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General characterization. HPLC was conducted on an LC-908 machine (Japan 

Analytical Industry Co., Ltd.) with toluene/chlorobenzene as mobile phase. LDI-TOF 

mass spectrometry was measured on a BIFLEX III spectrometer (Bruker Daltonics Inc., 

Germany). Vis-NIR absorption spectra were measured on a LAMBDA 750 UV/vis/NIR 

spectrophotometer (PerkinElmer, US) in carbon disulfide at room temperature. The 

Raman and photoluminescence (PL) spectra were excited with 532 nm radiation of an 

Nd-YAG laser on a Horiba LabRAM HR800 spectrometer in ambient condition. CV 

results were obtained in o-dichlorobenzene using a CHI-660E instrument. A 

conventional three-electrode cell consisting of a platinum counter electrode, a glassy 

carbon working electrode, and a silver reference electrode was used for all 

measurements. TBAPF6 (0.05 M) was used as the supporting electrolyte. At the end of 

the experiments, ferrocene was added as an internal reference for measuring the 

potentials. The CVs were measured at a scan rate of 100 mV s-1 at room temperature 

under nitrogen protection.

Preparation and isolation of Er2C2@C2(43)-C90, Er2C2@C2(40)-C90, Er2C2@C2(44)-C90, 
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and Er2C2@C1(21)-C90. Soot containing erbium-EMFs was synthesized using a direct-

current arc discharge method.1 The graphite rods packed with Er2O3/graphite powder 

(molar ratio of Er/C= 1:15) was annealed and then vaporized in the arcing chamber 

under a 250 Torr helium atmosphere with a power of 110 A × 30 V. Then, the as-

produced fullerene soot was collected and sonicated in carbon disulfide for 1 h under 

argon atmosphere. After solvent removal, the extracted fullerenes were dissolved in 

toluene and the solution was subjected to HPLC separations. Further details are 

described below.

Single-crystal XRD measurements of Er2C2@C2(43)-C90, Er2C2@C2(40)-C90, 

Er2C2@C2(44)-C90, and Er2C2@C1(21)-C90. Crystalline blocks of Er2C2@C90 isomers were 

obtained by layering a benzene solution of NiII(OEP) over a nearly saturated solution 

of the EMFs in CS2 in a glass tube at 0 °C. Over a 20-day period, the two solutions 

diffused together and black crystals formed on the wall and at the bottom of the tube. 

Single-crystal XRD measurements of Er2C2@C2(43)-C90, Er2C2@C2(40)-C90, and 

Er2C2@C1(21)-C90 were performed at 100 K using synchrotron radiation (λ= 0.82654) 

with a MarCCD detector at beamline BL17B station of Shanghai Synchrotron Radiation 

Facility.2 Crystallographic characterization of Er2C2@C2(44)-C90 was performed at 150 

K on a Bruker D8 QUEST diffractometer using Cu Kα radiation (λ= 1.54178 Å) (Bruker 

AXS Inc., Germany). The Multi-Scan method (SADABS) was used for absorption 

corrections. The structures were solved by direct method and were refined with 

SHELXL-2018/1.3 CCDC-1916262 (Er2C2@C2(43)-C90), CCDC-1916263 (Er2C2@C2(40)-

C90), CCDC-1916264 (Er2C2@C2(44)-C90), and CCDC-1916265 (Er2C2@C1(21)-C90) 

contain the supplementary crystallographic data for this paper. These data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif.

Computational details. There are 46 and 86 IPR isomers for C90 and C92, respectively. 

Optimizations on C90
2-, C90

4-, C92
4-, and C92

6- anions of these IPR isomers were 

performed at B3LYP4-6 with a split valence d-polarized 6-31G* basis set (the results are 

shown in Tables S4 and S5). C2(41)-C90 is the most stable C90
4- isomer, and the following 

four most stable C90
4- isomers are C2(43)-C90, C2(44)-C90, C2(40)-C90, and C1(21)-C90. The 
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latter four isomers correspond to the four isomers obtained in experiments, indicative 

of the four electrons transfer from the metallic cluster to the cage. As a contrast, the 

