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General information

General characterization. 

HPLC was conducted on an LC-908 machine (Japan Analytical Industry Co., Ltd.). The positive-ion mode 

matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) (MICROFLEX, Bruker, Germany) was used for 

the mass spectroscopic characterization. The Vis-NIR spectra were measured by a PE Lambda 750S spectrophotometer in 

carbon disulfide. Cyclic voltammogram was measured in o-DCB with 0.05M TBAPF6 as the supporting electrolyte with a 

CHI660E workstation. 

Crystallographic characterizations. 

Single-crystal X-ray data were collected at 100 K using the radiation wavelength at 0.7749 (for Ti2C2@C78) or 0.8264 Å 

(for Ti2C2@C82 isomers) with a MarCCD detector at beamline BL17B of the Shanghai Synchrotron Radiation Facility 

(China). A multi-scan method (SADABS) was used for absorption corrections. The structures were solved with direct 

methods and were refined with SHELXL-2014.[S1]
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Computational Methods

Full geometry optimizations were carried out by using the M06-2X functional[S2] and the standard 6-31G* all-electron 

basis set for C[S3] and the Stuttgart/Dresden relativistic effective core potential[S4] and corresponding basis set for Ti. All the 

DFT calculations were performed by using the Gaussian 09 software package.[S5]

Synthesis and isolation of Ti2C2@D3h(5)-C78, Ti2C2@Cs(6)-C82 and Ti2C2@C3v(8)-C82. 

Soot containing titanium metallofullerenes was produced with the arc-discharge method. Specifically, graphite rods 

containing a mixture of TiC and graphite powder (molar ratio: Ti/C=1:10) were vaporized under 400 mbar He atmosphere. 

The crude mixture of empty fullerenes and titanium-containing EMFs was extracted with carbon disulfide. Lewis acid 

SnCl4 was chosen to react with the extract for the enrichment of Ti-EMFs. Then the precipitate was collected. After 

filtration, decomplexation of the precipitate occurred with the treatment of deionized water. The resulting solid was 

dissolved in carbon disulfide. Upon solvent removal, the sample was re-dissolved in chlorobenzene for multiple HPLC 

separations. (vide infra). 

HPLC separation of Ti2C2@D3h(5)-C78, Ti2C2@Cs(6)-C82 and Ti2C2@C3v(8)-C82

The precipitation (named Fo) obtained by SnCl4 treatment was re-dissolved in chlorobenzene and isolated by two-stage 

HPLC separations. In the first stage, Fo was separated on a 5PBB column (20 mm × 250 mm, Cosmosil Nacalai Tesque) 

with chlorobenzene as mobile phase. Then two fractions of Fo-5 and Fo-7 were collected for the final stage of separation on 

Buckyprep-M column (10mm × 250mm) and Buckyprep column (10mm × 250mm) with toluene as mobile phase, 

respectively. Finally, pure Ti2C80 and Ti2C2@C82(I, II) were collected named Fo-5-3, Fo-7-6, and Fo-7-7, respectively.
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Figure S1. Isolation schemes of Ti2C80. (a) The first stage HPLC chromatogram of Fo dissolved in chlorobenzene. 

Conditions: 5PBB column, Ф = 20 mm × 250 mm, eluent = chlorobenzene, flow rate = 10 mL/min, detection wavelength = 

330 nm, room temperature. (b) The second stage HPLC chromatogram of fraction Fo-5. Conditions: Buckyprep-M column, 

Ф = 20 mm × 250 mm, eluent = toluene, flow rate = 4 mL/min, detection wavelength = 330 nm, room temperature.

