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for single-molecule magnet
materials with fullerene confinement-induced
unpaired f-electrons†

Xiao-Kun Zhao, ab Jing Zhao,a Shi-Ru Wei, b Yun-Ze Qiu,b Yang He, b

Han-Shi Hu *b and Jun Li *abc

Endohedral metallofullerenes (EMFs) are promising platforms for single-molecule magnets (SMMs) due to

their internal cavities, which enable effective coupling of magnetically anisotropic metal ions through direct

covalent bonding. However, the practical application of EMF-SMMs remains challenging, particularly in the

robust assembly of the cage structures. In this study, we propose a strategy for designing two-dimensional

(2D) diactinide EMF-SMM materials (M2@C60-2D, M = U, Th) by doping thorium and uranium into a 2D

quasi-hexagonal-phase fullerene (qHPC60) monolayer. Ab initio molecular dynamics (AIMD) simulations

and density functional theory (DFT) calculations confirm the thermal and thermodynamic stability of

these materials, suggesting their synthetic feasibility. Further investigations show that fullerene

confinement tends to eliminate the traditional Lewis-type electron-pair bonds in neutral M2 dimers and

induces multiple single-electron M–M bonding in M2@C60, thus facilitating the enhanced magnetic

properties of 2D EMF monolayers. These findings provide valuable insights for designing space-confined

metal diatomic systems for magnetic applications.
Introduction

Single-molecule magnets (SMMs) have attracted signicant
research interest since the discovery of {Mn12} clusters, owing to
their ability to store and process quantum information at the
molecular level.1–3 By utilizing fullerene cages with conned
internal nanospace, endohedral metallofullerenes (EMFs) have
emerged as promising SMM candidates.4–7 Dimetallofullerenes
(di-EMFs), in particular, exhibit high SMM blocking tempera-
tures and large magnetic anisotropy barriers, making them
suitable for applications in quantum information processing
and information storage.8–11

In di-EMFs of C60, direct single-electron metal–metal (M–M)
bonds can be formed, which enable strong magnetic coupling
between the two metal ions.12,13 Recently, Long et al. reported
record SMMs in mixed-valence dilanthanide complexes
(CpiPr5)2Ln2I3 (Ln = Gd, Tb, Dy, Ho), featuring a single-electron
Ln–Ln (d–d)s bond.14,15 These ndings demonstrated that
coupling two magnetic metal ions via direct bonding is an
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effective strategy for designing high-performance SMMs.16,17

However, while the 4f orbitals in lanthanides are radially too
contracted to form effective chemical bonds, leading to
extremely weak direct 4f–4f coupling, the more radially
extended and chemically accessible 5f orbitals in actinides
make actinide-based EMFs intriguing for exploring unique
bonding motifs to achieve stronger magnetic coupling.18,19

In 2007, Wu et al. proposed six-fold ferromagnetic U–U
bonding inside a U2@C60 cage.20 Gagliardi and colleagues later
suggested that these U–U bonds might be artifacts of conne-
ment within the small C60 cavity.21 Similarly, the Straka group
described the ferromagnetic U–U bonds in U2@C80 as
“unwilling bonding”.22 These theoretical insights spurred
experimental investigations into diactinide EMFs. In 2018,
Zhang et al. provided the rst experimental evidence for acti-
nide–actinide bonding in the diuranium endofullerene
U2@C80.19 Shortly thereaer, dithorium endofullerene Th2@C80

was also prepared.23 Notably, M–M bonding in diactinide EMFs
is signicantly inuenced by the size of the carbon cages,
resulting in unpaired single-electron M–M bonds in the C60

cage, which further enhance the magnetism of the diactinide
EMFs.24

The cage assembly of SMMs is crucial for their practical
application in information storage. Current approaches include
attaching SMMs to conducting surfaces to form 2D molecular
assemblies25–27 and incorporating SMMs into metal–organic
frameworks (MOFs) to create 3D molecular structures.28–30

Recently, the successful synthesis of a two-dimensional quasi-
Chem. Sci., 2025, 16, 12087–12095 | 12087
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hexagonal-phase fullerene (2D qHPC60) material has demon-
strated distinct electronic structures, showing great potential
for applications in physical devices and chemical catalysis.31–34

Given the single-electron M–M bonds in diactinide EMFs,
encapsulating two actinide atoms within a 2D qHPC60 mono-
layer provides a promising approach for developing EMF-SMM
materials.

