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Abstract
Twisted graphene, including magic angle graphene, has attracted extensive attentions for its
novel properties recently. However, twisted graphene is intrinsically unstable and this will
obstruct their application in practice, especially for twisted nano graphene. The twist angles
between adjacent layers will change spontaneously. This relaxation process will be accelerated
under heat and strain. To solve this problem, we propose a strategy of pillaring twisted graphene
by organic linkers in theory. The necessity and feasibility of this strategy is proved by numerical
calculation.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Few-layer graphene has been intensively studied for its
variable electronic properties in recent years. AB stacking is
the most stable and natural arrangement mode in two-layer
graphene. All other structures are metastable and unstable.
Graphite and multi-layer graphene are generally ABA (Ber-
nal) or ABC (rhombohedral) stacked, in which the former is
stable and the later one is metastable structure.

Relative rotation between graphene layers is quite com-
mon and it usually results in twisted graphene [1]. A remark-
able feature of twisted graphene is two-dimensional Moiré
superlattice, what appares periodic arrangement of AA, AB and
BA stacking regions, shown as figure 1(b). Twisted bilayer
graphenes with twist angles of 0° and 60°, illustrated as
figures 1(a) and (c), are equivalent to AB and AA stacked
bilayer graphenes, respectively. Energy band structure of
twisted bilayer graphene tuned by interlayer coupling was
numerically studied by J M B L Dos Santos et al [2]. Then R

Bistritzer et al predicted theoretically in 2010 that twisted
bilayer graphene with twist angles taking a series of very small
particular values will emerge some unknown properties [3].
This prediction was confirmed by Yuan Cao et al experimen-
tally for the first time in 2018 by discovering low-temperature
superconductivity of this material [4, 5]. This twisted graphene
is specially named as magic angle graphene. Twisted bilayer
graphene has many unique physicochemical properties and
corresponding applications, such as correlated insulating and
superconducting states, ferromagnetic state [6], enhanced
optical absorption [7], tunable bandgap [8], and lithium inter-
calation and diffusion [9]. Haoxin Zhou et al reported super-
conductivity in rhombohedral trilayer graphene [10].
Unconventional superconductivity in magic-angle twisted tri-
layer graphene was prove by Ammon Fischer et al [11].

Up to now, researches on twisted graphene or twisted
Van der Waals heterojunction materials are mostly on the
bulk properties of macro materials, instead of the properties of
nanoscale materials or edges. Experiment and theoretical
calculation show that the edge of twisted graphene has
metallic transport and the bulk is insulating [12, 13].
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Sumandeep Kaur et al revealed by calculation that graphene-
based nanoflake heterostructures has potential in photonics
and quantum technologies [7]. Twisted nano graphene may
have more abundant and adjustable properties.

2. Instability of twisted nano graphene

Graphene layers are linked together by very weak Van der
Waals interactions. This leads to the relative translation and
rotation between graphene layers very easily under heat and
strain. The easy sliding property between graphene layers is
called superlubricity, which has been proved by a large
number of experiments and theories [14, 15]. Thermal and
strain instability of twisted graphene have been proved by
many experiments. Rotation of graphene flakes on graphite
was demonstrated both experimentally and theoretically by A
E Filippov et al in 2008 [16]. Xiaofeng Feng et al found that
graphene nano flakes show facile translational and rotational
motions at temperature as low as 5 K [17]. Soumendu Bagchi
et al study the rotational stability of twisted bilayer nano
graphene of different size under different temperature with
large-scale molecular dynamics simulations using LAMMPS.
They proved in theory that nano graphene is easy to rotate on
graphene under heat and strain. The potential barriers
decrease gradually with the size of nano graphene increase.
But the rotational dynamics process is slowed down by the
increased number of atoms, resulting in slower rotational
relaxation [18]. Andrea Silva et al calculated energy per atom
as a function of the twisted angle, proving unstability of
twisted Van der Waals heterojunctions [19].

The structure of twisted bilayer nano graphene was
optimized by numerical calculation, with its internal energy
obtained in the same time. Twisted graphene always translate
into stable (AB stacking) or metastable states as long as
degrees of freedom are all opened in locally structural
optimization. Therefore, locally relaxation of atoms in plane
directions of the graphene layers is forbidden in following
calculations, just as literature [20]. Models of hexagonal nano
graphene sheets with armchair edges saturated with hydrogen
atoms are used here. Each layer of the twisted nano graphenes

