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Inter-metalloid clusters in Zintl chemistry have been extensively studied due to their unique electronic
structures and potential applications. In this work, we explored a series of actinide endohedral inter-
metalloid clusters of the group 15 elements [An@Bipl*~ (An = Th-U) and [An@Sb,]*~ using density
functional theory (DFT). [Th@Bipl*~ and [U@Bipl*~ exhibit C; symmetry, while [Pa@Bipl*~ and
[An@Sb1,]*~ (An = Th-U) have C; structures. Bonding analyses such as bond order, molecular orbitals
(MO) and quantum theory of atoms in molecules (QTAIM) show covalent An—Bi/An—-Sb bonding in the
clusters. All these clusters are highly stable according to the studied formation reactions and may be

Received 26th June 2024, accessible experimentally. Compared with [An@Bii,]*~, [An@Sby,]*~ possesses stronger bonding interac-

Accepted 6th September 2024 tions, mainly arising from the higher electrostatic interaction energy. For clusters with the same group
15 elements, the bonding interactions increase gradually from Th to U, which is mainly determined by

the covalent interactions of An—Bi/An—Sb bonding. This work is expected to provide potential avenues
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Introduction

Atomic clusters are intermediates between individual atoms
and solids and often have special electronic, optical and
catalytic properties that vary with cluster size."™ Among them,
Zintl anions have been extensively studied since the 1930s.*
Zintl chemistry typically includes the Zintl phase and the Zintl
anions. Zintl anions are groups of atoms that contain only
main-group (semi) metal atoms in their structures. Zintl anions
usually occur in clusters containing only main group element
14 or 15.>"® For example, the pyramids Bis" and octahedral Big>"
are isolated from ternary clusters,” as well as Sb,®>~ with C;
configuration and Ge,"~ with two crystal structures.’® When
there is a central metal in the Zintl cluster, it is called an inter-
metalloid cluster (which can be denoted by [M,@E,]?  or
[M@E,M,]?")."""* Here, M stands for transition metal atoms
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for the construction of robust inter-metalloid clusters of the group 15 elements.

or lanthanide and actinide atoms, and E denotes p-block (semi)
metal atoms. Over the past few decades, inter-metalloid clus-
ters [M,@E,]?" have attracted the research interest of chemists
and physicists due to the large number of novel structures,
bonding, and special chemical and physical properties they
exhibit.>'*

At present, the most reported inter-metalloid clusters are the
transition metal atom-encapsulated clusters, which have rich
structures and properties.>'>'® For example, [M@Geo]>~ (M =
Fe,"” Co'®) is a pentagonal prismatic germanium cage with iron
or cobalt atoms in the central cavity; [Ru@Ge,]*~ is a non-
decahedral cluster of 12 vertices;'® [Ir@Sny,]*~ is a ligand-free
icosahedral cluster with high symmetry;>® and [Co@SneSbe]*~
is an off-centre 12-vertex endohedral cluster.”’ In addition to
the embedding of transition metals in the Zintl anions,>'
several lanthanide or actinide endohedral inter-metalloid clus-
ters have been reported theoretically and experimentally. The
[Eu@Sn6Bi8]4’ cluster is a mini-fullerene-type anion containing
lanthanide ions.*” [Ln@Sn,Bi,]*” and [Ln@Sn,Bis]*~ (Ln = La,
Ce) are anionic cages of two lanthanides.>® Some clusters have
also been confirmed by photoelectron spectroscopy (LnSi,, (3 <
n < 13; Ln = Ho, Gd, Pr, Sm, Eu, Yb)**). In addition, a series of
actinide-centred main-group metal clusters such as [U®T12Bi11]3’,
[U@Pb,Bi,]>~ and [U@Pb,Bis]>~ have been successfully
prepared,® and several clusters have been predicted theoreti-
cally (e.g. Pu@Sn;, and Pu@Pb;,>°). For the binary inter-
metalloid clusters of the group 15 elements, [La@Sb,]*~ is
stabilized by the interaction of three n-anti-aromatic units with
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the central lanthanide metal atom, representing the first localized
n-antiaromatic all-metal system in the solid state.>” The anionic
heavy-metal cluster [Th@Bi;,]*  exhibits 2n-aromaticity, with a
stronger ring current than benzene (6n) and close to that of
porphyrin (26n), showing substantial all-metal n-aromaticity.®
Like Th, U can be encapsulated in Zintl clusters. The uranium-
centred cluster [U@Bi;,]*~ has been isolated and characterized by
quantum chemical calculations.*