In this work, we have performed a theoretical study on a 2D
diactinide EMF monolayer with diactinide doped in the 2D
qHPC60 monolayer. Our theoretical analyses conrm that these
2D EMF monolayers are thermodynamically stable, indicating
their feasibility for experimental synthesis under suitable
conditions. Quantum-chemical studies with DFT and CASSCF
calculations reveal that fullerene connement induces single-
electron M–M bonding in the encapsulated M2 dimer, contrib-
uting to the magnetism of the 2D fullerene monolayer. It is
found that U2@C60-2D exhibits an interfullerene antiferro-
magnetic (AFM) singlet ground state, attributed to the
U2–C60/C60–U2 super-superexchange interactions along the
interfullerene [2 + 2] cycloaddition bonds. In contrast, Th2@C60-
2D has an interfullerene ferromagnetic (FM) ground state. Our
ndings present a novel strategy for designing space-conned
EMF-SMM materials that could provide insights for designing
high-density information storage, quantum computing, and
molecular spintronic devices.
Results and discussion
Geometric structure of 2D diactinide EMF monolayers:
M2@C60-2D (M = Th, U)

The experimentally synthesized 2D qHPC60 monolayer features
each C60 molecule surrounded by six neighbouring cages,
forming a hexagonal lattice with a space group of Pmna. Among
these neighbours, four are linked by interfullerene C–C single
bonds and two are connected through interfullerene [2 + 2]
cycloaddition bonds. The interfullerene bonds reduce the local
symmetry of C60 from Ih to C2h in the 2D qHPC60 monolayer.
Therefore, the 20 hexagonal rings of C60 can be categorized into
six distinct types (positions 1 to 6 in Scheme 1). Both
Scheme 1 The geometric structure of the 2D qHPC60 monolayer and
its constituent C60 unit with local C2h symmetry. The numbers indicate
the six distinct types of hexagonal rings found within the C2h-
symmetric C60 unit.

12088 | Chem. Sci., 2025, 16, 12087–12095
experimental and theoretical studies have revealed that encap-
sulated diactinide dimers in EMFs tend to be sandwiched
between two hexagonal rings.19–21,23 We initially explored the
encapsulation sites of actinide dimers within distorted C2h C60

cages by constructing six different diuranium EMF models
based on U2@C66H20. In these models, the U2 dimer was placed
at the centroids of six distinct hexagonal rings (positions 1 to 6).
Geometry optimizations identied position 1 as the most
favourable (Fig. S1†), where the U2 dimer is encapsulated while
preserving the C2h symmetry.

We then constructed the 2D diactinide EMFmonolayers with
M2 dimers located at position 1. The calculated geometric
structure shows that both U2@C60-2D and Th2@C60-2D mono-
layers share the same structure and symmetry as the 2D qHPC60

monolayer (Fig. 1). The lattice and structural parameters are
compared to those of the 2D qHPC60 monolayer (Table 1). The
lattice lengths of the a-axis and b-axis are 15.90 and 9.24 Å for
the U2@C60-2D monolayer, and 15.80 and 9.20 Å for the
Th2@C60-2D monolayer, respectively, showing slight elongation
along the b-axis and shrinkage along the a-axis when compared
to the 2D qHPC60 monolayer. Furthermore, the bond lengths of
interfullerene C–C single bonds and [2 + 2] cycloaddition bonds
remain virtually unchanged in both the pristine 2D fullerene
monolayer and M2@C60-2D. The calculated M–M bond
distances are 2.70 Å for U–U and 2.86 Å for Th–Th, which are
comparable to the sum of the Pyykkö covalent double-bond
radii of 2.68 Å for U]U and of 2.86 Å for Th]Th.35 Notably,
the space-conned Th–Th distance is notably shorter than that
reported for thorium systems such as the tri-thorium cluster
(3.99 Å)36 and the dithorium complex (4.01 Å).37 These relatively
short M–M bond lengths in our system indicate strong bonding
interactions between two endohedral actinide atoms under the
structure connement of the fullerene cage. In addition, the
M–C contacts range from 2.46 to 2.48 Å for U–C bonds and from
2.48 to 2.50 Å for Th–C bonds, suggesting strong bonding
interactions between the encapsulated M2 dimers and the
adjacent carbon atoms of the C60 cages.
Stability analysis

