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Is graphane the most stable carbon monohydride?
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We discuss a number of hydrocarbon structures whose cohesive energy is not worse than that of benzene and
graphanes. These structures can be regarded as sublattices of known carbon structures so the strain exerted on the
crystal lattice is minimal and caused mostly by the steric interactions of hydrogen atoms. Possible synthetic routes
are proposed. Due to their exceptional mechanical, structural and electrical properties, these crystal structures may
have utility as mechanical, optoelectronic or biological materials.
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1. Introduction

In the recent years, the attention of researchers has been drawn to graphane — carbon
monohydride theoretically predicted [1,2] and later experimentally obtained by a complicated
synthetic scheme [3]. This compound is interesting due to its exceptional properties (e.g. high
temperature superconductivity predicted for properly doped graphane [4,5]) and as a possible
candidate for solid cell hydrogen storage elements [6,7].

However, it should be noted that graphane is not the only compound with a carbon-
hydrogen ratio of C:H=1:1. There are quite a number of other examples: e.g. solid benzene
(though at ambient pressure it can exist at low temperatures only [8]), molecular solid phases
of cubane/cuneane [9-12] (which can be obtained as metastable forms through complicated
organic synthesis), polymeric nanothreads (predicted in [13] and later obtained by high pressure
synthesis [14]) and even well-known polysterene. In the case of carbon, there is nothing
astonishing that even its metastable forms can have interesting applications. For example,
there are at least 4 hypothetical forms [15-17](one of them is similar to the cubic-gauche high
pressure phase of nitrogen [18]) that has currently never been observed in practice, but according
to quantum chemical calculations are more energetically favorable than actually synthesized
cubane. It is interesting to note that according to DFT calculations, graphane [2, 19] has the
lowest energy among all these allotropes (even lower than benzene).

In this paper, we consider recently proposed 3D hydrocarbon (diamond monohydride/
DMH) [20] which can be energetically as viable as graphane. Both can be regarded as sublattices
of diamond structure so the internal strain in both is minimal and caused mostly by the steric
interactions of hydrogen atoms. We also describe evolution of DMH energy with pressure and
discuss its possible analogs among non-organic compounds.
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2. The least strained structures

In our previous paper [20], we proposed an heuristic procedure, which can be applied
to obtain minimally-strained crystal structures, starting from the known ones (in case of hydro-
carbons they are pure carbon structures). To accommodate required number of hydrogen atoms,
we need to delete some nodes from the lattice and put hydrogen atom into a bond connect-
ing the deleted node to the nearest carbon atom. From these considerations, restrictions arise.
Taking into account relative lengths of C—C and C-H covalent bonds (=~ 1.54 and ~1.0 A), it
is obvious that each unoccupied site can have at most one single occupied node in its vicinity
(otherwise the distance between hydrogen atoms on the bonds converging to the same empty
node would be too short, resulting in large lattice strain). From this, it immediately follows that
the maximum numerical density of structures produced in such a way will be exactly half of
the initial amount. Once these conditions are satisfied, it is also clear that the cohesive energies
of the proposed structures don’t differ much from the initial figures and exact values can be
refined subsequently by ab-initio calculations using this postulated structure as a first iteration.
However, we would like to stress that even these heuristic considerations will be sufficient to
make qualitative predictions about the properties of these structures. We will try to clarify this
point in the rest of the paper. Our procedure, to some extent, resembles one adopted previously
in the search for zeolite structures [21,22], but we cannot translate it into topological terms of
tilings, vertices, etc.

For hydrocarbon structures, one can take diamond and lonsdaleite lattices as starting
points. The energy difference between lonsdaleite and diamond is less than 10 meV per bond
(it is significantly less than the 20 meV per atom difference between diamond and graphite), so
for practical purposes, it can be neglected. There is even a tendency to regard lonsdaleite as a
diamond structure, but with a considerable number of stacking faults [23].

F1G. 1. Diamond-like graphane B (a) and lonsdaleite-like graphane C (b) sheets.
¢) Hydrocarbon nanothread. Only carbon networks are shown. Translucent bonds
demonstrate relations to their respective parent structures

In a more formal way, this procedure can be described as a virtual symmetry breaking
operation so the equivalence of lattice nodes in diamond (space group Fd3m, single Wyckoff
position 8a) and lonsdaleite (P63/mmc, 4f) structures aren’t retained and their occupancies
may vary'. Well known graphane structures [19,29] can be described in this way. Depending
on the initial structure, they can be classified as either diamond- or lonsdaleite-like. Indeed,

For details we refer the reader to the book [24], Bilbao server and programs therein [25-27]. Using crystallo-
graphic visualization programs (e.g [28]) tremendously helps in understanding the structural transformations.
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virtual phase transitions® F'd3m —— Pmna and Fd3m ——= P3ml lead to splitting 8a —
2-4h and — 2 - 2d + 1 - 2¢ respectively which correspond to the formation of two graphane
sheets types, named B and A in Ref. [19]. Similarly, from lonsdaleite, graphane structures C
(Pmmn subgroup with index 6, 4f — 2-4f) and D (Pbcm with index 12, — 2 - 8e) can
be obtained. Schematically, relations between 2 types of graphane sheets with their respective
parent structures are shown in Fig. 1.