C90
2- isomers exhibit rather different energy trends, which do support the four isomers 

disclosed in Sm2+@C90
2- series very well.7 The previous report also revealed that four 

electrons are formally transferred from the Er2C2 cluster to the fullerene cage,8 

therefore, the 15 most stable C90
4- isomers with relative energies lower than 26 

kcal/mol were taken into account to encapsulate the Er2C2 cluster. However, the Er2 

cluster may transfer four or six electrons to the fullerene cages. Consequently, 24 C92 

isomers including 22 isomers with relative energies lower than 20 kcal/mol at the 

tetra-anion state and 2 isomers (C2(61)-C92 and T(86)-C92) with low relative energies at 

hexa-anion state were considered for Er2@C92. The corresponding Er2C92 isomers were 

optimized at UB3LYP with basis sets of 3-21G (for C) and the Stuttgart/Dresden (SDD) 

basis set9 with the ECP28MWB_SEG core potential (for Er).10-11 Further optimization 

on 8 Er2@C92 isomers and 14 Er2C2@C90 isomers were carried out at the UB3LYP/6-

31G(d)-SDD∼ECP28MWB_SEG level of theory. Harmonic frequency analyses were 

carried out at the level of UB3LYP/3-21G-SDD∼ECP28MWB_SEG to verify that the 

stationary points are local minima on the potential energy surface. Based on the 

frequency analyses, rotational-vibrational partition functions were obtained to 

evaluate the molar fractions of the Er2C92 series at elevated temperatures. Although 

the partition functions are constructed within the rigid-rotor and harmonic-oscillator 

approach, it can be expected that anharmonicity corrections should substantially 

cancel out.12 Previous studies have demonstrated that the entropy contributions play 

a critical role in the stabilization of endohedral fullerene isomers.13-16 All Er2C2@C90 

and Er2@C92 isomers were optimized in their septet ground state. In addition, natural 

electron configuration analyses were obtained by single-point energy calculation at 

the level of B3LYP/6-311G(d, p)-SDD∼ECP28MWB_SEG. All DFT calculations were 

carried out using the Gaussian 09 program package.17

High-performance liquid chromatography (HPLC) separation processes of Er2C2@C90 

isomers. The first stage was performed on a 5PYE column (20 mm × 250 mm, Cosmosil 

Nacalai Tesque) with toluene as mobile phase. Fig. S1a shows the corresponding 
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chromatogram. The region of the collected component containing Er2C2@C90 isomers 

is highlighted with colored shadows. The last fraction, which is named as Fr8, was 

collected. After that, Fr8 was injected into a 5PBB column (20 mm × 250 mm, Cosmosil 

Nacalai Tesque) for the second stage separation using chlorobenzene as eluent, and 

Fr84 was obtained (Fig. S1b). Then, Fr84 was injected into a Buckyprep-M column (20 

mm × 250 mm, Cosmosil Nacalai Tesque) using chlorobenzene as eluent, and Fr842 

was obtained (Fig. S1c). Fr842 was then injected into a Buckyprep column (20 mm × 

250 mm, Cosmosil Nacalai Tesque) using chlorobenzene as the eluent, and Fr8423 was 

obtained (Fig. S1d). As for Fr8423, a 5PBB column (10 mm × 250 mm, Cosmosil Nacalai 

Tesque) was used for the separation, and Fr84232 was collected (Fig. S2a). After that, 

Fr84232 was injected into a Buckyprep column (20 mm × 250 mm, Cosmosil Nacalai 

Tesque), and three fractions, named Fr842321, Fr842322, and Fr842323, were 

collected, respectively, in which Fr842323 represents the pure compound of 

Er2C2@C1(21)-C90 (Fig. S2b). However, Fr842321 was injected into a Buckyprep column 

(20 mm × 250 mm, Cosmosil Nacalai Tesque) using chlorobenzene as the eluent, then 

Fr8423211 (Er2C2@C2(43)-C90) and Fr8423212 (Er2C2@C2(40)-C90) were obtained with 

high purity (Fig. S2c). As for Fr842322, a Buckyprep-M column (20 mm × 250 mm, 

Cosmosil Nacalai Tesque) was used for the last stage separation, and Fr8423222 

(Er2C2@C2(44)-C90) was obtained eventually (Fig. S2d).
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Fig. S1 (a) Isolation scheme of fullerene extract on a 5PYE column. Conditions: eluent: 

toluene, 10 mL/min flow rate; inject volume: 20 mL; (b) Isolation scheme of Fr8 on a 

5PBB column. Conditions: eluent: chlorobenzene, 10 mL/min flow rate; inject volume: 

20 mL; (c) Recycling HPLC chromatogram of Fr84 on a Buckyprep-M column. 