Considering that the thorium-doped all-metal Bi cluster
[Th@Biy,]*~ has been synthesized,® analogous clusters with
other actinide atoms may be stable inter-metalloid clusters. In this
work, we have systematically explored the structures and proper-
ties of [An@Bi;,]*” (An = Th-U) using density functional theory
(DFT). The antimony analogues [An@Sby,]*~ (An = Th-U) were
also studied for comparative analyses. This work provides an in-
depth understanding of the binary inter-metalloid clusters of the
group 15 elements and provides theoretical clues for the develop-
ment of new materials for Zintl clusters.

Computational details

For the inter-metalloid clusters of [An@Biy,]* /[An@Sby,]" ",
geometrical optimization and vibrational frequency analysis
were carried out using the Gaussian 16 package® with a PBE*
pure density functional. The conductor-like screening model
(COSMO) was used for charge compensation of the default
parameters.” The dispersion correction PBE-D3 was used to take
into account the dispersion interactions between the actinides and
the Bi/Sb atoms.** Relativistic effects were considered with the
relativistic effective core potentials (RECPs) replacing 60 core
electrons (ECP60MWB) for actinides, and the corresponding basis
set ECP60OMWB_SEG>*** was adopted. For Bi and Sb metals,
ECP78MWB?® and ECP46MWB>® were used, respectively. For all
of the clusters, geometry optimizations were performed at the PBE-
D3/RECP level of theory. Harmonic vibrational analysis was carried
out at the same theoretical level, and the optimized geometries
were minimum structures on the potential energy surfaces with all
real vibrational frequencies. Atomic dipole-corrected Hirshfeld
atomic charge (ADCH)?” analysis was performed at the same
theoretical level using the Multiwfn 3.8(dev) package.*® The Wiberg
bond index (WBI) was also obtained at the PBE-D3/RECP theore-
tical level using the Multiwfn 3.8(dev) package. By using ADF 2022
software,*® VDD (Voronoi deformation density)*® charge analysis,
the energy decomposition analysis (EDA) and quantum theory of
atoms in molecules (QTAIM)*' topology analysis based on the
optimized structures were performed using the PBE method and
the TZP basis set without a frozen core, and scalar relativistic
effects were taken into account by zero-order rule approximation
(ZORA).**

Results and discussion
Optimized structures of [An@Bi;,]* /[An@Sb;,]*~

Structural optimization and frequency calculations of the
[An@Bi;,]* /[An@Sb,]*” (An = Th-U) species were carried
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out at the PBE-D3/RECP level of theory. Similar to
[Th@Bim]“*,28 An*" was considered as the central ion for each
species. Given that the singlet, doublet, and triplet spin states
were the highest for Th**, Pa**, and U"*, respectively, the singlet
structures were calculated for [Th@Biy,]"' /[Th@Sb,,]*", and
the doublet structures were considered for [Pa@Biy,]" "/
[Pa@Sby,]*". In the case of [U@Bi;,]* /[U@Sby,]* ", both the
singlet and triplet states were considered, and the triplet
structures were found to be more stable lying 12.6 ([U@Biy,]"")
and 6.8 ([U@Sby,]* ") keal mol " below the corresponding singlet
structures. In addition, for each cluster, other possible spin states
were also considered, and the singlet, doublet, and triplet struc-
tures were more stable for [Th@Biy,]* /[Th@Sb;,]" ", [Pa@Bi,]* 7/
[Pa@Sby,]* ", and [U@By,]' /[U@Sb,,]' ", respectively (Table S1,
ESIT).

