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The structural properties of the uranium-encapsulated nano-cage U@Au, 4 are predicted using density
functional theory. The presence of the uranium atom makes the Au, 4 structure more stable than the empty
Au, 4-cage, with a triplet ground electronic state for U@Au, 4. Analysis of the electronic structure shows that
the two frontier single-occupied molecular orbital electrons of U@Au, 4 mainly originate from the 5f shell of
the U atom after charge transfer. Meanwhile, the bonding orbitals and charge population indicate that the
designed U@Au;, nano-cage structure is stabilized by ionocovalent interactions. The current findings
provide theoretical basis for future syntheses and further study of actinide doped gold nanoclusters, which
might subsequently facilitate applications of such structure in radio-labeling, nanodrug carrier and other
biomedical applications.

ue to their capability of containing other molecules in addition to their large surface areas, hollow cage

structures have gained substantial attention recently in the studies of metallic clusters'. These bimetallic

nano-cages can subsequently form larger structures, which may potentially be applied to construct more
stable core@shell nanoclusters>’. Doped gold clusters have also become a hot subject of research because of their
stable chemical activity and unique configuration*”. The interactions between the encapsulated atoms and gold
nano-cages allow fine tuning the formation of nano-particle agglomerates, resulting in more compact structures
with lower energy'®"?, and thus making these encapsulated gold clusters more stable than the hollow ones.
Moreover, the synergistic effect between bimetallic nanoparticles, and the great mutability of their components,
structures and properties, could enhance some specific performance of metals, granting bimetallic gold clusters
broad applications in fields such as bioengineering and biocatalysts’.

Actinide elements are known to have distinctive electronic structures which can be used to develop novel
nanomaterials. Previous studies on actinide-encapsulated fullerenes'>~'” have not only helped further understand
the complex electronic structures and chemical activities of the confined actinides, but have also stimulated the
applications of actinides in functional nanomaterials and nanomedicine. Compared with fullerenes, gold
nanoclusters have stronger resistance to oxidation, greater biocompatibility, higher density, and better photoel-
ectric properties. Thus, gold-based bimetallic nano-clusters have emerged as an important line of research™'®.
Besides adding an extra degree of freedom in the stoichiometry, doping gold clusters may be a powerful way to
tune their chemical and physical properties'"'*. Bioanalytical methods on such nanoparticles have also made
substantial achievements in recent years*>*,

In fact, to enhance the stability of gold clusters and improve their chemical activity, many theoretical and
experimental studies have been done on encapsulating foreign atoms in the gold nano-cages'"*>"**. Pyykko et al.
first predicted the existence of the icosahedral W@Au,, cluster. Since Au;,-cage itself is unstable’, their study
accredited the stability of this cluster to the aurophilic attraction, 18-electron rule and relativistic effects*. Quickly
after this prediction, Li Xi et al. validated it by successfully synthesizing icosahedral W@Au;, and Mo@Au;,
clusters under gaseous phase condition’. Analogously, the number of peripheral gold atoms has great influence on
the location of the doped atom and cluster structure. Zeng et al. found that, in theory, gold clusters (Au,) doped
with a foreign metal atom tend to form core@shell structures when the number of gold atoms, n, is 9 or greater™.
A series of endohedral gold-cage clusters were then successfully synthesized, including M@Au,4- (M = Cu, Fe,
Co, Ni) and Cu@Au,,- by anion photoelectron spectroscopy*>*' and Au,,Pd,; cluster by employing aberration-
corrected scanning transmission electron microscopy®. Along with these developments of small-sized gold
clusters, medium-sized metal atom-encapsulated gold-cage structures, for example Zn@Au,, and X@Aus;, (X
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= Li*, Na*, K", Rb*, Cs*)*** were also developed. Interestingly, it
was recently predicted that when n = 14, the gold-covered bimetallic
cluster can achieve the highest binding energy per atom®. As prev-
iously reported’, a highly stable bimetallic Au,4-cage cluster can
exist, and this structure has a larger HOMO-LUMO gap than those
of W@Au,, and Au,™*, indicating that metal atom-encapsulated
Auy, possesses a unique electronic structure, which facilitates the
higher stability.

