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Two-dimensional fullerene-based monolayer
materials assembled by Cgo and SczN@Cgo¥
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Construction of two-dimensional (2D) materials using fullerenes as building blocks has attracted
particular attention, primarily due to their ability to integrate desired functionalities into devices.
However, realization of stable 2D phases of polymerized fullerenes remains a big challenge. Here,
we propose two stable 2D monolayer phases with covalently bridged Cgg cages, namely «-Cgo-2D and
p-Cgo-2D, which are semiconductors with strong absorption in the long wave range and appreciable
carrier mobility, respectively. The high stability originates from the bond energy released by the [2+2]
cycloaddition polymerization of Cgg is greater than the deformation energy of a cage. Starting from
o-Cgo-2D, endohedral incorporation of the SczN molecule into each Cgo cage leads to 2D
semiconductors of a-ScsN@Cgg-2D and o'-ScsN@Cgg-2D, which possess exceptional stability and
diverse physical properties, including unique electronic band structures, strong optical absorption in the
visible (VIS) to near-infrared (NIR) regime, and anisotropic optical characteristics. Remarkably, a
temperature-induced order—disorder transition in the «-SczsN@Cgo-2D phase has been observed at
elevated temperatures above 600 K. These findings expand the family of 2D carbon materials and
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1. Introduction

Owing to the stable cage structure and unique physical and
chemical properties, carbon fullerenes are ideal building
blocks of novel functional materials. To date, various fullerenes
of different sizes, such as Cgo and C5,, have been successfully
synthesized in bulk amounts."™ In addition, the interior cavity
of fullerene cages provides ideal space for hosting atoms or
small clusters, forming endohedral carbon fullerenes.>”
To this end, the discovery of Sc;N@1I,-Cgo with high yields
and high stability marks a breakthrough in the study of
endohedral metallofullerenes.® The interaction between guest
atoms or clusters and host carbon cages may give rise to novel
properties and lead to potential applications in single-molecule
electronics and information storage, quantum computing, bio-
medicine, nanocatalysis, and so on. For example, two electric
dipole states switched by external electric fields and single-
molecule ferroelectric effects have been observed in Gd@Csg,,
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provide useful clue for the potential applications of fullerene-assembled monolayer networks.

which can be considered as a prototype of atomic-scale storage
and logic devices.” Sc,C,@Cs(hept)-Cgs can be used as a
two-terminal single-metallofullerene device achieving room-
temperature logic-in-memory operations.'® U,C@Cgo-M (M = Cr,
Mn, Mo, and Ru) chains, which exhibit intrinsic multiferroic
behavior, are promising one-dimensional materials for the reali-
zation of a novel multifunctional device."* Gd@Cs, nanoparticles
have been demonstrated to trigger robust cancer immunotherapy
and relieve fatty liver disease without obvious toxicity.">** The
1T-MoS,/Ce heterostructure is an excellent electrocatalyst for the
hydrogen evolution reaction.™*

Recently, two-dimensional (2D) polymerized Cg, monolayer
structures have been fabricated via covalent C-C bonds, which
not only enrich the family of carbon fullerene derivatives but
also bring new opportunities in fullerene-based materials and
devices."” This exciting breakthrough has led to boom of
Ceo-based 2D structures. For instance, Zheng et al. synthesized
a covalently bonded monolayer polymeric Cgo with high crystal-
linity, good thermodynamic stability and moderate band gap.*®
Using a-Li;N to catalyze Cqo powder at ambient pressure, Zhu
et al. obtained gram-scale long-range ordered porous carbon.®
At the same time, Roy et al. reported van der Waals Cg, polymer
materials with ultra-clean surfaces and found that their
thermal conductivity was much higher than that of the Cg
molecule.'” The unique geometric and electronic structures of
2D polymeric Cgo monolayer materials endow them with great

Phys. Chem. Chem. Phys., 2024, 26,10841-10849 | 10841


https://orcid.org/0000-0002-2401-4189
https://orcid.org/0000-0001-5669-9015
https://orcid.org/0009-0000-2906-1526
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp04028c&domain=pdf&date_stamp=2024-03-23
https://doi.org/10.1039/d3cp04028c
https://doi.org/10.1039/d3cp04028c
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04028c
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026014

Open Access Article. Published on 01 Maart 2024. Downloaded on 2025-11-05 2:14:01 vm..