The optimized structures of [An@Bi;,]' /[An@Sb,,]" are
displayed in Fig. 1. The geometry of each species shows an
oblate structure.*® [Th@Bi,]*~ and [U@Biy,]*~ exhibit C; sym-
metry, while [Pa@Biy,]*” and [An@Sb;,]*~ (An = Th-U) have no
symmetry (C;). As for [An@Biy,]*", since the An-Bi bond
lengths (Table 1) vary considerably (0.3-0.5 A), the An-Bi bonds
in Bi;, rings can be divided into two types: one is the slightly
longer bond from the central metal to the Bi ring (An-Bi,), and
the other is the relatively shorter An-Big bond. Three butterfly-
shaped Bi, rings of [An@Biu]“, each perpendicular to the
central metal, are connected by Bi,-Bi,’ bonds to form a closed
Bi;, ring that encloses the actinide ion in the center. For each
species of [An@Sb,,]* 7, Sby,® " has a structure similar to that of
Bi;,®". The structure of [U@Bi,]*~ is similar to that of the
synthesized [U@Bi;,]>~,>* with an average U-Bi bond distance
difference of less than 0.14 A (Table S2, ESIt), and the Bi-Bi

Q\BiA Sby
) @ e
@ 0\‘
Fig. 1 Optimized structures of [An@Bis,]* /[An@Sbi,]*~ at the PBE-D3/

RECP theoretical level. The purple, pink and yellow spheres represent Bi,
Sb and An, respectively.

@

Table 1 Spin states, Mulliken atomic spin densities (pan), and average
An-Bi/Sb bond distances for [An@Bii,]* /[An@Sby,]*" at the PBE-D3/
RECP theoretical level

An-Bi/Sb bond distances

Species Spin states  pan An-Bi,/Sby An-Big/Sbg
Cs [Th@Biy,]'~  Singlet — 3.638 3.264
C: [Pa@Bi;,]'~  Doublet 0.778  3.629 3.175
Cs [U@BI,]" Triplet 2.522  3.664 3.171
C, [Th@Sby,]* Singlet — 3.548 3.234
C: [Pa@Sby,]'~  Doublet 0.730  3.527 3.155
C; [U@Sby,] Triplet 2.342  3.528 3.148

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp02546f

Open Access Article. Published on 09 September 2024. Downloaded on 11/1/2025 12:07:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

bond distances of these two clusters are also very close to each
other. For [Th@Bi,]*", as tabulated in Table S3 (ESIT), the
calculated Th-Bi, and Th-Biy average bond lengths are 3.638
and 3.264 A, respectively, which are very close to the experi-
mental bond lengths,>® with the differences of only 0.02 and
0.01 A, respectively. This indicates that the calculation method
is reliable for the structural parameters of the studied inter-
metalloid clusters.

As can be seen from Table 1, the Mulliken atomic spin
densities of the Th, Pa and U atoms are consistent with the spin
states of the clusters. Therefore, the unpaired electrons (An =
Pa, U) are mainly located on the actinide atoms. As expected,
the calculated An-Sb bonds are shorter than the corresponding
An-Bi bonds. The average bond distances of the An-Bi, bonds
range from 3.629 to 3.664 A, which are much longer than those
of the An-Biy bonds (3.171-3.264 A), and the differences are
between 0.3 and 0.5 A. As for [An@Sby,]* ", the average An-Sb,
bond lengths range from 3.527 to 3.548 A, which are also much
longer than those of the An-Sby bonds (3.148-3.234 A). These
results indicate the presence of stronger An-Bip/Sbg bonds in
these clusters. In addition, the relatively shorter U-Big/Sbg
bonds suggest that [U@Biy,]' /[U@Sby,]*~ may have stronger
U-Big and U-Sbg bonds than the other clusters.