Figure S2. Isolation schemes of Ti2C84(I) and Ti2C84(II). (a) The first stage HPLC chromatogram of Fo dissolved in 

chlorobenzene. Conditions: 5PBB column, Ф = 20 mm × 250 mm, eluent = chlorobenzene, flow rate = 10 mL/min, 

detection wavelength = 330 nm, room temperature. (b) The second stage HPLC chromatogram of fraction Fo-7. Conditions: 

Buckyprep column, Ф = 10 mm × 250 mm, eluent = toluene, flow rate = 4 mL/min, detection wavelength = 330 nm, room 

temperature.
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Crystal data of Ti2C2@D3h(5)-C78·Ni(OEP)·2(C7H8). black block, 0.20 × 0.10 × 0.10 mm, monoclinic, 

space group P21/c, a = 20.364(4) Å, b = 14.740(3) Å, c = 25.377(5) Å, α= 90°, β = 98.02(3)°, γ = 90°, V = 

7543(3) Å3, Fw = 1832.33, λ = 0.7749 Å, Z = 4, Dcalc = 1.614 Mg/m3, μ = 0.658 mm-1, T = 100 K, R1 = 

0.0847, wR2 = 0.2607, GOF (on F2) = 1.037. The maximum residual electron density is 0.844 eÅ-3. 

Crystallographic data has been deposited in the Cambridge Crystallographic Data Center with the CCDC 

number 1951586.

Crystal data of Ti2C2@Cs(6)-C82·Ni(OEP)·2(C7H8). black block, 0.30 × 0.23 × 0.18 mm, monoclinic, 

space group C2/m, a = 25.3093(9) Å, b = 14.8746(6) Å, c = 20.5507(7) Å, α= 90°, β = 96.880(2)°, γ = 90°, 

V = 7680.9(5) Å3, Fw = 1880.37, λ = 0.8264 Å, Z = 4, Dcalc = 1.626 Mg/m3, μ = 0.772 mm-1, T = 100 K, R1 = 

0.0799, wR2 = 0.1829, GOF (on F2) = 1.142. The maximum residual electron density is 0.681 eÅ-3. 

Crystallographic data has been deposited in the Cambridge Crystallographic Data Center with the CCDC 

number 1892499.

Crystal data of Ti2C2@C3v(8)-C82·Ni(OEP)·2(C7H8). black block, 0.28 × 0.20× 0.12 mm, monoclinic, 

space group C2/m, a = 25.3264(10) Å, b = 14.9476(7) Å, c =20.4238(9) Å, α= 90°, β = 97.621(2)°, γ = 90°, 

V = 7663.5(6) Å3, Fw = 1880.37, λ = 0.8264 Å, Z = 4, Dcalc = 1.630 Mg/m3, μ = 0.773 mm-1, T = 100 K, R1 = 

0.1158, wR2 = 0.2846, GOF (on F2) = 1.148. The maximum residual electron density is 1.060 eÅ-3. 

Crystallographic data has been deposited in the Cambridge Crystallographic Data Center with the CCDC 

number 1892500.
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Figure S3. Perspective drawings showing the disordered titanium sites in (a) Ti2C2@D3h(5)-C78, (b) Ti2C2@Cs(6)-C82, and 

(c) Ti2C2@C3v(8)-C82. The atoms labeled with ‘A’ are generated by the crystallographic operation. Some cage frameworks 

are omitted to enhance visualization.

Inside the fullerene cages, the titanium atoms show some degree of disorder and the number of the disordered titanium 

sites increases as the cage size expands (from C78 to C82). In detail, 8, 14, and 10 titanium positions are found for the two Ti 

atoms in D3h(5)-C78, Cs(6)-C82, and C3v(8)-C82, respectively, indicating the motional behavior for the titanium atoms inside 

the fullerene cages.