contains 13, 61, 145, 265, 421 and 613 carbon atoms,
respectively. We use the semi-empirical self-consistent-field
method PM6-D3H4 as implemented in the quantum chem-
istry code ‘MOPAC 2016’ [21, 22]. Formation heat per atom
is defined as final heat of formation of the system divided by
number of all the atoms, including carbon and hydrogen
atoms. Material with high energy will release heat and
translate into low energy structure. In this relaxation process,
a certain lattice deformation barrier of graphene needs to be
overcome. Figures 2(a)–(f) shows relationship curves of for-
mation heats per atom of twisted bilayer nano graphene to
twist angles ranging from 0° to 60°, with corresponding
schematic diagrams of single-layer graphene shown in the
background. As can be seen from figure 2, twisted nano
graphene with twisted angle varies from 0° to 60° has no
translational symmetry as macro graphene, and the shape and
edge will also introduce symmetry destruction, which leads to
in-plane asymmetry and angle asymmetry. Relationship
curves with twist angles of over 60° are symmetrical to the
curves between 0° and 60°. It can be concluded from figure 2
that twisted graphene has one stable state when the twist angle
is 0° (AB stacking), with several metastable states char-
acterized by low energy barriers in the same time. Energy
barrier is the potential energy that the system needs to over-
come from metastable to steady state. Formation heats per
atom of these AB stacked twisted nano graphenes are 23.25
kJ mol−1, 14 .06 kJ mol−1, 11 .72 kJ mol−1, 10 .54
kJ mol−1, 9.82 kJ mol−1 and 9.33 kJ mol−1, respectively.
Maximum potential barrier of the corresponding twisted
graphenes with different twist angles are 1.03 kJ mol−1, 0.09
kJ mol−1, 0.08 kJ mol−1, 0.07 kJ mol−1, 0.06 kJ mol−1 and
0.05 kJ mol−1, respectively. Above data indicated larger
twisted nano graphenes are more stable. Smaller changes of
formation heat leads to slowly relaxation process of lattice
structure in graphene layer while the twist angle varies. This
caused mistaken of some experimental researchers to insist
that twist graphene is stable. In fact, twist angles will change
significantly in long term storage, especially under thermal
condition and strain. This annealing process is especially fast
for small sized twisted graphene nanoflakes.

Figure 1. Schematic diagrams of AB (a), AA (c) stacked bilayer nano graphene and twisted bilayer nano graphene (b).
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3. Stability of twisted nano graphene pillared by
organic linkers

As early as 2010, Taner Yildirim et al prepared graphene
frameworks pillared by organic linkers for hydrogen storage
[23]. A variety of organic linkers pillared graphene and gra-
phite materials have been developed and discussed in theory
since then. These materials are generally called pillared gra-
phene [24].

Here, we suggest the strategy of graphene pillared by
organic linkers can be introduce to twisted graphene for long
term thermal and strain stabilities.

We calculated formation heat per atom of twisted bilayer
nano graphene without and with organic linkers pillaring. The
twist angle is 21.79° and each layer is comprised of 613
carbon atoms and 69 hydrogen atoms. Three p-phenylenes are
perpendicular to graphene layers at symmetrical AA stacking
sites. It is easy to be inferred from figure 3(a) that twisted
graphene with a twist angle of 21.79° will spontaneously
decrease its twist angle. In contrast, twist angle of twisted
graphene pillared by p-phenylenes is unchangeable. External
energy disturbances, both heat and strain, will not change it. It
will cause elastically deformation of the covalent bonds
connecting the organic linkers and graphene layers whether

Figure 2. Formation heat per atom of twisted bilayer nano graphene containing 22 (a), 82 (b), 178 (c), 310 (d), 478 (e) and 682 (f) atoms each
layer as a function of twist angle. Schematic diagrams of the nano graphenes are shown as background in each diagram.

Figure 3. Formation heat per atom as a function of twist angle of twisted graphene without (a) and with (b) p-phenylenes pillaring. Schematic
diagrams of the twisted nano graphenes are shown as background in each diagram.
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increase or decrease the twist angle. Energy per atom of
twisted graphene varies with the angles, as shown in figure 2.
Zhang et al proved this experimentally [25]. As shown in
figure 3, formation heat per atom increases 0.1 kJ mol−1 when
twisted angle of twisted nano graphene pillared by three
p-phenylenes reduced from 21.79° to 21.65°. When it comes
to unpillared twisted nano graphene, formation heat per atom
decreases 0.0002 kJ mol−1. The former is 500 times of the
latter. This means that the deformation energy of the three
p-phenylenes is enough to compensate for the energy loss of
rotation of twisted nano graphene with an area 500 times of
ones in figure 3. In other words, three p-phenylenes can stable
twisted graphene with diameter of 105 nm.

