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two dimensional materials, a DFT
approach†

Long Zhou,a Guanglong Zhang,a Fangyuan Xiu,b Shuwei Xia *a and Liangmin Yua

A series of novel two-dimensional materials inspired from a 4D polytope, tesseract, have been proposed by

density functional theory (DFT) based computations. Both C24X12 and C16X16 (X ¼ O, S and Se) are found to

have great thermodynamic and dynamic stabilities, and C24X12 exhibited excellent thermal stability up to

1000 K. All these 2D crystals are semiconductors with 2.17 eV to 3.35 eV band gaps at the HSE06

theoretical level, except for C24S12 (4.14 eV energy gap). Moreover, the intrinsic pore sizes of C24Se12 are

suitable to sieve He from the He/CH4 mixture, with over 80% separation ratio and nearly 100%

selectivity. Our findings not only enlarged the boundary of the 2D family, but also offered another

potential method to recover helium from natural gas at ambient conditions.
Introduction

Elements of mathematics are widely adopted as the foundation
of natural science. In the realm of chemistry, however, geometry
owns a non-replaceable position, since all the crystal structures
or structural units can nd their geometrical analogs.

Inspired by the aesthetics of geometry, chemists and mate-
rial scientists have long been looking for analogic gures in
compounds or crystals. From hexagon to benzene, from trun-
cated icosahedron to fullerene, from honeycomb to graphene,
signicant breakthroughs in chemistry are tightly connected to
those highly symmetric gures. Thus, it has become a compe-
tition for scientists to synthesize special morphological mate-
rials or design new materials from some attractive patterns.

For example, a Bi2WO6 ower nanostructure grown on
conductive wire mesh substrates was successfully synthesized
as a photocatalyst to improve the separation of photo-generated
electron–hole pairs;1 the large specic surface area (331.3 m2

g�1) and low over-potential of the ower-like FeNi@OCNF
nanostructure made it an excellent candidate as a catalyst for
the oxygen evolution reaction (OER).2 Moreover, thistle-shaped
nano-composites were found to have high performance as
microwave absorbers with broad band features.3–8 Besides,
nanotubes,9–13 nanowires,14–17 nanosheets,18–21 and arrays22–25

were also fabricated to enlarge the boundary.
With the development of density functional theory (DFT)

calculations, efforts have been focused on the prediction of
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novel structures based on geometric patterns. Though 16
different isohedral convex pentagonal tilings have been
discovered so far,26 less than one third of them are predicted in
two-dimensional (2D) materials.27–31 Among them, perfect band
edge position and high carrier mobilities guarantee A2B (A ¼ P,
As, Sb; B ¼ C, Si) family members potential applications in
photocatalytic water splitting and 2D devices.32,33

Till now, this competition is limited below three dimensions.
However, polyhedrons of higher dimensions have been pre-
dicted for a long time,34–36 though they are difficult to imagine.
Compared with the stereographic projection to map a sphere
into the plane, 4D structures can also be understood in a XYZ
system.37

Among these fascinating polytopes, the tesseract (or called
hypercube) has attracted considerable attention since it is much
easier to comprehend, compared to the others. In geometry, it
can be regarded as a result of moving a 3D cube one-unit-length
into the fourth dimension (Fig. 1 is only the static structure),
which contains eight 3D cubes. Although it is impossible to
reproduce all the characters of a tesseract in our three-
dimensional world, the basic double-shell cubic architecture
may be acquired in the molecular level.

A theoretical study about supercubane in 1998 revealed the
possibility to polymerize the molecular cubane groups
together;38 later, a DFT investigation on a bonding cubane to
create a covalent array in 2006 39 via doping or substitution with
donor/acceptor groups further proved the feasibility to expand
such cubic frameworks. Based on these results, an Oh-
symmetric hypercube structure was predicted by DFT calcula-
tions in 2014 (Fig. 1 (b)):40 the double-shell architectured
hypercubane and its peruorinated analog were proved to be
stable, while the removal of the C8 core yielded a hollow
hydrocarbon with a positive electron affinity. Later, the thermal
character41 and substitution effects42 of the hypercubane,
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The structure of (a) tesseract and (b) hypercubane. H and C
atoms are colored in cyan and grey.
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together with the mechanical properties43 of its variant, namely
hypercubyne, were analyzed, which further demonstrated the
stability of the tesseract structure at molecular level.

