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Supplementary Discussion

High-performance liquid chromatography (HPLC) separation process of
UN@Cs(6)-Cs2.The first stage was performed on a Buckyprep-M column (25 mm x
250 mm, Cosmosil Nacalai Tesque) with toluene as mobile phase. After that, as shown
in Figure S1, fraction from 29 to 35 min (marked in red) was re-injected into a
Buckyprep column (10 mm ><250 mm, Cosmosil Nacalai Tesque) for the second stage
separation using toluene as the eluent. The fraction marked in orange, which contained
UN@Cs(6)-Cs2 was collected. The third stage of separation was conducted on a 5PBB
column (10 mm %250 mm, Cosmosil Nacalai Tesque) using toluene as the eluent. The
fraction marked in blue. The fourth stage was conducted on a BP column (10 mm %250
mm, Cosmosil Nacalai Tesque) with a recycle method using toluene as the eluent. The
fraction marked in magenta, which contained UN@Cs(6)-Cs2 was collected and re-
injected into the Buckyprep-M column (10 mm %250 mm, Cosmosil Nacalai Tesque)
in the fifth stage. The final pure sample was obtained through the sixth stage, the sixth
stage was conducted on a BP column (10 mm > 250 mm, Cosmosil Nacalai Tesque)
with a recycle method again, and the final pure sample was the green part.
High-performance liquid chromatography (HPLC) separation process of
UN@C2(5)-Cs2. The first stage was performed on a Buckyprep-M column (25 mm x
250 mm, Cosmosil Nacalai Tesque) with toluene as mobile phase. After that, as shown
in Figure S2, fraction from 29 to 35 min (marked in red) was re-injected into a
Buckyprep column (10 mm %250 mm, Cosmosil Nacalai Tesque) for the second stage
separation using toluene as the eluent. The fraction marked in orange, which contained
UN@C>(5)-Cs2 was collected. The third stage of separation was conducted on a 5PBB
column (10 mm %250 mm, Cosmosil Nacalai Tesque) using toluene as the eluent. The
fraction marked in blue. The fourth stage was conducted on a BP column (10 mm %250
mm, Cosmosil Nacalai Tesque) with a recycle method using toluene as the eluent. The
fraction marked in pink, which contained UN@C2(5)-Cs2 was collected and re-injected
into the 5PBB column (10 mm =250 mm, Cosmosil Nacalai Tesque) in the fifth stage.
The UN@C>(5)-Cs2 pure sample was finally obtained.

In total 2.02 g of graphite powder and 1.58 g of Uz0g (molar ratio of C:U = 30:1) were
packed in each rod. On average ca. 40 mg of crude fullerene mixture per rod was
obtained and totally 800 carbon rods were vaporized in this work. After HPLC isolation
and purification process, ca. 0.2 mg purified UN@Cs(6)-Cs2 and UN@ C>(5)-Cs> were
obtained.
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Supplementary Fig. 1 HPLC chromatogram of purified UN@Cs(6)-Cs> and
UN@C2(5)-Csz. (a) UN@Cs(6)-Cs2 on a Buckyprep column and (b) UN@C>(5)-Cs2 on
a SPBB column with toluene as the eluent. HPLC condition, A = 310 nm; flow rate, 4
mL / min. The insets show the positive-ion mode MALDI-TOF mass spectra and
expansions of the corresponding experimental isotopic distributions of the compound
in comparison with their calculated ones.
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Supplementary Fig. 2 HPLC profiles showing the separation procedures of
UN@C(6)-Cs2 and the pure sample’s MALDI-TOF mass spectrum.
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Supplementary Fig. 3. HPLC profiles showing the separation procedures of
UN@C>(5)-Csg> and the pure sample’s MALDI-TOF mass spectrum.



(b)

Supplementary Fig. 4. (a) Ball and stick representation of disordered cage and U/N
sites in UN@C2(5)-Cs2 at 100 K. (b) Drawing of all the U, N disordered sites, two
disordered sites with fractional occupancies of 0.5 for N1 and N1A (which is generated
from N1 atom by mirror plane of the crystal) atom, and four sites for U are presented,
two disordered sites with fractional occupancies of 0.312 and 0.188 for U1 and U2,
respectively. Another half of the U disordered sites (U1A, U2A, respectively) could be

generated by mirror plane of the crystal which is vertically perpendicular to the paper
plane.

(a) (b)

Supplementary Fig. 5. The interaction of the major U site (a) U1 and (b) U1A with
the closest cage in UN@C>(5)-Cs> at 100 K.