Bond order and charge analysis

As listed in Table 2, at the PBE-D3/RECP level of theory, for
each species, the WBIs values for the An-Bip/Sby bonds are
significantly larger than those of An-Bi,/Sb, bonds, implying
a higher covalency of the An-Big/Sbg bonds. For [An@Bij,]" ",
the WBIs for An-Big bonds vary from 0.756 to 1.018, which
are slightly larger than those for An-Sby in [An@Sb,,]*~
(0.751-1.005). This indicates that the An-Big bonding inter-
action is stronger than the An-Sby bonds. By contrast, the
WBIs for the An-Sb, bonds are 0.450-0.491, which are larger
than those for the An-Bi, bonds (0.430-0.469), indicating the
higher covalent character of the An-Sb, bonds. Besides, most
of the WBIs for the An-Bi,/Sb, and An-Bi/Sbg bonds increase
from Th to U, suggesting stronger metal-ligand bonding in
[U@Biy,]" /[U@Sby,]*

To evaluate the charge rearrangement of [An@Bij,]* /
[An@Sb,,]"", we performed the ADCH and VDD charge ana-
lyses based on the optimized structures. The calculated
low ADCH and VDD charges on the actinide atoms (Qa,) of

Table 2 The Wiberg bond index (WBI) for the An-Bi/Sb bonds, ADCH
charges on the central metal atom (Qan) for [An@Bi,]* /[An@Sb,l* at
the PBE-D3/RECP theoretical level, and VDD charges at the PBE/TZP
theoretical level

WBIs Qan
Species An-Bi,/Sby An-Big/Sbg ADCH VDD

[Th@ﬁBhZ]’ 0.430 0.756 0.152 0.051

C1 [Pa@Bi,)"~ 0.466 0.925 0.230 0.096
CS [U@Biy,]'~ 0.469 1.018 0.169 0.026
C1 [Th@Sby,]* 0.450 0.751 0.015 0.079
C1 [Pa@Sby, )" 0.510 0.889 0.112 0.135
C; [U@Sby,]" ™ 0.491 1.005 0.006 0.066
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[An@Bi;,]* " /[An@Sb,,]* " indicate that the charge flows from
the central metal cations to the cages.

Molecular orbital (MO) analysis

In order to further understand the electronic structures of these
actinide-doped all-metal clusters, we performed Kohn-Sham
MO analysis with [An@Bi,,]* "~ as a representative. The frontier-
occupied MO diagram for [An@Biy,]* is depicted in Fig. 2.
Tables S4-S6 (ESIt) list the compositions of the MOs of
[An@Bi;,]*". As shown in Tables S4-S6 (ESIT), the contribution
of the Bi cages mainly comes from the Bi 6p orbitals. Fig. 2
shows a pictorial depiction of the main metal-ligand bonding
orbitals for each cluster, along with the singly occupied mole-
cular orbitals (SOMOs). The [Th@Biy,]*~ species does not have
a single electron because it is a closed-shell complex. The
HOMO-1(a”"), HOMO-2(a’), HOMO-3(a"), HOMO-5(a’),
HOMO-6(a’) and HOMO—7(a") orbitals of [Th@Bi;,]"~
spond to the Th-Bi bonding interactions, and these metal-
ligand bonding orbitals mainly arise from the interactions
between the 6d atomic orbitals of Th and 6p orbitals of Bi cages.
For the [Pa@Bi;,]* species, SOMO(a) is mainly derived from
the 5f atomic orbital of Pa, and HOMO—1(a), HOMO—2(a),
HOMO-5(a), HOMO—6(a), and HOMO-7(a) stand for the
interactions of Pa 5f and 6d atomic orbitals with 6p orbitals
of Bi cages, while the main contribution of HOMO-3(a) comes
from the 5f orbitals of Pa. The [U@Biy,]*~ cluster has two single
electrons, corresponding to SOMO(a”) and SOMO—1(a’), and
these orbitals mainly contribute to the 5f atomic orbitals of U.
The HOMO—4(a’), HOMO—1(a’), HOMO—2(a’), HOMO—5(a"),
HOMO-6(a"), and HOMO—9(a") orbitals of [U@Biy,]*'~ have U
5f orbitals and mixed 5f and 6d orbitals, respectively, along
with the 6p orbitals of Bi cages, resulting in the metal-ligand
bonding orbitals. Unlike [Th@Biy,]* ", the MOs of [Pa@Bi;,]"~
and [U@Bi;,]'” show notable An 5f orbital contributions.
Moreover, for the metal-ligand bonding orbitals, the atomic
orbital compositions of Bi and Sb are obviously larger than
those of the An atoms, which indicates that the An-Bi/An-Sb
bonds are highly polarized. Hence, the results of the MO plots

