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ABSTRACT: A series of minimally sized regular dodecahedron-
embedded metallofullerene REC,, clusters (RE = Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, Eu, and Gd) as basic units of nanoassembled
materials with tunable magnetism and UV sensitivity have been
explored using density functional theory (DFT). The contribution
of the 4f orbital of the rare earth atom at the center of the Cy, cage
to the frontier molecular orbital of REC,, gives the REC,, cluster
additional stability. The AANDP orbitals of the four REC,,
superatoms that conform to the spherical jellium model indicate
that through natural population analysis and spin density diagrams,
we observe a monotonic increase in the magnetic moment from Ce
to Gd. This is attributed to the increased number of unpaired
electrons in the 4f orbitals of lanthanide rare earth atoms. The
UV—visible spectrum of REC20 clusters shows strong absorption in the mid-UV and near-UV bands. REC,, clusters encapsulating
lanthanide rare earth atoms stand out for their tunable magnetism, UV sensitivity, and stability, making them potential new self-
assembly materials.

[l Metrics & More | @ Supporting Information

1. INTRODUCTION

Since embedded metallofullerene has metal atoms embedded
inside the fullerene cavity, its growth and stabilization
mechanism are more complex and are still an unsolved
mystery. Fullerene superatoms can serve as special building
blocks for constructing nanomaterials due to their ability to
encapsulate atoms or molecules.' ™ In 1985, Heath et al.
discovered the first stable embedded metal complex, LaCg,
which was named metallofullerene.® Since then, a rich variety
of endohedral metallofullerenes (EMFs) with different cage
sizes and embedded atoms have been extensively studied.””"”
Compared to larger-sized fullerenes, small fullerenes are
relatively unstable due to increased curvature, causing strain
within the cage and weakening 77-conjugation.”’~** Especially
for the smallest fullerene C,,, which has all pentagonal faces,
the bonds tend to be sp® bonds rather than the sp> bonds that
are dominant in large fullerenes.'® Through metal doping, it is
possible to increase the stability of smaller fullerenes and
change their electronic properties.”” ™ T. Guo et al*’
reported in 1992 that the experiment of MC,; confirmed
that the Sf feature of U in the photoemission spectra of UC,g
existing in sublimed films is consistent with the formal 4*
valence state of U. Later, Dunk et al.”® used FT-ICR (Fourier
transform ion cyclotron resonance) mass spectrometry and
found relatively high abundance of MCy4 cations encapsulating
group 4 metal atoms and U. The success of the experiment
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inspired a large number of ab initio reports on small-sized
EMFs. A series of EMFs MC,, (M = Ti, Zr, Hf, U),***
UC,e” and PuC,,”' of various sizes with large HOMO—
LUMO gaps that meet the characteristics of 32-electron
systems have been widely reported.

Among all small-sized embedded metallofullerenes, MC,,
has also attracted a great deal of attention as the smallest-sized
encapsulation material. Many ab initio calculations have been
performed for the smallest sized EMFs using a variety of
doping atoms that significantly chan%e their stability, electronic
structure, and magnetic properties.”*”*’ Manna and Ghanty
reported M@C,, (M = Pr~, Pa~, Nd, U, Pm*, Np*, Sm**, Pu’*,
Eu**, Am*, Gd*, and Cm*"), which exhibit special stability
with 26 electrons (HOMO—LUMO energy gap in the range of
2.5—4.9 eV).* These valence electrons correspond to the fully
occupied spd-type energy levels of the cage and the partially
occupied f-type molecular orbitals of the cage. In addition, F.
Meng et al. designed a series of 32-electron systems consistent
with shell closing and obtained MC,, with a larger HOMO—
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Figure 1. Structure images from three different viewing angles of REC,, clusters (RE = Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd) optimized at the
PBEO/RE/SDD//C/cc-pVTZ level and the structure of the Cy, cluster at the PBEO/C/cc-pVTZ level. The orange balls and gray balls represent

RE atoms and C atoms, respectively.

