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ABSTRACT: The mechanism of translation symmetry breakdown in newly
proposed low-dimensional carbon pentagon-constituted nanostructures (e.g.,
pentagraphene) with multiple sp2/sp3 sublattices was studied by GGA DFT,
DFTB, and model potential approaches. It was found that ﬁnite nanoclusters suﬀer
strong uniform unit cell bending followed by breaking of crystalline lattice linear
translation invariance caused by structural mechanical stress. It was shown that 2D
sp2/sp3 nanostructures are correlated transition states between two symmetrically
equivalent bent structures. At DFT level of theory the distortion energy of the
ﬂakes (7.5 × 10−2 eV/atom) is much higher the energy of dynamical stabilization of
graphene. Strong mechanical stress prevents stabilization of the nanoclusters on
any type of supports by either van der Waals or covalent bonding and should lead
to formation of pentatubes, nanorings, or nanofoams rather than inﬁnite
nanoribbons or nanosheets. Formation of two-layered pentagraphene structures
leads to compensation of the stress and stabilization of ﬂat ﬁnite pentaﬂakes.
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third sublattice is formed by one central sp3 carbon,1 silicon,2
boron, or nitrogen3 atoms, which merge the entire structures.
The carbon/nitrogen/boron dimer sublattices are mutually
perpendicular to each other and may create uncompensated
structural stresses caused by the symmetry of the unit cells.
In contrast with isotropic hexagonal graphene and h-BN, for
symmetry anisotropic low-dimensional MgBx fullerenes and
nanotubes,6,7 zigzag h-BN, SiC and single-side ﬂuorinated
graphene nanoribbons8 and CF2 nanoshells,9 the bending
eﬀects of the structural units by uncompensated mechanical
stress have been already observed. For example, unilateral
ﬂuorination of the carbon lattice causes structural asymmetry
and signiﬁcant energy ﬁrst derivative in the vicinity of zero
curvature of C2F layer.9 Uncompensated structural stress of ﬂat
C2F layer creates ﬁnite internal bending torque and large ﬁnal
curvature of the sheet making formation of CxF polygonal
nanotubes energetically favorable.
The eﬀect of lowering symmetry is very common in
chemistry and material science (see, for example ref 10) and
can be caused by diﬀerent reasons. In general, to reveal true
symmetry of a molecule or solid one should drop symmetry

ecently, a number of pentagon-constituted perfect 2D
nanostructures of mixed sp 2−sp 3 hybridization of
constituted atoms (see for example, pentagraphene,1 pentagonal silicon dicarbide pSiC2,2 pentagonal p-B2N4, p-B4N2, and pAgN33) with multiple sublattices were theoretically introduced
using periodic boundary conditions (PBC) GGA DFT
electronic structure calculations. 2D pentagraphene, pSiC2,
and p-B2N4 have three-layer-thick structure and resemble Cairo
pentagonal tilling with central sp3 carbon,1 silicon,2 or boron3
sublattice and two perpendicular symmetrically nonequivalent
sp2 carbon,1,2 nitrogen3 dimers (trimers in the case of p-AgN3)
sublattices located in top and bottom layers.
In particular, the atomic and electronic structure and stability
of pentagraphene1 (Figure 1a,b) were studied by electronic
structure calculations and ab initio molecular dynamics
simulations using PBC PW GGA DFT approach. Pentagraphene can be designed by exfoliation of one unit cell-thick ﬁlm
from T12-carbon.4 Pentagon-based carbon nanotubes, formed
by rolling of pentagraphene and multilayered T12-carbon ﬁlms
composed by two and four unit cells in (001) direction proved
to be structurally stable as well. In contrast with graphene,5
pentagraphene (Figure 1), pSiC2, p-B2N4, and p-B4N2 have
nonzero thickness (1.2 Å for pentagraphene1 and 1.3 Å for
pSiC22) and consist of three sublattices, with two top and
bottom ones composed by mutually perpendicular dimers. The
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The periodic boundary approach, which is an implementation
of translation symmetry for solid state physics,11 linearly
multiplies images of the unit cells along speciﬁc crystallographic
directions. Previously, it was shown that linear translation
symmetry is not suitable to reproduce curved low-dimensional
nanoclusters, which suﬀer the lack of translation symmetry.8
Because the phonons are collective excitations in a linear
periodic elastic arrangement of atoms or molecules, for curved
nanostructures the calculations of phonon frequencies cannot
prove whether or not an extreme point on potential energy
surface is a local or global minimum, but not a transition state,
conical intersection, or higher order saddle point. The only way
to reveal true symmetry for potentially curved nanostructures is
to drop translation symmetry and calculate ﬁnite clusters of
arbitrary dimensions.8
To study the atomic and electronic structure of pentagraphene and pSiC2 nanoclusters (ﬂakes, nanorings, nanotubes,
and two-layered ﬂakes, Figures 2, 3, and 4), ab initio GGA DFT
PBE12 calculations of ﬁnite clusters with standard normconserving pseudopotentials, ﬂexible numerical LCAO multiple
zeta + polarization orbital basis sets were used. The real-space
mesh cutoﬀ was set to 175 Ry. For the sake of comparison a set
of pristine 2D pentagraphene, two-layered 2D pentagraphene
and 14 perfect 1D pentatubes (direct (3,3) and (4,4)
pentatubes, and both direct and inverted (5,5), (6,6), (7,7)

