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Over many years chemists have established the general principle that two-dimensional chemical structures con-
structed with pure sp? carbon atoms will definitely form an aromatic system with delocalized electron density. How-
ever, based on a recently proposed chemical structure, graphenylene, this rule may finally be broken. Herein, we
predict the properties of a new two-dimensional sp?-carbon network known as graphenylene, which is the first ex-
ample of non-delocalized sp?-carbon structure composed of cyclohexatriene units with three quite distinct C-C bonds
within a C6 ring. In addition, theoretical calculations demonstrate that graphenylene has periodic pores of 3.2 A in
diameter and is a semiconductor with a narrow direct band gap, making it promising for various applications, such
as electronic devices and efficient hydrogen separation. This study provides a new perspective on carbon allotropes,
leading to a better understanding of [N]phenylene based organic frameworks, as well as clarifying the relationship

between benzene and cyclohexatriene.

Besides graphite and diamond, which have already been known for thousands years, the family of carbon allotropes
has suddenly under gone a rapid expansion in recent decades, particularly with the addition of forms such as fullerenes®,
carbon nanotubes? and graphene®. With its unique chemical character, carbon can bind with itself or other elements to gen-
erate not only countless organic compounds, but also new carbon allotropes. The combination of sp-, sp?- and sp*-
hybridized carbon atoms leads to many possible carbon allotropes*® with different dimensionalities’™?. Of all of these ex-
perimentally obtained or theoretically predicted materials, the family of sp?-carbon allotropes, which include fullerenes,
nanotubes and graphene, is the most fascinating and has recently attracted considerable attention owing to their remarkable
properties and potential applications in many emerging technologies. However, it is worth noting that fullerene, nanotubes
and graphene all possess delocalized n-conjugated bonding such that they have relatively uniform bond lengths and electron
distributions. Graphene can be considered as a building unit that can be wrapped up into fullerenes, rolled into carbon
nanotubes or stacked into graphite'. From a theoretical point of view, all of them are similar carbon networks with the

same structural unit. One interesting and scientifically important question is whether sp®-carbon can form alternative net-
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works with a structural unit distinct from that of graphene? To the best of our knowledge, this possibility has been more

rarely contemplated.

In the present study, we explore the hypothetical two dimensional sp®-carbon structure dubbed graphenylene, through
the use of computational methods based on first-principles density functional theory (DFT, GGA-PBEsol unless stated oth-
erwise). Graphenylene is a two dimensional sp?-carbon network formed by the fusion of hexatomic rings and tetratomic
rings. Concurrently with the present work, the structure of graphenylene was proposed in the literature by Balaban and
Vollhardt™. Graphenylene can be obtained by substituting each hexagonal ring in graphene with a circular [6] phenylene
unit, forming a two dimensional carbon honeycomb network that possesses the same point group Dg, as graphene (Fig. la
and b). The optimized structure of graphenylene in a 2x2 supercell is presented in Fig. 1c. After being fully optimized, the
lattice parameters of graphenylene are a=b=6.76 A and just as for other honeycomb structures, this value is also the dis-
tance between the two neighbouring pores. The unit cell of graphenylene contains 12 sp-hybridized carbon atoms and three
different kinds of carbon bonds (Fig. 1c). The most surprising feature is that two bonds in the hexatomic ring have totally
different lengths, which are 1.366 and 1.467 A, respectively. Compared with benzene and graphene, this difference is
strong evidence of the presence of alternating single and double bonds, and undoubtedly all hexatomic rings are non-
delocalized (i.e. maximally localized) cyclohexatriene units, which is totally different from the bonding characteristics of

any other sp?-carbon network reported so far.