The successful prediction of hypercubane also encouraged
us to explore the tesseract in two dimensional materials. Since
the experimental realization of graphene in 2004,44 the
boundary of 2D materials realm extended at an amazing speed,
and large numbers of novel nanosheets with atomic thickness
were theoretically predicted and synthesized.45–51 We assume
that the combination of attractive 4D polytopes and 2D mate-
rials may introduce some fascinating properties and further
enlarge their applications.

Herein, by connecting the C8 core with the bridging VIA
group atoms, ve stable two-dimensional materials were pre-
dicted via DFT calculations: except for C24S12, other nanosheets
exhibit semiconducting characters (Eg ¼ 2.17–3.35 eV). More-
over, the perfect pore size of C24Se12 also guarantees its appli-
cation as an excellent molecular sieve to separate He from He/
CH4. Our predictions not only render a way to access the
hypercube structure in two-dimensional world, but also high-
light another possibility to recover helium under ambient
conditions.
Computation methods

Our computations were performed by VASP (Vienna ab initio
simulation package),52 where electron–ion interactions were
described via projector-augmented plane wave;53 generalized
gradient approximation (GGA)54 together with Perdew, Burke
and Ernzerhof (PBE) were also utilized for the calculations. The
DFT-D3 method was adopted for optimal performance.55

The energy cutoff was set to 500 eV with 10�6 eV as the
convergence tolerance for geometry optimizations and elec-
tronic property computations; 7 � 7 � 1 and 11 � 11 � 1
Monkhorst–Pack k-point meshes were utilized to sample a 2D
Brillouin zone for geometry optimizations and band structure
calculations, respectively. A 20 Å vacuum layer in the Z direction
was set to eliminate signicant interactions between adjacent
layers.

To evaluate their dynamic stabilities, the phonon disper-
sions of a 3 � 3 � 1 supercell at the PBE level were calculated by
This journal is © The Royal Society of Chemistry 2020
CASTEP (Cambridge Sequential Total Energy Package).56 Ab
initio molecular dynamics (AIMD) simulations were also per-
formed to verify their thermal stabilities by the VASP code. PBE
functional and NVT canonical ensemble57,58 were used to
anneale these 2 � 2 � 1 supercell up to 1500 K for 10 ps with
a time step of 1.0 fs.

Since the PBE functional tends to underestimate the band
gaps of materials, we recomputed the band structures using the
Heyd–Scuseria–Ernzerhof (HSE06)59 screened-hybrid func-
tional, which has been proved to be a reliable method to predict
electronic and optical properties. In the HSE06 hybrid func-
tional, the expression for the exchange-correlation energy is
given by:

EHSE
XC ¼ 1

4
ESR

X ðmÞ þ 3

4
EPBE;SR

X ðmÞ þ EPBE;LR
X ðmÞ þ EPBE

C (1)

where the short- and long-ranged part of the electron–electron
interactions are labeled as SR and LR, respectively; m represents
the screening parameter to dene the range-separation and
equals to 0.2 in all our calculations.

The possibilities for C24X12 as molecular sieve were deter-
mined via force eld molecular dynamic simulations using
Forcite code. A 25 Å gas chamber with a 2 � 2 � 1 supercell of
C24X12 as the roof and graphene as the bottom was constructed,
and a 35 Å vacuum layer was set upon C24X12 for penetrated gas
to freely move. One hundred helium and methane molecules
were placed into the chamber before MD simulations. Universal
force eld60,61 and NVT ensemble were utilized, and the slab was
kept at 300 K, 400 K and 500 K for 2 ns with a time step of 1.0 fs.
Results and discussion
Geometric structures and chemical bonding analysis

To realize the tesseract structure in two-dimension, we started
from the dehydrogenated cubane (C8 core) and choose different
bridging atoms to connect the vertices with another. Two
factors were considered to select the bridging atoms: (1) the
bridging atom should act as a vertex to form a polyhedron
coordinated structure; (2) the bridged cubane can only be
extended in planar. Thus, atoms with more than three coordi-
nation bonds will be sieved out from our list, since atoms with
four or more coordination bonds could only be as the centroid
rather than a vertex (for example, carbon atoms in methane);
and a three-coordinated bridge atom, such as phosphorus,
would make it less possible to extend the cubane in the XOY
system. Therefore, VIA group atoms became our only choice.

