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Abstract

Using density functional theory with the generalized gradient approximation, we

explored the geometric and electronic structure of polymerized spiro[4,4]nonatetraene

(spiro-graphene) as a possible two-dimensional carbon allotrope comprising sp2

and sp3 C atoms. By reflecting a shape of the hydrocarbon molecule, this two-

dimensional allotrope has a covalent network of fused pentagons with nanometer-

scale structural rippling. The covalent network is thermally and dynamically sta-

ble with a relatively high total energy, higher than graphene by 0.6 eV/atom. The

spiro-graphene is a metal where two linear dispersion bands cross each other at

the Fermi level. In addition to these linear dispersion bands, the covalent net-

work possesses the Dirac nodal line just above the Fermi level and along the Bril-

louin zone boundary. Accordingly, the ribbons with zigzag edges derived from

spiro-graphene possess edge states like those of graphene nanoribbons with zigzag

edges.
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1. Introduction

Electrons distributed on a honeycomb network of sp2 C atoms cause conical

dispersion bands at the six corners of the hexagonal Brillouin zone and around

the Fermi level[1, 2, 3]. This peculiar electronic band structure makes graphene

a unique material, exhibiting an unusual quantum Hall effect and possessing re-5

markable carrier mobility [4, 5, 6, 7]. The honeycomb network of π electrons also

causes peculiar electronic structures by introducing imperfections, such as defects

and edges, owing to the broken symmetry of the bipartite network. Graphene with

atomic defects possess versatile electronic structures, ranging from metallic to

semiconducting, depending on their shape and arrangement [8, 9, 10, 11, 12, 13].10

Edges with zigzag shape caused peculiar edge localized states at those atomic

sites and at the Fermi level owing to the delicate balance of the π electron trans-

fer through the networks [14, 15, 16, 17]. In addition, topological defects, e.g.,

pentagons and heptagons, highly modulate the characteristic electronic structure

of graphene [18, 19, 20, 21, 22]. Indeed, a two-dimensional sp2 network of fused15

pentagons possessed a flat dispersion band in a part of the hexagonal Brillouin

zone with nonbonding nature that caused spin polarization throughout the net-

works, even though all C atoms were electronically saturated [22]. Furthermore,

tubular boundary conditions imposed on the graphene strips produce carbon nan-

otubes, whose electronic structures are determined by the atomic arrangements20

along their circumferences [23, 24, 25].

Topological design of sp2 C atoms provided an additional degree of freedom

to tune the electronic structure of carbon-based nanoscale materials because the

covalent network topologies of sp2 C atoms tightly correlated with their electronic

structure. Polymerization of small hydrocarbon molecules is one of plausible pro-25
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cedure for synthesizing covalent networks of C atoms whose structures are pre-

cisely controlled. Indeed, size- and shape-controlled graphene nanoribbons and

nanoplates have been synthesized from hydrocarbon molecules on metal surfaces

by polymerization at elevated temperature [26, 27, 28]. Polymerization of hy-

drocarbon molecules in appropriate solutions leads to two- and three-dimensional30

covalent networks in which the constituent molecules are basically connected via

single bonds [29, 30, 31, 32]. These procedures benefit from the ability to design

the electronic structures of resultant covalent networks by assembling and poly-

merizing appropriate molecules. A copolymer of phenalenyl and phenyl, which

are alternately arranged in a hexagonal manner, has an interesting electronic struc-35

ture near the Fermi level, with a narrow Dirac cone at the Fermi level and kagome

bands above and below the Fermi level, resulting from the molecular orbitals of

the constituent units [13].

In this work, we aim to investigate the geometric and electronic structure

of a two-dimensional covalent network of fused pentagons with structural rip-40

pling using density functional theory (DFT) with generalized gradient approxi-

mation (GGA) because the pentagonal rings and polymeric structure of hydro-

carbon molecules lead to a peculiar electronic structure. We focus on a fenes-

tratetraene framework (four pentagons sharing their edges and one vertex) as a

constituent unit of the network [33, 34, 35]. Indeed, a saddle-shaped polycyclic45

aromatic compound has been synthesized containing this framework [36, 37, 38].