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

(cc)

Paper

promise in optoelectronics, spintronics, information and energy
storage, and photocatalysis."® "

As the smallest fullerene obeying the isolated pentagonal
ring (IPR) rule,*® Cg, has relatively narrow interior space and
can only enclose small guest species. In the fullerene family,
Cgo is the next member obeying the IPR rule and shares the
same I, point group symmetry with Cgo.”> Compared to Cg, the
larger cavity of I,-Cg, cages allows hosting a variety of mole-
cules or clusters with up to seven atoms, e.g., Sc;,CHN®@I,(7)-
Cso, Sc4C,H@1I,(7)~Cso, and Sc,0;@14(7)-Cgo.>*>® Therefore, it
would be desirable to assemble novel crystals of different
dimensionality using I;,-Cg, and its endohedral derivatives as
building blocks, which are expected to possess tunable electro-
nic, magnetic, and optical properties.

Inspired by the recent breakthrough in 2D polymeric Cgy
crystals, in this paper, we propose two thermodynamically and
dynamically stable 2D phases of polymerized Cg,, i.e., central
rectangular (a-Cgo-2D) and hexagonal porous (f-Cgy-2D) lattice
structures, which are indirect semiconductors and direct semi-
conductors with appreciable carrier mobility and strong
absorption in the long wave range, respectively. Covalent poly-
merization of endohedral fullerene Sc;N@Cg, leads to two
kinds of 2D semiconductors with central rectangular lattice
structures (denoted as a-Sc;N@Cgo-2D and o'-Sc;N@Cgy-2D),
which are bistable states with distinct electronic band struc-
tures. A temperature-controlled order-disorder transition
is observed in o-Sc;N@Cgy-2D at high temperatures above
600 K. These theoretical findings provide valuable insights into
the development of fullerene-based 2D materials and devices.

2. Computational details

All individual fullerenes and fullerene-based 2D networks were
optimized using the Vienna ab initio simulation package®*°
(VASP) with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional.®® The electron-ion interaction was
described using projector augmented wave (PAW) potential,*>
and the plane-wave basis set was expanded to 500 eV. In order
to account for the strong Coulomb interaction of 3d electrons
in Sc atoms, an effective Hubbard parameter, Ues= U — J = 3 €V,
was applied to Sc atoms, where U represents the Coulomb
repulsion and J is the exchange parameter (Table S1, ESI}).>*7¢
The introduction of U.y parameters can more accurately
describe the electronic properties of the system. A 30 x 30 X
30 A® supercell was utilized to simulate the isolated fullerene,
and a I" point was used to sample the Brillouin zone. Based on
the PBE-optimized equilibrium structures, the more accurate
electronic band structures and optical absorption spectra were
calculated using the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
functional®” with VASP. The deformation energy (Eq) of Cso
or ScsN@Cg, in the 2D polymeric phase (2-Cgy, S-Cgo OF
a-SczN@Cgo and o'-Sc;N@Cg, cages) relative to the isolated
one (Cgo or Sc;N@Cg,) is defined as follows:

E4 = Eop-def-cage — Ec,y/se,Nnacy, (1)
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where Epdefeage and Ec, jse,Nnac,, are the energies of the
deformed cage in 2D structures and the standalone cage in
its ground state configuration, respectively.