Two different types of nanosheets were constructed
following the rule: C24X12 and C16X16 (X ¼ O, S, and Se) (Fig. 2
and S1†). In C24X12, each C8 shared two bridge chalcogen atoms
with an adjacent C8 core, and six-member rings (C4X2, X ¼ O, S,
and Se) were expected between the neighboring C8 units,
forming P6/MMM symmetric 2D crystals. The lattice parameters
of these monolayers are a ¼ b ¼ 8.85, 9.74 and 10.10 Å, for X ¼
O, S, and Se, respectively. All the C24X12 nanosheets are porous
structures: two types of crown-like pores, with D6h and D3h

symmetries, are formed by three and six C8s (Table 1); in the Z
direction, both the pores resulted from the alternating of six-
RSC Adv., 2020, 10, 8618–8627 | 8619
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Fig. 2 Snapshots of the optimized structures of (a) C24O12 and (b)
C16S16. Oxygen and sulfur atoms are coloured in red and yellow,
respectively.
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member rings (C4X2) and four-member rings (C4). Different
from the C24X12, an eclipsed ethane-like C2X6 unit assists the
extension of C8: one pair of overlapping VIA atoms in the Z
direction acting as bridging atoms connecting the C2X6 unit
with the C8 core; while, the rest two pairs of X atoms are shared
by another two adjacent C2X6 units, forming P4/m symmetry
structures with a ¼ b ¼ 8.68 and 9.14 Å for C16S16 and C16Se16.
Three C2X6 units are enclosed inside a D4h cage with diameters
of 4.49 Å and 4.89 Å for X ¼ S and Se, while surrounded by four
C2h 14-member rings with d ¼ 4.36 Å and 4.47 Å, respectively
(these are the raw diameters of each pore, while results in Table
1 have taken the van der Waals radii of each atom into
consideration).

Aer extending into two-dimension, the C–C bond in the C8

core is enlarged slightly from 1.57 Å of cubane (Table 1). This is
mainly due to the stronger electron-withdrawing ability intro-
duced by the higher electronegativity of oxygen and sulfur
atoms. However, the C–C–C bond angle in all these nanosheets
remained a perfect 90�, which is inherited from the stability of
the cubane.65,66 Compared to their counterparts of dimethyl
compounds, the corresponding C–X bonds shrink a little in
C24X12, while elongate in C16X16, indicating the stronger
bonding character of the former with better stability.

Though the bond lengths in C24X12 and C16X16 exhibited
single bond character, electron localization function was also
Table 1 Structural parameters for C24X12 and C16X16
a

C–C/Å C–X/Å
C–C–X/�

(along XOY direction)
C–C–X
(along

C24O12 1.58 1.39 129.1 121.3
C24S12 1.58 1.77 128.6 125.4
C24Se12 1.57 1.93 127.9 126.9
C16S16 1.59 1.85 130.0 124.5
C16Se16 1.58 2.07 121.4 126.7
Cubane 1.57 — — —
CH3OCH3 — 1.41 — —
CH3SCH3 — 1.81 — —
CH3SeCH3 — 1.94 — —

a Cubane, methyl ether, dimethylsulde and methyl selenide were optimiz
der Waals radius of corresponding atoms were taken into consideration t

8620 | RSC Adv., 2020, 10, 8618–8627
performed for better understanding of their binding nature
(Fig. 3 and S2†). High ELF values between the adjacent carbon
atoms and C/X atoms demonstrate signicant single bond
character (Section 2 in Fig. 3); relatively high ELF values around
X atoms illustrate the existence of lone-pair electrons. Thus, all
the atoms are sp3 hybridized with only s bonds expected in
these 2D monolayers.