The phonon spectrum that describes lattice vibration in crystals
is relevant to its stability with respect to structural phase tran-
sitions or other distortions. Our 2D diactinide EMF monolayers
do not show imaginary phonon modes despite the numerical
noise, indicating dynamic stability of these monolayers (Fig. S2
and S3†). To investigate the thermal stability, we conducted
temperature-accelerated AIMD simulations at various high
temperatures, each for 10 ps, to enhance the atomic mobility
and explore a larger congurational space in a shorter simula-
tion time. The temperatures used are T = 1400, 1800, 2200, and
2600 K for U2@C60-2D and T = 600, 1000, 1400, and 1800 K for
Th2@C60-2D. The AIMD simulations reveal that U2@C60-2D
exhibits greater thermal stability. The hexagonal framework of
U2@C60-2D remains intact up to 2200 K (Fig. S4†), whereas
Th2@C60-2D is stable only up to 1400 K (Fig. S5†). The 2D
fullerene framework breaks down into single C60 molecules at
2600 K for U2@C60-2D and at 1800 K for Th2@C60-2D. These
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Top view and side view of the 2D diactinide EMF monolayer. (a) U2@C60-2D monolayer, and (b) Th2@C60-2D monolayer. C1 and C
0
1

represent the C atoms of the interfullerene [2 + 2] cycloaddition bond. C2 and C
0
2 represent the C atoms of the interfullerene C–C single bond.

Table 1 Comparison of lattice and geometric structure parameters
between the 2D qHPC60 monolayer and the 2D diactinide EMF
monolayers

2D qHPC60 U2@C60-2D Th2@C60-2D

Lattice parameters
a (Å) 15.92 15.90 15.80
b (Å) 9.16 9.24 9.20

Interfullerene bond
C–C single bonds (Å) 1.61 1.59 1.60
[2 + 2] cycloaddition bonds (Å) 1.61 1.62 1.61
M–M bond (Å) 2.70 2.86
M–C bond (Å) 2.46–2.48 2.48–2.50
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results indicate that encapsulating the U2 dimer enhances the
stability of the 2D fullerene monolayer, while Th2 dimer doping
has little inuence on stability.33

The stability of these fullerene monolayers was further eluci-
dated through crystal orbital Hamilton population (COHP)
analysis, which reconstructs orbital-resolved wavefunctions via
projecting delocalized plane-wave basis functions into localized
atomic-like basis sets.38 This analysis aims at describing the
interaction between two orbitals centred at neighbouring atoms
by considering the product of their corresponding Hamiltonian
matrix element and the density-of-states matrix, thus measuring
the bonding contribution and bonding strength between neigh-
bouring atoms upon integrating the COHP below the Fermi level.
The integrated projected COHP (IpCOHP) of interfullerene bonds
in the 2D qHPC60 monolayer is about −7.90 eV (Table S1†). In
© 2025 The Author(s). Published by the Royal Society of Chemistry
contrast, the IpCOHP values of the [2 + 2] cycloaddition bonds
and C–C single bonds in U2@C60-2D are up to −8.46 and
−8.49 eV, respectively, compared to −7.82 and −8.03 eV in
Th2@C60-2D. Consequently, the U2@C60-2D monolayer is more
stable than the pristine 2D qHPC60 monolayer. Furthermore, to
quantitatively evaluate changes in the 2D fullerene framework
during AIMD simulations, we examined the bond length varia-
tions of interfullerene bonds C1 � C

0
1 (four-membered ring bond)

and C2 � C
0
2 (single bond). The bond lengths of C1 � C

0
1 and

C2 � C
0
2 in U2@C60-2D uctuate around the equilibrium bond

length in simulations at temperatures below 2200 K (Fig. S8†).
However, at 2600 K, these bond lengths experience signicant
changes aer 4 ps of simulation, indicating the collapse of the 2D
hexagonal structure. Similarly, the Th2@C60-2D monolayer
undergoes ssion aer 5 ps of simulations at 1800 K (Fig. S9†).
Additionally, the U–U and Th–Th bonds oscillate around their
equilibrium bond length even aer the 2D EMF monolayers
break down into individual EMF cages.

