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Ab initio studies of the structural and electronic properties of solid cubane
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In this paper, we reporab initio calculation of the structural and electronic properties of solid cubane
(s-GHg) in the local-density approximation. By using a initio constant pressure extended molecular
dynamics method with variable cell shape proposed by Wentzcovitch, Martins, and Price, we compute a lattice
parametea and a bond angle for the rhombohedral Bravais lattice and compare it with experimental x-ray
data. We obtain bond lengths for the mononuclegiQunit of basis atoms, as well as a density of states and
heat of formation[S0163-182@8)02944-(

While there has been an enormous amount of experimerthat such calculations are important not only from a funda-
tal and theoretical interest in the structural, electronic, andnental point of understanding cubane and its derivatives in
vibrational properties of the fullerenéshere exists an even the solid-state phase, but that they also offer another test case
simpler carbon-based structure that has cagelike propertiéer applying the tools of first-principles electronic structure
analogous to the fullerenes, namely, the hydrocarbon soligheory, which have been successfully applied to other
cubane (s-gHg). Cubane was first synthesized by Eaton andcarbon-based molecular solids like fulleritd#which is also
Colé and its crystalline structure was determined bybound by van der Waals interactions.

Fleischef to be rhombohedral with one molecule of cubane We used the plane-wave local-density formafiSno
(s-GgHg) per conventional unit celicf. Figs. 1 and 2 Its  solve the Kohn-ShaniKS) equations of density functional
interesting dynamics has been recently investigated by Yilditheory using LDA in momentum spalé’ with the Ceperley

rim et al* and Detkeret al® There is a significant amount of and Alder® form of exchange correlation as parametrized by
strain in the molecule due to the deviation from the normalPerdew and Zungéf. The first principles nonlocal norm-
C-C tetrahedral bond angle of 109.5° in thg® hybridized ~ conserving pseudopotential for the carbon atoms was gener-
form of carbon, which exists in methane or ethane, to thedted by a scheme developed by Troullier and Maffinsing
highly strained C-C bond angles of 90°, which exist for thethe separable form of Kleinman and Bylandémnd such
eight sp* hybridized carbon atoms in the cubic molecular SOft pseudopotentials have been shown to be computationally
structure. Obviously, this strain in the molecule is the sourcé&fficient when they are used to solve the KS equations with a

of the highly energetic properties of cubane in the solid-stat@lane-wave basis in the iterative dual space formafm.
phase. In fact, nitro-substituted forms of cubdeey., 1,7- Furthermore, these Troullier-Martins pseudopotentials have

dinitrocubané have also been Synthesized, which are Suitbeen well tested for a number of second-row elements such
able candidates for energetic or explosive materials. as carbort:*?

Despite the numerous molecular orbital calculations on A 1/r potential was used for the hydrogen atoms in our
the structural and electronic properties of the cubane mo|calculations. The structural optimizations were performed
ecule itself~8 there has been, to our knowledge, no theoret-
ical work in the literature on the structural and electronic
properties of the solid-state or crystalline form of cubane
(s-GHg). As a first step towards our goal of computing the
structural, electronic, and vibrational properties of solid cu-
bane, we report in this paper the useabfinitio total energy
methods to obtain an optimized structure for gHg and
evaluate the electronic properties of the material, such as the
local density of states and heat of formation, within the local
density approximatiofiLDA).

It is experimentally known that solid cubane has a rhom-
bohedral Bravais lattice with a monomolecular unit of 16
basis atoms.Thus, we would expect to see in our calcula-
tions some distortion of these monomolecular units from FIG. 1. Sketch of monomolecular unit of8g in solid cubane
their cubic form in the isolated molecule due to the crystal-(s-GHg). Numeration scheme for carbon basis atoms is illustrated
field effects of the rhombohedral Bravais lattice. We believewith members for hydrogen not shown for clarification.
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TABLE II. Comparison of experimental and theoretical lattice
constantga) and bond angles«) for solid cubane (s-gHg) which
has rhombohedral crystal structure in solid form and is uniquely
characterized by and «, as shown in Fig. 2.

Experimental Theoretical
Lattice constantA) 5.34 4.87
Bond angle &) 72.3 75.2

bonding plays a dominant role, such as molecular crystals.
For example, in seleniuth the distance between van der
. i ) Waals bound Se chains is 10% within the LDA. In the case

FIG. 2. Sketc_h of rhombohedral Bravais lattice of solid cubaneOf fullerite, which is also considered a van der Waals solid,
(s-GgHg). Herea is the lattice parameter of the crystal amds the . . 14

. : lattice constants are well predicted by LDAL* but here we

bond angle. Note that monomolecular units gHg constitute a set btai Its for the int lecular dist . b that
of basis atoms at the corners of the rhomboderon. obtain results for the Intermolecuiar distance in cubane tha
are not as good as the intramolecular distances calculated

. A before, both according to the LDA. The equilibrium distance
using anab initio constant pressure extended molecular dy5y \,an ger waals solids is achieved when the repulsive inter-

hamics ”?ethOd W!th Va“ab'? cell _shape de_v_eloped byaction between closed shell molecules due to the Pauli prin-
Wentzcovitch, Martins, and Pri¢&,which was utilized for

fficient structural optimizati ¢ ber of th ciple balances the attractive van der Waals interaction. In
etmcient structural optimizations for 8 member ot the Perov-qqrite  as in graphite, this repulsion is due to theelec-

ski;[e famti!y ?f crystallinedsolids, MgSig)I toff ftrons of the highest occupied molecular orbital, which has a
N particular, we used an energy piane-wave cutolt o dispersion of several tenths of an é¥/This indicates that
64 Ry (=5371 total plane wavedor our converged car-