Thermodynamic, dynamic and thermal stabilities

To examine the thermodynamic stability of C24X12 and C16X16,
binding energies (Eb) were rst calculated based on the
following equation:

Eb ¼ (nEC + mEX � ECnXm
)/(m + n) (2)

where EC/X and ECnXm
are the total energies of a single atom and

tesseract-contained monolayers. According to this denition,
a more positive Eb value indicates a more thermodynamically
stable structure. C24X12 exhibited a much higher binding energy
than the majority of the two-dimensional materials (Table 1),
such as phosphorene (3.61 eV per atom),67 silicene (3.94 eV per
atom)68 at the same theoretical level; such high binding energies
of the CnXm monolayers are reliable evidences for their strong
intralayer bonding interactions, which mainly originate from
the unusually high decomposition energy of cubane.

The kinetic stabilities of these monolayers were tested by
phonon spectra (Fig. 4). No signicant so phonon modes are
available in those spectra, demonstrating their excellent kinetic
stabilities. Encouragingly, the highest frequencies of these
monolayers are over 1000 cm�1, higher than most of the single
element and bi-element 2D materials (except graphene
(1600 cm�1) and h-BN (1350 cm�1)),69 such as MoS2 (473 cm�1),
WS2 (�450 cm�1),70 penta-P2C (�800 cm�1),71 and phosphorene
(450 cm�1),72 indicating their robust C–C and C–X bonds.

Moreover, their thermal stabilities were further evaluated via
AIMD simulations. Three individual MD simulations were per-
formed at the temperatures of 500 K, 1000 K and 1500 K with a 2
� 2 � 1 supercell (Fig. S3 and S4†). The C24X12 monolayers do
not collapse under 10 ps simulations up to 1000 K, while huge
defects emerge in the 14-member-ring for both the C16S16 and
C16Se16 at 1000 K, demonstrating their inferior thermal
/�

Z direction) C–X–C/�
Pore size
1/Å

Pore size
2/Å

Eb eV
per atom

109.2 0.58 3.32 6.18
100.0 0.91 3.27 5.71
97.4 0.90 3.20 5.38
106.6 0.90 0.71 4.97
102.7 1.01 0.69 4.54
— — — —
112.7 — — —
108.7 — — —
110.3 — — —

ed under B3LYP/6-311G+ (d, p) theoretical level62,63 in Gaussian 09,64 van
o calculate pore sizes.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10696k


Fig. 3 ELF of (a) C24O12 and (b) C16S16.
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View Article Online
stabilities, and this is also in accordance with the binding
energy results. All those reveal that the tesseract containing 2D
monolayers have relatively good thermal stabilities and can
maintain their structural integrities under ambient conditions.

The above results demonstrate the excellent stabilities of
C24X12 and C16X16, thermodynamically, kinetically and ther-
mally; thus, these nanosheets are possible to be realized
experimentally. Therefore, we also proposed several potential
approaches to synthesize them (Table 2), expecting their
successful experimental synthesis in the near future.
Electronic properties

To investigate their electronic properties, the band structures of
C24X12 and C16X16 were rst computed at the GGA/PBE theoretical
This journal is © The Royal Society of Chemistry 2020
level (Fig. S5†). All monolayers exhibited semiconducting char-
acters with the C24Se12 and C16S16 having 2.25 and 1.70 eV indi-
rect bandgaps, respectively, while the rest three nanosheets have
2.27 (C24O12), 3.02 eV (C24S12) and 1.17 eV (C16Se16) direct
bandgaps. Both the valence band maximum (VBM) and conduc-
tion band minimum (CBM) for C24O12, C24S12 and C16Se16 are
located at the G point; the VBM for C24Se12 is located at the K
point, and CBM at G point, while the VBM for C16S16 is at the G

point, and the CBM is located at the M point. The analysis of the
partial density of states revealed that both the VBM and CBM for
C24X12 are primarily contributed by the C-2p and X-p orbitals,
while the VBMs for C16X16 are almost contributed by the X-p
orbital, CBM by the C-2p and X-p orbitals.