To verify the thermodynamic feasibility of synthesizing these
2D diactinide EMF monolayers, we computed the Gibbs free
energies from the reactants (2D qHPC60 monolayer and bulk
uranium or thorium metal). The proposed reaction is shown in
eqn (1):

2M (bulk) + 2D qHPC60 / M2@C60-2D (1)

The Gibbs free energy of the reactants, corrected for entropy
and zero-point energies, is provided in Table S2.† The Gibbs
free energy (DG300 K) at 300 K was calculated using the formula
Chem. Sci., 2025, 16, 12087–12095 | 12089
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DG300 K = G(M2@C60-2D)300 K − 2G(Mbulk)300 K − G(2D
qHPC60)300 K. The calculated DG300 K is negative (−3.02 kcal
mol−1) for the formation of the U2@C60-2D monolayer, but
positive (+14.8 kcal mol−1) for the Th2@C60-2D monolayer,
indicating the experimental feasibility of the U2@C60-2D
monolayer under ambient conditions. Despite the endergonic
feature, the possibility of experimental preparation of the
Th2@C60-2D monolayer cannot be excluded because it remains
metastable.
Fig. 2 (a) Band structure and projected density of states (pDOS) at the HS
the first Brillouin zone of reciprocal space are denoted as G (0, 0, 0), X
contributions from uranium (U), while the blue curves indicate contribut
the bands at the G point illustrate the bonding patterns of the U2 dimer.
shown due to the interfullerene AFM state of the U2@C60-2D monolaye

12090 | Chem. Sci., 2025, 16, 12087–12095
Single-electron actinide–actinide bonds in 2D fullerene

DFT calculations reveal that the actinides of the encapsulated
M2 dimers exhibit a ferromagnetic state (Table S3†), with
calculated magnetic moments 2.75 mB for uranium (U) and 0.68
mB for thorium (Th) atoms. We used Bader charge analysis to
assist the determination of the oxidation states of encapsulated
actinides by comparing with reported EMFs, including
U2@C80,19 U2C2@C80,39 Th2@C80,23 and ThC2@C82.40 Previous
experimental and quantum-chemical calculation results
E06 level for the U2@C60-2Dmonolayer. The high-symmetry points in
(0.5, 0, 0), S (0.5, 0.5, 0) and Y (0, 0.5, 0). The red curves represent

ions from carbon (C) atoms. (b) Spin-up real-space wave functions for
Note that only the real space wave functions of a single EMF cage are
r.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicate that U has a formal oxidation state of +4 in U2C2@C80

and +3 in U2@C80. The Bader charges for U4+ and U3+ in these
EMFs are +2.00 and +1.54, respectively (Table S4†). In U2@C60-
2D, the Bader charge of U is +1.45, which is close to +1.54
observed for U3+ in U2@C80, suggesting a +3 formal oxidation
state for encapsulated U atoms. Similarly, the Bader charge for
Th in Th2@C60-2D is +1.64, comparable to the +1.68 in
Th2@C80, indicating a +3 formal oxidation state for Th atoms.
Thus, the valence state of the M2@C60-2D monolayer can be
described as a (M2)

6+@(C60-2D)
6− assignment.

As depicted in Fig. 2(a), the U2@C60-2D monolayer has an
indirect energy gap of 0.31 eV, which is signicantly smaller
than the 1.6 eV band gap of the 2D qHPC60 monolayer. This
reduction is attributed to the charge transfer from the U2 dimer
to the C60 cage. In the band structure, several red at bands
below the Fermi level are ascribed to the f-bonding orbitals of
the U2 dimer, as conrmed by the projected density of states
(pDOS). The valence band minimum (VBM) results from inter-
actions between the U2 dimer and the C60 cage, with real-space
wavefunctions indicating 4-type non-bonding orbitals of U2

interacting with the C60 cage.41

The f-bonding orbitals are further revealed by the real-space
wavefunctions shown in Fig. 2(b). Specically, VBM-5 and VBM-
9 correspond to U(5f) d-bonding orbitals, VBM-8 corresponds to
U(5f) s-bonding orbitals, and VBM-10 and VBM-13 correspond
to U(5f) p-bonding orbitals. Therefore, there are ve single-
electron U–U bonds formed within EMF cages. The calcula-
tion of the U2@C68H20 molecular model further conrms the
ve single-electron U–U bonds, consistent with the solids model
calculation results (Fig. S10 and S11†). Additionally, the calcu-
lated band structure and projected DOS reveal Th–Th bonding
in the Th2@C60-2D monolayer. As shown in Fig. S12,† spin-up
real-space wavefunctions show two nearly degenerate single-
electron Th–Th p bonds in EMF cages. The orbital interaction
diagram for the Th2@C68H20 molecular model conrms two
degenerate Th–Th p bonds (40 au and 50 bu) in the encapsu-
lated Th2 dimer as well (Fig. S13 and S14†).
Fig. 3 Natural localized molecular orbitals (NLMOs). (a) Five single-
electron NLMOs of the U2 dimer in the U2@C68H20 molecular model,
and (b) two single-electron NLMOs of the Th2 dimer in the
Th2@C68H20 molecular model. The hydrogen atoms are omitted for
clarity. (Isovalue = 0.04 a.u.)