Conditions: 10 mL injection volume; 10 mL/min chlorobenzene flow. (d) Recycling 

HPLC chromatogram of Fr842 on a Buckyprep column. Conditions: 10 mL injection 

volume; 6 mL/min chlorobenzene flow. (All of the detection wavelengths are 330 nm.)
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Fig. S2 (a) Recycling HPLC chromatogram of Fr8423 on a 5PBB column. Conditions: 10 

mL injection volume; 5 mL/min chlorobenzene flow; (b) Recycling HPLC chromatogram 

of Fr84232 on a Buckyprep column. Conditions: 10 mL injection volume; 10 mL/min 

chlorobenzene flow; (c) Recycling HPLC chromatogram of Fr842321 on a Buckyprep 

column and Fr8423213 was removed step by step. Conditions: 10 mL injection volume; 

10 mL/min chlorobenzene flow. (d) Recycling HPLC chromatogram of Fr842322 on a 

Buckyprep-M column. Conditions: 15mL injection volume; 10 mL/min chlorobenzene 

flow. (All of the detection wavelengths are 330 nm.)
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Table S1. Crystallographic data of Er2C2@C2(43)-C90·NiII(OEP), Er2C2@C2(40)-

C90·NiII(OEP), Er2C2@C2(44)-C90·NiII(OEP), and Er2C2@C1(21)-C90·1.5NiII(OEP).

Compound
Er2C2@C2(43)-C90•

NiII(OEP)•2(C6H6)

Er2C2@C2(40)-C90•

NiII(OEP)

Er2C2@C2(44)-C90•

NiII(OEP)•(C6H6)

2[Er2C2@C1(21)-C90]•

3NiII(OEP) •2(C6H6)

T, K 100(2) 100(2) 150(2) 100(2)

λ, Å 0.82654 0.82654 1.54178 0.82654

color/habit black / block black / block black / block black / block

crystal size, mm 0.26×0.20×0.12 0.22×0.18×0.10 0.21×0.18×0.13 0.20×0.13×0.1

Empirical formula C140H56Er2N4Ni C128H44Er2N4Ni C134H50Er2N4Ni C304H144Er2N12Ni3

fw 2187.06 2030.75 2108.99 4809.46

crystal system monoclinic monoclinic monoclinic monoclinic

space group C2/m C2/m C2/m C2/m

a, Å 24.4039(9) 24.3837(6) 24.2849(17) 24.7746(8)

b, Å 17.9573(7) 17.8891(5) 18.2618(13) 17.6929(6)

c, Å 18.9278(8) 18.9805(5) 18.5731(13) 23.2522(7)

α, deg 90.000 90.000 90.000 90.000

β, deg 90.465(1) 90.101(1) 91.612(3) 103.045(1)

γ, deg 90.000 90.000 90.000 90.000

V, Å3 8294.4(6) 8279.3(4) 8233.7(10) 9929.2(6)

Z 4 4 4 2

ρ, g/cm3 1.751 1.629 1.701 1.609

µ, mm-1 3.391 3.387 4.418 2.982

Data/restraints/parameter

s

7868/4689/1241 7778/1423/1202 8578/1957/1232 8580/1766/1354

R1[reflections with I>2σ(I)] 0.1059 (5687) 0.1131 (6223) 0.1084 (7164) 0.0775 (6675)

wR2 (all data) 0.3130 0.2965 0.3296 0.2531
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Table S2. The fractional occupancies of the Er positions in Er2C2@C90 isomers.