LUMO energy gap (2.22—5.39 V), where M = Eu’~", Am*",
Gd*~, Cm*", Tb~, Bk", Dy, Cf, Ho*, Es*, Er*', Fm*', Tm®",
Md*, Yb*, No*, Lu**, and Lr°*.**

Previous reports on EMFs have tended to incorporate metal
atoms that enable them to meet a specific number of valence
electrons to exhibit special stability. This article focuses on rare
earth (RE) elements, trying to find EMFs with special stability
outside of these rules and exploring the effects of encapsulating
different RE atoms on the structure, electronic properties,
magnetism, and aromaticity of REC,, (RE = Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, Eu, Gd). The main purposes of this study are (1)
to obtain the geometric structure and energy properties of a
series of REC,, clusters and (2) to explore the effects of
encapsulating different rare earth elements on the electronic
distribution and magnetism of REC,, clusters. (3) The analysis
of the electronic structure of REC,, clusters provides valuable
theoretical guidance for researchers to develop cluster-
assembled nanomaterials with special magnetic properties.

2. THEORETICAL METHOD AND COMPUTATIONAL
DETAILS

The structures of a series of minimally EMFs encapsulating
rare earth atom REC,, clusters (RE = Sc, Y, La, Ce, Pr, Nd,
Pm, Sm, Eu, and Gd) have been optimized using density
functional theory (DFT). DFT calculations use the PBEO*
functional, which has successfully predicted the structure of
silicon-based and germanium-based clusters doped with
lanthanide rare earth atoms of various sizes.”>' The
optimization of the structures of REC,, clusters has been
divided into two steps. The larger scalar Stuttgart relativistic
effective core potential basis set (ECP10MDE*” for Sc;
ECP28MWB>® for Y; ECP46MWB>**° for La; ECP48MWB
for Ce and Pr; ECPSOMWB for Nd and Pm; ECP52MWB for
Sm and Eu; ECPS4MWB for Gd) is chosen for rare earth

atoms, and the 6-31g(d,p)°>"” basis set was selected for C
during the first optimized process. The cluster structure
obtained in the first step is then optimized again at the h'S%her
computational level PBEO/RE/SDD//C/cc-pVTZ %> to
obtain more accurate structural and energy information. To
ensure that the energy minimum was achieved, various
probable spin multiplicities were considered, and the harmonic
vibrational frequencies were also calculated to guarantee that
the optimized structures represented local minima. All
optimization calculations were performed by the Gaussian09
program.*’

All kinds of wave function analyses, including atomic dipole
corrected Hirshfeld atomic charge (ADCH), the spin density
(palpha — Ppewn) isosurface, and iso-chemical shielding surfaces
(ICSS),*'~* were conducted by the multifunctional wave
function (Multiwfn) analyzer program,®* visualized by VMD®®
and ParaView®® software. Gauge-including magnetically
induced current (GIMIC) is generated by the GIMIC2.0°/
and Gaussian09 programs.é0

3. RESULTS AND DISCUSSION
3.1. Geometric Structure and HOMO—-LUMO Gap. The

schematic representation of the structures of REC,, clusters
(RE = Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, and Gd) optimized at
the PBEO/RE/SDD//C/cc-pVTZ level is portrayed in Figure
1. Specific structural details are listed in Figure S1. To ensure
consistency of the results, we optimized the structure of the
C, cluster under the PBE0/C/cc-pVTZ computational model.
The energy of caged C,, with C,, symmetry is consistent with
the results previously reported by Zeng68 at the same
computational level. Table S1 gives the atomic coordinates
of the C,, and REC,, clusters. The RE atoms of the REC,,
cluster are all located in the center of REC,,. The C—C bond
length in all REC,, clusters is between 1.44 and 1.55 A. It can
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Figure 2. HOMO—-LUMO gaps (indicated in black) in conjunction
with corresponding orbitals (isosurfaces = 0.002) of REC,, (RE = Pr,
Nd, Pm, and Sm) are obtained at the PBEO/RE/SDD//C/ cc-pVTZ
level, and C,; is obtained at the C/cc-pVTZ level.

