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Hexagonite: A hypothetical organic zeolite
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Elaborating the discrete hydrocarbon molecule bicyclo[2.2.2]-2,5,7-octatriene in
three-dimensions, a unique, hypothetical allotrope of carbon is produced. Such a struc-
ture possesses a principal 6-fold axis; along this axis are hexagonal, organic tunnels
with about a 5.70 Å outside tunnel diameter across opposite vertices, and an actual,
inside diameter of 4.16 Å when taking into account the covalent radius of tetrahedral
carbon. Across opposite edges, the outside hexagonal tunnel diameter is 4.94 Å, and
the inside tunnel diameter is 3.61 Å. These tunnels are lined alternately with hexag-
onally disposed ethane-like functions and hexagonally disposed ethene-like functions
that stack along the tunnel axis. The lattice lies in space group P6/mmm, and it has the
Schläfli symbol given by (6, 32/5), it is therefore topologically related to the graphite–
diamond hybrids. Because of the hexagonal symmetry of the unit cell, and also due to
the fact that its polygonality is six, the structure has been given the name hexagonite.
There are 10 carbon atoms in the unit of pattern, and the density is 2.50 g/cm3; bor-
dered by the densities of graphite at 2.27 g/cm3 and diamond at 3.56 g/cm3. Its large
organic channels, lined with π organic functions, may make it particularly useful as an
organic zeolite material, or alternatively as a host lattice for ionic conduction. The elec-
tronic band structure of the empty, hexagonal host lattice is described.
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1. Introduction

The 3-,4-connected nets comprise a vast topological space of potential
material crystal structures. Wells was the first crystallographer to systematically
explore the 3-,4-connected nets [1]. Several crystal structures have been identified
which are types of 3-,4-connected nets, including the Pt3O4 structure type, shown
in figure 1, and the phenacite (Be2SiO4) structure type, shown in figure 2 [2,3].
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Figure 1. Crystal structure of the Pt3O4 lattice.

Figure 2. Crystal structure of the phenacite (Be2SiO4) lattice.

Theoretical studies of a C3N4 phase, adopting the phenacite structure type,
indicate this material should have nearly the zero-pressure bulk modulus as that
of the carbon diamond structure [4].

Previously, the crystal structure and electronic band structure of a novel
3-,4-connected carbon net was reported by us, and computation of its bulk mod-
ulus; both at zero-pressure, B0, and at pressure, B, was carried out [5]. This
hypothetical structure was shown to possess a higher bulk modulus than that of
even the diamond structure. To construct this so-called “glitter” structure, one
simply elaborates a three-dimensional structure from the discrete hydrocarbon
molecule 1,4-cyclohexadiene [6]. The crystal structure of the glitter structure is
shown in figure 3.

In the present report, a new and hypothetical 3-,4-connected network of
carbon, and of the other p-block elements that adopt trigonal and tetrahedral
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Figure 3. Crystal structure of the glitter lattice.

coordinations, like B, N, Al, Si and P, is described, This structure is produced
by elaborating the molecule bicyclo[2.2.2]-2,5,7-octatriene (barrelene), shown in
figure 4, in three-dimensions [7]. The unit of pattern of the material is hexagonal,
in space group P6/mmm, number 191.1 Figure 5 shows a view of an extended
structure of this hexagonite structure, approximately inclined by 90◦ from the
basal (ab-) plane.

It has 10 atoms in the unit cell, and a density of 2.50 g/cm3. From a topo-
logical perspective, its Schläfli symbol, to be described in the following section,
is given by (6, 32/5).

The structure’s most interesting feature are the large, hexagonal channels
that run along its c-axis. These channels have a largest diameter, across opposite
vertices of the hexagonal channel, of about 5.70 Å. This is the outside diameter
of the channel, one must consider the actual covalent radius of carbon in com-
puting a realistic inside, intercalation diameter for the hexagonal channels. The

1International Tables for Crystallography, Volume A, Space Group Symmetry (International Union
of Crystallography, D. Reidel, Dordrecht, Holland, and Boston, 1983). The lattice has no glide
planes or screw axes, and possesses a principal six-fold axis, vertical mirror planes, and horizontal
mirror planes at z = 0.305 and 0.807.
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Figure 4. Structure of bicyclo[2.2.2]-2,5,7-octatriene.

