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Theoretical Methods

A generalized version of a particle swarm optimization algorithm specific for cluster structure
prediction,'3 as implemented in Crystal structure AnalYsis by Particle Swarm Optimization
(CALYPSO) code,!* was carried out for global-minimum structural searches for AnB, (An=U, Th;
n=36, 38, 40). The population size (the total number of structures per generation) was set to 40, and the
number of generation (the maximum number of generations to be executed for the entire structure
prediction simulation) was maintained at 50. Thousands of sampled structures were subjected to
evaluation during the structural searches. The structure relaxations were performed using Vienna ab
initio simulation package (VASP).> ¢ The electron exchange-correlation functional was treated using
generalized gradient approximation (GGA) in the form proposed by Perdew, Burke and Ernzerhof
(PBE).” Periodic models were used to model the clusters. A vacuum region of 15 A was used to isolate
finite clusters and prevent interactions between adjacent periodic images. Brillouin zone integration was
calculated using gamma point only. The cutoff energy of 450 eV was used in the calculations. All the
geometries were optimized until the forces on all the atoms were smaller than 0.04 eV A-!,

For each of the complexes, the predicted ten energetically low-lying isomers were fully optimized at
the hybrid DFT-PBEO level with the Gaussian 09 program package.® For uranium and thorium, the
quasi-relativistic effective core potential ECP60MWB and the corresponding valence basis sets
ECP60MWB-SEG were used,’!! while the 6-311+G(d) basis sets were adopted for boron atoms. This
level of theory has been demonstrated as a reliable method for boron clusters, especially for energetics.!?
13 Given that the highest spin states of the U and Th atoms are quintet and septet, respectively, a series of
spin states were considered for each of the U- (singlet, triplet, quintet) and Th-complexes (singlet, triplet,
quintet, septet). Meanwhile, the low-lying isomers of each species within 1.0 eV of the global minimum
at the PBEO level, were also optimized by the TPSSh method. Vibrational frequency calculations were
carried out to confirm the true minima of the studied structures. The default SCF (self-consistent field)
convergence criteria and the default integration grid (75, 302) were used in the calculations. The finer
integration grid (120, 974) was used for further evaluating small imaginary vibrational frequencies.

Zero-point energy (ZPE) corrections were considered for all the species.



On the basis of the optimized structures, Hirshfeld!'# and Voronoi deformation density (VDD)!3
atomic charges were obtained with the Amsterdam Density Functional program package (ADF
2013.01)!¢18  using PBEO functional. The Triple--quality basis sets plus two polarization function
(TZ2P)" were used with no frozen core approximation considered for all the atoms. Scalar relativistic
effects were taken into account by zero-order regular approximation (ZORA)?. Spin-orbit (SO)
coupling effects on the energy levels were also evaluated with C,;, U@B5;¢ as a representative complex.

Chemical bonding was elucidated via the quantum theory of atoms-in-molecules (QTAIM)?!-2* and
adaptive natural density partitioning (AdNDP)?* analyses implemented in Multiwfn 3.4 package®. The
simulated photoelectron spectra were calculated using time-dependent DFT (TD-DFT)?.

To evaluate the dynamic stabilities of the predicted clusters, the ab initio molecular dynamics (AIMD)
simulations within the NVT ensemble were carried out using VASP program package at the
temperatures of 300 K and 500 K. Each MD simulation lasted for 30 ps with a time step of 1.0 fs, and

the temperatures were controlled by using the Nosé—Hoover method.?’.
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Figure S1. Low-lying isomers of U@B;¢ with the relative energies (eV) at the PBEO/RECP/6-311+G*
and TPSSh/RECP/6-311+G* (in italic) levels. Light pink and pink spheres represent B and U,

respectively. All the energies have been corrected for zero-point energies.
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Figure S2. Low-lying isomers of Th@B;s with the relative energies (eV) at the PBEO/RECP/6-311+G*

and TPSSh/RECP/6-311+G* (in italic) levels. Light pink and blue spheres represent B and Th,