Table 1. Ionization Potential (IP), Electron Affinity (EA),
and Chemical Hardness () of REC,, and C,, Clusters at
the PBEO/RE/SDD//C/cc-pVIZ Level

Cluster IP (eV) EA (eV) n (eV)
Cao 7.06 1.79 2.63
ScCyy 7.35 2.53 241
YCy 7.85 2.92 2.46
LaCyy 8.05 347 2.29
CeCyy 8.56 3.81 2.38
PrC,y 8.79 248 3.15
NdC,, 8.75 2.97 2.89
PmCy, 8.54 3.52 2.51
SmCy, 927 3.82 2.73
EuC,, 7.22 223 2.50
GdCyy 7.31 2.52 2.40

be seen that the encapsulated RE atoms have little impact on
the original structure of C,;. Among them, EuC,; has the
highest T}, symmetry, CeC,, and PmC,, clusters show Ds,;
symmetry, LaC,, has D,; symmetry, and the other REC,,
clusters (RE = Sc, Y, Pr, Nd, Sm, and Gd) show the symmetry
of C. It can be seen that embedding different RE atoms can
change the symmetry of the C,, cage.

The HOMO—-LUMO gaps and molecular orbital composi-
tions of REC,, (RE = Pr, Nd, Pm, and Sm) clusters obtained
by NAO analysis are plotted in Figure 2. Simultaneously, we
calculated the ionization potential (IP), electron affinity (EA),
and the chemical hardness (77) of the REC,, clusters using the
following formula as a more accurate measure of their chemical
stability,”” with the results presented in Table 1.

n = (P — EA)/2 (1)

The molecular orbital compositions of all REC,, clusters are
plotted in Figure S2 and Figure S3. For ScC,, and YC,,
clusters encapsulating Sc atoms in the fourth period and Y
atoms in the fifth period, their central atoms make little
contribution to the frontier orbital. This implies that the
electronic structures of Sc and Y atoms may not directly affect
the reactivity of ScCy, and YC,; clusters. For the REC,,
clusters encapsulating lanthanide atoms, the contribution of
RE atoms to the frontier orbitals mainly comes from the 4f

orbital. Interestingly, for several of the REC,, clusters (RE =
Pr, Nd, Pm, Sm), the RE atoms make a significant contribution
to the 4f electrons of the a-HOMO orbital, among which Pr,
Nd, Pm, and Sm contribute significantly to the a-HOMO
orbital. The contribution values are 42%, 40%, 47%, and 52%,
respectively. At the same time, these REC,, clusters have large
HOMO-LUMO gaps exceeding 3.5 eV, which means that
these clusters can be regarded as stable superatoms.'”'® The
HOMO-LUMO gaps and 7 reflect the ability of electrons to
jump from occupied orbitals to unoccupied orbitals, which
means they have higher chemical stability."”’®”" Overall, the
greater the contribution of the 4f orbital of the RE atom
located in the center of the Cyy cage to the a-HOMO orbital,
the larger the corresponding HOMO—-LUMO gap, which
means that the 4f orbital of the RE atom has an important
contribution to the chemical stability of REC,,.

3.2. Spherical Jellium Model. Four REC,, (RE = Pr, Nd,
Pm, Sm) clusters with larger # that exhibit special chemical
stability are potentially stable superatoms. Their electronic
arrangement analysis results show that the electronic arrange-
ment of REC,, is fully consistent with the spherical jellium
model (SJM). In the SJM model, when the number of valence
electrons in the cluster is 2, 8, 18, 20, 34, ..., each shell can be
filled, and it can be written as 182, 2P% 1D'0, 1F'4, 282, ..”*
The valence molecular orbital of the REC,, cluster is shown in
Figure 3. In addition, the complete molecular orbital of the
REC,, cluster is shown in Supporting Information Figure S4.

Each carbon atom is bonded to the adjacent carbon atom
through sp” hybridization, and the p, electrons of the C atom
are left to provide valence electrons for the superatom. In
Figure 3, except for the 1H shell orbital, the remaining
superatomic orbitals are formed by hybridization of the p,
electrons of the carbon atom and the RE atom. The 1H'
orbitals with higher angular momentum of all REC,,
superatoms are split into two parts, the preferentially occupied
1H' orbitals and the LUMO orbital. As shown in Figure 3,
encapsulating different RE atoms will affect the energy
distributions of the 1P shell and the 1F shell. For PmC,,
and SmC,, with higher spins, their 1F shells are clearly split
into two parts, single electron occupied (blue line) orbitals and
fully occupied orbitals with lower energy than 1P shell
electrons. SmC,,, which has the highest spin multiplicity, has
energy degeneracy in its fully occupied 1F shell orbitals and
lower energy 1D shell orbitals. Except for the 1F shell, the
electron distribution of all superatomic orbitals in which p,
electrons of carbon atoms participate in hybridization can be
written as 18%, 1D'%, and 1P°. It satisfies the 2(N + 1)? rule
proposed by Hirsch et al. (N = 2).”