Supplementary Fig. 6. (a) Ball and stick representation of U sites and N sites in
UN@Cs(6)-Cs2 at 100 K. (b) Drawing of all the U, N disordered sites, four disordered
sites with fractional occupancies of 0.6442, 0.1903, 0.1087 and 0.0566 for U1, U2, U3

and U4 respectively.

UN@C,(5)-Cs, UN@C,(6)-Cs,

Supplementary Fig. 7. (a) ADF/PBE/TZP/D3 optimized UN@C2(5)-Cs2 and
UN@Cs(6)-Cs2 geometries (blue is N and light blue is U). (b) Isosurfaces (£0.01 au) of
the calculated spin density for the optimized spin-doublet ground state structures of
UN@C>(5)-Cs> (left) and UN@Cs(6)-Cso (right).
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Supplementary Fig. 8. Single-crystal X-ray structure of UN@Cs(6)-Cs2 {Ni'(OEP)]
measured at 100 and 185 K. Solvent molecules are omitted for clarity. The displacement
parameters are shown at the 20% probability level. Color code: black for carbon, red
for U, blue for N, pink for H, and grey for Ni. (a) The structure measured at 100 K is
placed here for comparison. (b) The structure measured at 185 K shown with both
orientations. (c, d) The two orientations of the structure measured at 185 K are split to
view the structure in higher clarity.
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Supplementary Fig. 9. Molecular structure of UN@C>(5)-Cg> measured with single
crystal X-ray diffraction at variable temperatures from 100 K to 273 K. The
displacement parameters are shown at the 20 % probability level for the encapsulated
UN cluster. The structures are drawn from the chosen specific direction of the crystal
to compare the dynamics of the UN@C>(5)-Csz. Color code: grey for C, blue for N, and
red for U.

Supplementary Fig. 10. ZORA/PBE/TZP/D3 optimized UN@C2(5)-Cs2 spin-doublet
geometries with different orientation of the UN cluster inside the C»-Cg, cage. Relative
energies in kcal mol™? are indicated below each orientation (Ori). Ul cage is the
geometry optimized from the crystallographic data with the U position of U1.

Supplementary Fig. 11. ZORA/PBE/TZP/D3 optimized UN@Cs(6)-Csg2 spin-doublet
geometries with different orientation of the UN cluster inside the Cs-Cgo cage. Relative
energies in kcal mol™? are indicated below each orientation (Ori). Ul cage is the
geometry optimized from the crystallographic data with the U position of U1.
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Supplementary Fig. 12. Partial molecular
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orbital (MO) diagram obtained with

ZORA/PBE/TZP for the ground spin-doublet state of UN@C,(5)-Csz (left) and
UN@C;s(6)-Cs2 (right). The singly-occupied molecular orbital (for a-spin) is drawn in
red and the associated MO isosurface (#0.04 a.u.) is shown on the side.
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Supplementary Fig. 13. NLMO isosurfaces (#0.03 a.u.) of the carbon cage and atomic
orbital %-compositions obtained from a natural bond orbital analysis of the
ZORA/DFT/PBE doublet state obtained for UN@C2(5)-Cs2. Alpha («)- and beta (f)-
spins are plotted separately.

13



a

o §:.
. !; (‘
46% U (1 d; 99f) ub’-’e.
- P

13%U (1 5; 35 d; 64 f) ‘“ ~

46%C12(15;99 p)

47%C8 (15;99 p)
14%U (2 5; 36 d; 62 f)

32%C3 (1 5; 99 p)
42%C4 (1'5;99 p)
9% U (2;37 d; 61 1)

o

40% C7 (100 p)
36% C23 (100 p)
7% U(2s;384d;60 f)

41 % C9 (100 p)
34 % C24 (100 p)
8% U(25;38d;60f) ‘
41% C11 (100 p)

33% C13 (100 p)
6% U (25;38d;60f)

39% C13 (100 p)
36% C31 (100 p)
6% U (3 5;34 d; 63 )

y

@

&
q_
e

¢

47%C12(15;99 p)
13%U (15;35d; 64 f)

48% C8 (1599 p)
13% U (255;36 d; 62 f)

33%C3(1s99p)
43%C4 (15,99 p)
9% U(2s;36d;62f)

39% C7 (100 p)
38% C23 (100 p)
7% U (25;38d;60f)

40 % C9 (100 p)
36 % C24 (100 p)
7% U (2 s; 38 d; 60 f)

40 % C11 (100 p)
36 % C13 (100 p)
6% U (25;36d;62f)

39% C13 (100 p)
37% C31 (100 p)
5% U (3 s;36d;61f)