EMFs Fractional occupancy of the Er positionsa

Er1/

Er1A

Er2/

Er2A

Er3/

Er3A

Er4/

Er4A

Er5/

Er5A

Er6/

Er6A
Er7

Er8/

Er8A

Er9/

Er9A

Er10/

Er10A

Er11/

Er11A

0.15 0.11 0.11 0.11 0.10 0.10 0.07 0.05 0.04 0.04 0.04

Er12/

Er12A
Er13

Er14/

Er14A

Er15/

Er15A

Er16/

Er16A

Er2C2@C2(43)-C90

0.03 0.03 0.03 0.03 0.02

Er1/

Er1A

Er2/

Er2A

Er3/

Er3A

Er4/

Er4A

Er5/

Er5A

Er6/

Er6A

Er7/

Er7A

Er8/

Er8A

Er9/

Er9A

Er10/

Er10A
Er11

0.29 0.16 0.06 0.05 0.04 0.04 0.04 0.04 0.04 0.03 0.03

Er12 Er13
Er14/

Er14A

Er15/

Er15A
Er16

Er17/

Er17A

Er18/

Er18A

Er19/

Er19A

Er20/

Er20A

Er21/

Er21A

Er22/

Er22A

Er2C2@C2(40)-C90

0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Er1
Er2/

Er2A

Er3/

Er3A

Er4/

Er4A

Er5/

Er5A

Er6/

Er6A
Er7

Er8/

Er8A

Er9/

Er9A

Er10/

Er10A

Er11/

Er11A

0.37 0.21 0.15 0.11 0.11 0.08 0.04 0.03 0.03 0.02 0.02

Er12
Er13/

Er13A

Er14/

Er14A
Er15

Er2C2@C2(44)-C90

0.02 0.01 0.01 0.01

Er1/

Er1A

Er2/

Er2A

Er3/

Er3A

Er4/

Er4A

Er5/

Er5A

Er6/

Er6A

Er7/

Er7A

Er8/

Er8A

Er9/

Er9A

Er10/

Er10A

Er11/

Er11A

0.20 0.12 0.11 0.08 0.07 0.05 0.05 0.05 0.04 0.04 0.04

Er12
Er13/

Er13A
Er14

Er15/

Er15A

Er16/

Er16A

Er17/

Er17A

Er18/

Er18A

Er2C2@C1(21)-C90

0.04 0.04 0.02 0.03 0.02 0.02 0.01

aThe atom with a suffix ‘A’ is generated by the crystallographic operation.
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Fig. S3 Packing structures of (a) Er2C2@C2(43)-C90·NiII(OEP), (b) Er2C2@C2(40)-

C90·NiII(OEP), (c) Er2C2@C2(44)-C90·NiII(OEP), and (d) Er2C2@C1(21)-C90·1.5NiII(OEP) with 

minor disordered components and solvents omitted for clarity.
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Table S3. Cage size, La/Lb ratio, Er···cage distance, Ni···cage distance, details of the 

carbide clusters of Er2C2@C2(43)-C90, Er2C2@C2(40)-C90, Er2C2@C2(44)-C90, and 

Er2C2@C1(21)-C90. (La: length of major axis of the cage, Lb: length of minor axis of the 

cage)

Compounda
La

(Å)

Lb

(Å)

La/Lb

ratio

Er···Er 

distance

(Å)

C-C

(carbide

)

(Å)

Er···C 

distance

(carbide)

(Å)

Er2C2 

dihedral 

angle

Shortest 

Er-cage 

distance

(Å)

Shortest Ni-

cage 

distance 

(Å)

Er2C2@C2(43)-C90 8.723 7.721 1.129 3.927 1.044 2.405-2.412 174.5° 2.026 2.954

Er2C2@C2(40)-C90 8.923 7.608 1.173 4.058 1.036 2.205-2.565 136.7° 2.034 2.912

Er2C2@C2(44)-C90 9.054 7.412 1.222 4.172 0.984 1.994-2.723 117.8° 2.194 2.977

Er2C2@C1(21)-C90 9.169 7.491 1.224 4.651 0.944 2.484-2.577 140.1° 2.091 2.994/2.964

aThe major Er2C2 cluster and the prominent fullerene cage in these EMFs.

Table S4. Relative energies (∆E, in kcal/mol) of C90
4- and C90

2- at the level of B3LYP/6-

31G*.

C90
4- C90

2-
No. IPR No. Spiral No. Sym.

∆E ∆E
1 41 99913 C2 0.0 2.6 
2 43 99915 C2 2.5 7.3 
3 44 99916 C2 7.6 9.2 
4 40 99912 C2 8.4 0.1 
5 21 99893 C1 9.9 13.6 
6 10 99882 Cs 10.7 10.7 
7 42 99914 C2 14.3 0.0 
8 45 99917 C2 15.3 0.4 
9 23 99895 C2 15.5 11.1 

10 35 99907 Cs 21.9 12.1 
11 36 99908 C2v 23.4 20.8 
12 38 99910 C1 24.4 14.5 
13 22 99894 C1 24.5 7.5 
14 46 99918 C2v 25.3 7.0 
15 19 99891 C2 25.3 16.5 
16 20 99892 C1 26.8 10.3 
17 9 99881 C1 27.6 11.4 
18 30 99902 C1 28.4 15.9 
19 28 99900 C2 29.7 19.8 
20 32 99904 C1 30.1 18.3 
21 26 99898 C1 32.3 19.8 
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22 8 99880 C2 38.5 26.1 
23 7 99879 C1 41.2 18.3 
24 24 99896 C1 41.5 28.8 
25 11 99883 C1 43.3 24.3 
26 18 99890 C2 43.4 18.2 
27 25 99897 C2v 44.6 44.8 
28 6 99878 C2 44.9 16.7 
29 29 99901 C1 45.5 27.6 
30 5 99877 Cs 47.4 39.1 
31 12 99884 C2 48.8 38.1 
32 27 99899 C1 51.0 29.7 
33 37 99909 C2 52.2 20.6 
34 31 99903 C2 54.8 40.9 
35 4 99876 C2 55.8 24.3 
36 33 99905 Cs 58.7 39.1 
37 17 99889 Cs 60.8 39.6 
38 15 99887 C1 62.1 41.4 
39 13 99885 C2v 64.8 39.7 
40 34 99906 Cs 65.2 35.2 
41 39 99911 C2v 65.5 48.3 
42 14 99886 C1 69.3 44.0 
43 3 99875 C1 71.2 44.1 
44 1 99873 D5h 75.5 46.7 
45 2 99874 C2v 96.2 71.7 
46 16 99888 C2v 101.9 72.3 