For the four REC,, (RE = Pr, Nd, Pm, and Sm) clusters,
their HOMO orbitals and LUMO orbitals belong to different
shells. Since the energy difference between electron orbitals
with different angular momentum is large, they exhibit a large
HOMO-LUMO gap.

3.3. Magnetic Moment and Electron Spin Density. In
order to further investigate the influence of RE atoms on C,,
the natural population analysis (NPA)”* and ADCH atomic
charge” of REC,, clusters were calculated to explore the
charge transfer and charge distribution characteristics of REC,,
clusters. The natural electron configuration (NEC), natural
charge population (NCP), Hirshfeld charge, and ADCH
charges of RE atoms are shown in Table 2.

NPA indicates that the charge of the inner orbital (4s, Ss,
and 6s) of all RE atoms is transferred to the outer orbital. For
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Figure 3. Valence molecular orbitals of REC,, (RE = Pr, Nd, Pm, Sm) clusters. The blue lines represent single electron occupied orbitals, and the

red lines represent LUMO orbitals.

the Sc atom, charges are mainly transferred to the outer 3d and
4p orbital. The difference is that the Y atom charges are mainly
transferred to the Sp and Sd orbitals with higher energy. For
lanthanide atoms (La, Ce, Pr, Nd, Pm, and Sm) whose 4f
orbital is not half full, the charge is more likely to be
transferred to the 4f orbital, and the charge distribution of the
Sd orbital is always around 2.5. As the 4f electron layer
gradually reaches half full, the NCP of the lanthanide atoms
gradually increases, and the charge transferred from the C,,
cage to the RE atom gradually decreases. Except for the Y
atom, the NCP and ADCH charges of the other RE atoms are
negative and behave as charge acceptors. This is because the
RE atom is located at the central charge accumulation position
within C,,. The completely opposite charge transfer properties
shown by NCP and ADCH charges about the Y atom may be
due to the vagueness of the minimum set/Rydberg set division
criteria of these elements when calculating the NPA charges of
transition metal elements, and different divisions will affect the
occupancy number as a weighted symmetry orthogonalization
(OWSO) process, which in turn affects the charge value.”

35200

Compared with NEC, ADCH charges of RE atoms show better
consistency.

Table 3 lists the calculated local magnetic moments of the
6s, 4f, 5d, Sf, and 6d orbitals of RE (RE = La, Pr, Nd, Pm, Sm,
Eu) atoms and the total magnetic moments of the REC,,
clusters. As shown in Table 3, the magnetic moments of REC,,
mainly come from the contribution of unpaired electrons in
the 4f orbital of RE atoms. Transferred to the 6p orbital, the
electrons in the orbital do not contribute to the magnetic
moment, and the contributions of the 5d, 6d, and 7s orbitals
are very small and almost negligible. The GdC,, cluster has the
largest total magnetic moment (6 up) among the REC,,
clusters. This also shows that the Sd orbital electrons of RE
atoms participate in bonding with the C,, cage. In addition,
since the La atom has very few unpaired electrons in the 4f
orbital, it does not exhibit an obvious magnetic moment. It is
worth noting that the magnetic moments on RE (RE = Pm,
Sm, and Eu) atoms are even larger than total magnetic
moments, indicating that the contribution of C to the total
magnetic moment is very limited.

https://doi.org/10.1021/acsomega.4c05912
ACS Omega 2024, 9, 35197—-35208
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Table 2. Natural Electron Configuration (NEC), Natural
Charge Population (NCP), and ADCH Charge of RE (RE =
Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd) Atoms in REC,,
Clusters

NPA
ADCH
NCP of charges of RE
Cluster NEC RE (e) (e)