Supplementary Fig. 14. NLMO isosurfaces (#0.03 a.u.) of the carbon cage and atomic
orbital %-compositions obtained from a natural bond orbital analysis of the
ZORA/DFT/PBE doublet state obtained for UN@Cs(6)-Cg2. Alpha (a)- and beta (B)-
spins are plotted separately.
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Supplementary Fig. 15. Molecular orbital (MO) diagram obtained with
ZORA/PBE/TZP for the ground spin-quartet state of UN and spin-doublet state of UN?*,
The singly-occupied molecular orbitals (for a-spin) are drawn in red. MO isosurfaces
(#0.04 a.u.) are shown on the side.
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Supplementary Fig. 16. Isosurface (0.01 a.u.) of the spin density (SD) distribution
for the spin-quartet state UN and spin-doublet state of UN?*.
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Supplementary Fig. 17. NLMO isosurfaces (#).03 a.u.) and atomic orbital %-
compositions obtained from a natural bond orbital analysis of the ZORA/DFT/PBE
doublet state obtained for UN?*. Alpha («)- and beta ()-spins are plotted separately.
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Supplementary Fig. 18. NLMO isosurfaces (#0.03 a.u.) and atomic orbital %-
compositions obtained from a natural bond orbital analysis of the ZORA/DFT/PBE
quartet state obtained for UN. Alpha («)- and beta (5)-spins are plotted separately.
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Supplementary Fig. 22. Vibrational normal modes of UN@C:(5)-Cs. assigned to the
major peaks in the low-energy Raman spectra. For each mode, the wavenumber and
arrows indicating the atoms that move are shown.
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Supplementary Fig. 23. Vibrational normal modes of UN@C;(6)-Cs2 assigned to the
major peaks in the low-energy Raman spectra. For each mode, the wavenumber and
arrows indicating the atoms that move are shown.
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Supplementary Fig. 24. Single-crystal X-ray structure of UN@Cs(6)-Cs2 {Ni'(OEP)]
measured at 100 to 273 K. Solvent molecules are omitted for clarity. The displacement
parameters are shown at the 20% probability level. Color code: black for carbon, red
for U, blue for N, pink for H, and grey for Ni.
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Supplementary Tables

Supplementary Table 1. The distance between U1 and Ccage in UN@C2(5)-Cs2 at 100
K.

Labelling U-C54 U-C53 U-C72 U-C55
Length / A 2.478 2.592 2.646 2.652

Supplementary Table 2. The distance between U1 and Ccage in UN@Cs(6)-Cs> at 100
K.

Labelling U-C1 U-C6 U-C10 U-C7
Length / A 2.522 2.503 2.637 2.689

Supplementary Table 3. Adiabatic spin-state relative energies (AE, kcal-mol™!), U
Mulliken Spin Populations (MSP) and structural parameters (distances in A) for
UN@Cs isomers 5 and 6. Experimental values in parenthesis.

Spin MSP

Isomer AE U-N U-C1 U-C2 U-C3 U-C4
state {8)]

UN@ 1.764 2.503

Co(5)- Doublet 5.3 0.8 (1760)  (2.478) 2515 2.624 2.634

Cs2 Quartet 232 1.0 1.766 2.502 2.546  2.623 2.631
UN@ 1.760 2.476 2.506
Cy(6)- Doublet 0.0 0.5 (1760)  (2.503) (2.522) 2.551 2.631

Cs2 Quartet  16.6 0.9 1.760 2.514 2.521  2.600 2.673
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Supplementary Table 4. Metal site occupancy in UN@C;(6)-Cs2 as a function of
temperatures.

Metal site 100 K 185 K 273 K
U1 0.6442 (1) 0.313 (0.5) 0.205 (0.5)
U2 0.1903 (1) 0.0192 (0.5) 0.0518 (0.5)
U3 0.1087 (1) 0.0630 (0.5) 0.0498 (0.5)
U4 0.0566 (1) 0.082 (0.5) 0.0427 (0.5)
U5 0.0315 (0.5) 0.0422 (0.5)
U6 0.0210 (0.5)
u7 0.0251 (0.5)
us 0.0246 (0.5)
U9 0.0408 (0.5)
U10 0.0193 (0.5)
U1l 0.01091 (0.5)

The occupancy rate of the carbon cage corresponding to the metal site is in the brackets.

Supplementary Table 5. Metal site occupancy in UN@C>(5)-Cg2 as a function of
temperatures.