Table S5. Relative energies (∆E, in kcal/mol) of C92
4- and C92

6- at the level of B3LYP/6-

31G*.

C92
4- C92

6-
No. IPR No. Spiral No. Sym.

∆E ∆E
1 85 126408 D3 0.0 0.0 
2 64 126387 C2 7.0 10.2 
3 67 126390 C1 7.3 19.6 
4 16 126339 Cs 10.1 16.0 
5 66 126389 C1 10.8 5.4 
6 59 126382 C1 12.0 17.2 
7 36 126359 C2 13.5 14.3 
8 69 126392 C2 14.6 23.5 
9 74 126397 C2 14.7 22.9 

10 68 126391 C1 15.0 15.4 
11 32 126355 C1 16.0 22.0 
12 44 126367 C1 16.1 13.3 
13 60 126383 C1 16.5 17.8 
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14 15 126338 Cs 16.7 23.4 
15 75 126398 C2 16.7 17.5 
16 77 126400 C2 17.0 11.8 
17 70 126393 C1 17.2 22.5 
18 76 126399 C1 17.6 24.7 
19 65 126388 C2 17.6 7.5 
20 62 126385 C1 18.2 25.3 
21 10 126333 C1 19.3 23.6 
22 31 126354 C2 19.9 31.9 
23 73 126396 C1 20.5 27.5 
24 61 126384 C2 20.6 15.0 
25 63 126386 C1 21.5 22.1 
26 24 126347 Cs 22.8 28.1 
27 42 126365 C1 22.9 25.0 
28 80 126403 C2 23.2 33.3 
29 34 126357 C2 23.7 20.5 
30 43 126366 C1 25.3 27.7 
31 72 126395 C1 25.6 21.6 
32 84 126407 D2 25.9 18.7 
33 81 126404 D2 26.4 28.1 
34 55 126378 C1 28.0 35.5 
35 79 126402 C2 28.9 32.1 
36 86 126409 T 29.1 6.1 
37 9 126332 C2 29.5 39.8 
38 71 126394 D3 29.9 19.7 
39 38 126361 C1 29.9 24.8 
40 82 126405 D2 30.0 26.2 
41 83 126406 D3 30.3 22.7 
42 11 126334 C1 31.5 40.5 
43 58 126381 C1 32.3 39.5 
44 47 126370 C1 32.4 26.9 
45 46 126369 C2 32.6 27.4 
46 78 126401 D3 32.7 30.5 
47 56 126379 C1 32.9 37.7 
48 53 126376 C1 33.4 41.2 
49 57 126380 C1 34.7 37.6 
50 12 126335 C1 34.8 38.1 
51 50 126373 C1 36.7 45.0 
52 27 126350 C2 36.7 42.1 
53 52 126375 C1 37.4 46.3 
54 54 126377 C1 39.8 48.5 
55 8 126331 C1 40.4 49.8 
56 33 126356 C1 40.5 46.7 
57 23 126346 C2 40.9 50.6 
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58 26 126349 C2 41.2 44.9 
59 30 126353 C1 41.4 43.9 
60 40 126363 C1 42.9 53.0 
61 39 126362 C1 43.1 47.3 
62 14 126337 Cs 43.7 46.9 
63 19 126342 C2 44.1 43.2 
64 18 126341 C1 44.7 47.4 
65 41 126364 C3 46.5 48.1 
66 48 126371 C2 47.4 54.8 
67 35 126358 C2v 49.5 45.4 
68 13 126336 C1 49.9 55.3 
69 45 126368 Cs 50.0 44.0 
70 28 126351 D3 53.7 55.2 
71 25 126348 C2 54.4 55.4 
72 6 126329 Cs 54.9 60.6 
73 49 126372 C2 58.8 63.5 
74 51 126374 C2 59.3 67.3 
75 5 126328 Cs 59.5 68.1 
76 2 126325 C1 59.5 66.5 
77 37 126360 C1 60.0 67.8 
78 7 126330 C2 60.1 68.8 
79 4 126327 C2 60.6 67.1 
80 29 126352 D2h 62.5 70.8 
81 20 126343 C1 64.2 66.0 
82 17 126340 C2 67.7 73.1 
83 21 126344 Cs 84.5 66.0 
84 1 126324 D2 90.9 96.0 
85 22 126345 C2v 91.4 93.1 
86 3 126326 C2 91.9 98.9 

Table S6. Relative energies (∆E, in kcal/mol) and HOMO-LUMO gaps (in eV) of 

Er2C2@C90 and Er2@C92 at the level of UB3LYP/3-21G-SDD∼ECP28MWB_SEG (septet). 