ScCyy  [core]ds®303d>%34p! 004403 -2.19 —0.61

YCy [core]550'334d1'°55p0'716s°‘015d°’42 0.51 —0.63

LaC,, o ; —4.70 —0.67
(03044255 2096086510076 40287001

CeCy [core;] —4.66 —0.59
6503147505 24760895 016640357002

PrCy [coreg -4.39 —0.46
245175 240608950236 403975002

NdCy, ; —423 —0.49
34£5695 2 496p0 8504764038700

PmC,, ; -3.90 -0.50
340155 2 86p091 50606 40357,002

SmC,, [coreé] -3.73 —0.53
650441701 542596091 5056640347001

EuCy, ; -2.93 —0.51
447485 2 Hgp0925 {0436 10347001

GdC,, ; -224 —0.65

f7‘785d2'406P0'927SO' 125f0'366d0'36

In order to visualize the distribution of single electrons in
three-dimensional space, the spin density (palpha Pheta)
isosurface of REC,, (RE = Sc, Y, La, Pr, Nd, Pm, Sm, Eu) is
shown in Figure 4. In the closed-shell system of CeC,, there is
no spin density. The Figure 4 clearly shows that in the three
systems of ScC,;, YC,,, and LaC,, clusters, which have almost
no magnetic moments, the unpaired electrons are mainly
distributed on the outer C,, cage. There is no spin electron
distribution around the SC and Y atoms in the cage, and only a
very small amount of spin electrons is distributed on the La
atom in the C,, cage. Although the spin density isosurface of
the C,, cage surface expands as the incorporated Sc, Y, and La
atomic numbers increase, the increase in spin electrons on the
C, cage does not contribute to the total magnetic moments of
the system. Starting from PrC,, the green area gathers from
the Cy cage to the central atom, showing two sets of
intersecting cross shapes. Among them, PmC,, is special. Spin
electrons are densely distributed around the Pm atom in the
cage (green area), and the number of spin electrons distributed
on the C,, cage is very small. This can also explain the
phenomenon that the magnetic moment on the Pm atom is
greater than the total magnetic moment. As the RE doping
element changes, we can observe that the green isosurfaces
inside and outside the cage gradually expand. Based on the

SmC,, EuC,, GdC,,

Figure 4. Spin-density (palpha—pbeta) isosurfaces of REC,, (RE = S, Y,
La, Ce, Pr, Nd, Pm, Sm, Eu, and Gd). The isosurface is set to +0.005.
The green and blue isosurfaces show that the spin density has positive
and negative values, respectively. Orange and gray balls represent RE

atoms and carbon atoms, respectively.

30%(2c26)
ON=1.79-1.88 [¢|

6*(3c2¢)
ON=1.78-1.80 |e|

6%(21c2e)
ON=2.00 |e]

Figure S. Bonding analyses of the AJNDP orbitals of PrC,, The
occupation numbers (ONs) are indicated.

Table 3. Magnetic Moments (i) of the 6s, 4f, 5d, 5f, 7s, and 6d Orbitals of RE Atoms (RE = La, Pr, Nd, Pm, Sm, Eu, Gd), the
Total Magnetic Moments of the RE Atoms, and the Total Magnetic Moments of the Most Stable Isomers

Magnetic moments of RE atoms (y5)

Cluster 6s 4f Sd

LaCy 0.00 0.03 —0.01
PrCy 0.00 045 0.00
NdC,, 0.00 125 0.00
PmCy, 0.00 2.83 0.02
SmCy 0.00 3.87 0.02
EuCsp 0.00 520 0.02
GdCyy 0.07 5.80 0.02

35201

7s St 6d RE Total
0.00 0.13 0.00 0.15 1
0.00 0.03 0.00 0.48 1
0.00 0.14 0.01 1.40 2
0.00 0.30 0.03 3.18 3
0.00 0.19 0.02 4.1 4
0.00 0.17 0.04 5.43 S
-0.17 0.10 0.04 5.86 6
https://doi.org/10.1021/acsomega.4c05912
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Figure 6. ICSSzz of benzene, C,, and REC,, (RE = Sc, Y, La, Ce) The color-filled maps are the ICSSzz distribution at the plane of the RE atom.
Each contour shows the corresponding shielding surface separately, cyan at 4 ppm, green at 8 ppm, yellow at 16 ppm, orange at 32 ppm, red at 64

ppm, and blue at —4 ppm, respectively.

above phenomenon, the magnetic moments of the REC,,
clusters mainly come from the contribution of unpaired
electrons around the RE atoms in the C,, cage, and the spin
electrons on the C,, cage have a limited contribution to the
total magnetic moment. When the number of spin electrons in
the C,, cage is greater than the number of spin electrons on
the C,, cage, the total magnetic moment on the RE atom
exceeds the total magnetic moment of the system.

