
Ab initio study of cubyl chains and networks
F. Valencia, A. H. Romero, Miguel Kiwi, R. Ramı́rez, and A. Toro-Labbe

Citation: The Journal of Chemical Physics 121, 9172 (2004);
View online: https://doi.org/10.1063/1.1805492
View Table of Contents: http://aip.scitation.org/toc/jcp/121/18
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/56140772/x01/AIP-PT/JCP_ArticleDL_110117/AIP-3075_JCP_Perspective_Generic_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Valencia%2C+F
http://aip.scitation.org/author/Romero%2C+A+H
http://aip.scitation.org/author/Kiwi%2C+Miguel
http://aip.scitation.org/author/Ram%C4%B1rez%2C+R
http://aip.scitation.org/author/Toro-Labbe%2C+A
/loi/jcp
https://doi.org/10.1063/1.1805492
http://aip.scitation.org/toc/jcp/121/18
http://aip.scitation.org/publisher/


Ab initio study of cubyl chains and networks
F. Valencia and A. H. Romero
Advanced Materials Department, IPICyT, Camino a la Presa San Jose´, 2055 Colonia Lomas 4ta. seccio´n,
San Luis Potosı´ (SLP), Mexico

Miguel Kiwi and R. Ramı́rez
Facultad de Fı´sica, Pontificia Universidad Cato´lica de Chile, Casilla 306, Santiago 6904411, Chile

A. Toro-Labbe
Facultad de Quı´mica, Pontificia Universidad Cato´lica de Chile, Casilla 306, Santiago 6904411, Chile

~Received 1 July 2004; accepted 19 August 2004!

The spatial arrangements and physical properties of one- and two-dimensional structures, based on
the amazing cubane (C8H8) molecule, are investigated in detail. In particular, we compute the
electronic structure, both by first principle calculations and by semiempirical methods. The elastic
and vibrational properties are evaluated as well. All these results are compared with those of the
single cubane molecule, in order to elucidate the influence of dimensionality. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1805492#

I. INTRODUCTION

Since the discovery of the perfect cubic structure of cu-
bane: C8H8 , an important effort has been carried out to un-
derstand the amazing properties of this molecule.1 May be
the most remarkable characteristic of this hydrocarbon allo-
trope is the 90° angle of theC–C–C bond, far from the
diamondsp3 hybridization angle, which is 109.5°. This mo-
lecular strain has important consequences on the heat of for-
mation (1144 kcal/mol) and other energetic properties. In
spite of this fact, the synthesis of this molecule was achieved
by Eaton and Cole1 with a rhombohedral molecular crystal
structure. In addition, cubanes are considered as one of the
most promising compounds for use in the explosive and pro-
pellant industries.2

The single molecule and its crystalline form have been
characterized by different means both experimentally1,3–10

and theoretically.11–16Both approaches indicate that the mol-
ecule and the crystal are very stable at room, and even
higher, temperatures; moreover, its peculiarities are domi-
nated by those of the cubane molecule. At present a first
principle study of the physicochemical properties of linear
and surfacelike cubane oligomers, as a function of monomer
number, is well advanced and will be published elsewhere.10

On the other hand, their synthesis path has been taken even
further, since Eaton et al. found a way to create
polycubanes.9,17 First they obtained cubylcubane by nucleo-
philic additions of cubene~1,2-dehydrocubane!.17 Later on
they developed an experimental path to obtainp-@n# cubyls
and aryl-substituted cubanes, opening the possibility of cre-
ating, in a very controlled fashion, polycubanes9 as one- and
two-dimensional polymers.

In this contribution we report first principle results, as
well as semiempirical calculations~similar to those imple-
mented by Rurali and Herna´ndez18!, with a tight-binding pa-
rametrization as in Ref. 19, carried out both for hypothetical
one-dimensional chains and two-dimensional polycubane
networks. In fact, similar one-dimensional structures built

using cubene~dehydrogenated cubane! units have been pro-
posed previously as small gap polymers.20 Here we focus on
hydrogen saturated chains following a path that stays closer
to experiment. As discussed in the Appendices, there per-
fectly periodic models do describe the actual behavior of
finite size~Appendix A! and bent~Appendix B! oligomeric
chains with acceptable accuracy. Elastic, electronic, and vi-
brational properties are calculated and compared to those of
the single cubane molecule, in order to determine the influ-
ence of dimensionality. Calculations were performed within
density functional theory framework, using a plane wave ba-
sis set and a pseudopotential approach.21 The code we used
was the PWSCF~plane waves self-consistent field! of Baroni
et al.21 The pseudopotentials employed were of the ultrasoft/
Vanderbilt kind,22 and the exchange correlation term was
treated with the Perdew-Wang23 scheme. Kinetic energy cut-
offs of 20 Ry for the wave functions, and 120 Ry for the
charge densities and potentials, were used throughout. Con-
vergence onk points and energy cutoff were performed and
here we only present the converged results. In the tight-
binding calculations we have compared geometries and elec-
tronic properties by using as input the optimized results from
the ab initio calculation. The cubane molecule retains its
structure, since the electronic properties are close to theab
initio results.