For fullerene-based 2D networks, a vacuum space with a 35 A
thickness was added to ensure separation between neighboring
layers. A series of k-meshes of 2 x 3 x 1 (for central rectangular
lattice), 2 x 2 x 1 (for hexagonal porous lattice), 4 x 4 x 1
(for rectangular lattice) and 4 x 1 x 2 (for o’-Sc;N@Cgo-2D) were
used to sample the 2D Brillouin zones. During geometry
optimization, atomic positions were allowed to relax until the
maximum force was below 1072 eV A™* and the change in total
energy was less than 10™* eV, respectively. The average C-C
bond energy (Ey) is defined as follows:

Eyp = (EZD — N X EZD-cage)/n (2)

where E,p, is the energy of the 2D monolayer, N is the number of
cages in the unit cell, E;p.cqge IS the energies of the deformed
cages in 2D structures, and n is the number of C-C bonds
between neighboring fullerene cages in the unit cell.

To further assess the thermal stability of these fullerene-
based 2D networks, the formation energy (E) is calculated as
follows:

E¢ = (Esp — N X Ecage)/N (3)

where E,p and E,g are the energies of the 2D monolayer
and isolated Cgy or Sc;N@Cg, cages, respectively. To assess
the thermal and dynamical stabilities of these 2D fullerene
networks, ab initio molecular dynamics (AIMD)*® simulations
within the NVT canonical ensemble were carried out for up to
10 ps with a time step of 2 fs, and phonon dispersions were
calculated using the density functional perturbation theory
implemented in the Phonopy software.*®

3. Results and discussion
3.A. Structures and stabilities of 2D monolayer polymeric Cg,

To explore the possible stable configurations of 2D networks
composed of Cg, fullerenes, we consider three different con-
necting manners: a central rectangular lattice, a hexagonal
porous lattice, and a rectangular lattice. The optimized struc-
tures are depicted in Fig. 1(a) and (b) and Fig. S1 (ESI{), and
detailed geometrical parameters are provided in Table 1.
Among these three constructed phases, the «-Cgy-2D monolayer
with the Pmna (No. 53) space group and equilibrium lattice
parameters of @ = 17.76 A and b = 10.25 A is the most stable, in
which each Cg, cage is linked by six neighboring Cg, cages
through [2+2] cycloaddition bonds along the b direction and
the diagonal lines of the rectangular unit cell. For comparison,
the equilibrium structure of the f-Cgy-2D network exhibits
the P3m1 (No. 164) space group with lattice parameters of a =
17.64 A and b = 17.64 A, which is achieved through the
formation of similar plane [2+2] cycloaddition bonds involving
three adjacent fullerenes. For the y-Cgy-2D network with the
space group of P1 (No. 2), the equilibrium lattice parameters
are ¢ = 10.19 A and b = 9.90 A, in which four fullerenes are
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Fig. 1 Crystal structures of polymeric Cgg monolayer phases: (a) a-Cgo-2D and (b) f-Cgo-2D. Phonon dispersion of (c) a-Cgo-2D and (d) -Cgo-2D.
Contour plots of ELFs for (e) a-Cgo-2D through the (010) plane and (f) f-Cgo-2D through the (001) plane, respectively. The ELF value indicates the degree
of electron localization with values ranging from O (complete delocalization) to 1 (complete localization).

Table 1 Geometric parameters and key electronic properties of 2D monolayers, including space groups, lattice constants (a, b/c), the number of inter-
cage C-C bonds (n) and the corresponding bond lengths (Rc_c), deformation energy (Ey), average C-C bond energy (Ey), formation energy (E¢), and

electronic bandgaps (Eg)

Monolayer Space group a(A) bic (A) n Rec (A Eq (eV) Ey, (eV) E¢ (eV) Eg (eV)
qTP-Cgo Pmmm (47) 8.70 9.00 8 1.58/1.58 4.75 —0.89 —2.39 1.68
qHP-Cq Pmna (53) 15.70 8.50 8 1.58/1.59 5.30 —-1.95 —2.49 1.43
0-Cgo-2D Pmna (53) 17.76 10.25 12 1.59/1.60 7.41 —2.01 —4.66 0.14
f-Cgo-2D P3m1(164) 17.64 17.64 6 1.59/1.60 3.14 —1.85 —-2.41 0.25
7-Cgo-2D Pi(2) 10.19 9.90 8 1.62/1.76 5.59 —-0.97 —2.16 0.73
%-S¢;N@Cgo-2D Pma2 (28) 17.88 10.31 12 1.58/1.60 6.07 ~1.36 —2.08 0.36
o/-Se;N@Cgo-2D Pc (7) 10.23 20.50 12 1.59/1.62 6.60 —1.48 —2.29 0.12

connected by two [2+2] cycloaddition bonds along the a direction
and C-C single bonds along the b direction.