Based on the above conclusion, REC,, clusters doped with
lanthanide RE atoms are mainly bonded through the 5d orbital
of RE, while the 4f electrons hardly participate in bonding.
Combined with magnetic moment analysis, most 4f electrons
are not bonded between RE atoms and C,, cages, which means
that almost all unpaired electrons remain in this orbital,
resulting in an adjustable magnetic spin magnetic moment. It is
the tunable magnetic moment exhibited by REC,, clusters that
gives them the potential to become the basic structure of new
magnetic nanoassembly materials.

3.4. AdNDP. To further investigate the electronic proper-
ties of the four REC,, (RE = Pr, Nd, Pm, and Sm) clusters that
exhibited higher stability, the electronic interactions between
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neighboring atoms within the REC,, clusters were studied by
adaptive natural density partitioning (AdNDP).””

Taking PrC,, as an example, its AANDP orbital is shown in
Figure S, and the AANDP orbitals of the other three clusters
are shown in Figure SS. In all four REC,, clusters, excluding
the electrons that contribute to the magnetic moment, there
are 42 pairs of electrons that can be divided into three types.
First, there are 30 2¢c-2e localized 6 C—C bonds on the surface
of the C,, cage, and their occupation numbers (ON) are
between 1.79 and 1.88lel. Second, there are 6 delocalized 3c-2e
o bonds with ON between 1.78 and 1.80 in its cage, which
form a triangular area on the inside of the cage. This indicates
that the encapsulation of Pr atoms enhances the stability of the
C, cage. The shapes of all 2¢-2e and 3c-2e orbitals are similar
to those shown in Figure S. Finally, the 6 fully delocalized 21c-
2e orbitals present the four configurations shown in Figure S,
which roughly present shapes similar to those of the P shell
and D shell electron orbitals. The six 21c-2e pi bonds with ON
= 2.00lel indicate that the delocalized electrons are not only
present on the surface of the C,, cage but also distributed
inside it. The delocalized electrons distributed inside the cage

https://doi.org/10.1021/acsomega.4c05912
ACS Omega 2024, 9, 35197—-35208


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05912/suppl_file/ao4c05912_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05912?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05912?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05912?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05912?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

- 0 2
Length (Bohr)

GdC,,

- 0 2
Length (Bohr)

Figure 7. ICSSzz of REC,, (RE = Pr, Nd, Pm, Sm, Eu, or Gd). The color-filled maps are the ICSSzz distribution in the plane of the RE atom. Each
contour shows the corresponding shielding surface separately, cyan at 4 ppm, green at 8 ppm, yellow at 16 ppm, orange at 32 ppm, red at 64 ppm,

and blue at —4 ppm, respectively.

of the REC,, cluster indicate that it has a certain degree of
aromaticity.

3.5. Aromaticity. It can be seen from the spin density
isosurface that there are delocalized electrons between RE
atoms and the C,, cage, which make the REC,, cluster have a
certain degree of aromaticity. The impact of encapsulating
different RE atoms on the aromaticity of REC,, clusters was
further explored by calculating the ICSS of REC,, clusters.”>”®
ICSS corresponds to the original definition of nucleus-
independent chemical shift (NICS), which embodies isotropic
shielding against external magnetic fields.*"°> Based on NICS,
ICSS not only considers the shielding value of a specific point
but considers the magnetic shielding value as a real space
function and studies it by drawing curve diagrams, plane
diagrams, and isosurface diagrams to obtain more compre-
hensive information. The symbol definitions of ICSS and
NICS are exactly the opposite. NICS takes the negative value
of the magnetic shielding value, while ICSS directly displays
the magnetic shielding value at different locations without
taking the negative sign. In other words, the more positive the
ICSS is, the greater the degree of shielding from the external
magnetic field at this point. The more negative the ICSS is, the

stronger the degree of deshielding at this location. We
calculated the isosurface of the ZZ component of the cluster
ICSS (1CSSzz°*”?) of REC,, clusters, where the Z direction is
perpendicular to the five-atom ring in C,,. Figure 6 shows the
color-filled maps of ICSSzz at the plane of the RE atom in
REC,;. The three-dimensional cluster magnetic shielding
isosurface of ICSSzz was also plotted for a comparison of
color-filled maps. In addition, the ICSSzz of benzene and C,,
are shown in Figure 6 for comparison.