However, in all these cases, the resulting structures are not contiguous; that is, they are
not completely covalently bonded. Weak van-der-Waals (vdW) forces allow one to somewhat
relax positions of the graphane sheets relative to each other to form more energetically-favorable
configurations. For example, shifting of every second sheet of B type into base centered
positions results in graphane III structure where carbon atoms form black phosphorus structure.
An interesting question arises — is it possible to retain the contiguity of the initial lattice?
Though we don’t know the general answer, in the particular case of hydrocarbons, the search
for an answer leads us to new crystal structures.

For lonsdaleite, it is possible to propose the phase transition with prime klassengleiche

index 7 P63/mmc 2D, P63/m which corresponds to the expansion of the unit cell in two
dimensions along the basal plane. This transition leads to splitting 4f — 2 - 127 + 1 - 4f,
producing a structure (Fig. 1 ¢) which can be described as a nanothread [13, 14] bundle.

3. DMH structure and its properties

It is remarkable that though nanothread bundle is vdW bonded structure but the pro-

cedure similar to described above in case of diamond produces completely covalently bonded

DMH crystal. Formally, this is described as a Fd3m B, R3 transition accompanied by

splitting 8a — 2 - 6¢ + 4 - 18f (in our previous work [20] we have overlooked rhombohedral
symmetry). Each of positions’ sets can be evenly distributed between occupied and unoccupied
nodes. So this structure can be regarded as a result of “halving” of the diamond one. This also
dictates the parameters for the resulting conventional unit cell (obtuse hexagonal with a ~ 6.67
A, ¢~ 1236 A and Z = 42 formula units in it).

As an initial estimate for structure optimization, hydrogen atoms are put into this
structure 1 A apart from occupied sites in the direction pointing to the closest unoccupied
one (see Fig. 2). The resulting structure turns out to be more energetically favorable than
benzene and comparable to diamond-like graphanes. For details of DFT calculation using
QuantumESPRESSO software [30] we refer the reader to [20]. Evolution of the energy differ-
ence between DMH and graphane with pressure is shown in Fig. 3.

Because carbon atoms in DMH are in the sp®-hybridized state, it is not surprising
that the substance is good dielectric with quite a large band gap of 4.5 eV (comparable to
the theoretical diamond’s one but direct). DMH density is somewhat less than half that of
diamond’s (due to 5 % expansion of covalent bonds) and equals 1.7 g/cm3. Because DMH is
related to parent structure through removal of some C-C bonds, the mechanical properties are
significantly inferior to that of diamond, but still quite impressive (bulk and shear moduli are
B =904+ 15 and G = 60 £ 15 GPa respectively). One remarkable DMH feature is the presence
of quite spacious “tubes” piercing the bulk of the structure (see Fig. 2). As it was pointed

The numbers above arrows designate translationengleiche and klassengleiche subgroup indices ¢, k. In general
such a transition leads to splitting of Wyckoff positions of parent structure into several sets of Wyckoff positions
of subgroup. Such a relation we will designate by the notation 4f — 2 -2d 4 1 - 2¢, meaning that 8¢ Wyckoff
position of the parent group is split into two sets of 2d and one set of 2¢ subgroup. The left part can be omitted if
it is clear which position is meant.
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F1G. 2. Structure of DMH. Perspective view along base plane (a) and along
pores (b). Grey spheres stands for carbon atoms and white for hydrogen. ¢) The
building block of DMH structure — diamantane molecule with six loose bonds
(only carbon framework is depicted)
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F1G. 3. Pressure evolution of energy in a) hydrocarbon structures (o — graphane
1T and O — DMH) and b) nitrogen (o — cubic gauche, { — black phosphorus
and [J — “half-diamond” or DMH-like). In both cases the energy of respective
molecular phase (benzene and N,) at ambient pressure is taken as zero

out in Ref. [31] in the context of carbon-nitrogen compounds the filling of such pores with
metallic atoms would lead to almost one dimensional metallic conductivity which in certain
circumstances (e.g. strong interaction with phonones of hydrocarbon matrix) could produce
high-temperature superconductivity.

