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1.Computational details.

Gaussian 09 programll was used for all of density functional theory (DFT) calculations.
Geometrical optimization without symmetry limitation and frequency computation were
performed on the B3LYP/6-31G(d)~CEP-4G for all of endohedral metallofullerenes and their
Ad addition derivatives. The CEP-4G basis set for metal atoms and the 6-31G(d) basis set for
non-metal atoms were used. All of structures were free from imaginary frequency. Natural
bond orbital (NBO) was analyzed on the B3LYP/6-311G(d, p)~CEP-4G. Bond critical point
(BCP) was analyzed based on quantum theory of atoms in molecules by Multiwfn program. 32

2.Separation, purification and mass spectrum of Dy,TiC@/,-Csgo.
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Fig. S1 (a) The HPLC profiles of the raw solution extracted from the carbon soot. Conditions: 5PYE
column (20 mmx250 mm); flow rate 15.0 mL min'; injection volume 15 mL; toluene as the eluent
(mobile phase). (b)The HPLC profile of the toluene solution containing Dy,TiC@/,-Csgp in second-step
separation. Conditions: BPM column (10 mmx250 mm); flow rate 5.0 mL min-'; injection volume 5 mL;
toluene as the eluent (mobile phase).(c) The recycle HPLC profile of the toluene solution containing
Dy, TiC@/,-Cgo in third-step separation. Conditions: Buckyprep column (20 mmx250 mm); flow rate 15.0
mL min-'; injection volume 15 mL; toluene as the eluent (mobile phase). (d) MALDI-TOF mass spectrum
of Dy, TiC@/4-Cso.
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3.Separation and crystal data of Dy, TiC@/,-Cs, and Dy, TiC@/,-Cgo-Ad.
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Fig. S2 (a) HPLC profile of the pure Dy, TiC@/,-Cgo-Ad. Conditions: Buckyprep column (2 4.6 mm x 250
mm), 20 pL injection volume, 1.0 mL min-' toluene flow, RT, A = 330 nm UV detector; (b) MALDI-TOF
mass spectrum of Dy, TiC@/,-Cgo-Ad.
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Table S1. Crystal data of Dy, TiC@/,-Cgo and Dy,TiC@/,-Cgo-Ad.

Crystal

2DPC- {Dy,TiC@I/»-Cso}

4DPC- 2{Dy,TiC@/;-Cgo-Ad}

Empirical formula

Co29H112DyoNoTi

Ca50H221DysN4oTiz

Formula weight 3516.28 6933.45
Crystal system monoclinic monoclinic
Space group P2./c P2./c

a, A 14.719 55.239
b, A 31.919 14.664
c, A 32.098 39.306
a, deg 90 90

B, deg 101.42 101.38
y, deg 90 90
Volume, A3 14781.6 31212.9
z 4 4

T,K 100(2) 100(2)

Radiation (A, A)

synchrotron (A = 0.71073)

synchrotron (A = 0.71073)

Pealc, g/cm? 1.580 1.475
p/mm- 1.130 1.069
F(000) 7120.0 14036
Unique data (Rin) 20725 54668
Parameters 2435 5330
Restraints 351 2499
Observed data (I >=| 20725 54668
20(1))

R (reflections with 1>2a(l) | 0.0712 0.0764
)

wR; (all data) 0.2054 0.2282
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Table S2. Disorder and occupancy of endohedral metal atoms including Ti**, Dy3* within Dy,TiC@/x-Cgo
and DsziC@lh-Cao-Ad.

M3-CCFs Disorder and Occupancy

Ti, four

) Ti1(Ti), 0.80; Ti2, 0.10; Ti3, 0.07; Ti4, 0.03
disorders
Dy1, four

Dy, TiC@/:-Cso ] Dy1, 0.91; Dy2B, 0.06; Dy3B, 0.02; Dy4B, 0.01

disorders
Dy2, four

) Dy2, 0.82; Dy2A, 0.03; Dy3A, 0.03; Dy4A, 0.12
disorders
Ti, without

Ti, 1.00
disorder
Dy1, five Dy1B(Dy1), 0.42; Dy2B, 0.18; Dy3B, 0.04; Dy4B,
Dy, TiC@/;-Cgo-Ad .y y1B(DYT) y y y

disorders 0.29; Dy5B, 0.07
Dy2, four Dy1A(Dy2), 0.43; Dy2A, 0.07; Dy3A, 0.20; Dy4A,
disorders 0.30

Table S3. The crystal structure information of Dy, TIC@/,-Cgo and Dy, TiC@/4-Cgo-Ad.

