage utilizing a (5,6) bond to form the four-atom ring. The trimer of Ca@C       60   exhibits a most stable isomer with a triangular structure. For Ca@C       60   tetramers, two thermodynamically stable isomers exist—one with a rectangular shape and the other with a rhombus shape. Our findings indicate a decreasing HOMO-LUMO gap as the number of Ca@C       60   units increases to three and four in the oligomers. Furthermore, our study reveals that the oligomer formation is an exothermic process, with van der Waals interactions between fullerene cages playing a crucial role. In the case of the two-dimensional polymer of Ca@C       60  , we observe structural similarities with graphullerene. This polymer functions as a semiconductor, featuring a direct bandgap of 0.22 eV. Given the solubility of the Ca@C       60   monomer in aniline, future experimental studies on the polymerization of Ca@C       60   are deemed feasible.
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Figure 1. (a) Two views of the optimized structure of Ca@C       60  . The carbon atoms adjacent to the Ca atom are indicated with a green color. (b) The charge distribution on the atoms of Ca@C       60  . The green and red color indicates positive and negative charges, respectively. The black color indicates neutral atoms. 
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Figure 2. The optimized structures of the dimers [Ca@C       60  ]       2  . The calculated relative energies are shown. 
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Figure 3. The optimized structures of the trimers [Ca@C       60  ]       3  . The calculated relative energies are shown. 
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Figure 4. The optimized structures of the tetramers [Ca@C       60  ]       4  . The calculated relative energies are shown. 






Figure 4. The optimized structures of the tetramers [Ca@C       60  ]       4  . The calculated relative energies are shown.



[image: Inorganics 12 00045 g004]







[image: Inorganics 12 00045 g005] 





Figure 5. The calculated molecular orbital diagrams for (a) Ca@C       60  , (b) [Ca@C       60  ]       2  -3, (c) [Ca@C       60  ]       3  -5 and (d) [Ca@C       60  ]       4  -6. The occupied and unoccupied molecular orbitals are denoted in black and blue, respectively. 
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Figure 6. The calculated UV-vis-NIR absorption spectra for (a) Ca@C       60  , (b) [Ca@C       60  ]       2  -3 and (c) [Ca@C       60  ]       3  -5 by using the TDDFT method. 
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Figure 7. IGMH- δ g isosurface (isovalue = 0.001 a.u.) showing the dispersion interaction between the Ca@C       60   fragments for (a) [Ca@C       60  ]       2  -3, (b) [Ca@C       60  ]       3  -5 and (c) [Ca@C       60  ]       4  -6. 
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Figure 8. The optimized structures of [Ca@C       60  ]       ∞  -1 and [Ca@C       60  ]       ∞  -2. The calculated relative energies for a unit cell are shown. 
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Figure 9. The calculated band structure of [Ca@C       60  ]       ∞  -1. 
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Table 1. The DFT-calculated HOMO-LUMO gaps (in eV) of Ca@C       60   and its oligomers.
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	HOMO-LUMO Gap





	Ca@C       60  
	1.14



	2-1
	0.50



	2-2
	1.07



	2-3
	1.36



	2-4
	0.94



	3-1
	0.22



	3-2
	1.02



	3-3
	1.21



	3-4
	0.79



	3-5
	0.60



	4-1
	0.14



	4-2
	1.05



	4-3
	1.14



	4-4
	0.80



	4-5
	0.38



	4-6
	0.27
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