Figure 1. Top (a) and side (b) projections of 2D pentagraphene and
1D pentaribbon (c, d) calculated using PBC approach. Carbon atoms
of sp3 sublattice are depicted in red, the sp2 carbon dimers of the top
and bottom subblattices are depicted in blue, the unit cells of
pentagraphene and pentaribbon are marked by green rectangles.

restrictions to avoid artiﬁcial symmetry constraints (in
particular this technique is realized for Hessian evaluation).

Figure 2. (a), (b), and (c) Top and two side views of pentagraphene C72H28 ﬂake. (d), (e), and (f): Top and two side views of pentagraphene C52
ﬂake, the main building block of pentarings and pentatubes. (g) and (h) (8,8) pentaring in two projections. The cutaway (h) is presented for
clariﬁcation of the structure (i): MM+ optimized structure of ﬁnite pentagraphene nanoribbon C400 of 20 unit cell length and 7.3 Å width. Carbon
atoms are depicted in black; hydrogen atoms are depicted in green.
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Figure 3. (a), (b) Side and top views of the most stable direct pentatube (7,7) with inner dimers parallel to the tube axis. A cross section (a) of the
nanotube is presented for simplicity. The main building block of the nanotube consisting of seven pentagraphene unit cells is marked by green
rectangular. (c) Relative DFT binding energies per atom (Eb) of direct (3,3)−(10,10) (red parts of the curves) and inverted (5,5)−(10,10) (blue
parts) pentatubes rolled along X (top carbon dimers) and Y (bottom carbon dimmers) directions. (d) Relative DFTB binding energies per atom
(Eb) of direct (3,3)−(360,360) (in red) and inverted (in blue) (4,4)−(360,360) pentatubes rolled along X (top carbon dimers) and Y (bottom
carbon dimmers) directions. Crossings of red and blue parts of X and Y wings of potential energy surfaces correspond to pentagraphene with zero
curvature (panel c). The X and Y orientations of the pentatube rolling are presented for clarity. X and Y directions and perpendicular cross sections
of both direct and inverted pentatubes are presented at left and right of panels c and d. The binding energy of graphene at GGA DFT PBC and
DFTB levels of theory are taken as references (Eb = 0 eV). Eb of pentagraphene is equal to 0.86 and 1.01 eV/atom for DFT and DFTB levels of
theory, respectively.