DY2TiC@Ih-C80 DsziC@l,,-Cso-Ad
Bond type
Bond length (A) Bond length (A)
Ti-Couster Ti-C81 1.82 Ti-C81 1.83
Ti-C1 2.26 Ti-C1 2.29
Ti-Ceage Ti-C2 2.13 Ti-C2 2.29
Ti-C3 2.17 Ti-C3 2.34
Dy1-Coluster Dy1-C81 2.14 Dy1-C81 2.23
Shortest Dy1-
Dy1-C47 2.34 Dy1-C37 2.30
Ccage
Dy2-Cquster Dy2-C81 2.17 Dy2-C81 2.14
Shortest Dy,-
Dy2-C75 2.39 Dy2-C59 2.28

Ccage
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4.Theoretical calculations of Dy,TiC@/,-Cgo and Dy,TiC@]/,-Cso-Ad.
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Fig. S3 The relative energy (AE) of Dy,TiC@/,-Cgo With various spin multiplicities.

Dy,TiC@/,-Cgo with various spin multiplicities were optimized. As shown in Fig. S4,
possessing the lowest relative potential energy, S = 5 spin ground state was identified for
Dy,TiC@/,-Cgo. The optimized geometry of ground-state Dy,TiC@/,-Cgy was extremely
similar with the crystallographic geometry. Specifically, there were same positions ([5, 6]-bond
around Ti and hexagon around Dy) of metals and similar bond lengths between metals and
inner Cquster atom. Notably, the theoretical bond length (1.79 A) of Ti-C in Dy,TiC was slightly
shorter than the experimental one (1.82 A) with obvious double-bond character of Ti-C in
inner cluster. To further dissect the electronic configurations and bonding features of
Dy,TiC@/,-Cgo, natural electron populations including a and B electron populations on metals
are given in Table S4 via Natural Bond Orbital (NBO) analysis. Compared with the valence
electron configuration of 4f196s2 for ground-state Dy atom, the Dy3* with five unpaired
electrons on each Dy was inferred, which accorded with the S = 5 ground state and was also
confirmed by the exclusively electronic spin density on Dy atoms in Dy, TiC@/,-Csgo (Fig. S5c).
No electronic spin density on Ti atom indicated that the bonding or transferring of valance
electrons for Ti in Dy,TiC@/,-Cgo. The double bond (Fig. S5a and S5b) between Ti and C
within the encapsulated Dy,TiC cluster in Dy,TiC@/;,-Cgy was confirmed with Mayer bond
order (MBO) of 1.96 and Wiberg bond order (WBO) of 2.18 (Table S5), which was in line with
the double-bond speculation based on the bond length between Ti and C in experiment. It
could be found that the d orbitals of Ti mainly contributed to this double bond (Fig. S5a and
S5b). Furthermore, according to the NBO analysis (Table S4), there is no electron on 4s of Ti,
then Ti** can be deduced in Dy, TiC@/,-Cgso. Thus, a formal electronic configuration of
[(Dy3"), Ti“*C*+18*@][/,-Cgo]® is inferred, which accorded with the general six-electron transfer
from the encapsulated cluster to the outer fullerene cages for ftrimetallic nitride
clusterfullerenes (NCFs).24 Similarly, Ti** and Dy3* were also found in Dy,TiC@/,-Cgo-Ad. As
shown in Table S5, except for the double bond between Ti and C, it could be seen that there
were single bonds between Dy and C in Dy,TiC@/,-Cgo and Dy, TiC@/,-Cgo-Ad (Table S5).
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Fig. S4 (a) o-bond and (b) 1-bond of Ti-Cgyster for Dy2TiC@I4-Csp; (C) electronic spin density of
Dy, TiC@/s-Cgo. (Isovalue = 0.004 au); (d) charges of C close to metals of Dy,TiC@/,-Cgo on B3LYP/6-
311G(d, p)~CEP-4G level. The red circle highlights the carbon atoms with highest electronic density.