Gold nanoclusters have wide applications in biomedical fields in
recent years due to their high biocompatibility and low toxicity, and
with encapsulated metal atoms, they can not only exhibit more stable
structures (than hollow clusters), but also modify their own chemical
and physical properties by encapsulating foreign atoms. This is of
particular interest to the applications of actinide elements in nuclear
medicine with much reduced potential cytotoxicity. This paper pre-
sents the study of the structural and electronic properties of gold
clusters doped with the actinide U-atom based on the Au;4-cage
structure. In order to thoroughly explore the influences of actinides
encapsulation onto the properties of the gold-cage, uranium atoms
containing unsaturated 6d and 5f shells were both included in our
study for the encapsulation with Au, 4-cage. Through first-principle
density functional theory (DFT), detailed analyses are performed for
the electron density, molecular orbitals (MOs), charge transfer and
density of states (DOS) of the nanostructure. We hope this study will
provide a theoretical basis for future syntheses and further study of
actinide doped gold nanoclusters.

Results
Stable cage structures of Auj, and U@Au, 4 were obtained through
PBE optimization, as shown in Figure 1 (other typical isomers of U@
Au, 4 in Supporting Information Part 1), and further validated with
the BP86, PW91 and B3LYP functionals. The different spin multipli-
cities of U@Au, 4 were calculated, and the ground state, determined
by the lowest total bonding energy, is triplet (see Table 1, Supporting
Information Part 2). Relative energies of spin-orbital coupling (soc)
effects were calculated and can be found in the Supporting
Information (SI) Part 3. The results of PBE, BP86, PW91 and
B3LYP functionals are consistent, and the spin multiplicity of ground
state is always triplet. Furthermore, in order to examine the reliability
of the exchange-correlation functional and basis set, we calculated
the structures of Au, and U, dimers, and the zirconium-encapsu-
lated nano-cage Zr@Au, 4 cluster. All the results qualitatively agree
with the previous reports*'*>'**”-*!. The details for these calculations
have been presented in the SI Part 4. After zero-point energy (ZPE)
correction, the ground electronic state remained unchanged.

The average total bonding energy per atom for pure Au, 4-cage and
U@Au,, are 2.27 eV and 2.98 eV, respectively. In general, nanoclus-
ter structures with bond energies greater than 2.40 eV are commonly

Figure 1 | Stabilized structures of Au;, and U@Au,, after PBE/TZ2P
level (see Methods) relaxation, and higher distribution of spin density
(blue) exhibit on the U atom.

Table 1 | Relative energies results (Scalar Relativistic) of U@ Auq 4
System Method!™  Multiplicity AE (eV)  AE + ZPE (eV)
U@Aus 4 PBE 1 0.11 0.31
3 0.00 0.22
5 1.39 1.59
7 2.59 277
BP86 1 0.05 0.25
3 0.00 0.21
5 1.26 1.46
7 2.41 2.59
[1] The data above are calculated using PBE and BP86 functionals, respectively. The others in main
body are all from PBE functional, unless specified otherwise.

regarded as stable (e.g., W@Au,,, Zr@Au,4, Sc@Au;s, and Y@Au,s
all stand out in the stability, as measured by their high binding energy
per atom (>2.40 eV))*. In order to facilitate the experimental valid-
ation of U@Au,, cluster, we calculated the ionization potential (IP)
and electron affinity (EA). There are two different ways to present IP,
i.e. Eyyp (vertical ionization potential) and E1p (adiabatic ionization
potential). Similarly, Eyg, (vertical electron affinity) and Exg4 (adia-
batic electron affinity) are two representations of EA. As shown in SI
Part 5, Eyyp is always larger and Evg, is always smaller than the
adiabatic counterparts, because of reorganization of clusters after
the Franck-Condon excitations*>. Furthermore, the EA value of
the neutral U@Au, 4 cluster is at least 2.68 eV, which is higher than
the experimental value (2.08 = 0.02 eV) of W@Au,,’. This indicates
a thermodynamically more stable state of U@Au;, than W@Au;,*.
Therefore, our current results suggested that U@Au;, belongs to
stable structures similar to those previously reported for single atom
encapsulated inside a cage™'**.