Isomers obtained by crystallographic studies are marked in bold.

EMF IPR No. Spiral No. Sym. ∆E Gap
Er2C2@C90 43 99915 C2 0.0 1.33 
Er2@C92 36 126359 C2 2.0 0.82 

Er2C2@C90 46 99918 C2v 2.1 1.46 
Er2@C92 85 126408 D3 2.2 0.67 

Er2C2@C90 41 99913 C2 2.4 1.49 
Er2C2@C90 40 99912 C2 2.5 1.46 
Er2@C92 15 126338 Cs 3.4 1.09 
Er2@C92 32 126355 C1 3.8 0.86 

Er2C2@C90 42 99914 C1 4.4 1.09 
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Er2@C92 64 126387 C2 4.5 0.84 
Er2@C92 16 126339 Cs 7.5 0.83 
Er2@C92 67 126390 C1 7.6 0.77 
Er2@C92 60 126383 C1 8.0 0.88 

Er2C2@C90 21 99893 C1 8.7 1.40 
Er2@C92 10 126333 C1 9.3 0.88 
Er2@C92 70 126393 C1 9.6 1.19 

Er2C2@C90 22 99894 C1 9.8 1.11 
Er2@C92 77 126400 C2 10.3 0.79 
Er2@C92 44 126367 C1 10.6 0.94 
Er2@C92 68 126391 C1 10.6 0.84 
Er2@C92 31 126354 C2 11.2 1.17 
Er2@C92 59 126382 C1 12.0 0.83 

Er2C2@C90 23 99895 C2 12.3 1.29 
Er2@C92 76 126399 C1 12.4 1.06 

Er2C2@C90 45 99917 C2 13.1 1.12 
Er2@C92 65 126388 C2 13.5 0.94 
Er2@C92 66 126389 C1 13.9 0.80 

Er2C2@C90 10 99882 Cs 14.2 1.06 
Er2C2@C90 36 99908 C2v 16.1 1.03 
Er2C2@C90 19 99891 C2 16.1 0.81 
Er2C2@C90 38 99910 C1 16.4 1.11 
Er2@C92 61 126384 C2 16.9 1.05 

Er2C2@C90 44 99916 C2 17.0 0.85 
Er2@C92 74 126397 C2 18.9 0.98 
Er2@C92 62 126385 C1 18.9 0.94 
Er2@C92 75 126398 C2 19.5 0.81 

Er2C2@C90 35 99907 Cs 21.7 0.84 
Er2@C92 69 126392 C2 21.7 1.07 
Er2@C92 86 126409 T 28.3 1.03 

Table S7. Relative energies (∆E, in kcal/mol) and HOMO-LUMO gaps (Gap, in eV) of 

Er2C2@C90 and Er2@C92 at the level of UB3LYP/6-31G*-SDD∼ECP28MWB_SEG 

(septet). Isomers obtained by crystallographic studies are marked in bold.

EMF IPR No. Spiral No. Sym. ∆E Gap
Er2@C92 64 126387 C2 0.0 0.97
Er2@C92 85 126408 D3 2.0 0.95
Er2@C92 67 126390 C1 2.6 0.76
Er2@C92 60 126383 C1 4.0 1.00
Er2@C92 36 126359 C2 4.4 0.82
Er2@C92 15 126338 Cs 6.5 1.20
Er2@C92 32 126355 C1 7.8 0.85
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Er2C2@C90 41 99913 C2 10.9 1.48
Er2C2@C90 40 99912 C2 12.2 1.38
Er2C2@C90 43 99915 C2 13.2 1.29
Er2C2@C90 42 99914 C1 15.4 1.12
Er2C2@C90 46 99918 C2v 16.8 1.40
Er2@C92 16 126339 Cs 17.1 0.84