Since the GGA/PBE method trends to underestimate the
bandgap of semiconductors, the Heyd–Scuseria–Ernzerhof
RSC Adv., 2020, 10, 8618–8627 | 8621
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Fig. 4 Phonon band dispersion of CnXm, which exhibits high kinetic stability.

Table 2 Possible approaches to experimentally realize C24X12 and C16X16

Nanosheet Possible realization approach

C24O12 Laser irradiation of cubane under O2 atmosphere
C24S12 Heat cubane with melt sulfur
C16S16 Microwave heating the mixture of cubane, S/Se and carbon disulde or carbon diselenide
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(HSE06) hybrid functional is chosen to recalculate the band
structure. Compared to GGA, the bandgap of all the ve
monolayers are enlarged (from 2.17 to 4.14 eV in Fig. 5), while
no signicant change in the band structures are observed,
except for the VBM of C24Se12 moved from the K point to the
middle of the K and G points.

According to the bandgap results under the HSE06 level, the
huge gap for C24X12 made it less possible to be effective elec-
tronic devices; though C16X16 have an appropriate bandgap, the
fairly at VBM and CBM will introduce huge effective mass of
carriers, also making it unsuitable to be applied as electronic
device or photocatalyst. Thus, another path for the application
of these monolayers, molecular sieve, was considered.
8622 | RSC Adv., 2020, 10, 8618–8627
Molecular sieve

Due to the intrinsic porous structure of C24X12 and C16X16, their
applications as molecular sieve were considered. For C24X12, the
diameters of the smaller pores are ranged from 3.78 to 4.56 Å;
though bigger than the majority of gas molecules, it is impos-
sible for the molecules to pass through considering the electron
densities around the pores (Fig. 6(b), 7(b) and S7(b),† iso value
¼ 0.05), similar to the impenetrable nature of graphene.73–76

Thus, the C16X16 nanosheets are also beyond our considerations
(Fig. S6†). Therefore, hollow 2 in C24X12 becomes the only
possible channel.

As one of the most valuable noble gas in the industry, helium
is widely applied in the superconductor and space industries;77
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Band structures of C24X12 and C16X16 computed by HSE06 and corresponding Brillouin zone path.
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He is also a critical resource for future controllable nuclear
fusion. Though huge reserves have been prospected on the
Moon,78–83 great challenges and expends still withdraw this
inter-planet mining.84,85 Among its preparation methods avail-
able so far, the separation of He from natural gas is one of the
best choices;86 however, such condensation approach is also
greatly energy consuming. Thus, different membranes viz,
polymeric87 or zeolite88 frameworks were developed to recover
He from the natural gas under ambient conditions, but the
toxicity of metal ions and less stability make them less
favorable.

The possibilities for C24X12 to separate helium from methane
were evaluated through energetic barrier and MD simulations.
For C24O12, the energy barrier for He to penetrate hollow 2 is only
0.6 meV, while that for CH4 is 79 meV (Fig. S7(c) and (d)†).
Though these values are incomparable, such small barriers
wouldmake both gasmolecules easily pass through the pore.MD
simulation results (Fig. S7(e), (f) and S8†) also revealed that it is
impossible to separate the He/CH4 mixture upon C24O12.

Different from C24O12, the energetic barriers for He to pass
the hole of C24S12 and C24Se12 are 25.9 and 28.1 meV, respec-
tively, while those for CH4 are 617 and 554 meV (Fig. 6(c), (d),
7(c) and (d)), illustrating that tiny perturbation from the outer
system will make He move from one side to another; however,
much more energies would be required for CH4 to penetrate.

Since the possibilities to sieve He from the He/CH4 mixture
were initially veried by energetic barriers, MD simulations
This journal is © The Royal Society of Chemistry 2020
were further utilized to evaluate the performance of the
separation. The mixture of one hundred He and CH4 mole-
cules were placed into a 25 Å height chamber 1 composed with
C24X12 and graphene as its roof and bottom. Aer 2 ns MD
simulations, almost pure helium could be expected in
chamber 2 of C24S12 and C24Se12 under ambient conditions
(Fig. S9 and S10†).