As summarized in Table 1, the calculated formation energies
of the a-Cgy-2D, -Cgo-2D, and y-Cgo-2D monolayers are —4.66,
—2.41, and —2.16 eV, respectively. These negative values indi-
cate that synthesis of all three 2D structures from Cg, cages is
exothermic. For comparison, we have also calculated the for-
mation energies of previously reported qTP-Cgo and qHP-Cgq."®

This journal is © the Owner Societies 2024

Notably, our predicted a-Cgo-2D network has much lower for-
mation energy than 2D polymeric Cg, crystals, while $-Cg,-2D is
only slightly less stable than qHP Cg, by 0.08 eV per cage.
Additionally, we also calculate the formation energy (Etacom)
and deformation energy (Eq4.atom) defined by atom-wise energies
and compared with monolayer Cg, (see Supplementary Note 2
of the ESIf). From Table S2 (ESIf), it can be seen that
the thermodynamic stability of the Cgo-2D monolayer is

Phys. Chem. Chem. Phys., 2024, 26, 10841-10849 | 10843
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comparable to that of the Cgo-2D monolayer. Therefore, these
2D networks composed of Cg, fullerenes would be accessible
under experimental conditions.

The phonon dispersions of the three Cgy-assembled 2D
monolayers are computed and illustrated in Fig. 1(c) and (d)
and Fig. S1 (ESIt). Among them, the a-Cg-2D, -Cgo-2D and
7-Cgo-2D monolayers exhibit dynamic stability without imagin-
ary frequencies in the entire phonon spectra. Furthermore,
AIMD simulations, as presented by Fig. S3 (ESIt), demonstrate
that a-Cgo-2D and f-Cgo-2D monolayers maintain their lattice
structures at temperatures as high as 600 K. However, in the
1-Cgo-2D monolayer, there is a noticeable increase in C-C
distances along the b direction within the 2D structure
(Fig. S4, ESIt). According to the aforementioned results,
0-Cgo-2D and f-Cgo-2D monolayers exhibit excellent dynamic
and thermal stabilities, making them viable candidates
for experimental synthesis and excellent “host” materials for
further endohedral doping.