© 2025 The Author(s). Published by the Royal Society of Chemistry
Natural localized molecular orbitals (NLMOs) from one-
electron reduced density matrix analysis provide insight into
the nature of actinide–actinide bonding in diactinide EMF
cages. Fig. 3 shows ve single-electron NLMOs, comprising one
s bond, two p bonds, and two d bonds, primarily contributed by
U(5f) orbitals (with minor 6d character) within the U2@C68H20

cage. In contrast, the Th2@C68H20 cage forms only two p bonds,
with Th(5f) and Th(6d) orbitals contributing almost equally. To
verify the multicongurational character of single-electron
actinide–actinide bonds, we performed complete-active-space
self-consistent eld (CASSCF) calculations. As shown in
Fig. S15,† the U–U bonding can be interpreted as s1p2d2f1, with
an effective bond order (EBO) of 1.90. The Th–Th bonding of the
Th2@C68H20 molecule model consists of two single-electron p

bonds with an EBO of 0.98 (Fig. S16†). As a result, the CASSCF
calculations further conrm the single-electron M–M bonding
formed in the 2D EMF monolayers. Additionally, relativistic
effects signicantly inuence heavier elements and their
compounds, particularly in the bonding patterns of diatomic
molecules.42 The effect of spin–orbit coupling (SOC) was
examined by comparing it with the scalar relativistic (SR) states
to understand the nature of the U–U and Th–Th bonding in the
diactinide EMFs. As shown in Fig. S17 and S18,† the SOC effect
does not signicantly alter the U–U and Th–Th bonding scheme
compared to the SR results. Therefore, the SR results can
accurately describe bonding motifs of U–U and Th–Th.
The role of fullerene connement in single-electron bond
formation

In addition to the ferromagnetic state of encapsulated M2 dimer
observed in individual EMF cages in solids (Table S3†), cluster
models also show a preference for high-spin states. Specically,
U2@C68H20 adopts a septet ground state, while Th2@C68H20

favours a triplet ground state (Table S5†), both exhibiting
ferromagnetic single-electron bonds within the EMFs. To
further investigate the mechanism behind the formation of
these single-electron bonds, simplied U2@C60 and Th2@C60

models with D3d symmetry were used.20,24

As illustrated in Fig. 4, the neutral Th2 molecule exhibits
a quadruple bonding scenario consisting of
(7ssg)

2(6dpu)
4(6dsg)

1(6ddg)
1.43 However, similar to the case of

ligand-destabilized dx2−y2 antibonding orbitals in the [Re2Cl8]
2−

dianion of Cotton's multiple bonding model,44 the quadruple
bonds in Th2 are disrupted when encapsulated inside the
fullerene due to strong Th–fullerene interactions. Furthermore,
the hybridization of the 6d and 5f orbitals in Th3+ is highly
effective because of the small 6d–5f energy gap (Fig. S20†),
allowing the 5fp and 6dp bonding orbitals to hybridize and
form two more stable (f–d)p bonding orbitals (see details in
Fig. S21†). However, the encapsulated Th2

6+ dimer contains
only two electrons, resulting in the formation of two degenerate
single-electron Th–Th (f–d)p bonds in the Th2@C60 molecule.