Figure 4. (a), (b), (c) Bilayered AB pentagraphene ﬂake C158H108, top and two side views, respectively. (d), (e): Unit cell and band structure of
bilayered AB pentagraphene. Carbon atoms are depicted in black; hydrogen atoms are depicted in green.

code.14 In addition, an extended pentagraphene nanoribbon
C400 of 20 unit cell length and 7.3 Å width (Figure 1c,d) was
optimized using classical MM+ potential (Figure 2i).
In order to obtain a broader picture of the potential energy
landscape, especially in the vicinity of the hypothetical planar
pentagraphene, one needs to explore it at very small curvatures.
This is unaﬀordable for DFT, due to exceedingly large number
of atoms in the unit cell. To address this, we additionally
performed the energy computations within density functional
tight binding (DFTB) approximation,15 augmented by a
symmetry-adapted scheme for the electronic systems,16 as

(8,8), (9,9), and (10,10) pentatubes, the details of the atomic
structure are described below) were calculated using PBC GGA
DFT approach. 0D, 1D, and 2D system was separated from its
periodic images by a vacuum distance of 10 Å. To calculate the
equilibrium atomic structures, the Brillouin zone was sampled
according to the Monkhorst−Pack scheme13 with a k-points
density of 0.06 Å−1. In the course of the atomic structure
minimization, structural relaxation was carried out until the
change in total energy was less than 10−4 eV, or forces acting on
each atom were less than 10−3 eV Å−1. The atomic and
electronic structure calculations were carried out by SIESTA
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The (n,n) pentatubes1 (Figure 3a,b) can be designed by
rolling up the pentagraphene plane along chiral vectors n = m in
X and Y in-plane directions (coordinate system is represented
in Figure 1, each direction is parallel to one set of the dimers).
Also, the direction of rolling along Z orientation can be positive
or negative. Both top and bottom sides of pentagraphene are
structurally equivalent and each way of rolling can produce two
types of pentatubes with inner dimers parallel (direct
pentatube, Figure 3b,c,d) or perpendicular (inverted type,
Figure 3c,d) to the main axis of the pentatube. So,
pentagraphene can be rolled into two (direct and inverted)
types of pentatubes oriented along two perpendicular X and Y
directions above or below the X−Y plane, respectively.
The unit cell of the most stable direct (7,7) pentatube
consists of C84 ring. In order to estimate the energetic stability
of pentagraphene structures, the corresponding formation
energies per carbon atom were calculated in accordance with
the formula

pioneered in ref 17. The planar pentagraphene and two sets of
pentatubes (one can ﬁnd the structural details below) with
indexes from (3,3) to (360,360) were calculated using DFTB
code, described in refs 15 and 18. The lattice constant for PBC
DFTB calculations was equal to 5.148 Å. For all calculations,
the same C12 unit cell was used. To design all pentatubes, the
rotary symmetry was applied for circumference multiplication