Cyclohexatriene is a commonly used example introduced as the hypothetical model for a bond-fixed benzene ring.
Most people consider it as a strictly theoretical model and one that hardly exists in practice. However, in 1986, K. Peter C.
Vollhardt reported a new organic compound, the triangular [4] phenylene, which has a completely bond-fixed cyclohexa-
triene ring at the centre®®. This discovery rectified a misunderstanding of the relationship between benzene and cyclohexa-
triene. It is confusing because often benzene is drawn as cyclohexatriene although they have totally different structures.
Cyclohexatriene is a hexatomic non-aromatic structure with Dsy, point group, while benzene is the archetypal aromatic ring
with Dg point group. While free-standing cyclohexatriene is unstable, cyclohexatriene units can exist in certain special
circumstances, such as when fused with tetratomic rings (Supporting information Fig. S1). The primary differences be-
tween cyclohexatriene and benzene are the bond lengths and the electron density. With alternating single and double bonds,
cyclohexatriene should exhibit a heterogeneous electron density around its ring. In graphene, the electrons of C—C bonds
are distributed equally amongst each of carbon atoms, such that there is no distinct single or double bonds but instead a
delocalized n-bond. This is clearly borne out by the computed electron densities from first-principles calculations, as shown

in Fig. 1d. The electron density distribution in graphenylene is indeed totally different from that in graphene, in that there

2/6



is a clear alternation between adjacent bonds. Clearly, localized double bonds exist in graphenylene, which is evidence that

the hexatomic rings are cyclohexatriene units.

In order to examine the stability of graphenylene, the relative total energies per atom of various carbon allotropes have
been calculated (Table 1). Here several different density functionals have been employed in order to examine the sensitivity
to this factor. Specifically, we have examined the local density approximation (LDA), Perdew-Burke-Ernzerhof'’ (PBE)

generalized gradient approximation (GGA) and its variant parameterized for solids, PBEsol'®

. There has already been ex-
tensive discussion of the performance of different functionals for the structure, thermodynamics and curvature related prop-
erties of diamond and graphite elsewhere®. Here we avoid the issue of van der Waals interactions by taking graphene as the
reference point instead of graphite. Given that theoretical and experimental estimates of the interlayer binding energy in
graphite vary from 0.02 to 0.07 eV/atom®, this is a small correction on the scale of the energy differences between allo-
tropes other than graphite to diamond. Although there are small quantitative variations according to the functional chosen,
the trends across the allotropes are unambiguous. Graphenylene is found to be energetically less favourable than graphite,
diamond, SWNT [5, 5] and Cg, but more thermodynamically stable than other predicted carbon allotropes, such as
graphyne and carbyne. Furthermore, the phonon dispersion curves for graphenylene (Fig. 2) demonstrate the absence of any
imaginary frequencies, and therefore the structure is a genuine local minimum on the potential energy surface. Given that

graphenylene is locally stable and that the degree of thermodynamic instability relative to graphene is only twice that of

fullerenes, it is proposed that graphenylene is a novel carbon allotrope that is capable of existing in reality.

As a full sp?-carbon structure, graphenylene is expected to have unique electronic properties. Calculations on gra-
phenylene predict a direct and narrow band gap (0.025 eV) with the valence band maximum (VBM) and conduction band
minimum (CBM) both located at the K point, as shown in Fig. 3b. Although Kohn-Sham density functional theory calcula-
tions usually underestimate the band gap due to self-interaction, and thus the real band gap is almost certainly larger, it
remains reasonable to conclude that graphenylene is a semiconductor with a direct band gap. It is well known that graphene
is a semi-metal with a zero band gap, which hinders its practical application in many important areas. On the contrary,
graphenylene, with a narrow direct band gap, may be suitable for use in various semiconductor-based devices. In addition,
the band gap of graphenylene can also be adjusted in the same manner as for graphene. In particular, the edge structure and
the width of graphenylene nanoribbons influence its electronic properties significantly. Theoretical calculations demon-
strate that the decrease of the width of graphenylene nanoribbons leads to a significant increase of its direct band gap.
Compared with an infinite 2-D graphenylene sheet (0.025eV), the narrowest nanoribbons have a much wider direct band
gap approaching 1 eV (Fig. 3c and 3d). The edge effect is also obvious for the narrowest graphenylene nanoribbons, which