By extending the network using this framework, we can straightforwardly ob-

tain the two-dimensional covalent network of fused pentagons of sp2 and sp3 C

atoms. Our DFT calculations revealed that the network is a metastable phase of a

metallic carbon allotrope with relatively high total energy and remarkable thermal50
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stability. Furthermore, because of the bipartite network of fused pentagons, the

pentagonal network has a Dirac nodal line just above the Fermi level and along the

two-dimensional Brillouin zone boundary. Accordingly, a nanoribbon with zigzag

edges derived from this network has edge localized states whose wave function

distribution shows similar characteristics to those of graphene nanoribbons with55

zigzag edges.

2. Calculation methods

Geometric and electronic structures of a fused pentagonal network of sp2 and

sp3 C atoms were investigated using DFT [39, 40] implemented in the program

package STATE [41, 42] and Quantum Espresso [43]. The exchange-correlation60

potential energy among interacting electrons is treated by the generalized gradient

approximation with the Perdew–Burke–Ernzerhof functional [44]. An ultrasoft

pseudopotential is adopted to describe the interactions between electrons and nu-

clei [45]. The valence wave function and deficit charge density in the core re-

gion are expanded in terms of the plane wave basis sets with cutoff energies of65

25 Ry and 225 Ry, respectively. Integration over the two-dimensional Brillouin

zone was carried out using equidistant 8×8 k-meshes, which were used for the

self-consistent electronic structure calculations. Lattice parameters and internal

atomic coordinates were optimized until the force acting on each atom became

less than 5 mRy/Å.70

3. Results and Discussion

Figure 1(a) shows an optimized structure of a two-dimensional covalent net-

work of fused pentagons of sp2 and sp3 C atoms derived from the polymerization
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of spiro[4,4]nonatetraene [46, 47, 48]. In this two-dimensional covalent network,

spiro[4,4]nonatetraene are alternately arranged with two different molecular ori-75

entations, resulting in the orthorhombic lattice with the periodic concave–convex

structure of sp2 C rings. Accordingly, for a network topology of sp2 C atoms, the

covalent network is regarded as a face-centered square lattice of C8 rings that are

connected to their four adjacent C8 rings. Therefore, the topological network of

sp2 C atoms form a bipartite lattice with internal degrees of freedom, which may80

exhibit unusual physical properties.

Table 1: Optimized atomic coordinates, lattice constants, and space group symmetry of polymer-

ized spiro[4,4]nonatetraene. Atom indexes are defined in Fig. 1.

Pmmn a = b =6.615 Å c =10.000 Å

C1 0.0000 0.0000 0.0000

C2 0.0000 –0.21549 0.06328

C3 –0.18850 –0.31160 0.04317

C4 –0.21549 0.00000 –0.06328

Optimized atomic coordinates of the polymerized spiro[4,4]nonatetraene are

listed in Table I. The optimized lattice parameters of a and b are 6.615 Å, which

are equal because of the alternating arrangement of spiro[4,4]nonatetraene. The

atomic density of this covalent network under the optimized lattice parameters is85

0.411 atom/Å2, which is lower than that of graphene (0.661 atom/Å2). This low

density is attributed to the large pore of the C8 rings of sp2 C atoms, even though

the network consisted of fused pentagons containing sp3 C atoms and contained

structural rippling. The optimized bond lengths of the fused pentagonal covalent

network are 1.560 Å, 1.414 Å, and 1.439 Å for C1-C2/C1-C4, C2-C3/C3-C4, and90
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C3-C3, respectively. The results indicated that bonds associated with C1 are close

to those of the sp3 C atom in diamond and that the bonds associated with the three-

fold coordinations (C2, C4, and C3) are close to those of graphene. In contrast, the

fused pentagonal network led to substantial distortion in bond angles from those

of ideal sp2 and sp3: Bond angles of θC1C2C3, θC2C1C4, θC2C1C2, θC2C3C3, θC2C3C4, and95

θC3C2C3 are 110.6◦, 99.4◦, 132.1◦, 109.2◦, 140.5◦, and 123.7◦, respectively.