of the unit cells with bending angles equal to (360°/n), where n
is a nanotube index. For example, for energy preferable (7,7)
pentatube the bending angle was equal to (360°/7) = 51.43°.
All structures were relaxed until energy change less than 10−6
au.
It was found that ﬁnite pentagraphene and pSiC2 ﬂakes suﬀer
strong distortion of crystalline lattice due to uncompensated
mechanical stress caused by orthogonal sp2 lattices. The stress
leads to complete breakdown of linear translation symmetry
with formation of irregular curved structures, nanorings, or
pentatubes, which prevents the formation of inﬁnite 2D pristine
pentagraphene or 1D pentagraphene ribbons. In contrast,
formation of two-layered T12 ﬁlms of ﬁnite thickness leads to
compensation of bending stress by opposing stretching
deformation caused by signiﬁcant thickness of two-layered
ﬁlm. As a result, it leads to stabilization of two-layered ﬂakes
(Figure 4). It was found that (7,7) pentatube is the most
energetically stable due to the matching of pentagraphene and
pentatube (7,7) curvatures (Figure 3c,d). In one-electron
approximation, the plot (Figure 3c,d) of binding energy per
carbon atom against curvatures of perfect 1D pentatubes and
2D pentagraphene (for pentagraphene the curvature is equal to
0 by deﬁnition) demonstrates that pentagraphene can be a
transition state between two equivalent curved structures, or it
may represent more complex cases of a conical intersection or
higher order saddle point between two curved structures.
Many-electron consideration of DFTB potential energy curves
of low curvature clusters unambiguously proves that pentagraphene is the only one transition state on potential energy
surface of mechanical bending of pentagraphene. Optimized
structures of the key nanoclusters can be found in Supporting
Information.
The pentagraphene ﬂake C72H28 (Figure 2a,b,c) displays
distinctive saddle structure of 0.226 Å−1 and 0.053 Å−1
curvatures in perpendicular directions. The anisotropy is caused
by the diﬀerent number of sp2 carbon dimers located in the top
(three) and bottom (two) pentagraphene sublattices. At GGA
DFT level of theory the HOMO−LUMO gap of C72H28 ﬂake is
equal to 3.01 eV. For the sake of comparison, the PBC GGA
DFT calculation of inﬁnite ﬂat pentagraphene (Figure 1a,b)
reveals 0 Å−1 curvature (perfect 2D plane) and 2.10 eV band
gap.
The classical MM+ potential optimization of free-standing
pentagraphene nanoribbon C400 of 20 unit cell length (10 nm)
and 7.3 Å width (Figure 2i) clearly demonstrates induced
complex curvature of ﬁnite extended nanocluster. Both sides of
the nanoribbon suﬀer distinctive curvatures, which roll the
nanoribbon. The complex curvature of the nanoribbon is
caused by structural irregularities of initial cluster before atomic
structure optimization.
The pSiC2 Si24C48H28 ﬂake was designed by substituting of
all sp3 carbon atoms of C72H28 (Figure 2) by silicon. As in the
case of pentagraphene ﬂake C72H28, the pSiC2 Si24C48H28
nanocluster demonstrates distinctive 0.170 and 0.024 Å−1
curvatures. The optimized Si24C48H28 ﬂake structure can be
found in Supporting Information.