Table S4. Natural electron population of metals in Dy,TiC@/,-Cgo.2

Dy,TiC@I,-Cso a-electron population B-electron population

Ti 3d1A1O4p0.234d0.11580.07 3d1.114p0.234d0.12530.06

Dy2 4f7.005d0.54680.056p0.096d0.01 7p0.06 4f2.055d0.49650.056p0.086d0.017p0.06
Dy1 4f7.005d0.54680.056p0.096d0.017p0.06 4f2.065d0.506SO.056p0.086d0.017p0.06

a Although there were respectively 3d'° and 3d''" in a- and B-electron population for Ti, Ti** was
evidently inferred in Dy,TiC@/,-Cgo because the electron population in every a- or -orbital of 3d was
less than 0.28 for Ti.
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Table S5. Bond length (L, in A), MBOs and WBOs between the center C and metals (Ti and Dy) for
DygTiC@/h-Cgo and DsziC@lh-Cso-Ad.

0 Dy, TiC@I-Cso Dy, TiC@/4-Cso-Ad

0 L (A) MBO WBO L(A) MBO WBO
Ti-C81 1.7927 1.96 2.18 1.8121 1.91 2.21
Dy2-C81 2.1826 0.69 0.86 2.2306 0.72 0.83
Dy1-C81 2.1741 0.71 0.89 2.2173 0.72 0.86

Table S6. Bond critical point (BCP) parameters and MBOs of Dy,TiC@/;-Cso.

Bond distance/A pgcp? V2pgcp ? MBO
Ti-C2 2.14 0.0716 0.2507 0.28
Ti-C3 2.38 0.0754 0.2634 0.26
Dy1-C47 2.39 0.0603 0.1900 0.18
Dy2-C75 2.44 0.0553 0.1776 0.18

a pgcp is the density of all electrons and V2pgcp is the Laplacian of the electron density.

Table S7. Total MBOs between the /,-Cgg cage and Ti or Dy for Dy, TiC@/,-Cgo and Dy, TiC@/s-Cgo-Ad.

Dy, TiC@I,-Cso Dy, TiC@/,-Cso-Ad
Ti-Cage 2.70 2.86
Dy2-Cage 2.09 2.1
Dy1-Cage 2.07 2.06
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Fig. S5 Frontier molecular orbital diagrams (isosurface = 0.04 au) of Dy, TiC@/4-Cgo, Y2TiC@/s-Cso, and
Y, TiN@/:-Cao.

5. Electrochemical data of Dy,TiC@/,-Cs, and Dy, TiC@/,-Cso-Ad.

Table S8. Redox potentials (half-wave potential, V vs Fc*/Fc) of Dy, TiC@/,-Cgo and Dy,TiC@/,-Cgo-Ad
in comparison with those of MsN@Csgo (M = Sc, Lu) nitride clusterfullerenes.

Compound oxE, oxE, redg, redg, redg, Ref.
Dy, TiC@/+-Csgo 1.01 0.57 -0.93 -1.62 -1.812 This work
Dy, TiC@/-Cgo-Ad 0972 0.49 -1.102 -1.582 -1.832 This work
ScsN@/r-Cso - 0.65 -1.07 @ -1.46 2 -1.78 2 3
ScsN@/y-Cso-Ad(2a) - 0.58 -1.15 -1.59 -1.89 3
ScsN@/,-Cgo-Ad(2b) - 0.57 -1.08 - - 3
LusN@/»-Csgo - 0.61 -1.41 -1.91 -2.56 3
LusN@/4-Cgo-Ad(3a) - 0.50 -1.57 -2.08 -2.73 3
LusN@/4-Cgo-Ad (3b) - 0.52 -1.48 -2.15 - 3

a peak potential (irreversible redox process).
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