Metal site 100 K 185 K 273 K
Ul 0.312 (0.5) 0.289 (0.5) 0.260 (0.5)
U2 0.188 (0.5) 0.211 (0.5) 0.079 (0.5)
U3 0.055 (0.5)
U4 0.0265 (0.5)
U5 0.0303 (0.5)
U6 0.068 (0.5)
U7 0.0202 (0.5)

The occupancy rate of the carbon cage corresponding to the metal site is in the brackets.
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Supplementary Table 6. Crystal data of UN@Cs(6)-Csa.

UN@C;s(6)-Cs: at

UN@C;(6)-Cs2 at

UN@C;s(6)-Cs2 at
Crystal 100K 185 K 273 K
Formula 1986.26 1986.82 1987.39
weight
Crystal . . ..
monoclinic monoclinic monoclinic
system
Space group C2/c C2/m C2/m
a, A 25.3086(13) 25.3712(6) 25.4546(11)
b, A 14.9637(7) 15.0697(3) 15.2260(6)
c, A 39.809(2) 19.9969(5) 20.0570(9)
a, deg 90 90 90
B, deg 94.401(2) 94.6860(10) 95.1660(10)
y, deg 90 90 90
Volume, A3 15031.6(13) 7620.0(3) 7741.9(6)
Z 8 4 4
T, K 100 185 273
Radiation (4, Synchrotron Synchrotron Synchrotron
A) Radiation (0.82641) | Radiation (0.82641) | Radiation (0.82641)
Un'?F‘;i‘:t;jata 14570 (0.0624) 7664 (0.0673) 7772 (0.0473)
Parameters 1288 1048 1111
Restraints 1082 1383 1516
Observed
data 13753 7127 7039
(1>26(1))
Ru (observed 0.0764 0.0831 0.0995
data)
wR: (all 0.1961 0.2342 0.2581
data)
CCDC NO. 2120710 2120939 2120731
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Supplementary Table 7. Crystal data of UN@C>(5)-Cs.

Crystal

UN@C2(5)-Cs2 at

UN@C2(5)-Cs2 at

UN@C2(5)-Cs2 at

100K 185K 273K
Formula 1087.44 1987.46 1987.69
weight
Crystal . . ..
monoclinic monoclinic monoclinic
system
Space group C2/m C2/m C2/m
a, A 25.3001(8) 25.3680(6) 25.463(2)
b, A 14.9553(4) 15.0340(3) 15.1781(13)
c, A 19.9754(6) 20.0363(4) 20.1103(18)
a, deg 90 90 90
B, deg 94.7540(10) 94.8360(10) 95.028(3)
y, deg 90 90 90
Volume, A3 7532.1(4) 7614.3(3) 7742.4(12)
z 4 4 4
T, K 100 185 273
Radiation (4, Synchrotron Synchrotron Synchrotron
A) Radiation (0.82641) | Radiation (0.82641) | Radiation (0.82641)
U”'?F‘;i‘:t;jata 7510 (0.0566) 7600 (0.0488) 7757 (0.0479)
Parameters 1029 1029 1068
Restraints 1384 1376 1437
Observed
data 7055 7069 7013
(1>26(1))
R (observed 0.1026 0.1065 0.1211
data)
wR: (all 0.2400 0.2718 0.3054
data)
CCDC NO. 2050571 2120708 2120709
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Supplementary Table 8. Adiabatic spin-state relative energies (AE, kcal mol™) and U
Mulliken Spin Populations (MSP) for UN@C2(5)-Cs2 and UN@Cs(6)-Cs2 using
different functionals: PBE, BP86, PBEO and B3LYP.

SPIN e \MsP BPS6 MSP  PBEO MSP B3LYP V°

Isomer
State P

C2(5)- Doublet 5.3 0.8 4.3 0.9 2.9 1.2 2.4 1.2
Cs2 Quartet 232 1.0 21.8 11 23.5 1.2 22.7 1.2

Cs(6)- Doublet 0.0 0.5 0.0 0.7 0.0 1.2 0.0 1.2
Cs2 Quartet 16,6 0.9 15.8 1.0 17.1 1.2 16.1 1.2

Supplementary Table 9. Comparison of the calculated N-U distance (in A) using
different functionals: PBE, BP86, PBEO and B3LYP, vs. the experimental value for
UN@C2(5)-Cs2 and UN@Cs(6)-Cao.

Isomer Spin state  PBE BP86 PBEO B3LYP Expt.
C2(5)-Cs2  Doublet 1.764 1.769 1.744 1.758 1.760
Cs(6)-Cs2  Doublet 1.760 1.764 1.744 1.759 1.754

Supplementary Table 10. Adiabatic spin-state relative energies (AE, kcal mol™) and
U Mulliken Spin Populations (MSP) for UN@C2(5)-Cs> and UN@Cs(6)-Cs2 using
different software: ADF vs. G16.