To elucidate the exceptional stability of polymeric Cgo mono-
layers, we analyze their bonding characteristic in terms of
electron localization functions (ELFs), average inter-cage C-C
bond energy (Ep), orbital-resolved partial density of state
(PDOS) and deformation energy (Eq). Fig. 1(e) and (f) reveal
high electron localization and strong covalent bonding between
neighboring Cg, cages in both 0-Cgy-2D and S-Cgo-2D. This
picture is further supported by the calculated E;, in Table 1.
Fig. S5 (ESIt) presents the orbital-resolved partial density of
states (PDOS) of Cgg-based 2D polymers. It is evident that the
Px» Py, and p; orbitals of the C atoms all contribute equally to
bonding, implying a transition of the part of the C atoms in Cg,
fullerenes from sp® to sp® hybridization. Intuitively, as more C
atoms reach sp® bonding saturation through inter-cage poly-
merization, a greater amount of surface tension is released in
the originally unstable Cg, cage,”*° further increasing the
stability of the entire system. As seen from Fig. 1(a) and (b)
and Table 1, compared with Cg, polymeric 2D materials like
qTP-Cgo and qHP-Ce,'® each fullerene cage in a-Cgo-2D has
12 C atoms with sp’-hybridization by [2+2] cycloaddition with
the surrounding six fullerenes. Although the deformation
energy of the Cg, cage is relatively larger (Eq) (Fig. S6, ESIT),
this effect is compensated by the number of saturated bonds in
the carbon cage, as signified by the amount of bond energy
(nEy). As a consequence, a-Cgo-2D exhibits a significantly lower
formation energy of —4.66 eV than Cgo-based 2D phases. For
f-Cgo-2D, each carbon cage possesses 6 C atoms with sp®
hybridization, slightly less than the number in qTP-C4, or
qHP-Cgy, while the deformation energy of the cage is also
smaller. However, for the y-Cgy-2D monolayer, each Cg, cage
contains 8 C atoms with sp’>-hybridization, but the C-C bond
length (1.76 A) is 0.16 A longer than that formed through [2+2]
cycloaddition, resulting in a weaker average inter-cage C-C
bond energy. While compared to the relatively large cage
deformation energy, the bond energy release is only slightly
increased, leading to the relative inferior stability of y-Cgo-2D.
According to the above analysis, the bond energy released by
the [2+2] cycloaddition polymerization of Cg, is consistently
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greater than the deformation energy of the cage, contributing to
the stabilization of the resulting 2D phases. In summary,
theoretical calculations suggest that Cg, could serve as a
promising building block to construct Cey-2D-like monolayers.
Additionally, we aspire for this study to inspire more theoretical
and experimental efforts towards the synthesis of Cgo mono-
layers.

3.B. Enclosing Sc;N into 2D Cg, polymerized monolayers

The incorporation of endohedral units into Cg, fullerene pro-
vides an extra opportunity for designing multifunctional
nanodevices.""*'™** According to previous reports, the Sc;N@
I,-Cg, cluster shows great potential in various fields such as
biomedicine and energy conversion.’**> Based on the stable
Cgo-assembled monolayer phases obtained above (i.e., central
rectangular and hexagonal porous lattices), we select Sc;N as
the guest species inside the Cgo cage to further construct
Sc;N@Cgo-2D monolayers.

To determine the stable geometries of ScsN@Cgy-2D mono-
layers, we have explored various possible orientations of the
Sc;N cluster in a-Cgg-2D and f-Cgo-2D phases. As illustrated in
Fig. 2(a) and (b), o’-Sc;N@Cgy-2D and o-Sc;N@Cgo-2D mono-
layers are the most stable and metastable phases, respectively.
The phonon dispersions of these two phases are displayed
in Fig. 2(c) and (d). Notably, in the o-Sc;N@Cgo-2D crystal
(Fig. 2(a)), the central rectangular lattice is maintained after
endohedral doping, with equilibrium lattice parameters of a =
17.88 A and b = 10.31 A, and a space group of Pma2 (No. 28).
Intriguingly, the formation energy of this phase (—2.08 eV) is
significantly lower than those of polymeric Cgy and Cg, crystals,
suggesting that incorporation of the Sc;N cluster effectively
passivates the surface activity of the fullerene cage and further
reduces the average C-C bond energy (Table 1). These results
demonstrate the experimental feasibility of synthesizing
2-Sc;N@Cgo-2D and o'-Sc;N@Cgy-2D monolayers. In both the
freestanding cage and o-Sc;N@Cgo-2D, the geometry of
the endohedral Sc;N cluster retains a N-centered equilateral
triangle with minor distortion (Fig. S7(a), ESIt). In the
0-Scz;N@Cgo-2D phase, the Sc-N bond lengths are 2.04, 2.04,
and 2.04 A, slightly longer than those in isolated Sc;N@Cgo,
Le., 2.02,2.02, and 2.02. All three Sc atoms are located over the
[5, 6] junction of the I,-Cg, cage in o-Sc;N@Cgo-2D (Fig. S7(a),
ESIY). For the o'-ScsN@Cs,-2D crystal, the lattice parameters are
a=10.23 A and ¢ = 20.50 A, with a space group of Pc (No. 7). The
formation energy of —2.29 eV indicates slightly higher stability
compared to the a-Sc;N@Cgo-2D phase. The enclosed Sc;N
species in o’-ScsN@Cgy-2D has Sc-N bond lengths of 1.98,
2.04, and 2.05 A, and Sc-N-Sc angles of 126°, 136°, and 98,
respectively. In addition, the deformation energy (Eq4) is 6.60 eV,
which is larger than that of the «-Sc;N@Cs,-2D phase (6.07 eV).
This is mainly due to the greater change in Sc-N bond lengths
in a single distorted o'-Sc;N@Cg, compared to isolated
Sc;N@Cgo, resulting in a stronger interaction between Sc;N
and Cg,. Moreover, the encapsulation of Sc;N clusters results in
weaker inter-cage C-C bonds, reducing the distortion of the
Sc;N@Cg, cluster, resulting in E4 values of a-Sc;N@Cgo-2D and