It should be noticed that pillaring twisted graphene by
organic linkers will increase spacing between graphene layers
and therefor weaken the interlayer coupling. Interlayer dis-
tance of twisted bilayer nano graphene with three
p-phenylenes pillaring are 0.77 nm, while natural interlayer
distance of twist graphene is only 0.34 nm. Fortunately,
interlayer coupling of twisted graphene has a wide range of

interaction distance. In 2018, an experiment showed that the
interlayer coupling distance of twisted bilayer graphene
reached up to at least 1.66 nm [26]. Interlayer coupling of
twisted graphene has strong robustness in distance.

Analysis of electronic distribution and electronic prop-
erties of magic angle graphene by local charge density is
performed by Yuan Cao et al [4]. The calculated local density
of states, or local charge density in another word, obtained by
numerical calculations are consistent with the TEM images.
The electron density of one graphene sheet is strongly con-
centrated in the regions with AA stacking and depleted in the
AB and BA stacked regions.

Net atomic charge of each atom of the former studied
twisted nano graphene is calculated by MOPAC 2016. Prop-
erties of materials are the functional of its electron density in
density functional theory. While charge density in turn is a
function of the atomic net charge distribution. Schematic dia-
grams of the twisted nano graphene are shown in figure 3(a).
Distribution of net atomic charges is consistent with literatures
[4], that is charge density of AA stacking regions is greater than

Figure 4. Formation heat per atom (a) and net charge of AA stacking carbon atom (b) as a function of interlayer distance of twisted bilayer
nano graphene with twist angle of 21.79°.

Figure 5. (a) Positions of center carbon atom (blue colored) and connecting points (orange colored) of graphene and p-phenylenes. (b) Net
charge of center carbon atom changes with its distance from connecting points.
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AB and BA stacking regions. Formation heat per atom and net
charge of AA stacking atom in the center of nano graphene as
functions of interlayer distance of twisted bilayer nano gra-
phene are shown in figures 4(a) and (b), respectively. Total
energy of twisted graphene changes slowly when distance
between graphene layers is around 1 nm. It indicated Van der
Waals interaction between graphene layers has become very
weak at this distance. But net atomic charge of the center
carbon atom still changes obviously, as shown in figure 4(b),
indicating strong interlayer coupling of electrons.

It can be seen from figure 5 that organic linkers will
affect electron distribution of twisted graphene. Organic lin-
kers will change local graphene structure around connecting
points of them and graphene sheets. Besides, different organic
groups have different characters of donating or withdrawing
electrons [27]. Besides, the edge of graphene will also change
the charge distributions [12, 13]. The effect on net atomic
charges is weak enough to be ignored when the distance from
connection points is longer than 3 nm.

4. Conclusion and future perspective

In this paper, the intrinsic instability of twisted graphene is
proved by numerical simulation, and it is discovered that
small-size twisted nano graphene is more instable. Twisted
graphene can be pillared by organic linkers to solve the
problems of long-term instability, thermal instability and
strain instability, while retaining interlayer coupling of elec-
trons. This makes application of twisted graphene, especially
for twisted nano graphene, in practice possible.

P-phenylene was chosen here to prove the feasibility of
stabilizing twisted graphene by organic linkers. Many other
groups can be used to stabilize twisted graphene through
covalent bond, hydrogen bond or coordination bond. Hydroxyl-
functionalized graphene, as a common kind of graphene oxide,
can be used to prepare twisted graphene. Twisted graphene
linked by hydrogen bonds between hydroxyls will be stable
enough under heat and strain. Only the case that the organic
linkers are perpendicular to the graphene layers is calculated
here. In fact, as long as the lengths and angles of organic pillars
meet a certain symmetry or conform to Gaussian distribution,
their influence on the twisted graphene would offset each other,
keeping the twisted graphene parallel and stable. This condition
will be met naturally for twisted graphene large enough.

The above demonstration of the feasibility of organic
linkers pillared twisted bilayer graphene can be extended to
the cases of twisted multilayer graphene and Van der Waals
heterojunction. Twisted bilayer Van der Waals heterojunction
is comprised of two layers of different material, such as one
graphene flake pasted on a hexagonal boron nitride sheet,
combined by Van der Waals interaction with a twist angle. It
has some novel properties, and is also thermal, strain unstable
just like twisted bilayer graphene [28, 29]. Organic linkers
pillaring will also work on twisted Van der Waals hetero-
junction in the same way.

Organic linkers pillaring enables Van der Waals homo-
junction or heterojunction to exist and work stably in solution

under high temperature and complex mechanical environ-
ments for long term. Besides, high tunability of interlayer
spacing increases the tunability of properties and range of
applications. Many materials can be inserted between layers
[9], expanding the possible properties, applications and tun-
able range. Main disadvantages of organic linkers pillaring is
organic linkers will disturb electron distribution of 2D
materials within a certain range. The connection process is
also difficult.
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