In the case of the U2@C60 molecule, strong U–fullerene
interactions eliminate the (7ssg)

2 and (6dpu)
4 electron-pair

bonds from the valence manifold of neutral U2, leaving only
the 5f electrons available for U–U bonding.45 However, the U(5f)
Chem. Sci., 2025, 16, 12087–12095 | 12091
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Fig. 4 Orbital interaction diagram for Th2@C60 molecules, illustrating
the bonding scheme between neutral C60 and the Th2 dimer. The
arrows represent the unpaired single-electron bonds of the Th2 dimer,
and the dots represent the electron-pair bonds. The orbitals of the
neutral Th2 dimer are shown in Fig. S19.†
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orbitals are radially too contracted to form effective Lewis-type
electron-pair bonds at the relatively long U–U distance of 2.70
Å. Instead, single-electron bonds are energetically more
favourable due to the exchange stabilization, leading to the
formation of ve single-electron U–U bonds in the U2@C60

molecule (Fig. S22 and S23†).
Additionally, the atomic radial distribution function (RDF)

curves in Fig. S24† provide insights into the U–fullerene orbital
interactions, revealing a stronger overlap between U(6d) and
C(2p) orbitals compared to U(5f) and C(2p) orbitals. Further
analysis using principal interacting orbital (PIO) and energy
decomposition analysis with the extension of natural orbitals
for chemical valence (EDA-NOCV)methods for the encapsulated
U2 and C60 fragments show that the U(6d) orbitals play a more
signicant role in U–fullerene bonding interaction than U(5f)
orbitals (Fig. S25 and S26†).

The single-electron M–M bonds within M2@C60 represent
a balance between M–M bonding and M–fullerene interactions.
The connement effect of the fullerene is evident in the pro-
jected DOS of neutral C60, M2 and M2@C60 molecules
(Fig. S27†). The strong electron-pair bonds in neutral M2

dimers, primarily contributed by 7s and 6d orbitals, are shied
to unoccupied states within M2@C60 due to the M2–fullerene
orbital interaction with space-connement. This shi results in
the formation of single-electron M–M bonds, which are
responsible for introducing magnetism into 2D diactinide EMF
monolayers.

The COHP analysis provides valuable insights into the rela-
tionships between magnetic states and the bonding character-
istics of encapsulated M2 dimers from the perspective of
chemical bonding in solids.38 As shown in Fig. S28,† the non-
spin-polarized COHP curves indicate that the Fermi levels in
antiferromagnetic M2 dimers cross the bonding regions of the
12092 | Chem. Sci., 2025, 16, 12087–12095
M–M COHP curves, leaving many bonding orbitals unoccupied.
In contrast, for ferromagnetic M2 dimers, the spin-polarized
COHP curves show that the spin-up states occupy lower
energy levels, while the spin-down states shi upward. As
a result, most of the spin-up bonding states are positioned
below the Fermi levels, resulting in strengthened M–M bonding
(0.24 eV for U–U and 0.44 eV for Th–Th). Moreover, the single-
electron M–M bonding strength, calculated as IpCOHP(spin
up) − IpCOHP(spin down), reveals bonding strengths of
−3.28 eV for U–U and −2.31 eV for Th–Th.
Magnetism in 2D diactinide EMF monolayers

As the fullerene connement can signicantly affect the
bonding between the diactinide metals, the magnetic proper-
ties of the solid are dictated by the competition of the fullerene–
metal and metal–metal interactions. To further investigate the
magnetic properties in these 2D diactinide EMFmonolayers, we
constructed a supercell model with three different interfuller-
ene magnetic states: ferromagnetic (FM), antiferromagnetic
(AFM), and antiferromagnetic/ferromagnetic (AF/FM) states
(Fig. S29†). In these magnetic states, the electrons of M2 dimers
are ferromagnetic and are represented by a single red arrow,
indicating the orientation of the magnetic moment of the
unpaired electrons in the encapsulated M2 dimers (displayed in
Fig. 5). DFT calculation results, as shown in Table S6,† reveal
that the U2@C60-2D monolayer has an interfullerene AFM
singlet ground state, which is more stable than the ferromag-
netic (FM) state by 36.4 meV per U2 dimer. In contrast, the
ground state of the Th2@C60-2D monolayer is the interfullerene
FM state.