Er2C2@C90 21 99893 C1 19.1 1.39
Er2C2@C90 44 99916 C2 20.1 0.90
Er2C2@C90 45 99917 C2 22.0 1.11
Er2C2@C90 22 99894 C1 25.7 1.13
Er2C2@C90 23 99895 C2 27.4 1.28
Er2C2@C90 10 99882 Cs 31.3 1.12
Er2C2@C90 38 99910 C1 31.7 1.12
Er2C2@C90 19 99891 C2 34.7 0.88
Er2C2@C90 36 99908 C2v 38.3 0.97

Natural electron configuration analyses of Er2C2@C90 isomers under study. As for Er 

element, it has a [Xe]4f126s2 electronic configuration. Natural electron configuration 

analyses on the four isomers reveal that three electrons consisting of two 6s electrons 

and one f electron are formally transferred from each Er atom (Table S8), thus, 

presenting the trivalent oxidation state. In addition, 2p electrons on the inner carbon 

atoms rise to ~3, indicating that one electron may transfer from Er atoms to these 2p 

orbitals and result in the negatively charged atoms. Therefore, their electronic 

configurations can be represented as (Er3+)2(C2)2-@(C90)4-, i.e., four electrons are 

formally transferred to carbon cages from the inner Er2C2 cluster.

Table S8. Natural electron configuration populations and NPA charges of Er atoms and 

carbon atoms in Er2C2@C2(43)-C90, Er2C2@C2(40)-C90, Er2C2@C2(44)-C90, and 

Er2C2@C1(21)-C90.

Isomer Atom NPA Charge Populations

Er91 1.262 6s0.164f11.095d0.986p0.406d0.12

Er92 1.474 6s0.124f11.115d0.866p0.306d0.107p0.05

C93 -0.279 2s1.302p2.953s0.023p0.023d0.02
Er2C2@C2(43)-C90

C94 -0.704 2s1.202p3.483p0.02
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Er91 1.240 6s0.124f11.115d0.866p0.416d0.137p0.02

Er92 1.317 6s0.164f11.115d0.896p0.406d0.117p0.02

C93 -0.415 2s1.272p3.113p0.023d0.02
Er2C2@C2(40)-C90

C94 -0.503 2s1.262p3.203p0.023d0.02

Er91 1.294 6s0.164f11.135d0.926p0.226d0.137p0.02

Er92 1.266 6s0.164f11.115d0.946p0.326d0.137p0.12

C93 -0.385 2s1.262p3.083p0.023d0.02
Er2C2@C2(44)-C90

C94 -0.522 2s1.262p3.233p0.023d0.02

Er91 1.303 6s0.164f11.125d0.906p0.406d0.127p0.02

Er92 1.246 6s0.174f11.105d0.946p0.326d0.137p0.12

C93 -0.343 2s1.262p3.043p0.023d0.02
Er2C2@C1(21)-C90

C94 -0.540 2s1.262p3.243s0.023p0.023d0.02

Table S9. Distances (d, in Å), delocalization indices (DI), and BCP parametersa for the 

Er-C and C-C bonds in the four isomers.

Bond d DI ρbcp ▽2ρbcp Hbcp |Vbcp|/Gbcp Gbcp/ρbcp

Er2C2@C2(43)-C90

C93-C94 1.254 1.735 0.405 -1.343 -0.553 3.544 /
Er92-C94 2.293 1.131 0.078 0.187 -0.022 1.318 0.878
Er91-C93 2.274 1.313 0.070 0.215 -0.016 1.234 1.008
Er92-C2 2.455 0.618 0.051 0.188 -0.006 1.109 1.033

Er92-C34 2.446 0.665 0.054 0.168 -0.009 1.169 0.935
Er92-C35 2.449 0.668 0.055 0.173 -0.009 1.165 0.945
Er92-C41 2.441 0.670 0.055 0.174 -0.009 1.167 0.950
Er91-C56 2.432 0.673 0.056 0.175 -0.009 1.177 0.950
Er91-C65 2.442 0.658 0.055 0.176 -0.009 1.164 0.960
Er91-C66 2.545 0.602 0.045 0.153 -0.004 1.086 0.938
C94-C4 3.803 0.002 0.004 0.010 0.000 0.822 /

C93-C90 3.229 0.018 0.009 0.027 0.001 0.779 /
Er2C2@C2(40)-C90

C93-C94 1.250 1.454 0.403 -1.314 -0.546 3.511 /
Er91-C94 2.382 1.058 0.057 0.178 -0.010 1.180 0.949
Er92-C93 2.383 1.109 0.059 0.197 -0.008 1.142 0.975
Er91-C69 2.408 0.680 0.058 0.194 -0.010 1.170 1.011
Er91-C79 2.406 0.686 0.058 0.194 -0.010 1.174 1.005
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Er92-C19 2.419 0.681 0.058 0.181 -0.010 1.183 0.961
Er92-C20 2.422 0.678 0.057 0.183 -0.010 1.178 0.969
C93-C24 3.846 0.003 0.003 0.009 0.000 0.786 0.590
C93-C9 3.745 0.002 0.004 0.010 0.000 0.836 0.527