The ICSSzz value at the center of C,, in Figure 6 is negative,
which means that there is a deshielding region at the center of
C,0, which is consistent with the positive NICS value at the
center of C,y in previous reports.”’ The ICSSzz isosurface
distribution of REC,, clusters shown in Figure 6 and Figure 7
reveals that the aromaticity of C, cages encapsulating different
RE atoms is very different. For non-lanthanide elements, the
REC,, clusters encapsulated by Sc atoms and Y atoms show
antiaromatic properties as a whole (blue area). This is due to
the limited number of electrons in the Sc atoms and Y atoms
themselves and their inability to provide delocalized electrons
in the cage. In the LaC,; cluster encapsulating La, the first
element of the lanthanide series, the ICSSzz value around the
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Figure 8. GIMIC maps of REC,, (RE = Sc, La, Sm, and Gd) clusters on the central plane with the magnetic field direction forward along the z-axis

(the perpendicular plane facing outward).
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Figure 9. Screenshots of the GIMIC for REC,, (RE = Sc, La, Sm, and Gd) clusters.

central atom is almost 0. The interior of the LaC,, cage can be
considered as a deshielding region. As the atomic number
increases, a ring-shaped strong magnetic shielding region
appears in the central plane of the REC,, cluster. The overall
isosurface is distributed in a spindle shape, showing an
extremely strong magnetic shielding region (red area) in the
central plane inside the cage, while a huge deshielding region
appears along the z-axis outside the C,, cage. This reveals that
the limited delocalized distribution of free electrons in the 4f
orbital of lanthanide atoms of the REC,, cluster forms a ring-
shaped magnetic shielding region. However, for the EuC,, and
GdC, clusters that exhibit the highest magnetic moments, the
aromaticity at the central plane does not continue to
strengthen but weakens, which is likely due to the
delocalization of free electrons in a larger area within the
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cage. The antiaromatic areas on the outside of the EuC,, and
GdC,, cages are significantly suppressed, and the aromatic ring
width increases significantly, almost covering the entire side of
the C,, cage. This may also reflect that the magnetic shielding
region of the cluster is no longer highly concentrated near the
central atom but is strengthened overall. This all implies that
the delocalized electrons are distributed over a larger area
within the cage.

From the above discussion, it can be concluded that the
aromaticity of REC,, clusters encapsulating different RE atoms
is affected by the distribution of delocalized electrons within
the cage. When there are fewer delocalized electrons, the
REC, cluster cage is a deshielding region. As the RE atomic
number increases, the number of delocalized electrons further
increases. The transformation of the ICSSzz isosurface from a
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Figure 10. Calculated UV—vis spectra of REC,, (RE = Pr, Nd, Pm, Sm) clusters. Curves and vertical lines represent the absorption spectra and
oscillator strength, respectively. (a) PrCy, (b) NdC,,, (c) PmC,;, and (d) SmC,,.

local narrow ring to a hemispherical shape wrapping the sides
of the C,;, cage implies that the delocalized electron
distribution trend in the cage is from concentrated distribution
in the central part to uniform distribution within the cage.

3.6. Molecular Magnetically Induced Current. In order
to more intuitively observe the effect of encapsulating different
RE atoms on the aromaticity of REC,, clusters, the molecular
magnetically induced current of REC,, clusters was calculated
using the GIMIC program package.”’ The GIMIC program
implements the gauge-including magnetically induced current
method. The GIMIC method is based on gauge-including/
invariant atomic orbitals (GIAO) and relies on the density
matrix produced by the magnetic properties calculation process
and the derivative matrix of the density matrix with respect to
the magnetic field to calculate the induced current density.””*
Several representative REC,, clusters (RE = Sc, La, Sm, Gd)
were selected, and the plane-shaded streamline diagrams and
arrow diagrams of the modes of the magnetically induced
current at their central plane are shown in Figure 8. A three-
dimensional dynamic visual representation of the magnetically
induced current is provided in the Supporting Information, and
Figure 9 shows some screenshots.