respectively. All the energies have been corrected for zero-point energies.
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Figure S3. Low-lying isomers of U@B3g with the relative energies (eV) at the PBEO/RECP/6-311+G*
and TPSSh/RECP/6-311+G* (in italic) levels. Light pink and pink spheres represent B and U,

respectively. All the energies have been corrected for zero-point energies.
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Figure S4. Low-lying isomers of Th@Bss with the relative energies (eV) at the PBEO/RECP/6-311+G*
and TPSSh/RECP/6-311+G* (in italic) levels. Light pink and blue spheres represent B and Th,

respectively. All the energies have been corrected for zero-point energies.
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Figure S5. Low-lying isomers of U@By, with the relative energies (eV) at the PBEO/RECP/6-311+G*
and TPSSh/RECP/6-311+G* (in italic) levels. Light pink and pink spheres represent B and U,

respectively. All the energies have been corrected for zero-point energies.
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Figure S6. Low-lying isomers of Th@B,4, with the relative energies (eV) at the PBEO/RECP/6-311+G*
and TPSSh/RECP/6-311+G* (in italic) levels. Light pink and blue spheres represent B and Th,

respectively. All the energies have been corrected for zero-point energies.



Spin-orbit (SO) coupling effect Previous studies?® 2° on several actinide-centered clusters such as
Pu@Csys and [U@Si,0]¢ have shown that the chemical bonding and properties are not sensitive to spin-
orbit (SO) coupling. For the studied actinoborospherenes, SO coupling effects on the electronic
structures were assessed for the representative complex U@B;¢. Figure S7 shows the valence orbital
energy levels for U@Bs¢ with Cy;, symmetry. As displayed in Figure S7, the MO 39b, has the largest
splitting with the value of about 0.4 eV, which corresponds to the interaction of U 5f orbitals and B 2p
orbitals of the cage. The orbital energetic order with SO coupling is found to be similar to that with
scalar relativistic effects. Therefore, according to our calculations, the MO splittings are overall small,

and the ground-state properties change only slightly due to SO effects.
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Figure S7. Scalar relativistic (SR) MO energy levels for C,;, U@B;¢ without (left) and with (right) spin-

orbit (SO) coupling.



Figure S8. Isosurface plots of (a) spin density (0.002) and (b) spin polarization parameter (0.2, 0.4)
function of U@Bj3g.
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Figure S9. Born-Oppenheimer molecular dynamics simulations of C,, U@B5;¢ at 300K and 500K for 30

ps.
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Figure S10. Born-Oppenheimer molecular dynamics simulations of D,, Th@Bs;g at 300K and 500K for

30 ps.



Figure S11. QTAIM molecular graph of C,;, U@Bse. Red points represent bond critical points, gray
lines represent bond paths. Green points represent ring critical points, blue points represent cage critical

points.
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Figure S12. The 16 MOs referring to the 7s, 7p, 6d and 5f electrons from U and 2p orbitals from B in
U@Bs;.
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Figure S13. The 16 MOs referring to the 5f, 6d, 7p, and 7s electrons from Th and 2p orbitals from B in
Th@Bss.



AdNDP analysis of C,, U@B3s AANDP, developed from natural bond orbital (NBO)3%-33 analysis,

characterizes the n-center two-electron (nc—2e) bonding of a molecule with the range of n from one up

to the total number of atoms in the molecule. Thus, the AANDP analysis reveals the conventional Lewis

bonds (lone pairs and 2c—2e bonds), as well as the nonclassical delocalized bonding (nc—2¢).
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Figure S14. Bonding pattern of the global minimum C,;, U@B;¢ from AANDP analysis with the

occupation numbers (ONs) indicated.



31 -~
[ e
E ] /fﬁ* ! Can, triplet «J;\ff
> 1- "J*J ADE, = 2.15 "l _____
E ] "\\iﬁ A _T ADE, = -1.33
w
04 c,, triplet e m—e————— -
14
T ﬁ%‘ff cz,,, doublet
-2 T L]
U@B36 U@B36 U@B362-

Figure S15. Comparison of the lowest-lying isomers of U@B3s, U@B3s -, and U@B34>.