Eb =

Etot − NCEC
NC

where Etot is total energy of system, Nc and Ec are number of
carbon atoms in unit cell and energy of isolated carbon atom,
respectively.
The direct (n,n) pentatubes are energetically preferable in
comparison with inverted ones (Figure 3c,d). Rolling parallel to
the top dimers (X orientation) produces direct pentatubes with
positive Z coordinate values (above the pentagraphene plane),
which are formally coincide with the radii R of the tubes. For
direct X oriented top pentatubes, we can determine the
curvature as Ddtop = (1/Rdx) = (1/Zx). The inverted X oriented
top tubes rolled along top dimers have negative Z values (in
that case Rix = −Zx) and respective curvatures Ditop = (1/Rix) =
(1/−Zx). The direct and inverted bottom pentatubes (Y
orientation of rolling) can be determined in the same way with
Rdy = −Zy and Riy = Zy, respectively. The dependencies of the
pentatube energies of both direct and inverted types rolled
along X and Y directions, respectively, are presented in Figure
3c (DFT calculations of (3,3)−(10,10) direct and (5,5)−
(10,10) inverted tubes) and Figure 3d (DFTB calculations of
(3,3)−(360,360) direct and inverted (4,4)−(360,360) tubes).
DFT calculations of pentatube main building block C52 ﬂake
(Figure 2d,e,f) and pentagraphene (8,8) ring (Figures 2g,h)
reveal the same saddle structural feature. Mechanical stress
caused by the carbon dimers leads to nanocluster bending with
0.131 Å−1 curvature. The distinctive curvature of the ﬁnite
pentagraphene ﬂake may cause closure of the opposite edges
with formation of ﬁnite-length nanoring.
The pentatube fragments and binding energies against
curvature of the pentatubes and pentagraphene (the curvature
of pentagraphene is equal to 0 by deﬁnition) are presented in
Figure 3a,b and Figure 3c,d, respectively. Red and blue parts of
both X- and Y-oriented wings in Figure 3c (DFT, (3,3)−
(10,10) pentatubes) and 3d (DFTB, (3,3)−(360,360) tubes)
correspond to direct and inverted pentatubes, respectively.
Perfectly ﬂat pentagraphene has zero curvature (inﬁnite Z
value) and corresponds to the crossing of one-electron (DFT
and DFTB) potential energy curves (PEC, Figures 3c, 3d). It is
necessary to note that at one-electron level of theory (both
DFT and DFTB) perfectly ﬂat pentagraphene is just a regular
point on a potential energy surface with non-zero derivative,
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rather than an extreme point (global or local minimum or
transition state).
The classical von Neumann−Wigner theorem19 implies
avoiding crossing rule for symmetric eigenvalues20 of oneparameter Hermitian matrix representing physical observable.
In particular, for one-parameter potential energy curves of
diatomics, it means the eigenvalues of diﬀerent conﬁgurations
do not cross and form two hyperbola-like noncrossing potential
energy curves representing a lower-energy transition state (local
maximum) and local minimum of the excited state.
For typical one-parameter case of bending of perfect 2D
pentagraphene in two symmetrically equivalent perpendicular X
and Y directions, two equivalent one-electron potential energy
curves cross each other in the vicinity of perfectly ﬂat 2D
pentagraphene. The electronic correlations20 transform two
crossing terms into ground state PEC (red curves, Figure 3c,d)
with two equivalent global minima corresponding to
perpendicularly oriented direct (7,7) pentatubes and one
correlated transition state of perfectly ﬂat 2D pentagraphene.
At multielectron level of theory,20 the second PEC (blue
curves, Figure 3c,d) corresponds to the ﬁrst excited state with
perfectly ﬂat 2D pentagraphene as a local minimum just above
PEC maximum of the ground state.
The GGA DFT PBC electronic structure calculations of
direct (3,3), (4,4), (5,5), (6,6), (7,7), (8,8), (9,9), and (10,10)
and inverted (5,5), (6,6), (7,7), (8,8), (9,9), and (10,10)
pentatubes reveal distinctive minimum of Eb binding energy per
atom for direct (7,7) pentatube (Figure 3c), which is caused by
the best matching of the (7,7) pentatube curvature (0.191 Å−1)
with the curvature of the C52 ﬂake (0.131 Å−1). The
uncompensated mechanical stress of ﬁnite pentaﬂakes leads
to breakdown of linear translation symmetry by creating
equivalent curved structural units, which can form perfect
nanorings or pentatubes. The width of semiconducting band
gap of direct (7,7) pentatube is equal to 2.46 eV.
DFTB calculations of large diameter direct and inverted
pentatubes (up to (360,360) tube indexes) of very low
curvatures (Figure 3d) reveal very smooth behavior of potential
energy curves in the vicinity of pentagraphene. Increasing of the
pentatube diameter leads to smooth approaching of the
pentatube binding energies to the binding energy of
pentagraphene for both direct and inverted types. The DFTB
calculations perfectly ﬁll the gap in DFT potential energy
curves (Figure 3c) for large-diameter pentatubes.
Large diameter pentatubes with arbitrary chiral angle α
(small bending along arbitrary direction K⃗ = i ⃗ cos α + j ⃗ sin α,
where i ⃗ and j ⃗ are coordinate basis vectors) can be considered as
a superposition of two deformations along X and Y
orientations. Let us consider for simplicity an orthonormal
{ΨkG (n,n)} set. Pentagraphene has two perpendicular carbon
dimers on the top and bottom of the unit cell, so a state
function of pentagraphene of small bending along K⃗ direction
corresponds to a superposition of the state functions of one
direct (n,n) and one inverted (n,n) pentatubes Φ(α) = cos α ×
ΨdG (n,n) + sin α × ΨiH (n,n), where G can be either X or Y and
H can be Y or X, respectively. So, in general, rotating the
pentatube chiral angle α one can perform the following
transformations:

ΨdX (n , n) → Ψ iY (n , n);
Ψ iX (n , n) → ΨYd (n , n);
Ψ iY (n , n) → ΨdX (n , n);
ΨYd (n , n) → Ψ iX (n , n)