corre-
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Fig. 2 Energy levels of the frontier occupied Kohn-Sham molecular
orbitals of [An@Bi;]*~ at the PBE-D3/RECP theoretical level.
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demonstrate the covalent interactions between the actinide
metal cation and the Bi/Sb cage of the clusters, consistent with
the bond order analysis discussed above. It should be noted
that polarized An-Bi/An-Sb bonding is a secondary interaction
in addition to ionic bonding.

To further understand the chemical bonding of [An@Biy,]*/
[An@Sb;,]*", an MO correlation diagram with [U@Bi,]* " as
the representative cluster is shown in Fig. S2 (ESIf). The
HOMO-1(a’), HOMO-2(a’), HOMO-4(a’), HOMO-5(a"),
HOMO-6(a"), and HOMO—9(a") orbitals are the main metal-
ligand bonding orbitals. The HOMO-1(a’), HOMO-—2(a’),
HOMO-—4(a’), HOMO—-5(a"), and HOMO—6(a") orbitals are
mainly derived from the interaction of the U 5f and 6d orbitals
with contributions of more than 10%, respectively, and the
Bi 6p orbitals of the Bi cages. The HOMO—9(a”) orbital has
comparable U 5f and 6d orbital contributions. Besides, the MO
energy levels of these bonding orbitals are lower than those of
the Bi cage, indicating that the insertion of the actinide atoms
stabilizes the MOs of the cages.

QTAIM analysis

Topological analysis was performed at the theoretical level
of the PBE-D3/RECP using the QTAIM method. In QTAIM
analysis, the electron density (p(r)), Laplacian density (V>p(r)),
and energy density (H(r)) reflect the bonding properties of
two atoms at the bond critical point (BCP). According to
our calculations, for these all-metal clusters [An@Biy,]* "/
[An@Sb,,]"", 8-11 BCPs are found between the actinide metal
atoms and bismuth/antimony atoms (Fig. 3 and Fig. S1, ESIY),
suggesting the presence of actinide-bismuth and actinide-
antimony bonding interactions. As indicated in Table S7 (ESIT),
the values of p are less than 0.1 and V?p(r) are all positive,
indicating that the An-Sb and An-Bi bonds are mainly ionic.
The negative H(r) values indicate covalent bonding interactions.
Therefore, the interactions of the [An@Bi;,]*~ and [An@Sb,,]*~
species are primarily ionic with some covalent interactions.
According to Table S7 (ESIT), for each cluster, the H(r) values of
the An-Big/Sbg bonds are more negative than those of the An-Bi,/
Sb, bonds. This indicates the stronger covalent interactions
between the former bonds. Delocalization index (DI) analysis
can be used to evaluate chemical bonding.**™*° As stated
in Table S7 (ESIt), as expected, the higher Dl values of the

Fig. 3 QTAIM analysis of [U@Bil*". The red points represent bond
critical points, gray lines represent bond paths, and green points represent
ring critical points at the PBE-D3/RECP theoretical level.
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An-Big/Sbg bonds for each cluster also confirm that the cova-
lent interactions of these bonds are stronger than those of the
An-Bi,/Sb, bonds. In addition, for clusters with the same
metal, the larger DI, values for the An-Big bonds suggest
that the An-Big bonds possess stronger covalent interactions
than the An-Sbg bonds. In contrast, the An-Sb, bonds show
higher covalency with larger DI, values compared to the An-
Bi, bonds. These results are in agreement with the bond order
analysis.