In Figure 8, the ScC,, clusters have obvious paramagnetic
currents in the regions around the Sc atoms due to the
presence of deshielding regions inside the ScCy, clusters. In
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contrast, in SmCy, clusters with a strong magnetic shielding
region in the central plane, the strong diamagnetic current
formed within the SmC,, cage appears as a large circular white
area bright near the Sm atoms. Compared with SmC,,
although diamagnetic current is also generated near the central
atom of LaC,), due to the deshielding area inside it, the
diamagnetic current intensity is very weak, and the distribution
is unevenly elliptical. It is worth noting that the diamagnetic
current within the cage of the GdC,; cluster is obviously
distributed over a larger area, which is obviously caused by the
distribution of delocalized electrons in a larger area. Although
both the paramagnetic current and diamagnetic current appear
near the central atom simultaneously, overall the GdC,, cluster
still shows strong aromaticity.

3.7. UV—Vis Spectra. In order to further understand the
optical properties of the four REC,, (RE = Pr, Nd, Pm, and
Sm) clusters with high stability, UV—vis spectra were
simulated by calculating the time-dependent density functional
theory (TD-DFT) at the PBEO/RE/SDD//C/cc-pVTZ level.
In order to ensure the accuracy of the calculation, it is
necessary to consider enough energy bands, and 200 excited
states were found in the REC,, clusters.

The four REC,, clusters all show five absorption bands, one
of which is located in the visible light part and the other four
are located in the near-ultraviolet region and the mid-

https://doi.org/10.1021/acsomega.4c05912
ACS Omega 2024, 9, 35197—-35208


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05912/suppl_file/ao4c05912_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05912?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05912?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05912?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05912?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

ultraviolet region. The highest peak position of each
absorption band is marked in Figure 10. The UV—vis spectra
of the four REC,, clusters show that their main absorption
regions are all located in the mid-ultraviolet band, accounting
for 87.54% (PrC,), 90.47% (NdC,,), 91.92% (PmC,,), and
79.56% (SmC,,) of the total, respectively. The encapsulation
of different RE atoms mainly affects the intensity of the first
absorption band, among which the first absorption band of the
PmC,, cluster is the strongest. The second absorption band
located in the mid-ultraviolet region is almost unaffected by the
RE atoms, which is mainly due to its characteristics of the Cy,
cage 7 — m* electronic transition. The ADCH charge of the
RE atom indicates that the embedded RE atom causes electron
transfer from the C,, cage to the RE atom, resulting in a blue
shift in the UV—vis spectrum of the REC,, cluster with an
increasing atomic number of the encapsulated RE. In
summary, the UV—visible spectrum emphasizes the extensive
mid-UV and near-UV absorption exhibited by the REC,,
cluster, especially the excellent performance exhibited by the
PmC,, cluster. These findings suggest that their absorption
properties in the UV and visible spectrum can be exploited for
promising applications in solar energy converters or ultra-high-
sensitivity near-UV photodetectors.

4. CONCLUSION

The structures of a series of minimally EMFs encapsulating
rare earth atoms REC,, clusters (RE = Sc, Y, La, Ce, Pr, Nd,
Pm, Sm, Eu, Gd) have been optimized using DFT. RE atoms
are always located in the center of the C,, cage. The high-
stability superatoms of REC,, clusters (RE = Pr, Nd, Pm, Sm)
originate from the widening of the HOMO-LUMO gap
caused by the larger contribution of the RE atom’s 4f electron
orbital to the cluster frontier orbital. NPA and spin density
analyses indicate that the 4f orbital of RE atoms contributes
significantly to the total magnetic moment. The tunable
magnetic moment of REC,, clusters increases monotonically
from 0 to 6 uy. ICSSzz isosurfaces and GIMIC show that the
aromaticity of the REC,, clusters gradually strengthens with
the increase in 4f electrons in RE atoms. The diamagnetic
current area in the cage expands from the central atom to the
C,y cage, indicating that the delocalized electron distribution
area in the cage becomes larger. The UV—vis spectrum of
REC,, clusters shows strong absorption in the mid-UV and
near-UV bands. In summary, REC,, clusters encapsulating
lanthanide metal atoms show potential as stable, highly
magnetic assembly materials and as ultrahighly sensitive
near-UV photodetection materials.
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