H ¼ �J
X

i\j

~Si$~Sj þH0 (2)

In addition, the Heisenberg model (see eqn (2)) with FM,
AFM, and AF/FM states was applied to calculate the exchange
coupling constants along the interfullerene [2 + 2] cycloaddition
bonds (J1, represented by the blue solid lines) in Fig. 5, and
along interfullerene C–C single bonds (J2, represented by the
green dashed lines). In eqn (2), J is the exchange coupling
constant, H0 is the nonmagnetic Hamiltonian, and~Si and~Sj are
the spin momentum at sites i and j, respectively. The exchange
coupling constant J1 is calculated to be −16.1 cm−1 and J2 =

−0.3 cm−1, leading to an interfullerene AFM ground state
within the U2@C60-2D monolayer.46 Since each U2 dimer has six
unpaired electrons, a 1D Heisenberg antiferromagnetic chain
with S = 3 on encapsulated U2 dimers forms in the U2@C60-2D
monolayer due to the relatively small J2 exchange coupling (J2�
J1). In the Th2@C60-2D monolayer, the calculated exchange
coupling constants J1 (6.4 cm−1) and J2 (5.4 cm−1) are compa-
rable, leading to an interfullerene ferromagnetic ground state.

The interfullerene AFM ground state of the U2@C60-2D
monolayer is further evaluated using EDA-NOCV for cluster
models of the (C66H16)2, (Th2@C66H16)2, and (U2@C66H16)2
dimers, where the C60 cages are connected by [2 + 2] cycload-
dition bonds. The orbital interactions constitute approximately
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Magnetic coupling scheme of 2D diactinide EMF mono-
layers. Schematic presentation of the (b) AFM ground state of U2@C60-
2D and (c) FM ground state of the Th2@C60-2D monolayer. (d) Sche-
matic representation of super-superexchange (SSE) interactions in
U2@C60-2D and Th2@C60-2D monolayers. The magnetic coupling
along the interfullerene [2 + 2] cycloaddition bonds and C–C single
bonds is indicated by the blue solid lines (J1) and green dashed lines
(J2), respectively.
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60% of the total interactions between two EMF fragments in
molecular dimers, indicating a signicant covalent bonding
character among these 2D EMF monolayers (see Tables S7–S9†
for details). The NOCV deformation densities between two EMF
fragments are summarized in Fig. S30.† The third deformation
orbital of the (U2@C66H16)2 dimer, highlighted in the red box,
reveals that the 5f orbitals of the U2 dimer contribute about
5.0% to the orbital interactions between two U2@C66H16 frag-
ments. In contrast, the EDA-NOCV analysis of the
(Th2@C66H16)2 dimer is similar to the (C66H16)2 dimer, showing
no f-orbital involvement.

The f-orbital involved interfullerene interaction in the
(U2@C66H16)2 dimer suggests a possible pathway for the super-
superexchange (SSE) interactions47–49 among encapsulated U2

dimers in different EMF cages, which results in the AFM ground
state in the U2@C60-2D monolayer. As illustrated in Fig. 5(d),
the unpaired f-orbital electrons (solid arrows) of the U2 dimer
can hop to the unoccupied orbitals of the C60 cage (dashed
arrows), and then interact with electrons of opposite spin in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
adjacent C60 cage, thereby stabilizing the U2@C60-2D mono-
layer. These U2–C60/C60–U2 SSE interactions help explain the
AFM ground state of the U2@C60-2D monolayer. In contrast, the
Th2@C60-2D monolayer lacks f-orbital mediated interfullerene
interactions, resulting in a ferromagnetic ground state.

Conclusions

In summary, we present a strategy for designing EMF-SMM
materials by doping diactinide into a 2D qHPC60 monolayer.
Through DFT calculations and AIMD simulations, we conrm
the dynamic, thermal, and thermodynamic stability of these
monolayers, demonstrating their feasibility in experimental
preparation. The oxidation states of Th and U in theM2@C60-2D
monolayer are assigned as +3, which corresponds to
a (M2)

6+@(C60-2D)
6− charge state. This relative low oxidation

states of Th+3 and U+3 are attributed to the low electronegativity
of the C60 cage, which disfavours high oxidation states of acti-
nides. Theoretical investigations, including DFT and multi-
congurational ab initio CASSCF calculations on molecular
models, reveal that fullerene connement induces single-
electron M–M bonds in diactinide EMFs, enhancing the
magnetic properties of these 2D monolayers. Further supercell
model calculations using periodic DFT reveal that the U2@C60-
2D monolayer adopts an interfullerene AFM singlet ground
state, driven by strong exchange coupling via U2–C60/C60–U2

super-superexchange interactions along the interfullerene [2 +
2] cycloaddition bonds. In contrast, the Th2@C60-2D monolayer
displays an interfullerene FM ground state. This study expands
our understanding of fullerene connement and its role in
promoting unique single-electron M–M bonding and magne-
tism, offering a novel strategy for designing EMF-SMM
materials.
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