EDA analysis

To quantitatively describe the bonding interactions between
[An@Bi;,]'" and [An@Sb,,]"", EDA analysis was performed at
the PBE/TZP/ZORA level of theory. Each species was divided
into two fragments: the actinide cation An** and the all-metal
cage (Bi;;®", Sbi,®7). In EDA analysis, the interaction energy
between two fragments (AE;,) is decomposed into three energy
terms, as shown in the following equation:

AE;n = AEcigtac + AEpauli + AEory

The electrostatic and orbital interactions between the two
fragments are denoted by AE.jsac and AE,,p, respectively, while
the Pauli repulsive exchange interaction is denoted by AEp,y;.
The electrostatic and covalent contributions of these two frag-
ments are expressed as percentages of AEgjseat(AEorb + AEeistat)
and AEq/(AEop + AEeistar), Tespectively. The steric interaction
is expressed as AEgeric, Which is the sum of AEp,;; and A Egjgeat.
The EDA results for [An@Bi,]'~ and [An@Sby,]*” are pre-
sented in Table 3. For each species, the contribution of electro-
static energy (62.7-66.1%) is higher than that of the orbital
energy (33.9-37.3%), indicating that the An-Bi/Sb interactions
are mainly ionic in the [An@Bi;,]*~ and [An@Sb,,]* " clusters.
For [An@Sb;,]*", the interaction energies AE,, are between
—2906 and —3001 kcal mol™ ', which are more negative
than those of the corresponding [An@Bi;,]'~ (—2841 to
—2935 kecal mol™"), indicating a stronger interaction between
An** and Sb;,®” of [An@Sb,,]*". Although the AE,, values of
[An@Bi;,]*~ are more negative than those of the [An@Sb,]*~
analogues, [An@Sby,]*~ possesses higher interaction energies
than [An@Biy,]* . This is mainly due to the higher electrostatic
interactions and lower Pauli repulsive exchange interac-
tions, i.e. the higher steric interactions. The differences in
AEpaai between [An@Biy,]'” and [An@Sb;,]*” are smaller
(17-24 keal mol™') than those in AEege. (69-82 keal mol ™),
suggesting that the higher electrostatic interaction energy
is responsible for the stronger bonding interactions of
[An@Sby,]* .

The interaction energies A Ej, of [U@Bi,]' ™ and [U@Sby,]*~
are —2935.59 and —3001.09 kcal mol ™, respectively, both of
which are the most negative AE;, values in the [An@Biy,]*~
and [An@Sby,]*" species, and [U@Sby,]'” shows the most
negative AEj,, indicating that [U@Sb,,]"~ possesses the stron-
gest interactions. Except for [Pa@Sb;,]*", from Th to U, the
electrostatic and orbital interactions gradually increase, which
is similar to the trend of the interaction energy. Compared with

This journal is © the Owner Societies 2024
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Table 3 EDA results (kcal mol™?) of [An@Bi;,]*~/[An@Sby,]*~ at the PBE/TZP/ZORA level of theory. The values in parentheses indicate the percentage of

each value relative to the sum of the values (AEqistat +AEom)

SpeCies AEpauii AEelstat (0/0) AEstcric AEorb (0/0) AEint

Cs [Th@Bi12]47 351.55 —2059.83 (64.5) —1708.28 —1133.00 (35.5) —2841.10
C, [Pa@Biy,]*~ 405.65 ~2076.82 (62.9) ~1671.16 ~1224.03 (37.1) —2895.23
C, [U@Biys)] 390.00 —2085.28 (62.7) —1695.28 —1240.07 (37.3) —2935.59
Cy [Th@sb12]47 333.96 —2142.36 (66.1) —1808.41 —1098.38 (33.9) —2906.78
Cy [Pa@Sby,]* 386.26 —2156.33 (64.3) ~1770.07 ~1195.17 (35.7) —2965.08
C, [U@Sb,,] 365.46 —2154.50 (64.0) ~1789.04 —1212.08 (36.0) —3001.09

[U@Sby,]* ", [Pa@Sbi,]* ™ has a slightly higher AEcjgar, while a
larger AEp,;; leads to a lower AEgri. for [Pa@Sby,]* . It should
be noted that the trend of the steric interaction energies AEgeric
for [An@Biy,]* /[An@Sb,,]'” differs from the corresponding
interaction energies AE;,. Considering the similar trend
of AE,, and AEjy,, the tendency of the bonding interactions of
these clusters is mainly determined by the covalent interactions.