The separation ratios of He/CH4 upon C24S12 and C24Se12
were analyzed through the distribution of two types of mole-
cules in the slab model (summarized in Table 3). For C24S12, the
ratio of He in chamber 2 is largely reduced with the rise in
temperature, while that for CH4 increases a little. Compared to
that of C24S12, the ratio for He in chamber 2 of C24Se12 remains
almost constant (over 80%) with the increase in temperature
and the ratio for CH4 remains at zero.

Two possible reasons could explain this phenomenon:
considering the VDW (van der Waals) radius of sulfur (1.80 Å)
and selenium (1.90 Å), the adjusted effective diameters of
hollow 2 are 3.27 and 3.20 Å, respectively, for C24S12 and
C24Se12. The bigger pore size of C24S12 will make the CH4

molecules easier to move into the center of the 18-member ring
than C24Se12. However, the energy for CH4 to leave the center of
C24S12 is 382 meV, 13 meV larger than that of C24Se12. Thus,
though methane molecules can easily get into the cage of both
C24S12 and C24Se12, it is more possible for CH4 to be trapped
inside the hollow 2 of C24S12 (veried by more CH4 molecules in
the center of the C24S12 holes aer MD simulations (Fig. S9 and
RSC Adv., 2020, 10, 8618–8627 | 8623

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10696k


Fig. 6 (a) Structure and (b) electron density of C24S12; energetic scan of (c) He and (d) methane pass through hollow 2, the surface of all 18-
member-ring centers is set as zero; distribution of (e) He and (f) CH4 after 2 ns MD simulations at 300 K, 400 K and 500 K.
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S10†)), forming a gas-host system. Moreover, the electronega-
tivity of sulfur is bigger than that of selenium; therefore,
stronger hydrogen bonds can be expected to stabilize the gas-
host system for C24S12 than C24Se12 aer the entrance of
methane into the hole (Table S1,† acquired from the optimized
structures of CH4@C24S12/C24Se12 in Fig. S11†), leading to the
xation of CH4 inside the pore rather than leaving or
penetration.
8624 | RSC Adv., 2020, 10, 8618–8627
Conclusion

We have proposed a series of 2D nanosheets containing the unit
of 4D polytope, tesseract, namely C24X12 and C16X16 (X ¼ O, S
and Se). Thermodynamic, kinetic and thermal stabilities were
veried by binding energies, phonon dispersion and MD
simulations: their excellent stabilities were found to largely
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Structure and (b) electron density of C24Se12; energetic scan of (c) He and (d) methane pass through hollow 2; distribution of (e) He and
(f) CH4 after 2 ns MD simulations at 300 K, 400 K and 500 K. Se atom is coloured in orange.

Table 3 Separation ratio of He/CH4 upon C24X12

C24O12 C24S12 C24Se12

He CH4 He CH4 He CH4

300 K 32% 30% 82% 0% 82% 0%
400 K 68% 42% 36% 0% 85% 0%
500 K 66% 50% 21% 1% 84% 0%

This journal is © The Royal Society of Chemistry 2020
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originate from the unusual stability of cubane. All these
monolayers exhibited semiconducting characters with 2.17 to
3.35 eV bandgaps, except for the insulator nature of C24S12
(4.14 eV gap). The fairly at VBM and CBM make these 2D
crystals less probable in the applications of electronic devices
and photocatalyst. However, over 80% separation ratio of He
from the He/CH4 mixture upon C24Se12 and high selectivity will
RSC Adv., 2020, 10, 8618–8627 | 8625
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make it one of the best candidates as a molecular sieve. This
study not only proved the possibility to design novel 2D mate-
rials from the prototype of 4D polytopes, extending the realm of
the 2D family, but also explored their potential applications. We
believe this work would motivate experimental pioneers to
realize them in the very near future.
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