Table S1. Occupancy values of the two Ti atoms inside Ti2C2@D3h(5)-C78, Ti2C2@Cs(6)-C82, and Ti2C2@C3v(8)-C82.a

EMFs Occupancy values of Ti atoms

Ti1 Ti2 Ti3 Ti4 Ti5 Ti6 Ti7 Ti8 -
Ti2C2@D3h(5)-C78

0.62 0.62 0.22 0.22 0.11 0.11 0.05 0.05 -

Ti1 Ti2
Ti3/

Ti3A
Ti4

Ti5/

Ti5A
Ti6

Ti7/

Ti7A

Ti8/

Ti8A

Ti9/

Ti9ATi2C2@Cs(6)-C82

0.56 0.24 0.07 0.07 0.20 0.11 0.11 0.07 0.05
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Ti1/

Ti1A

Ti2/

Ti2A

Ti3/

Ti3A

Ti4/

Ti4A

Ti5/

Ti5A
- - - -

Ti2C2@C3v(8)-C82

0.29 0.34 0.21 0.10 0.06 - - - -

a Atoms labeled ‘A’ are generated by the crystallographic mirror plane.

 

Table S2. Ti-cage distances and structural parameters of the Ti2C2 clusters of Ti2C2@D3h(5)-C78, Ti2C2@Cs(6)-C82, and 

Ti2C2@C3v(8)-C82.a

EMF
Ti···Ti 

distance (Å)

Ti-C

distances (Å)

C-C

distance (Å)

      Ti-cage 

distances (Å)

Ti-C2-Ti

dihedral angle 

Ti2C2@D3h(5)-C78 5.000 2.054-2.065 1.115 2.086-2.252 176.87°

Ti2C2@Cs(6)-C82 3.860 2.039-2.086 1.207 2.078-2.128 147.52°

Ti2C2@C3v(8)-C82 3.633 1.866-2.082 1.300 2.065-2.236 156.35°

a The prominent Ti2C2 cluster and fullerene cage in these EMFs.  

Table S3. Details of the Vis-NIR absorptions of Ti2C2@D3h(5)-C78 and selected D3h(5)-C78-based EMFs.

EMF Absorption bands (nm) Onset (nm) Optical bandgap (eV)[a]

Ti2C2@D3h(5)-C78 457, 550, 612, 720, 850 1400 0.88

Ti2S@D3h(5)-C78
[S6] 498, 602, 657, 757, 896 1470 0.84

Sc3N@D3h(5)-C78
[S7] 460,623 - -

[a] Optical bandgap (eV) ≈ 1240/onset (nm)
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Table S4. Details of the Vis-NIR absorptions of Ti2C2@Cs(6)-C82, Ti2C2@C3v(8)-C82, and selected C82-based EMFs.

EMF Absorption bands (nm) Onset (nm) Optical bandgap (eV)[a]

Ti2C2@Cs(6)-C82 622,719,1050 1600 0.78

Y2C2@Cs(6)-C82
[S8] 629,715,791,858,1055,1204 1470 0.84

Sc2O@Cs(6)-C82
[S9] -[b] 1550 0.80

Sc2S@Cs(6)-C82
[S10] 511, 660, 720, 758, 1178 1351 0.89

Ti2C2@C3v(8)-C82 570,737,1017 1600 0.78

Y2C2@C3v(8)-C82
[S8] 570, 684, 790,880,1000 1100 1.13

Sc2O@C3v(8)-C82 665,884,718-821 1090 1.14

Sc2S@C3v(8)-C82
[S11] - 1240 1.00

[a] Optical bandgap (eV) ≈ 1240/onset (nm) [b] Visible range with strong absorption at 500 nm.

Figure S4. Cyclic voltammogram of (a) Ti2C2@C3v(8)-C82 and (b) Ti2C2@Cs(6)-C82 in o-dichlorobenzene. (0.05 M 

TBAPF6; scan rate 100 mv/s for CV)
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Figure S5. Optimized structures, symmetries and relative energies (kcal/mol) of different isomers of (a) Ti2C2@D3h(5)-C78, 

(b) Ti2C2@Cs(6)-C82, and (c) Ti2C2@C3v(8)-C82 at the M06-2X/6-31G*~SDD level of theory. The isomers marked with a 

red box are experimentally obtained. The sumanene motif(s) in the three involved EMFs are colored red.
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