Energy analysis

The formation energies (AE) were calculated by the reactions of
An™ + Bip,®” — [An@Bi ] and An** + Sby,®” — [An@Sby, ] at
the theoretical level of the PBE-D3/RECP. The empty Sby,® /Bi,®~
cages were optimized (Fig. S3, ESIf), and the cages did not
maintain the geometries in the clusters. Since the empty Sby,*7/
Biy,®” cages are predicted to be stable, they should be able to serve
as plausible reactants in the formation reactions. Therefore, at the
same theoretical level, we optimized the structure of the side-
attached isomer, represented by [U@Bi;,]'~ with U*" attached
externally to the cage, which may be an important precursor of
the endohedral isomer. It was found that in the optimized side-
attached isomer (Fig. S4, ESIt), the structures of the Bi;,®~ cages
changed considerably due to the coordination of U*', and the
structures lie 107.3 keal mol " above the endohedral isomer.

The formation energies are presented in Fig. 4 and Table S8
(ESIt). The calculated formation energies for [An@Biy,]*~ vary
between —461 and —538 kcal mol™' (Table S8, ESIT), while
those for [An@Sb,]*~ range from —466.8 to —542.0 kcal mol .
According to the studied formation reactions, it is shown that
these all-metal clusters are highly stable in the gas phase at
room temperature. For the [An@Sby,]"~ clusters, [U@Sby,]*~

-550 4

-500 4

| ——[An@Bi, I
| ——[An@sb,]*

Formation Energy (Kcal/mol)

Th Pa U

Fig. 4 The formation energy (AE) of [An@Bi;»]*~/[An@Sby,]*~ at the PBE-
D3/RECP theoretical level.
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has the most negative formation energy (—542.0 kcal mol ™),
indicating that [U@Sb;,]"~ is more stable than [Th@Sby,]*~
and [Pa@Sby,]'". Similarly, the U-doped species of the
[An@Bi;,]'” metal cluster has the most negative formation
energy of —538.0 kcal mol™'. Thus, among the metal clusters
of [An@Biy,]*” and [An@Sb,]*", the U-doped metal clusters
are more stable, which is consistent with the trend of the
covalent interactions of [An@Bi;,]'” and [An@Sby,]*”
As shown in Fig. 4, the absolute values of AE display an upward
trend from Th to U. Besides, the higher formation energies of
[An@Sby,]*” indicate the stronger metal-ligand interactions in
these clusters, in line with the stronger electrostatic interac-
tions of [An@Sb;,]*~ than that of [An@Bi;,]* . Therefore, these
trends in the formation energies are consistent with the results
of the EDA analysis, which demonstrates that both the electro-
static interactions between the actinide cations and metal cages
and the metal-ligand covalent interactions are crucial for the
formation of these actinide-doped inter-metalloid clusters.

At the PBE-D3/RECP level of theory, we also performed
dissociation energy (BDE, AH) analysis for [An@Bi;,]'~ and
[An@Sby,]*~ with core + shell products at room temperature,
including the neutral metal atoms and the metal cations of
An** and An*". All of the empty Sby,* /Bi;,*, Sby,° /Bis,®~ and
Sb1,%7/Bi;,®” cages were optimized (Fig. 3, ESI). As listed in
Table S9 (ESIt), the high BDEs of these clusters indicate that
they are all stable. As expected, the BDEs of these clusters
gradually increased from Th to U, in line with the stronger
covalent interactions of U-Bi/Sb bonding. For [An@Bi,,]'~ and
[An@Sb;,]"", the BDEs with metal atoms An are the lowest,
mainly due to the lower electrostatic interactions. For each
cluster, the dissociation reaction shown in Table S9 (ESIt)
involves the dissociation of 12 An-B bonds. According to the
experimental formation energy (AH, —19.4 + 0.5 kcal mol %,
300 K) of ThBi,>® the dissociation energy of 12 Th-Bi bonds
(probably 3.38 A) is approximately 232.8 kcal mol ™, which is
close to the calculated dissociation energy of [Th@Bij,]"~
(238.9 kcal mol™", 298.15 K) with an average Th-Bi bond
distance of about 3.4 A. These results further prove the relia-
bility of the predictions for the studied clusters.