Another critical factor representing the stability of the U@Au, 4
structure is the charge transfer between the internal uranium atom
and peripheral gold atoms. The Mulliken charge distribution of the
doped cage (SI Part 6) shows that electrons transfer from the peri-
pheral Au atoms to the U atom, revealing the ionic character of the
U-Aubond. The charge transferred from the Au atoms to the U atom
originates primarily from the 6s and 5d electrons. As an illustration,
the Mulliken populations in U@Au, 4 were found to be 6s°°'5d°*® on
Au and 5f776d*7'7s*>7p*” on U (approximate electron occu-
pation). To further examine the accuracy of this Mulliken method
for describing the charge transfer in the U@Au,, system, we per-
formed additional calculations for cage structures with different
numbers of surrounding Au atoms on the U atom (SI Part 7) and
found that the number of Au atoms determines the direction of
charge transfer, with the crossover at ~8 Au atoms. When the num-
ber of Au atoms is less than 8, the U atom is positively charged (i.e.,
electrons transferred from U to Au), but once it is larger than 8, the U
atom is negatively charged (i.e., electrons transferred from Au to U).
This pattern is consistent with those found in previous studies that
the charge transfers from La atom to Au atoms at n = 2-4, but the
charge transfer direction is reversed at n = 5*.

It is well known that the ground state of the isolated U atom is a
quintet spin state, and the spin parallel electrons are all from the 5f
and 6d shells of U*. However, the spin ground state of the system
became triplet when the U atom is confined in the Au, 4-cage, indi-
cating that Au-confinement induces spin polarization. The inherent
intense relativistic effects of the noble metal gold cause apparent
hybridization between the inner-shell d orbitals and the outer-shell
s orbitals (this hybrid orbitals are named 5d-6s orbitals). When for-
eign atoms are doped, hybridization becomes more apparent
between 5d-6s orbitals and the valence electron orbitals of the doped
atoms**. A color-filled map of the electron density for the U@Au, 4
structure, Figure 2, displays obvious electron accumulation (green
areas) between the peripheral Au atoms and the U atom in the center,
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Figure 2 | Color-filled map of electron density of U@Au,,.

indicating covalent interaction. Subsequent orbital analysis demon-
strates the hybridization between states directly. It should be noted
that, although two sets of MOs (o and P orbitals) were calculated
using the spin unrestricted method in this study, very few differences
were found between them in their energy and shape aspects. Thus,
the following double-occupied MOs of the system were represented
by o orbitals only. Detailed contributions of the two sets MOs (o and
B orbitals) are presented in SI Part 8.

Since 5f and 6d atomic orbitals of the isolated U atom are not fully
occupied by electrons, they contribute significantly to bonding®.
Therefore, in this study we focus on the contributions of these orbi-
tals. The spin triplet suggests that two unpaired electrons exist in the
system, and it can be seen from Figure 3 that the U atom has signifi-
cant contributions in single-occupied MOs. Direct contributions
from atomic orbitals to MOs, listed in Table 2, show that the 5f shell
electrons account for 85.61% and 86.90% of the contributions to the
two single-electron-occupied orbitals (classified as degenerate orbi-
tals). On the other hand, for the two-electron occupied orbitals
HOMO-1 to HOMO-5, their shapes reflect that of “covalent bonds”
between the U atom and Au-cage. For example, the HOMOu-3

-4.54

-5.51

&
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L
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orbital is composed of the 6d components of U and the 6s and 5d
components of Au. According to SI Part 8, there are several other
molecular orbitals that are composed of the 5f components of U and
5d components of Au. The shape of HOMOa.-38 orbital also suggests
that covalent interaction exists between the U and Au atoms.
Moreover, from HOMO-58 to HOMO-78 MOs, in addition to the
hybridization forms described above, some orbitals consist of 5f, 6d,
5d and 6s components in aggregate (See SI Part 9, HOMO-67 and
HOMO-68). Therefore, the two single-occupied electrons of the sys-
tem originate mainly from the 5f shell of the U atom, while in the
double-occupied orbitals, the electrons of the 5f and 6d shell of U all
participate in U-Aubonding. From our present analysis, we conclude
that the U@Au, 4 structure is stabilized by ionocovalent interactions.