This journal is © the Owner Societies 2024
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Fig. 2 Crystal structures and phonon dispersions of monolayers (a) and (c) «-ScsN@Cgo-2D and (b) and (d) «’-ScsN@Cgo-2D, where grey, orange and

green denote C, Sc and N atoms.

o’-ScsN@Cgo-2D smaller than that of «-Cgy-2D. And its basal
plane is perpendicular to the plane of the a-Sc;N@Cgo-2D
monolayer (Fig. S7(b), ESIt).

Fig. S8 and S9 (ESIt) depict different $-Sc;N@Cgo-2D mono-
layers and their respective phonon dispersions. We have
observed that the lowest energy f-Sc;N@Cgo-2D monolayer
exhibits imaginary frequencies in the phonon dispersion cal-
culations, suggesting that the Sc;N cluster cannot be enclosed
within -Cgy-2D. Taking the imaginary frequency of —1.70 THz
at the I point as an example, the animation movie reveals
complex vibrational modes in the f-Sc;N@Cg,-2D phase.
Specifically, the carbon atoms on the Cg, cage display two
distinct vibration modes: stretching and swinging motions
relative to the fullerene center, while the Sc-N bond in the
Sc;N cluster belongs to a stretching-bending vibration mode.
In addition, the lowest energy y-Sc;N@Cgo-2D crystallizes in the
space group P1 (No. 1) with lattice parameters a = 10.23 A and
b = 10.67 A. The embedding of Sc;N into the y-Cgo-2D phase
significantly elongates the distance between the two Cg
fullerenes along the b direction from 1.76 A to 3.03 A, surpass-
ing the length of C-C single bonds, as displayed in Fig. S10
(ESIt). Meanwhile, compared to the isolated Sc;N®@Cg,

This journal is © the Owner Societies 2024

(Fig. S6(d), ESIt), the deformation energy of the y-Sc;N@Cg,
cage is relatively larger. Moreover, the formation energy of this
phase is 4.71 eV, signifying an endothermic encapsulation
process. Therefore, Sc;N also cannot stable the y-Cgo-2D crystal.

It is important to observe the molecular behavior of metal-
lofullerenes in the crystal lattice. Both previous computational
and experimental studies have unraveled that the Sc;N cluster
is freely rotating in single Cg, fullerene.***® To probe the
temperature dependent dynamics of the Sc;N cluster in
0-ScsN@Cgo2D and a’-Sc;N@Cgo-2D phases, we performed
molecular dynamics simulations and used spatial distribution
maps to describe the detailed distribution of Sc atoms at the
selected temperatures. Fig. 3 and Fig. S11, S12 and animation
movies in the ESI{ show the trajectories of 2D crystal structures
from the AIMD simulation for 10 ps at different temperatures.
For o-ScsN@Cgo-2D (Fig. 3), the endohedral Sc;N cluster
remains rigidly bonded to the adjacent pentagonal and hexa-
gonal junctions up to 600 K, maintaining a well-ordered
structure with the space group Pma2 (No. 28). However, as
the temperature increases to 800 K, the Sc;N clusters undergo
rotational motion along multiple directions, resulting in the
loss of long-range order in the entire system. Such transformation