ADF/PBE/TZP/D3  G16/PBE/6-31G** & SDD/D3

Spinstate  AE MSP (V) AE MSP (V)
C2(5)-Cs2  Doublet 5.3 0.8 5.5 0.8
Quartet 23.2 1.0 23.5 1.0
Cs(6)-Cs2 Doublet 0.0 2.0 0.0 0.5
Quartet 16.6 2.6 16.4 0.9

Supplementary Table 11. Comparison of the calculated N-U distance (in A) using
ADF vs. G16. The data are compared to the corresponding experimental value for
UN@C2(5)-Cs2 and UN@Cs(6)-Cao.

Spin G16/PBE/6-
Isomer state ADF/PBE/TZP/D3 31G**&SDD/D3 Expt.
C2(5)-Cs2 Doublet 1.764 1.755 1.760

Cs(6)-Cs2  Doublet 1.760 1.750 1.754
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Supplementary Table 12. Relative energies (in kcal mol™) and structural parameters
(distances in A) of UN, obtained with ZORA/PBE/TZP/D3 for optimized UN@ Ca(5)-
Cs2 spin-doublet geometries with different orientation of the UN cluster inside the C»-
Cs2 cage.

Orientatio Erel d(U-N) d(U-C1 d(U-C2 d(U-C3 d(U-C4
cage) cage) cage) cage)

Ul 0.0 1.764 2.634 2.515 2.503 2.624
Oril 1.7 1.758 2.506 2.514 2.516 2.534
Ori2 2.5 1.763 2.479 2.511 2.596 2.563

Supplementary Table 13. Relative energies (in kcal mol™) and structural parameters
(distances in A) of UN, obtained with ZORA/PBE/TZP/D3 for optimized UN@ Cs(6)-
Cs2 spin-doublet geometries with different orientation of the UN cluster inside the Cs-
Cs2 cage.

Orientation  Erel d(U-N) du-cl - d(U-C2 dU-C3 d(U-C4

cage) cage) cage) cage)
Ul 0.0 1.760 2.476 2.506 2.551 2.631
Oril 7.6 1.756 2.451 2.518 2511 2.543
Ori2 4.4 1.753 2.517 2.523 2.545 2.563
Ori3 11.2 1.757 2.504 2.552 2.503 2.552

Supplementary Table 14. U-N distance in UN@Cs(6)-Cs2 as a function of

temperatures.

Metal site 100K /A 185 K/ A 273K /A
U1-N1 1.760 1.740 1.774
U2-N1 1.681 1.750 1.717
U3-N1 1.733 1.801 1.683
U4-N1 1.820 1.736 1.756
U5-N1 1.724 1.721
U6-N1 1.750
U7-N1 1.720
Us-N1 1.744
U9-N1 1.714
U10-N1 1.730

U11-N1 1.670
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Xyz coordinates

Spin-doublet ground state geometry of
UN@C(5)-Cs>
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-52.155088
-52.801791
-52.420232
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48.468984
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48.833599
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-30.942013
-32.006119
-33.033331
-33.569154
-34.208526
-33.952833
-33.665368
-32.618504
-31.695281
-30.353433
-29.327749
-27.987135
-27.628072
-26.756243
-27.047240
-26.930820
-27.883677
-28.085502
-29.357294
-30.487572
-31.795829
-32.766064
-32.464513
-33.038614
-32.244239
-30.934938
-29.970935
-28.594860
-28.170190
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-28.952442
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-31.219443

-52.110207
-50.984763
-49.883812
-48.516367
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-46.229020
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-45.176038
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-44.835666
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-46.056711
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-49.153248
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-52.070356
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-51.152619
-50.066736
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-45.768551
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-45,553697
-46.552024
-47.560193
-48.859533
-50.022899
-49.968823
-50.999462
-50.649655
-49.323424
-48.352595
-46.984369
-46.451307
-47.484414

46.476974
46.932079
46.022442
46.544644
45.645717
46.068131
47.420171
47.659025
46.603227
47.157199
46.351220
46.893239
45.802682
46.006846
44.990076
45.387080
44.536896
44.932597
44.362073
45.134910
45.128028
44.245441
44.652885
43.789413
44.269459
43.876235
44.995506
45.250845
44.389776
44.968074
44.627176
43.667885
43.891309
43.614914
43.026159
43.403829
43.295594
42.939094
42.586551
43.045303
43.312038
42.999069
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U -31.826818
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-48.776739
-48.889506

42.609897
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Spin-doublet ground state geometry of

UN@Cs(6)-Cs2
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11.695539
10.653286
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