Figure 5. Extended drawing of the hexagonite lattice, viewed approximately normal to the ab-plane
of the lattice.
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covalent radius of tetrahedral carbon is 0.772 Å, yielding an actual inside diame-
ter of 4.16 Å across opposite vertices of the hexagonal channel. Across opposite
edges, the outside diameter is 4.94 Å, and the respective covalent radius of trigo-
nal carbon is 0.667 Å, yielding an actual inside diameter across opposite edges
of 3.61 Å [8]. Preliminary calculations are made as to the suitability for interca-
lating small organic and inorganic molecules inside the channels of hexagonite.
Speculation is given of the ability of the π organic functions, lining the hexago-
nal channels, to catalytically reduce the oxides of carbon into methanol.

Approximate calculations of the band structure of hexagonite were made
at the extended Hückel level of theory [9]. The electronic band structure and
density of states (DOS) of the carbon phase is discussed in the final section.
In the band structure, there are six π -type bands derived from the six p orbi-
tals in the unit of pattern of hexagonite. Three of these bands are π bands
and three are π∗ bands. These six π -type bands border the Fermi level in the
band structure of hexagonite. The DOS shows a relatively small band gap, which
is attributed to the three π∗ bands being relatively low-lying. It is therefore a
semi-conductor, and an excellent candidate for doping with, for example, alkali
metal atoms which could donate their lone s electron into the relatively low-lying
π∗ levels and transform the hexagonite structure into a π -type conductor [10].

2. Topology of the hexagonite structure

Euler’s relation, shown in equation (1), marks the origin of the discipline of
topology.2 Here, the number of vertices, edges and faces of convex polyhedra are
related into one unifying equation.

V − E + F = 2. (1)

Other topological equations, related to equation (1), are possible. The po-
lygonality of a convex polyhedron is given by the weighted average number of
sides of the polygonal faces of a polyhedron, n. Similarly, the connectivity of a
convex polyhedron, p, is given by the weighted average number of edges meeting
at each vertex of a polyhedron. These indexes of a convex polyhedron, n and p,
are termed its secondary topological indexes. From the identities shown in equa-
tions (2) and (3), relating the secondary topological indexes; the polygonality, n,
and the connectivity, p, to the primary topological indexes, V, E and F ; we may
obtain another topological equation for the convex polyhedra.

nF = 2E . (2)

pV = 2E . (3)

2Elementa doctrinae solidorum and Demonstratio nonnularum insignium proprietatum quibus solida
heddris planis inclusa sunt praedita, L. Euler, Proceedings of the St. Petersburg Academy, 1758.
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Equation (2) simply states that because each edge joins two faces, the product
of the weighted average polygonality (the number of edges, E , of each face, F)
and the number of faces, is equal to 2E . Similarly, because each edge terminates
at two vertices, the product of the weighted average connectivity of the polyhe-
dron and the number of vertices, V , is equal to twice the number of edges, E .
By substituting these identities, shown in equations (2) and (3), into the Euler
relation for the convex polyhedra, one may obtain the Schläfli relation shown as
equation (4) [11].

1
n

− 1
2

+ 1
p

= 1
E

. (4)

Unfortunately, the Schläfli relation has only rigorous solutions in terms of
the convex polyhedra and polygons. Additionally, a one-dimensional pattern, a
conventional polymer, can be thought of as an infinite polygon, so for these pat-
terns, too, the Schläfli relation holds. However, for two- and three-dimensional
patterns, like the graphite network and the diamond network, although one can
rigorously determine the polygonality, n, and the connectivity, p, in the unit of
pattern of these networks, the rigorous solution of the Schläfli relation for the
number of edges, E , is not possible.

The secondary topological indexes, n and p, are characteristic of the poly-
hedra, polygons, and two- and three-dimensional networks. For an arbitrary
crystal structure it may be difficult to assign links between the atoms unam-
biguously; in some cases, for example, it may be useful to view a crystal struc-
ture in terms of interpenetrating networks; but for the covalent materials such
assignment is straightforward. These secondary topological indexes constitute the
Schläfli symbols that characterize a material, (n, p). The ordered pairs of num-
bers can be used to construct a topology map of all structures. Table 1 shows a
topology map for the “regular” structures.