Phys. Chem. Chem. Phys., 2024, 26, 10841-10849 | 10845
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Fig. 3 Schematic representation of order—disorder states of the a-ScsN@Cgo-2D crystal driven by temperature at (a) 300 K, (b) 600 K, and (c) 800 K. The
representative rotational operation of the ScsN species for the a-SczsN@Cgo-2D phase is available in the movies of the ESI.+

can be considered as a temperature-induced order-disorder
transition. In the case of o’-Sc;N@Cgy-2D, the Sc;N clusters exhibit
unrestricted rotation at 300 K, inducing a disordered distribution
of molecular orientations (Fig. S12, ESIT).

3.C. Electronic structures, carrier mobility, and optical
absorption properties

The electronic band structures of ¢-Cgy-2D, f-Cgo-2D, 0-Sc;N@
Cgo-2D, and o’-Sc;N@Cgy-2D are plotted in Fig. 4, and the 2D
Brillouin region for the four types of crystal lattices is detailed
in Fig. S2 (ESIt). One can see that o-Cgy-2D exhibits a small
indirect band behavior with a band gap of 0.14 eV. In other
words, the strong C-C bonding interaction (E, = 2.01 eV)
significantly changes the electronic structure of o-Cgy-2D
assembly of semiconducting Cg, fullerenes. Meanwhile, f-Cgy-
2D still behaves as a semiconductor with a direct band gap of
0.25 eV at point K, which is close to the band gap of the
freestanding Cg, cage (0.28 eV), meaning that the coupling
strength in such polymerization is relatively weaker (E, =
1.85 eV). For comparison, the 2D networks of the Cg, fullerene
possess sizeable band gaps of 1.74 and 1.67 eV.'® Interestingly,
the orientation of the Sc;N clusters in a-Cgo-2D monolayers has

a notable effect on the band structure. Specifically, «-Sc;N@Cgo-
2D has an indirect band gap of 0.36 eV, and o’-Sc;N@Cg-2D
exhibits distinctly different positions of the valence band maxi-
mum (VBM) and conduction band minimum (CBM) with an
indirect band gap of 0.12 eV. Compared to individual metallo-
fullerene Sc;N@Cs, the band gaps of both a-Sc;N@Cg-2D and
o’-ScsN@Cgo-2D phases are greatly reduced, primarily attribu-
ted to the inter-cage conjugated interaction. All these results
demonstrate that self-assembling can generate richer electronic
properties relative to those of individual clusters.

Based on the deformation potential theory,””® the trans-
port properties of semiconducting f-Cgo-2D, o-Sc;N@Cgo-2D,
and «’-Sc;N@Cgy-2D monolayers are discussed in terms of
effective mass and carrier mobility. The detailed results are
described in the Supplementary Note 1 of the ESL.{ As seen
from Table S3 (ESIT), the electron effective masses of f-Cgo-2D
are larger than those of holes, similar to the previously reported
a-Cgo-2D."° Owing to the disparities in the dispersion of valence
and conduction bands of a-Sc;N@Cgy-2D and &'-Sc;N@Cg,-
2D, significant variations are also observed in their effective
masses of electrons and holes. In a-Sc;N@Cgo-2D, the effective
masses of holes are considerably larger than those of electrons.

@ A (b) (©
0.5
Cso
03 0.6{f-Cs02D |
£ [Como %
< 00 028eV @ 03
= B o : CBM
g [HOMO 2 IR [ S R ——
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Fig. 4 Electronic structures of (a) Cgg fullerene, (b) a-Cgp-2D, (c) f-Cgo-2D, (d) ScsN@l,—Cgo fullerene, (e) u-ScsN@Cgo-2D, and (f) «’-ScsN@Cgp-2D.

The Fermi level is set to zero.
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Fig. 5 Optical absorption coefficients of 5-Cgg-2D, a-SczsN@Cgp-2D and
o’-SczsN@Cgo-2D monolayers calculated by the HSE06 functional. The
wavelength range of the visible light region (380-780 nm) is in iridescent
color.