Figure 2 shows the relative total energy per atom of polymerized spiro[4,4]nonatetraene

as a function of the atomic area with respect to that of graphene. This network has

an energy minimum at the lattice constant a = b =6.615 Å with the relative energy

of 619 meV/atom, which is higher than that of C60 by approximately 200 meV, but100

still lower than that of the fused acepentalene sheet by approximately 100 meV.

Thus, this result confirms that the polymerized spiro[4,4]nonatetraene is a poten-

tial metastable phase of two-dimensional carbon allotropes comprising three- and

four-fold coordinated C atoms. The relatively higher total energy is attributed to

the highly distorted bond angles of the three- and four-fold coordinated C atoms.105

The distorted bond angles also make the polymerized spiro[4,4]nonatetraene a

softer material than graphene.

In addition to energetic stability, we investigated the thermal or dynamical

stability. We first investigated the phonon dispersion relation of the polymer-

ized spiro[4,4]nonatetraene using the density functional perturbation theory met-110

thod [49] implemented in the Quantum Espresso code [Fig. 3(a)]. The calcu-

lated phonon dispersion does not have any soft vibrational mode, confirming

its dynamical stability. The dynamical/thermal stability is also investigated by

carrying out ab initio molecular dynamics (MD) simulations on the polymerized

spiro[4,4]nonatetraene under the
√

2 ×
√

2 cell with the velocity scaling method115
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to maintain the temperature at 2000 K and 4000 K during the simulations. The

polymer retained the initial covalent network topology for 10 ps at T = 2000

K [Fig. 3(b)]. In comparison, the polymerized spiro[4,4]nonatetraene hardly re-

tains its initial covalent network for 10 ps at T = 4000 K [Fig. 3(c)]. There-

fore, the phonon dispersion and MD simulations confirmed that the polymerized120

spiro[4,4]nonatetraene is thermally and energetically stable once synthesized us-

ing appropriate experimental procedures. It is worth to discuss the possibility of

structural transition from spiro-graphene to other related structures which possess

the same core sp3 C structure [50, 51]. The structural transition to tetrahexcar-

bon or C568 structures is hardly to occur owing to the density difference of sp3 C125

atoms between spiro-graphene and these structures, because the migration of sp3

C atoms on the sheets required much energy cost associated with the bond disso-

ciation and formation. Therefore, in this view, the spiro-graphene is stable carbon

allotrope, although it has the similar total energy to that of the tetrahexcarbon and

C568.130

We investigated the formation energy∆E of polymerized spiro[4,4]nonatetraene

from a simplified polymerization reaction because the polymeric form has thermal

and energetic stability.

2 × spiro[4, 4]nonatetraene = polymer + 8 × H2 + ∆E

The calculated formation energy was 7.16 eV, which corresponds to the energy

cost to extend a covalent network of sp2 with distorted bond angles. This large135

amount of energy implies that the direct polymerization of spiro[4,4]nonatetraene

rarely occurs. Thus, appropriate intermediates, such as Br substituted derivatives,

are required to achieve the polymerized structure with the aid of cross-coupling

procedures.
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Figure 4 shows the electronic energy band of polymerized spiro[4,4]nonatetraene.140

The polymer is a metal where the dispersive band and moderate dispersive band

cross each other at the Fermi level and the middle of orthorhombic Brillouin zone.

Accordingly, the polymer has an approximately circular Fermi circle. The two

bands crossing each other have a linear dispersion relation at the Fermi level be-

cause the Fermi level is located in the middle of the Brillouin zone. Note that these145

Dirac electrons at the Fermi level are attributed to accidental conditions, and are

not symmetrical conditions. Wave functions of the states crossing the Fermi level

possess π nature, so this metallic C sheet is a possible candidate of a π electron

system with structural rippling [Fig. 5(a)]. Linear dispersion bands at the Fermi

level and the Fermi circle may have caused the remarkable carrier mobility in this150

covalent network of sp2 and sp3 C atoms.