Once again, let us consider two symmetrically equivalent
potential energy surfaces with the state functions of ΦX (αX) =
cos αX × ΨdX (n,n) + sin αX × ΨiY (n,n) and ΦY (αY) = cos αY ×
ΨdY (n,n) + sin αY × ΨiX (n,n). For α X = αY = l × (π/4) (l = 1, 3,
5, 7) chiral angles, the state functions are equal to each other
because of symmetrical reasons
ΦX (αX ) = ΦY (αY )
1
=
(ΨdX (n , n) + Ψ iY (n , n))
2
1
=
(ΨYd (n , n) + Ψ iX (n , n))
2

It means that the potential energy surfaces cross each other
in four symmetrically equivalent linear seams with chiral angles
(π/4), (3/4)π, (5/4)π, (7/4)π. Let’s consider for simplicity a
case of α = (π/4).
Because of structural features of pentagraphene, the energies
of inverted pentatubes are always higher than the energies of
direct ones, so EiG (n,n) > EdH (n,n) for all pentatube indexes
(Figure 3d). The diﬀerence EiY(n,n) − EdX(n,n) is always positive
and monotonically decreases with increasing of the n index.
Using the orthonormal properties of {ΨkG(n,n)} set, the energy
of a pentatube with chiral angle α = (π/4) can be expressed as
E(α) = (1/2) (EXd(n,n) + EYi(n,n)). For large diameter
pentatubes (Figure 3d), we can always write
EXd (n , n) = EYd (n , n) < E PG
EXi (n , n) = EYi (n , n) > E PG

where EPG is pentagraphene energy. These equations mean that
for large diameter pentatubes with chiral angles of (π/4), (3/
4)π, (5/4)π, (7/4)π (which belong to seam regions) the
pentatube energies and energies of seams as well are always
higher than the energy of ﬂat 2D pentagraphene.
For one-parameter ΨdX(n,n) → ΨdY(n,n) transformation (see
above) avoiding crossing rule19 leads to repulsion of both
ground and ﬁrst excited states with formation of transition state
of ﬁnit energy splitting. For small curvatures and chiral angles
the energy of electronic correlations is just a small correction to
one-electron total energy and the potential energy curve of ΨdX
(n,n) → ΨdY (n,n) transformation is just a part of total potential
energy surface of ΦX (αX) → ΦY (αY) transformation. As it was
shown, the energy of one-electron seam regions (chiral angles
(π/4), (3/4)π, (5/4)π, (7/4)π) are always higher than the
energy of pentagraphene. It means that complete potential
energy surface of the correlated ground state of pentagraphene
has the only one transition state which corresponds to perfectly
ﬂat 2D pentagraphene (Figures 3c, 3d). For the low curvature
region, pentagraphene is a correlated system for which
electronic correlations determine the main features of the
electronic structure. In contrast, the ﬁrst excited state has
minimum in the vicinity of perfectly ﬂat 2D pentagraphene.
At GGA DFT PBC level of theory the binding energy of
plane pentagraphene is 7.5 × 10−2 eV/atom higher the Eb of
(7,7) pentatube due to uncompensated structural stress. All
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Using model potential, DFTB and GGA DFT electronic
structure calculations it was found that pentagraphene and
pSiC2 suﬀer translation symmetry break caused by uncompensated mechanical stress created by two mutually orthogonal sp2
sublattices of carbon dimers on the opposite sides of the
nanoclusters. Instead of linear translated invariant unit cells, the
stress leads to formation of uniformly curved repetitive
structural units that can be combined in irregular nanoclusters
of saddle shape, pentarings, or pentatubes. It was found that
perfect 2D pentagraphene is a correlated transition state
between two symmetrically equivalent perpendicularly oriented
bent structures of 0.191 Å−1 curvature. The energy of structural
stress (7.5 × 10−2 eV/atom) is much higher than the energies
of dynamical stabilization of perfect graphene, vdW forces or
sp3 C−C covalent bond, which makes substrate-derived
formation of extended 1D and 2D pentagraphene structures
practically impossible. The curved structure of pentagraphene
should result in formation of pentagraphene nanofoam,
pentananorings, and pentatubes. Among many possible
structures, pentatube (7,7) is energetically favorable due to
coincidence of the ﬁnite ﬂake and pentatube curvatures. It was
conﬁrmed that bilayered AB pentagraphenes are structurally
stable due to compensation of the stress by two perpendicular
sets of mutually parallel sp2 carbon sublattices.