Conversely, the hole effective masses in o’-ScsN@Cgy-2D are smaller
than the electron ones. Both the electron and hole effective masses
of p-Cgp2D are higher than those in a-Sc;N@Cgp2D and o'
Sc;sN@Cgo-2D materials. More importantly, the highest carrier mobi-
lity obtained in the f-Cgo-2D monolayer (5.57 x 10°> em®* V' s ) is
comparable to those of a-Ce2D (1.24 x 10° ecm® V' 571" and
black phosphorene (10°> cm® V" s7").>" Such high electron mobility
can be ascribed to small effective masses and deformation potential
constants of the f-Cg-2D monolayer.

To explore potential optoelectronic applications, the absorp-
tion spectra of these three 2D semiconductors are simulated
and show good absorption intensity from the near-infrared
(NIR) to the ultraviolet (UV) regions, suggesting the usage as
active layers in solar cells (Fig. 5). In particular, a high absorp-
tion coefficient (3.85 x 10° cm™ ') is obtained in the ultraviolet
region, which is comparable to that of the Cg, 2D crystal.>” Such
strong ultraviolet absorption capability can not only be utilized
in wearable devices to resist ultraviolet radiation and prevent
tanning and sunburn, but also holds promise as potential
photocatalysts. Excitingly, f-Cgo-2D exhibits a well-defined
strong absorption characteristic in the wavelength range of
600-750 nm. It overcomes the limitation of the low absorption
coefficient of conventional carbon nanomaterials in the longer
wavelength regime®>** and might be useful for future bio-
medical applications. In addition, for o'-ScsN@Cg,-2D, the
absorption peak along the x direction is stronger than that
along the y direction, suggesting an inherent anisotropic char-
acteristic in light absorption due to the symmetry of the 2D
crystal. This phenomenon shows a pronounced linear dichroism
and implies potential applications in the design of light detection
and new-concept optoelectronic devices.

4. Conclusions

In summary, we have demonstrated that Cg, and its endohedral
derivatives can be used as versatile building blocks to assemble

This journal is © the Owner Societies 2024
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thermodynamically and dynamically stable 2D lattices via cova-
lent bonding with each other. Further analysis indicates that
the initially unstable pristine Cg, cages can polymerize into two
stable monolayer phases (namely, o-Cgy-2D and f-Cgy-2D),
because the bond energy released by the [2+2] cycloaddition
polymerization of Cg, is greater than the deformation energy of
the corresponding cage. Among them, o-Cgy-2D exhibits an
indirect band behavior, while -Cg,-2D is a direct semiconduc-
tor with appreciable carrier mobility and strong absorption
in the long wave range. By incorporating Sc;N clusters into
each Cg, cage, we successfully obtain 2D semiconductors of
0-Sc;N@Cgo-2D and o’-Sc;N@Cgo-2D, which exhibit bistable
states with diverse physical properties, such as distinct band
structures with bandgaps ranging from 0.36 to 0.12 eV, excep-
tional electron transport properties with a mobility from 0.31 x
10° em® V' 57! to 0.17 x 10° em® V7' s, broad optical
absorption from the near-infrared to ultraviolet regimes, and
remarkably strong anisotropic optical adsorption. Further-
more, a temperature-driven order-disorder transition is
observed in the a-Sc;N@Cgy-2D lattice, offering an example of
profound insight into the microscopic mechanism of order-
disorder phase transition in 2D materials. In a word, such
polymeric Cgo monolayers can act as promising “host” materi-
als for diverse endohedral doping, thereby contributing to the
development of optical, ferroelectric, ferromagnetic and other
functional materials. Furthermore, whether o-Sc;N@Cgy-2D
and «’-ScsN@Cgo-2D phases can be transformed through exter-
nal fields, such as electric fields, photoexcitation, is also worthy
of investigation, as this phenomenon holds promise in high-
resolution fast data storage and in-memory computing devices.
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