. . 9 there is already at the equilibrium intermolecular distance a
bon pseudopotential and in our structural optimizations th

%hemical interaction that is not negligible and that is appar-
i — 4
forces were converged to within>610" hartrees /boHir ently well described within the LDA. In solid cubane we find

Wh”e_4 the pressures were (_:on_verged to With?n_ 2that at the experimental intermolecular distance the disper-
><1705 hartrees/boKr The potential is converged to within sion of the highest occupied molecular orbital is even
10 " Ry. - ) smaller, indicating a weak interaction. Cubafé. Fig. 3

The results of our LDA optimized structure for solid cu- 55 5 larger band gap than fulletfténdicating again that it

bane are shown in Tables | and Il. The LDA optimized C-Cig chemically a less reactive species, but still a highly ener-
and C-H bond lengths for the sixteen basis atoms of SO“QT;]etic material.

cubane are shown in Table | where the comparison between ag tar a5 energetics are concerned, our studies have de-

theory and experiment is quite good, as should be expectedmined the band gap to be 5.2 eV at the experimental lat-
from an LDA calculation involving covalent bonds. We ob- tice constant and 3.7 eV at the calculated lattice constant as
tained the same results independent of the choice of thgg\wn in the calculated local density of state®0S) for
gamma point or two special k points for our total energygjig cubane, which is illustrated in Fig. 3. This difference is
calculations. Thus, our calculations clearly show the distory, e expected because the effect of using the calculated
tion _of the C-H and C-C bond lengths frqm their values in| pa |attice constant is to squeeze the monomoleculgC
the isolated molecule due to the crystal-field effects of the,hits closer together thus causing a greater dispersion in the
rhombohedral Brava|s lattice. , ._band structure of solid cubane. The spikes in the calculated
The comparison between the experimental and theoreticgip g ysing the experimental geometry are also not surpris-

values for the lattice constant and the bond anglef the i, a5 they are typically seen in other molecular crystals. In
rhombohedral Bravais lattice of solid cubane are shown INummary, we are seeing in our calculations the typical

Table 1l. Here, two special k points were used in our total

energy studies. The agreement between theory and experi- 100
ment reflects the difficulty that LDA has in determining
structural properties for materials in which van der Waals w O
c
TABLE I. Comparison of experimental and theoretical C-C and :é &0
C-H bond lengths for monomoleculagld; cubane unit as shown in g 40
Fig. 1. Symmetry about £C, axis of Fig. 1 is exploited to show £ :
. < i
only the simplest bond lengths. 20
Bond lengths Experimentah) Theoretical(A) o e L
Energy (eV)
C;-C4 1.549+0.003 1.59
C,-C, 1.553+0.003 1.62 FIG. 3. Local density of statge DOS) for solid cubane s-gHs.
Cs-Hs 1.11+0.05 111 The solid line is calculated for the experimental geometry while the
Cy-H, 1.01+ 0.05 1.07 dashed line is determined from the geometry computed within

LDA.
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overbinding that LDA gives for insulators and semiconduc-tron and x-ray scattering experiments to confirm our predic-
tors, but this effect is further enhanced by the the van detions of distortions in the C-C and C-H bond lengths within
Waals nature of the bonding in solid cubane. This trend ighe GHg units in cubane.

also seen in. molecular crystals like §o|id xenon and argon. e are grateful to Shaune S. Allen and Evelene Duhart,

We also estimate the heat of formation for gHgat P=0  both of Howard University, for their assistance with the

andT=0 to be—0.14 Ry/molecular unit, which is consis- preparation of this manuscript. We wish to thank the Depart-

tent with the heat of formation for fullerite and smaller than ment of Energy(Grant No. DOE-FG03-95SF207B88nd the

the heat of formation for diamond. This trend makes sens&lational Science Foundatiai®rant No. HRD 9255378for

considering the nature of the strong covalent bonding in diagenerous support of this work. S.L.R. is also grateful to the

mond and the relatively weak bonding in a molecular crystaiNational Science FoundatiofAward No. DMR-9213665

like fullerite 2 for its support of this wo_rk. We acknowledge a grant for
In summary, we have completed the first L initio computer time at the Pittsburgh . Supercomputing Cef‘tef

) : . . here these calculations were carried out. S.L.R. appreciates
calculation for solid cubane and have obtained distorted C-ég]

) : ) e hospitality shown him as a Visiting Professor at the In-
and C-H bond lengths, which compare well with experiment.giy,to Superior Tecnico and the Instituto de Engenharia de

but the lattice constant does not compare as well with experisjstemas” eComputadoreINESC), Lisbon, Portugal, and
ment due to the treatment of van der Waals bonding betweescknowledges Dr. Philip E. Eaton of the University of Chi-
the monomolecular §Hg units using LDA. It is expected that cago for helpful discussions at the preliminary stages of this
improved schemes to treat the electronic exchangework. Finally, S.L.R. is grateful to Dr. Thomas J. Katz of
correlation effects, which go beyond LDéAe., generalized Columbia University for first introducing him to cubane as
gradient approximation and weighted-density approximaan undergraduate and acknowledges Dr. S. C. Erwin and Dr.
tion) will result in an improved structural optimization for M. R. Pederson, both of The Naval Research Laboratory in
solid cubane. We would nevertheless expect improved neu/Nashington, D.C., for interesting discussions.
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