To further understand the bonding mechanism between the U
atom and gold-cage, the DOS of the system was calculated
(Figure 4). First, it is apparent that the majority positions of the
two lines (TDOS: total density of state, red full line; LDOS: local
density of state, blue dotted line) are concurrent between
—12.00 eV and —6.00 eV, indicating that the contribution in this
part is mainly from the Au-cage. The TDOS exhibits two sharp local

-

: %

N

HOMOa-3
-5.70 eV

HOMOuo-38
-7.90 eV

Figure 3 | Electronic energy level diagram of ground state U@Au, 4. The occupied MOs contributed from the 5fand 6d electrons of the U atom are listed
in the diagram with typical MOs presented on the right. (Other occupied orbitals are presented in SI Part 5, isodensity = 0.02 au).
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Table 2 | Percentages of the 5f and éd atomic orbitals of the U atom
that are active in the intermolecular interaction

Uranium Auqy
U@AU]A
(Triplet) 5f 6d bs 5d
HOMO 84.69% 0% 0% 0%
HOMO 89.33% 0% 0% 0%
HOMOu:-1 0%!M 9.87% 32.76% 17.17%
HOMOa-2 0% 10.64% 30.15% 16.70%
HOMOq-3 0% 9.36% 32.42% 12.52%
HOMOu-4 0% 10.52% 32.86% 10.41%
HOMOu:-5 0% 9.24% 28.71% 18.96%
HOMOR-1 0% 9.17% 33.13% 16.69%
HOMOB-2 0% 9.26% 30.70% 15.64%
HOMORB-3 0% 8.91% 32.39% 14.27%
HOMOB-4 0% 9.85% 32.87% 11.45%
HOMOR-5 0% 8.73% 29.52% 18.56%
[1] Percentages smaller than 1% are shown as 0% in the table.

peaks between —6.00 eV and —4.50 eV. The first peak is around
—5.70 eV, the second one around —4.70 eV. Comparing TDOS with
the LDOS of the U atom, the first peak is contributed by the U atom
and Au-cage jointly, which indicates the intense electron interaction/
sharing between them. On the other hand, the second peak is mainly
contributed by the U atom. In addition, the orbital component ana-
lysis above showed that the two peaks correspond to the MOs from
HOMO to HOMO-5. These results also indicate that the electrons of
6d and 5f shells participate in the intense interaction between the U
atom and gold-cage.

Origins of the electronic states of the system are presented clearly
in the spin density map (Figure 1), higher spin density distribution
exists on the U atom. Analysis shows that the spin contribution of the
U atom is spin = 2.03. The reason why the ground state of the U@
Auy, structure is triplet is that the two unpaired electrons on the U

atoms exist in the form of parallel spin. Through these analyses, we
can confirm that the U@Au,, structure is different from ordinary
systems of which the inner metal and outer shell participate jointly in
the electronic state adjustment, such as U,@Cg,"*, instead it is a
system of uranium self-induced electronic spin state after electron
transfer between them within the confinement. Meanwhile, the U@
Au, 4 nanostructure displays some unique electronic properties with
the encapsulated metal atom gaining electrons and the outer cluster
losing them, while the majority of such nanostructures show the
opposite electron transfers'*'°.

Finally, the vibrational spectrum contains two typical vibration
modes with frequencies of 91 cm™ and 169 cm™', corresponding
to the collaborative vibration between U and Au, which are presented
in Figure 5. The infrared spectra of different clusters are determined
by vibration modes of different atoms, and reflect the inherent prop-
erties of clusters. Thus, the vibration modes of U@Au, 4 structure also
indicate the covalent bonding nature between the Au-cage and U
atom inside.

Discussion

To summarize, we have designed a novel uranium-embedded nano-
cage structure U@Au, 4 based on a typical Auy, cluster and the cor-
responding analysis is presented here. Because of the distinctive
bonding characters of the 5f and 6d electrons of actinides elements,
they exhibit interesting electronic properties along with their com-
pounds. With the first-principle DFT, the ground electronic state of
U@Auy, is found to be a triplet. Orbital analysis showed that the two
frontier single-electron orbitals are mainly contributed by the 5f
electron of U atom, indicating that the Au, 4-cage restrains the chem-
ical toxicity of U atom. These single-electron MOs also maintain its
original atomic orbital characters, and exhibit similar characteristics
to those of the endohedral metallofullerenes (EMFs)* or passivated
Quantum Dots (QDs)*. In addition, the bonding orbitals of the gold-
cage and the U atom have components of both 5f and 6d. More
specifically, intense electronic interactions between U and Au are