C94-C41 3.650 0.005 0.004 0.013 0.001 0.791 0.596
C94-C8 3.764 0.002 0.003 0.010 0.000 0.781 0.592

C94-C58 3.684 0.002 0.004 0.011 0.000 0.822 0.553
Er2C2@C2(44)-C90

C93-C94 1.243 1.439 0.402 -1.297 -0.543 3.480 /
Er91-C94 2.304 1.145 0.066 0.201 -0.015 1.229 0.982
Er92-C93 2.381 1.089 0.059 0.195 -0.008 1.148 0.970
Er91-C37 2.400 0.674 0.059 0.192 -0.011 1.180 0.996
Er92-C66 2.445 0.665 0.055 0.168 -0.009 1.177 0.933
Er92-C81 2.467 0.649 0.052 0.161 -0.008 1.161 0.926
Er92-C70 2.488 0.638 0.050 0.165 -0.006 1.134 0.941
C93-C62 4.091 0.001 0.002 0.007 0.000 0.759 /
C94-C87 3.747 0.005 0.006 0.015 0.001 0.823 /
C94-C88 3.459 0.008 0.006 0.016 0.001 0.785 /

Er2C2@C1(21)-C90

C93-94 1.234 1.445 0.402 -1.302 -0.544 3.491 /
Er92-C94 2.398 0.968 0.059 0.194 -0.008 1.141 0.960
Er91-C94 2.344 1.053 0.063 0.193 -0.012 1.198 0.964
Er92-C59 2.404 0.696 0.059 0.183 -0.011 1.198 0.959
Er91-C21 2.411 0.685 0.058 0.181 -0.011 1.193 0.961
Er91-C36 2.415 0.683 0.058 0.184 -0.011 1.187 0.970
C93-C5 3.753 0.005 0.003 0.010 0.000 0.782 /

C94-C38 3.391 0.011 0.006 0.018 0.001 0.789 /
a The unit of all BCPs’ parameters is a.u..

Table S10. The details of the vis-NIR absorptions of Er2C2@C90 isomers.a

Compound Vis-NIR absorption bands (nm) Onset (nm)
Optical bandgap 

(eV)a

Er2C2@C2(43)-C90 474, 522, 563, 647, 776, 864 1018 1.22

Er2C2@C2(40)-C90 464, 552, 657, 822, 976, 1145 1415 0.88

Er2C2@C2(44)-C90 474, 641, 705, 822, 1304, 1560 1736 0.71

Er2C2@C1(21)-C90 596, 713, 877, 1051 1564 0.79

aOptical bandgap (eV) ≈ 1240/onset (nm).
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Fig. S4 Low-energy Raman spectra of (a) Er2C2@C2(43)-C90, (b) Er2C2@C2(40)-C90, (c) 

Er2C2@C2(44)-C90, and (d) Er2C2@C1(21)-C90 at 532 nm excitation.
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Fig. S5 Transformations among the eight reported IPR C90-cages with C2(41)-C90 as the 
starting point. The rearrangement pathways are related by one-step Stone-Wales 
transformation.18 The cages reported in this work are highlighted with red boxes. 
Multiple color codes are used to enhance visualization.
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Fig. S6 PL spectra of the Er2C2@C90 isomers solid powder upon excitation at 532 nm at 
room temperature. The curves are vertically shifted for ease of comparison.

Fig. S7 Cyclic voltammograms of (a) Er2C2@C2(43)-C90, (b) Er2C2@C2(40)-C90, (c) 
Er2C2@C2(44)-C90, and (d) Er2C2@C1(21)-C90 in 0.05 M TBAPF6/o-DCB solution, (scan 
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rate: 100 mV s-1).

Fig. S8 DPV curves of (a) Er2C2@C2(43)-C90, (b) Er2C2@C2(40)-C90, (c) Er2C2@C2(44)-C90, 
and (d) Er2C2@C1(21)-C90. Conditions: working electrode, glassy carbon; counter 
electrode, Pt wire; reference electrode, Ag wire; supporting electrolyte, 0.05 M 
TBAPF6 in o-DCB; pulse amplitude, 50 mV; pulse width, 50 ms; pulse period, 500 ms; 
scan rate, 20 mV s-1.
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