Because the polygonality, n, and the connectivity, p, can be fractional for
the polyhedra and two- and three-dimensional networks, the map shown in table
1 is only a partial map of all structures.

In the map are the familiar “regular” polyhedra; the tetrahedron, identified
as, (3, 3), the cube (4, 3), the dodecahedron (5, 3), the octahedron (3, 4) and the
icosahedron (3, 5). Vestiges of such objects play a prominent role in the struc-
ture of matter [12]. The emboldened border on the map separates the polyhedra
and plane nets from the three-dimensional nets. This border is placed there to
indicate that to its left the Schläfli symbol (n, p) represents a unique pattern of
a discrete polyhedron or plane net. While to the right of the border, the three-
dimensional nets, the Schläfli symbol (n, p) may indicate more than one way of
producing a pattern that fills space.

Two interesting locations in the topology map in table 1, for the present
report, are the entries (6, 3) and (6, 4). These represent the structures of graphite
and diamond, respectively. By inspection of the graphite and diamond structures,
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Table 1
A topology map of the regular structures.

p

n 3 4 5 6 7 8 . . .

3 t o i (3, 6) (3, 7) (3, 8)
4 c (4, 4) (4, 5) (4, 6) (4, 7) (4, 8)
5 d (5, 4) (5, 5) (5, 6) (5, 7) (5, 8)
6 (6, 3) (6, 4) (6, 5) (6, 6) (6, 7) (6, 8)
7 (7, 3) (7, 4) (7, 5) (7, 6) (7, 7) (7, 8)
8 (8, 3) (8, 4) (8, 5) (8, 6) (8, 7) (8, 8)
...

shown in figures 6 and 7, one can clearly see the identities of the topological
indexes, n and p.

Between (6, 3) and (6, 4) lie an infinite series of Catalán networks called
the graphite–diamond hybrids. The word “Catalán” is derived from the Catalán
polyhedra discovered in the 19th century [13]. Catalán polyhedra have frac-
tional connectivity, p, and integer polygonality, n. Another, and dual, class of
polyhedra are the Archimedean polyhedra, discovered by Archimedes in ancient
Greece [13]. Buckminsterfullerene is a prominent example of an Archimedean
polyhedron [14].

In 1994, the structure of the graphite–diamond hybrids was published [15].
Examples of this infinite series of structures are shown in figures 8 and 9. Their
Schläfli symbol is given by (6, 3x/y), where “x/y” is the ratio of four-connected

Figure 6. Crystal structure of the graphite lattice.
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Figure 7. Crystal structure of the diamond lattice.

points in the unit of pattern to the number of points in the unit of pattern. The
connectivity is a fractional number that runs between 3 (the graphite network)
and 4 (the diamond network).

Technically, these Catalán networks are formed by fusing graphite sheets
onto open valence tetrahedral connections (vertices) in various (hkl) planes of
the diamond structure. The spacing between open valence tetrahedral connec-
tions in some (hkl) planes of the diamond structure is very closely matched to
the width of the hexagons in the graphite structure, so it becomes possible to
produce the graphite–diamond hybrids, from a purely hypothetical perspective,
with little angular strain.

Among other things, the graphite–diamond hybrids are interesting from the
point of view of their topology. From the construction of the hexagonite structure,
it is clear that there is more than one way of filling space to obtain a Schläfli sym-
bol resembling that of the graphite-diamond hybrids; (6, 3x/y). From figure 10, a

Figure 8. Structure of a variety of the “para-” graphite–diamond hybrids.
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Figure 9. Structure of a variety of the “ortho-” graphite–diamond hybrids.

perspective of hexagonite in the ab-plane, it is obvious that all the shortest circuits
about the three-, and four-connected, vertices in the unit of pattern are six-gons.

This is the case despite the large; the polygons in the hexagonal channels
are twelve-gons, pores that run along the c-axis of the unit cell, since these are
not shortest circuits about any of the vertices. The polygonality of hexagonite is
therefore six. Of the 10 atoms in the unit of pattern of hexagonite, four of these
atoms are tetrahedral and six of them are trigonal, therefore the connectivity, p,
is 3.4. The Schläfli symbol of hexagonite, (6, 32/5), belongs to the Schläfli sym-
bols for the infinite series of graphite–diamond hybrids, yet structurally it is not
a graphite–diamond hybrid.