Though at first glance, the crystal structure seems extremely complicated, but in real-
ity,this is not true. In fact, it can be thought of as an ordered network of polymerized diamantane
molecules (C4Hy) [32] with six hydrogen atoms removed. So the building block of this struc-
ture is a diamantane molecule with six dangling bonds (Fig. 2). Its point group is 3, so naturally
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it can be packed in R3 space group. The diamantane molecule is quite rigid and the DMH
structure’s unit cell consists of six molecules of such geometry that they are related to each
other by crystallographic symmetry.

This observation also gives a clue which possibly will help to produce DMH using
properly functionalized/substituted diamantane molecules (this is somewhat similar to con-
siderations present in Refs. [33,34] but there, adamantane molecules were used as building
blocks). If it would be possible to attach some sort of radicals X to secondary carbon atoms
in diamantane molecules, such that the hypothetical chemical dimerization (2 - C14H14Xs —
2+ (C14H14X5) + 2 - X5 is possible, then the self-organization of these molecules into a crystal
structure can be expected.

4. Possible non-organic analogues

Because the DMH structure cannot be readily found in nature (in contrast to benzene
and diamantanes which can be separated from the crude oil) it would be worthwhile to look for
possible analogs of the DMH structure in the inorganic realm. One possible candidate would be
binary sphalerite compounds which are widely used in electronics. For compounds with high
enough ionicity (like GaSb or better), a certain reordering of atoms can be expected, which
would lead to arrangement with one type of atoms taking positions of occupied nodes in DMH
structure while others take positions of empty ones. However, we are not aware of any finding
of this kind [35].

Another possibility is the exploiting of the analog between CH radical and group five
elements (where a fully occupied orbital plays the role of a C-H bond). In fact, there much
similarity between them, for example, in graphane I and III structures, carbon atoms form a
network similar to arsenic and black phosphorus structures. As a model object, the nitrogen
structures can be extremely educative. For example, the structure of nitrogen at pressures
higher than 100 GPa can be considered as “halving” of bC8 structure (observed in the wild
in Si, Ge [35], presumably produced under certain conditions in vapor deposited carbon [36]
and predicted to be thermodynamically stable in pure carbon at TPa pressures [37]). Here,
the symmetry breaking is quite simple and consists of the removal of an inversion center, thus

) . .. 5 2,1 . . . .
producing a virtual transition /a3 — [2;3. The resulting enantiomorphic crystal structure in the
context of nitrogen [38] was named cubic gauche (however one may expect droite conformation
too) and was considered previously as a possible candidate for 3D hydrocarbon structures [15].
Although the corresponding hydrocarbon structure significantly loses to DMH and graphanes
(about than 0.2 eV per CH group), in the case of nitrogen, the situation is inverted. The relative
energies of cubic gauche, DMH-like and black phosphorus type nitrogen crystal structures are
depicted in Fig. 3. The behavior of bp- and cg-N generally coincides with the results of Ref. [38]
but the energy of DMH-like nitrogen is comparable with that of cg-N only in the low density
region and with increased pressure, this difference rapidly increases. It should also be noted
that the pressure region in Fig. 3 below 50 GPa has no practical significance because there,
molecular nitrogen with triple covalent bond is the unquestionable winner.

Such a difference between DMH and its nitrogen analog is possibly caused by the
effective charge of C-H group on the one hand and filled electron orbital in nitrogen on the
other. The higher coulomb interaction in nitrogen favors its crystallization in the form where
two types of bonds exist (similar to bC8 structure) so the diamond and lonsdaleite structures
(where all bonds are equivalent) are simply bad initial approximations.
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5. Conclusion

The main conclusion of this paper is fairly obvious and was determined many times
before [39,40], however, it is worth repeating once more. That is, the energy considerations
are not the decisive factor in the question of viability of some compound (especially an organic
one) but the availability of technological process for its fabrication is. The examples consid-
ered in this paper include cubane (it even loses to the cubic gauche hydrocarbon structure)
and nanothreads, which are of the lonsdaleite type, and such, lose to diamond-type graphanes
but nonetheless can be obtained by the high-pressure high-temperature treatment of molecular
benzene [14]. A similar consideration applied to DMH structure implies that its manufacturing
requires some preliminary steps involving production of suitable precursors. However these
efforts may be worthwhile because of its exceptional mechanical, structural and electrical prop-
erties. DMH might have utility as a material for biological and optical applications or as a solid
hydrogen storage element.
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