One of two linear dispersion bands at the Fermi level retains its linearity

through the X point, producing the other Dirac bands along the Brillouin zone

boundary (Fig. 4). Wave functions of these states at the X point are alternately

distributed on atoms with three-fold coordination, exhibiting similar characteris-155

tics to the wave function distribution of graphene at the Dirac point [Fig. 5(b)].

Thus, these Dirac states are topologically induced by the atomic arrangement of

three-fold coordinated C atoms in the sheet. Furthermore, the two states are de-

generate along the zone boundary from the X to M. The Dirac states and doubly

degenerate flat bands at the zone boundary are attributed to the band folding of the160

two-dimensional cosine band of 1/
√

2×1/
√

2 face-centered square lattice into the

present 1×1 lattice because the π electron network is approximately regarded as a

flat topological network[Fig. 4(b)]. Therefore, the sp3 atoms in the polymerized

network make the π network a bipartite system. Accordingly, the linear dispersion
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relation at the zone boundary is retained except at the M point which corresponds165

with the saddle point of the two-dimensional cosine band.

Topologically induced Dirac states occasionally caused edge localized modes

like the edge states in graphene nanoribbons with zigzag edges. We consid-

ered the nanoribbons of polymerized spiro[4,4]nonatetraene with zigzag and arm-

chair edges to explore the possibility of edge localized mode (Fig. 6). As men-170

tioned above, the polymerized spiro[4,4]nonatetraene is a bipartite network of

spiro[4,4]nonatetraene, which is alternately arranged in orthorhombic symmetry

with interunit sp2 covalent bonds; simultaneously, the three-fold coordinated C

atoms also form a bipartite network. Thus, the edges of the zigzag ribbon contain

only one of two atomic sublattices or spiro[4,4]nonatetraene units, like zigzag175

graphene nanoribbons. In contrast, the armchair edges contain both atomic sub-

lattices or spiro[4,4]nonatetraene units.

Figure 7 shows the electronic energy band of the nanoribbons. The ribbon

with zigzag edges is a metal whose band structure is mostly interpreted by pro-

jecting the band structure of the two-dimensional sheet on the ribbon direction,180

with appropriate discretization of the wave number normal to the ribbon direc-

tion. Owing to the band projection, four bands associated with the Dirac state

emerge just above the Fermi level. Two of four bands have substantial dispersion

and correspond with the Dirac bands along the Γ-X line of the two-dimensional

sheet. However, the states corresponding to the doubly degenerate states of the185

two-dimensional sheet split into upper and lower branches: one retains its flat

band nature along the ribbon with a width of 0.1 eV while the other has substan-

tial dispersion. Wave functions of these states exhibit characteristic features of

the edge state. These states are extended across the ribbons at the Γ point, while
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approximately localized at the edge atomic site at the X point. Thus, the symme-190

try breaking at the zigzag edges causes the edge localized states, as is occurs with

graphene. In contrast to the ribbon with zigzag edges, the ribbon with armchair

edges does not have a such peculiar edge mode. The energy bands could be inter-

preted as simple band projection, and their wave function does not show the edge

localized nature at the Γ and X points.195

4. Conclusion

Using the DFT with GGA, we predicted the possible two-dimensional cova-

lent network of fused pentagonal rings consisting of sp2 and sp3 C atoms produced

by polymerizing spiro[4,4]nonatetraene. The two-dimensional covalent network

is a plausible metastable carbon allotrope whose total energy is higher by 0.61200

eV/atom than that of graphene owing to the substantial distortion of bond angles

from those of ideal sp2 and sp3 C atoms. The polymer is dynamically and ther-

mally stable, as confirmed by phonon calculations and first principle MD simula-

tions, although the polymer does have relatively high total energy. The polymer

is a metal with liner dispersion bands at the Fermi level. In addition, because205