Finally, a recent paper has described possible three-dimensional carbon
structures as progressive intermediates in the transformation of graphite to dia-
mond [16]. This paper describes a computerized simulation of the contraction of
the graphite structure in different crystallographic directions, including concomi-
tant hybridization changes of carbon from sp2 to sp3, in some cases, followed by
new bonding arrangements between “closing” carbon atoms. The paper is impor-
tant, in the context of this communication, because in one of their figures (figure
3(c) in [16]) there is an intermediate structure of carbon which looks curiously
analogous to the hexagonite structure.

3. Porosity of hexagonite

The calculations described in this report on hexagonite were performed by
assuming a structure with all carbon–carbon single bonds of length 1.50 Å, all
carbon–carbon double bonds of length 1.35 Å, and all bond angles; trigonal and
tetrahedral, assumed to be 109.5◦, except the axial trigonal bond angle which is
constrained to 141◦. With such parameters, a unit of pattern is obtained with
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Figure 10. View of the hexagonite lattice from the perspective of the crystallographic ab-plane.

the lattice parameters; a = 4.89 Å, b = 4.89 Å, c = 3.88 Å, and α = 90◦, β = 90◦
and γ = 120◦. As previously mentioned, the density of hexagonite is 2.50 g/cm3.
In table 2 are indicated the rectilinear coordinates, in Å units, of the 10 atoms in
the hexagonal (P6/mmm) unit cell of hexagonite. The origin of the unit cell coin-
cides with one of its two 3-fold axes. A separate communication will describe the
unit cell more completely.3

3D.C. Palmer, CrystalMaker Software, P.O. Box 183, Bicester, Oxfordshire, OX26 3TA, UK. Dr.
Palmer has provided a compact description of the hexagonite unit cell. With the origin taken on
one of the two 3-fold axes of the hexagonal unit cell, the asymmetric unit is given by two atoms in
the following coordinates:

atom # x/a y/b z/c

C1 0 0 0
C2 1/6 1/3 0.1300
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Table 2
Rectilinear crystallographic coordinates of hexagonal (P6/mmm) hexagonite, in Å units.

atom # x y z

1 0 0 0
2 (a-axis) 4.89 0 0
3 (b-axis) −2.44 4.24 0
4 (c-axis) 0 0 3.88
5 0 1.41 0.513
6 0 2.82 0
7 −1.22 3.53 0.513
8 1.22 3.53 0.513
9 0 1.41 1.86

10 −1.22 3.53 1.86
11 1.22 3.53 1.86
12 0 2.82 2.38
13 0 0 2.38

Lattice parameters are a = b = 4.89 Å, c = 3.88 Å.

Figure 4 shows an extended view of the hexagonite structure, the perspective
is approximately normal to the basal plane of the hexagonal unit cell. Evi-
dent in this picture is the two-dimensional array of hexagonal channels that
form the essence of this structure. In this diagram, note the stacking of the
hexagonally disposed trigonal atom pairs along the c-axis (tunnel axis) of the
material. This is important from the perspective of catalysis, because these
trigonal atom pairs, if made of carbon, add π organic functionality to the
hexagonal channels. The π functions could act as donors of π electron den-
sity into the bonds of molecules which could be intercalated into the hexagonal
channels.

The lateral dimensions of these channels are diagrammed in figure 11. As
mentioned previously, the largest outside diameter, between oppositely disposed
vertices of the channels, is 5.70 Å (inside diameter 4.16 Å). Opposite edges of the
hexagonal channel, the separation between oppositely disposed π organic func-
tions, is 4.94 Å (inside diameter 3.61 Å).

In comparison to actual mineral crystal structures of various conventional
zeolites [17], the hexagonite channels are of intermediate size. For example, one
of the smallest pore diameters of an actual zeolite is that found in sodalite, at
a 2.50 Å pore diameter. At the other extreme, is a crystal structure which has
proved exceptionally important for the “cracking” of heavier hydrocarbons in
petroleum into the lighter hydrocarbons of gasoline, this is the mineral struc-
ture faujasite. Faujasite has a pore diameter of 8.00 Å. Therefore hexagonite,
although not a conventional zeolite; being made of carbon, instead of the
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Figure 11. Lateral dimensions of the hexagonal hexagonite channels.