inverted pentatubes and narrowest (3,3) direct pentatube have
binding energies higher the binding energy of pentagraphene
(8.76 × 10−1 eV/atom in respect to pristine graphene, Figure
3c). Perfect 2D pentagraphene is well-deﬁned correlated
transition state between two symmetrically equivalent perpendicularly oriented global minima of curved structures with
curvatures equal to 0.191 Å−1.
The energy gain caused by structural relaxation of a ﬂat ﬁnite
pentagraphene fragment can be determined as a number of
carbon atoms multiplied by the relative energy of pentagraphene in respect with the energy of (7,7) pentatube (7.5 × 10−2
eV/atom, see above). For example, for C72H28 pentagraphene
cluster the energy gain or energy of corrugation is equal to
1.2519 × 102 kcal/mol (7.5 × 10−2 eV/atom × 72 atoms
×23.0604), which is 102−103 times stronger the energy of van
der Waals (vdW) interactions (9.6 × 10−1 − 9.6 × 10−2 kcal/
mol21) and 1.5 higher the average energy of single carbon−
carbon covalent bond (8.3 × 101 kcal/mol22).
The high corrugation energy makes a substrate-derived
formation of extended ﬂat 1D or 2D fragments of
pentagraphene practically impossible. The structural stress is
so high, that it would be impossible to ﬁx noncorrugated cluster
on any surface using either vdW or covalent bonding. The
structure should be immediately distorted, all bonds of any type
with the substrate should be destroyed and a small piece of
carbon nanofoam23 should be created.
For perfect low dimensional (1D and 2D) crystalline lattices,
thermal ﬂuctuations should destroy long-range order, resulting
in melting of the crystalline lattice.24 Stabilization of 1D and 2D
nanoclusters occurs due to several reasons: First, most
nanoclusters are deposited on diﬀerent types of supports or
they form quasi-3D structures like nanotube bundles. The
second type of stabilization is caused by breakdown of the
periodicity by creating lattice defects. And the third type of
stabilization is realized for free-standing perfect 2D graphene
due to formation of corrugated structure with very long
wavelengths (100 Å ≤ L ≤ 250 Å) and height of 10 Å.25
According to simple evaluations, based on de Broglie
wavelength, the energy of graphene stabilization (see
Supporting Information) is very low and equal to 2.445 ×
10−14 − 6.027 × 10−16 eV/atom. The energy of structural
distortion (7.5 × 10−2 eV/atom, see above) is is 3.271 × 1012 −
1.244 × 1014 times greater the energy of stabilization of 2D
pristine graphene.
Finally, the bilayered C158H108 ﬂake in AB conﬁguration
(Figure 4a−c) as well as inﬁnite 2D bilayered AB T12 ﬁlm
(square C12H4 unit cell, translation vector a = 3.47 Å, Figure
4d)1 were calculated using GGA DFT approach. According to
ref 1, the AB conﬁguration of T12 carbon ﬁlm is formed by two
pentagraphenes, one of which is rotated by 180° along in
respect to another. In AB conﬁguration, both layers form a
united superstructure of 4.66 Å thickness with two
perpendicular sets of the sp2 carbon dimers, with two sp2
sublattices in each set. Resulting bending force caused by
perpendicular sp2 dimers creates strong opposing stretching
response due to signiﬁcant ﬁnite thickness of bilayered
pentagraphene. As a result, both bending and stretching forces
compensate each other and the nanocluster keeps it perfect 2D
planar structure. The HOMO−LUMO energy diﬀerence of
C158H108 nanocluster is equal to 5.41 eV. For the inﬁnite
bilayered AB T12 ﬁlm, an indirect 4.40 eV band gap was
detected (Figure 4e).
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