show totally different band structures for armchair and zigzag edges (Fig. 3).
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Interestingly, the specific organization of sp? carbon atoms makes graphenylene a two-dimensional mesh with periodi-
cally distributed pores of 3.2 A in diameter. This unique structure may render graphenylene a 2D molecular sieve for gas
separation just like AFI and SSZ-33 (Fig. 4) and porous graphene®" %%, Gas separation, especially hydrogen separation, is of
particular importance for clean fuel production and usage. Surprisingly, graphenylene may be one of the best candidates for
separating H, from many other gas molecules, including CO, N,, CO, and CH,. The pore diameter of 3.2 A of gra-
phenylene is, in principle, larger than the kinetic diameter of H,, but smaller than all of the kinetic diameters of CO, N,,
CO, and CH,, which makes the diffusion of these molecules dynamically unfavourable except for H,. Calculations demon-
strate that H, can easily diffuse through graphenylene under experimental conditions with an approximate energy barrier of
only 0.20 eV, while other molecules exhibit much larger activation energies for diffusion of 0.99, 1.01, 1.05 and 2.28 eV
for CO, N, CO, and CH,, respectively. It is possible to estimate the selectivity of graphenylene for gas separation according
to the Arrhenius equation (Supporting information, Table S2). Compared with traditional gas separation membranes, the
selectivity of graphenylene is remarkably high even at room temperature (T=300K). For instance, the selectivity for hydro-
gen separation over methane (H,/CH,) can reach 10**. Relatively high selectivity of hydrogen over other gases is also pre-
dicted; H,/CO (10'%), H,/CO, (10™) and H,/N, (10*) (Table 2). The unique structure and small pore dimensions makes

graphenylene promising for many other applications, such as highly sensitive gas and ion sensors.

In summary, graphenylene is a new sp-carbon network whose properties have been predicted by first-principles calcu-
lation. The maximally localized electron density and the direct band gap make graphenylene unique relative to other known
sp?-carbon structures. Highly attractive physical and chemical properties are therefore expected. Beside its well-defined
pore structure, which is interesting for hydrogen separation and storage, many significant properties may also arise from its

electronic behaviour.
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Figure captions

Figure 1| Structure and electron density distribution of graphenylene and graphene. The two-dimensional structures of (a) gra-
phenylene and (b) graphene are shown. They are both honeycomb structures composed of sp®-carbon networks with the Dey, point group.
(c) The 2x2 supercell of graphenylene. (d) The electron density in a unit cell of graphenylene and 2x2 supercell of graphene. The elec-
tron density is colour coded from red to blue for high to low densities, respectively.

Figure 2| Phonon dispersion curves along selected directions within the Brillouin zone of graphenylene.

Figure 3| Band structure of different graphenylene forms. The band structures of graphenylene (b), narrow graphenylene nanorib-
bons with zigzag edge (c) and armchair edge (d) are shown. The white spheres indicate hydrogen atoms and the grey spheres represent
carbon atoms. The Fermi level is assigned as 0 eV. The relationship of the nanoribbons to the periodic graphenylene structure is shown
in (a) in which the zigzag and armchair edged ribbons are highlighted in red and blue, respectively.

Figure 4| Structures of graphenylene and AFI. (a) The electron density isosurface for graphenylene where the isovalue is 0.2 a.u. and
(b) the view along the [001] direction of AFI with T sites and oxygen in pink and red, respectively. Both graphenylene and AFI are
4,6,12 conjoined networks.

Table captions

Table 1| Total energies per atom relative to graphene for a range of carbon allotropes, as computed with three different
density functionals

Relative total ener- | graphene diamond SWNTI[5,5]ti  Ceo graphenylene  graphyne carbyne
gy per atom/eV nm

LDA 0 -0.02 0.17 0.41 0.69 0.73 121
PBE 0 0.14 0.19 0.39 0.64 0.65 1.01
PBEsol 0 0.02 0.17 0.38 0.66 0.70 1.13

Table 2| Kinetic diameter, diffusion barrier and separation selectivity for different gas molecules

H» CcO N2 CO, CH4
Kinetic diameter/A 2.89 3.76 3.65 3.30 3.80
Diffusion barrier/eV 0.20 0.99 1.01 1.05 2.28
Separation selectivity at 300K(H2/G) 1 10" 108 10 10%
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