4}

2t Uranium

5f Beta

Density of State

3 [/

-12 -11 -10 -9 -8 -7

6 5 4 3 2 - 0

Energy (eV)

Figure 4 | Density of states of U@Au, 4. Arrows indicate the locations of HOMO/LUMO. The yellow brown shadow and the green shadow represent the
6d and 5f (the occupied and non-occupied states near the frontier orbitals) components of U respectively.
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169 cm™

Figure 5 | Two typical vibration modes of U@Au, 4.

observed in the DOS, with charge transfer between the inner metal
and outer shell, as well as the presence of the collaborative vibration
between uranium atom and gold atoms.

The U@Au,, structure is a system of uranium self-induced elec-
tronic spin state after electron transfer between them within the
confinement. This feature might be useful in biomedicine, where
gold nanoclusters are often used in therapeutics®'. By encapsulating
foreign metal atoms, the structural stability of gold nanoclusters can
be further enhanced, and their electronic structure can also be
adjusted. It means that their magnetism can be fine-tuned, facilitat-
ing wide applications in bioseparation, drug receptor targeting, and
tumor hyperthermia’. In recent years, Gd-encapsulated gold-cage
structure has been constructed experimentally, and successfully
applied to Magnetic Resonance Imaging (MRI)*. Furthermore, the
existence Gd-encapsulated gold-cage structure containing the 4f
electron has been predicted theoretically*®. However, it is remains
unclear about the electron properties of actinides-encapsulated gold-
cage structure containing the 5f electron. Through the current com-
prehensive first-principle studies on U atom-encapsulated gold-cage
structure, we hope to provide a theoretical basis for future syntheses
of such U-embedded nano-cage structures.

Methods

For systems containing actinides or other heavy elements, substantial electron cor-
relations and intense relativistic effects have to be included, which are caused by the
high-speed movements of electrons. With DFT, electron correlations can be handled
effectively without significantly increasing the computational complexity, as
demonstrated in its wide applications in actinides and related systems'**'~>>.
Similarly, for gold clusters, the DFT method seems to work very well***. Therefore,
our first-principle calculations were based on the DFT method using the spin-
polarized generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional. Geometries were fully optimized at
the scalar-relativistic zero-order regular approximations (ZORA) level and single-
point energy calculations were performed with inclusion of the SOC effects. ZORA is
an effective approximation method that obtains positive energy state two-component
Hamiltonian through four-component Hamiltonian®*~°. And it is now considered
one of the most accurate theoretical methods to approximately handle relativistic
effects. We also used BP86, PW91 and B3LYP functionals to further provide more
evidence for the validity of our method. Among which, since a full geometric
optimization with the hybrid exchange-correlation functionals (e.g. B3LYP) is
computationally unbearable®, we performed the single-point energy calculations at
B3LYP level based on the PBE geometry, which is similar to a previous approach by
Dognon et al®'. Atomic partial charges were calculated similar to previous reports
using the Mulliken population analysis'. Single-electron wave functions were
expanded using the TZ2P (a triple-( basis set with two sets of polarization functions)
uncontracted Slater-type orbital (STO) basis set for all atoms®. Since chemical
changes are mainly the effects of valence electrons, inner electrons were frozen in
subsequent calculations, for example, Au atoms were frozen to the 4d shell (i.e.,
treating the 4f'*5s°5p®5d'°6s" as valence electrons), and the U atoms to the 4f shell (i.e.
treating the 5s°5p®5d'°5°6s°6p®6d'7s” as valence electrons). In molecular computa-
tions, the inner-shell electrons were calculated by the Dirac equation with no

relaxation. All calculations are spin unrestricted, and geometric optimizations have
been performed without imposing any symmetric constraints. All obtained structures
were then analyzed with vibration frequency calculations at the same level to avoid
imaginary frequencies and ensure the reliability of the results. All the calculations
were performed using the Amsterdam Density Functional package (ADF 2012.01)
[ADF2012, SCM, Theoretical Chemistry, Vrije Universiteit, The Netherlands
Amsterdam, http://www.scm.com]*.
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