traditional silicon, aluminum and oxygen, still possesses pore diameters which
compare with the intermediate-sized, traditional zeolites.4

These lateral dimensions of the hexagonal channels in hexagonite, make it
suitable for the intercalation of small organic and inorganic molecules. Methane,
with a tetrahedral edge of about 1.80 Å, would easily fit into the hexagonal pores
of hexagonite. In addition, the water molecule, H2O, with an intramolecular
H-to-H distance of about 1.74 Å would also fit easily into the pores. Therefore
one could, speculatively, envision processes such as the condensation reactions of
methane to form the higher hydrocarbons, or the purification of water, assisted

4Traditional zeolites, either synthetic or naturally occurring, are defined as porous materials com-
prised of aluminum, silicon, oxygen and alkali metal or alkaline earth metal cations. The cations
balance the charge of the tetrahedral aluminum–oxygen anions.
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possibly by the π organic functionality lining the pores of hexagonite, as poten-
tial applications of this porous material [17, 18].

An important industrial reaction, the Fischer–Tropsch process, involves the
reduction of carbon monoxide, CO, by hydrogen, H2. A stoichiometric equation
for this process is shown in equation (5) [18].

nCO + (2n + 1)H2 → CnH2n+2 + nH2O. (5)

The process occurs on a Co or Ni catalyst at close to room temperature.
The CO molecule has a bond length of 1.13 Å and a diameter along this length
of about 1.33 Å. With an inside, edge-to-edge diameter of 3.61 Å, carbon mon-
oxide would easily fit into the hexagonal pores of hexagonite. Dihydrogen is the
smallest molecule, its bond length is 0.74 Å, and it too would diffuse readily into
hexagonite’s pores.

Based upon a mechanism proposed in scheme 1 below, it is possible, albeit
highly speculative, that a variation of the Fischer–Tropsch process, one involving
only a partial reduction of CO to methanol, could be carried out in the hexag-
onal channels of hexagonite with the assistance of the adjacent π organic func-
tions. Such a reaction is shown stoichiometrically, in equation (6).

CR2 = CR2 + 2H2 + CO → CH3OH + CR2 = CR2. (6)

The scheme involves three fundamental steps, with the ethylene function
on the channel wall operating as a catalyst. In the first step, the CO interca-
lated into the hexagonite channels coordinates to the ethylenic functions in the
channel walls by forming a transient cyclopropanone-like complex. This step is
called “carbon–oxygen bond activation”. In the second step, a hydrogen mol-
ecule approaches the activated carbon–oxygen bond vertically (along the tun-
nel axis) and adds across the carbonyl function reducing the carbon–oxygen
bond and forming a cyclopropanol-like complex coordinated to the hexagonite
structure.5 This second step is called the “reduction of the carbon–oxygen bond”
step. Finally, in the last step, a hydrogen molecule approaches the coordinated
alcohol; laterally in the ab-plane of the hexagonite structure, and terminates
the weaker bonds of the cyclopropanol complex with stronger carbon-hydrogen
bonds. In this third step, called the “termination” step, the cyclopropanol com-
plex is transformed into a molecule of methanol as it adds the hydrogen mole-
cule and simultaneously splits off from the hexagonite structure.

Such a transformation, the catalytic reduction of an oxide of carbon to
methanol, would be of intense interest to those formulating a “renewable energy

5Strictly speaking, such a hydrogen addition reaction across a carbonyl function is thermally forbid-
den by symmetry analysis. Therefore, the proposed mechanism of methanol formation in Scheme
1 is highly speculative, and would depend upon the ethylene function of the hexagonite structure’s
wall “activating” the carbon–oxygen bond of the carbonyl towards reduction.
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economy” based upon the use of methanol as a fuel and as feedstock to the pro-
duction of synthetic gasoline [19]. Obviously, the reduction of oxides of carbon
to methanol would also have implications for the reduction of so-called “green-
house gases” in the atmosphere; indeed one could envision the possibility of dis-
tilling off the oxides of carbon from liquefied air and using this as a source of
methanol in conjunction with the catalytic properties of hexagonite discussed in
this paper [19].

It appears that the limit of potential small molecules that could fit within
hexagonite’s pores would be benzene, C6H6. Hydrogens bonded on opposite
sides of the benzene hexagon, “para” to each other, marked by “a” and “b” in
figure 12, lie about 5.0 Å apart, this is the largest dimension of benzene [8].