- T Bt

155

D,,, triplet
¥ 2hs P

Energy (eV)
T

4.9 ABE =18y = = ~peeEss
] ‘(jl‘ [ lADE2=—1.05
0 . I I
D,,, singlet
.- N ,\d
A -
D,,,, doublet ‘dff]r
-2 T

Th@B3g Th@B38 Th@B3g>"
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Infrared (IR) absorption spectra To facilitate the future characterizations, we also calculated the IR
spectra of Cy;, U@B36 and D, Th@Bsg. For comparison, the IR spectra of the bare boron cages C,;, Bsg
and D,;, Bsg were also predicted. As depicted in Figure S17, there is primarily one IR-active frequency
for U@wB;36 (139 cm™!) and Th@B;g (121 cm™!), respectively, corresponding to the combined motions of
central U, Th atoms and the boron cages, which seems to be at common peculiarity for actinide
endohedral borospherenes. Due to the doped actinides, for other IR-active frequencies denoting the
motions of the boron cages, the IR spectra peak positions and intensities show some changes for actinide
borospherenes as compared to the bare cages. Even so, the main vibrational features of the boron cages
are ultimately retained in C,;, U@B;¢ and D, Th@Bs;s. For example, the two characteristic peaks of Cy,
Bsg at 1327 and 811 cm™ are slightly red-shifted toward C,;, U@B36 (1306 and 792 cm™!). These results
make it possible to establish that the structural and chemical, as well as spectroscopic integrities of the

C,;, Bsg and D,;, B3g cages are basically maintained in these actinide endohedral borospherenes.
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Figure S17. Simulated photoelectron spectrum of (a) Cy, U@B3¢ and (b) D,, Th@Bss™ at the
PBEO/RECP/6-311+G* level of theory.



Table S1. Topological parameters for the U—B bond critical points (BCPs) of C,, U@B3¢

U-B BCPs p V2p H(r) ELE LOL

1 0.0407 0.0785 -0.0072 0.2119 0.3410
2 0.0376 0.0646 -0.0063 0.2259 0.3506
3 0.0356 0.0800 -0.0048 0.1667 0.3089
4 0.0462 0.0635 -0.0102 0.2996 0.3954
5 0.0407 0.0785 -0.0072 0.2119 0.3410
6 0.0376 0.0646 -0.0063 0.2259 0.3506
7 0.0376 0.0646 -0.0063 0.2259 0.3506
8 0.0407 0.0785 -0.0072 0.2119 0.3410
9 0.0462 0.0635 -0.0102 0.2996 0.3954
10 0.0376 0.0646 -0.0063 0.2259 0.3506
11 0.0407 0.0785 -0.0072 0.2119 0.3410
12 0.0356 0.0800 -0.0048 0.1667 0.3089




Table S2. Calculated compositions (%) of the frontier molecular orbitals of U@Bj3g.

MOs U
5f 6d p 7s
109 LUMO+1 8.7
108 LUMO 1.8
107 SOMO 26.8 1
106 SOMO-1 75.7 3
105 HOMO 52.3
104 HOMO-1 60.9
103 HOMO-2 28.8
102 HOMO-3 15.4
101 HOMO-4 15.2
100 HOMO-5 2.0
96 15.1
93 17.6
92 16.6
90 2.8
87 17.1
84 15.4
83 8.3
82 4.0
79 3.8




Table S3. Calculated compositions (%) of the frontier molecular orbitals of Th@Bss.

MOs Th
5f 6d Tp 7s
112 LUMO+1 2.4
111 LUMO 6.0
110 HOMO 19.3
109 HOMO-1 9.8
108 HOMO-2 1.8
107 HOMO-3 17.5
106 HOMO-4 14.1
105 HOMO-5 11.7
104 HOMO-6 8.2
103 HOMO-7 8.4
102 HOMO-8
100 16.9
95 12.6
94 16.3
93 4.7
92 6.8
91 17.7
90 16.2
86 7.0
79 33
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