of the bipartite network of fused pentagons, the fused pentagonal network has a

Dirac nodal line just above the Fermi level and along the two-dimensional Bril-

louin zone boundary. Therefore, the two-dimensional network may exhibit un-

usual electronic properties by injecting electrons up to the Dirac nodal line. In

particular, the remarkable carrier mobility is expected owing to the finite density210

of states at the Dirac nodal line under the electron doping. The nanoribbons de-

rived from the polymerized spiro[4,4]nonatetraene are also studied in terms of

their edge structures. Owing to the Dirac nodal line along the Brillouin zone
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boundary, the nanoribbon with zigzag edges has edge localized states with a flat

dispersion band whose wave function distribution is perfectly localized at the edge215

atomic site at the Brillouin zone boundary and is extended throughout the ribbons

for the rest of the wave numbers. In contrast, the electronic energy band of the

ribbon with armchair edges is obtained by band folding on the energy band of the

two-dimensional sheet. These results imply that the nanoribbon with zigzag edges

exhibits unusual physical phenomena by injecting electrons up to the edge states220

owing to the strong electron correlations on the flat band as the case of graphene

nanoribbon with zigzag edges.
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Figure 1: (a) Top and side views of an optimized atomic structure of polymerized

spiro[4,4]nonatetraene. The red and blue pentagons corresponded to the spiro[4,4]nonatetraene

unit with different orientations, the solid squares indicate the unit cell boundaries, and the indexes

indicate independent atomic sites under the symmetry of Pmmn. (b) A molecular structure of

spiro[4,4]nonatetraene.

20



 !"

 !#

#!"

#!#

$
%&

'(
)*
+&
,
-.
/0
1
2

3!44!54!64!#

7/0189*.'&.*+:4-./012

Figure 2: Relative energy of polymerized spiro[4,4]nonatetraene per atom as a function of atomic

area. The total energy of graphene per atom as a function of atomic area is also plotted. Squares

and circles indicate the energies of polymerized spiro[4,4]nonatetraene and graphene, respectively.

The energy is measured from that of graphene with an equilibrium lattice constant.
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Figure 3: (a) Phonon dispersion and phonon density of states of polymerized

spiro[4,4]nonatetraene. Snapshots of the polymerized spiro[4,4]nonatetraene (b) at T =

2000 K and (c) at T = 4000 K after 10 ps of MD simulation time. Yellow, red, and gray balls

indicate C atoms with three, four, and one or two coordinations, respectively.
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(a) (b)

Figure 4: (a) The electronic band structure of polymerized spiro[4,4]nonatetraene along the high

symmetry points and lines. Energies are measured from the Fermi level, which is denoted by the

horizontal dotted line. (b) Two-dimensional cosine band of a square lattice. The black and blue

lines denote the Brillouin zone with 1×1 cell and
√

2 ×
√

2 cell, respectively.
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(a)

(b)

Figure 5: Isosurfaces of squared wave functions of (a) the pseudo-Dirac point at the middle of the

Γ-X line and (b) the Dirac point at the X point in Fig. 4.
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(a) (b)

Figure 6: Optimized structures of polymerized spiro[4,4]nonatetraene nanoribbons with (a) zigzag

and (b) armchair edges. The gray and white balls indicate C and H atoms, respectively. The ribbons

are extended along the vertical direction.
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Figure 7: Electronic structures of polymerized spiro[4,4]nonatetraene nanoribbons with (a) zigzag

and (b) armchair edges. The red horizontal lines indicate the Fermi level. The squared wave

functions of the states associated with the edge states are also shown in the right of Fig. 7(a). EL
G,

EU
G , EL

X , and EU
X indicate the wave functions of the lower edge state at the Γ point, the upper edge

state at the Γ point, the lower edge state at the X point, and the upper edge state at the X point,

respectively. These indexes are labeled in Fig. 7(a).
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