Hydrogens lying “meta” to each other, indicated by positions marked “a”
and “c” in figure 12, identify another characteristic width of the benzene hexa-
gon, at about 4.3 Å. The thickness of the benzene hexagon, gotten from the
covalent radius of trigonal carbon, is 1.33 Å [8]. Clearly, from these dimensions,
benzene could not fit into the pores of hexagonite. Therefore, benzene would
not be expected to diffuse into the hexagonite structure. One could, however,



M.J. Bucknum and E.A. Castro / A hypothetical organic zeolite 625

Figure 12. “Para” and “meta” positions in the benzene hexagon.

envision a “sila” derivative of hexagonite, in which all the tetrahedral carbons
are replaced by silicon atoms. This structure would have the formula Si2C3. Such
a structure might have a large enough inside pore diameter to accommodate ben-
zene or substituted benzenes, like toluene.6

4. Electronic band structure of hexagonite

The electronic band structure and density of states (DOS) of the hexag-
onite structure has been calculated at the extended Hückel level of theory [9].
Figure 13 shows the band structure of hexagonite, and figure 14 shows the DOS
of hexagonite.

There are 40 bands in the band structure of hexagonite, one for each of the
four occupied orbitals of the 10 carbon atoms in the unit cell of the structure.
What is particularly interesting in the band structure, are the levels bordering
the Fermi energy; the dashed line across figure 14 at about −9.8 eV. These levels
determine the external electronic structure of hexagonite. Figure 13 shows that
there are 20 bands below the Fermi energy, the 20th band is just bordering this
energy at about −9.8 eV. These are the bonding σ and π levels in the electronic

6Alternatively, it is possible to insert organic “spacers” into the hexagonite lattice in the form of
1,4-dimethylene-2,5-cyclohexadieneoid structural units. Such “spacers” would increase the number
of atoms in the hexagonite unit cell and the lateral, a- and b-axes of the unit cell. Its possible that
the six-fold axis could be lowered to one of two-fold symmetry (corresponding to an orthorhombic
unit of pattern) by the asymmetrical insertion of these “spacer” units in the structure. For a sym-
metrical insertion of “spacer” units along the six edges of the hexagonal channels, the space group
symmetry would remain P6/mmm. As one or more “spacer” units is inserted into the unit cell, the
topology changes to (6, 3x/y), where “x” is the number of four-connected vertices in the unit cell
(which will always be four) and “y” is the number of vertices in the unit cell (which will increase in
size as more of the 1,4-dimethylene-2,5-cyclohexadieneoid, three-connected “spacers” are inserted
along the hexagonal edges of hexagonite). The structure of such “expanded” hexagonite structures
will be discussed in a separate communication.
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Figure 13. Electronic band structure of the hexagonite crystal structure.

Figure 14. Density of states (DOS) of the hexagonite crystal structure.

structure of hexagonite. States just below, and above, the Fermi energy, in the so-
called “valence band” and “conduction band”, respectively, are derived from the
six lone p orbitals in the unit cell of hexagonite. That this is so, is indicated by
the shaded region in the DOS diagram, which is a projection of just one of the
trigonal atom lone p orbitals in the DOS. There is a separation of about 1 eV
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between π and π∗ levels in hexagonite’s electronic structure; therefore the mate-
rial is a carbon-based semi-conductor.

Of the 20 anti-bonding levels in hexagonite, the three π∗ levels are rela-
tively low-lying. As can be seen in figure 13, these levels closely border the Fermi
energy at −9.8 eV; separated from this energy by a small gap of approximately
less than 1 eV. There is a relatively large gap between these three anti-bonding π∗
levels, across the Brillouin zone, and the higher lying σ ∗ levels, which lie at, or
above, 0 eV. Evidently, the σ ∗ levels play little, or no, role in the electronic struc-
ture of the material. The close proximity of the π and π∗ states in the electronic
structure of hexagonite; they are separated by less than 1 eV, suggests the possi-
bility that this semi-conducting hexagonite structure could easily be doped with
an alkali metal or alkaline earth metal that could donate its s electrons into the
π∗ levels of hexagonite and form a conducting system. The implications of such
doping in terms of its potential use as an ionic conductor-host are not clear at
this time [10,20].
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