For the studied [An@Bi;,]* /[An@Sby,]* " clusters, the dissocia-
tion could occur along multiple channels other than those with
core (An) + shell (cage) products. From the present cluster structure,
dissociation into the core + shell would apparently require breaking
six stronger and six weaker An-Bi/Sb bonds. The detachment of
one (e.g., outermost) Bi/Sb requires only three Bi-Bi/Sb-Sb bonds
and one An-Bi/Sb bond broken. Therefore, using [An@Bi,,]*~ as
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an example, we calculated the BDEs for the reactions of
[An@Biy,]"~ — Bi** + AnBiy;”~ and [An@Bi,]*” — Bi+ AnBiy;*".
As shown in Table S10 (ESIt), the calculated BDEs by the detach-
ment of Bi*" and Bi are between 78.5 and 100.6 kcal mol™, which
are lower than the corresponding reactions with core + shell
products. As expected, the detachment of single Bi (Bi** and Bi)
requires less energy than that of An. Thus, the actual system
stability may be considerably lower with respect to the detach-
ment of a single Bi/Sb. Based on the experimental results, the
dissociation energy of Bi, is 48.9 kcal mol ! with the Bi-Bi bond
distance of 2.66 A,”*? and the dissociation energy of one Th-Bi
bond and three Bi-Bi bonds is approximately 166.7 kecal mol %,
which is higher than the calculated dissociation reaction energies
of [Th@Biy,]'~ (Table S10, ESIT). It should be noted that the
average Bi-Bi and Th-Bi bond lengths of [Th@Bi;,]'” are much
longer than those of Bi, and ThBi with a difference of about
0.4 A and 0.2 A, respectively. Therefore, the inconsistency in the
dissociation energy is most likely due to the different bond
lengths of the Bi-Bi and Th-Bi bonds. In addition, considering
that [Th@Bi;,]'~ has been synthesized experimentally,®® the
calculated BDEs of [Pa@Biy,]'~ and [U@Biy,]"~ are close to those
of [Th@Bi,,]'~ (Table S10, ESI}); therefore, the Pa and U analo-
gues may be accessible under suitable synthetic conditions.

Conclusions

In the present work, we explored a series of actinide endohedral
inter-metalloid clusters of the group 15 elements [An@Biy,]* "/
[An@Sb;,]*” (An = Th-U) using DFT calculations. The predicted
structures of these inter-metalloid clusters have similar geome-
tries. The VDD and ADCH charge analyses showed that the central
metal cations are electron donors to the metal cages. The bond
order, QTAIM and MO analyses confirmed the covalent bonding
interactions of the An-Bi and An-Sb bonds. The EDA analysis
shows that electrostatic interactions play a major role in the
stronger bonding interaction of [An@Sb,]'” than that of
[An@Bi;,]" ", which is consistent with the thermodynamic analy-
sis. Among the [An@Bi;,]*~ and [An@Sb,,]*~ metal clusters, the
U-doped metal cluster has the highest formation energy, which is
consistent with the trend of covalent interactions of [An@Bi12]4’
and [An@Sby,]*~ in the EDA analysis. These results indicate that
the covalent interactions determine the bonding tendencies of
these clusters. Therefore, covalent and electrostatic interactions
between actinide metal atoms and metal cages are essential for
the formation of these actinide endohedral inter-metalloid clus-
ters. This work predicts the feasibility of the actinide-doped inter-
metalloid clusters of the group 15 elements and provides
approaches for enriching bismuth and antimony clusters.

Data availability

The authors confirm that the data supporting the findings of
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