II. GEOMETRY AND ENERGETICS

First we performed a Broyden-Fletcher-Goldfarb-
Shanno~BFGS! ~Ref. 24! relaxation of a single cubane mol-
ecule~Fig. 1!. We embedded the single molecule in a cubic
box with sides 11.64 Å long, which corresponds to more than
five times the molecule size, to avoid interactions with peri-
odic images. The geometry obtained was quite consistent
with the experimental data1,4 and other theoretical
calculations.16 In fact, C–C distances of 1.571 Å, C-H dis-
tances of 1.098 Å,C–C–H angles of 125.3° andC–C–C
angles of 90.0° were found. Although symmetry was not
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imposed during relaxation we have found only small devia-
tions from the full cubic symmetry, reflected by tiny varia-
tions around the mean for the angles and distances~0.0002 Å
for the C–C distance, 0.015° for theC–C–Cbond and 0.1°
for the C–C–Hbond!. As will be discussed below, these
small deviations induce only minor artificial unfolding of
electronic and vibrational states. Thus, we conclude that the
level of theory used is quite sufficient to describe these cu-
banecubyl systems.

Next we consider three different kinds of infinite cubyl
rod cubanes, as depicted in the insets of Fig. 2. Each model
consists a covalently bonded chain, which is constructed as a
periodic repetition of the finite oligomeric cubyl rods experi-
mentally realized by Eatonet al.9 Model ~a! consists of
cubylcubane blocks joined along the cube diagonal, which is
also the chain axis; model~b! is a stairlike structure with the
chain axes parallel to one of the cubyl faces; and model~c! is

similar to model~a!, but in the staggered C–H bond configu-
ration. Relaxation of the internal coordinates and the lattice
parameter (c0) of the cubyl chains was performed using
eight specialk points for models~a! and ~c! and four for
model ~b!. Tetragonal simulation boxes were used. The lat-

tice vectors of the tetragonal cell areaW 5ax̂, bW 5aŷ, andcW
5cẑ, where (x̂,ŷ,ẑ) form an orthogonal basis andẑ is the
growth direction. The ratios between the sides of the simu-
lation box that we adopted arec/a50.25 for models~a! and
~c! andc/a50.5 for model~b!, in order to avoid interactions
with periodic images along thexy plane. As can be seen
from Fig. 2, model~c! lies in a very unstable site of the
potential energy surface and the BFGS relaxation pushes it
towards the eclipsed model~a! configuration, which is stable,
in agreement with previous calculations on cubylcubane.14

For structures~a! and ~b! the binding energies (Eb5Echain

2Eatoms) per cubyl unit are basically the same~89.6 eV!,
which means that the binding energy is mainly determined
by the the intercubyl bond arrangement rather than by the
detailed geometry of the building blocks.

Model ~a! has a stable minimum forc054.20 Å. The
shared carbon atoms are pulled towards each other, so that
the six cage bonds ata positions are longer than those far
apart from these intercage bonds~1.581 Å against 1.567 Å!.
The intercubyl bond is significantly shorter: 1.462 Å and it
makes an angle of 125.6° with the cubyl edges. Inner bond
angles are also affected by the setting of the intercubyl bond:
a shift of thea-positioned bonds towards 89.5° is observed,
accompanied by a shift of the opposite angle on the same
cube face towards 90.5°, while the remaining bond angles
stay put very close to 90°. The same kind of cubyl stretching
was predicted to happen in cubane oligomers.10 On the other
hand, neither C-H distances nor C-C-H bond angles are af-

FIG. 1. The cubane C8H8 molecule.

FIG. 2. Energetics and geometries for the one dimen-
sional chain models. In all the above figures the zero
energy level corresponds to the total minimal energy.
~a! Energy vs axial deformation for the cubyl-cubane
chain illustrated on the right;~b! energy vs axial defor-
mation for the cubyl-cubane ladder structure illustrated
on the right;~c! energy relaxation path for the transition
between successive rotated and non-rotated cubanes, as
illustrated on the right side.
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fected and their values remain the same as in the molecular
case, a behavior expected because of the large separation
between C-H pairs belonging to different cubyl units. To
obtain an idea of the mechanical strength one can define a
longitudinal elastic constant in the usual way, i.e. via the
curvature of the energy plot at the equilibrium position:K
5 (d2E/dz2), wherez5c/c0 is the lattice deformation pa-
rameter in the axial direction, which yields a value ofK
5191 eV. If we were to build an array of aligned rods, this
elastic constant would yield a Young’s modulus of around
200–400 GPa in the axial direction.

For model~b! c056.85 Å, the intercubyl bond is 1.471
Å and makes an angle of 125.6° with the cubyl edges, just as
in model~a!. The intercage bonds on thea position are 1.580
Å long, while those far from the intercage bond, which lie
perpendicular to the chain axis, are 1.567 Å long and those
lying parallel to the axis are 1.569 Å long. Again, the bond
angles centered at shared carbons are shifted to 89.5°, a shift
that is compensated by rearrangement of the remaining
angles, which remain close to 90°. Because of the shape of
the energy vsc0 plot near the optimal value, an elastic con-
stant defined as in the previous case would not make much
sense. It is also interesting to stress the correspondence be-
tween the bond lengths in this infinite chain and those calcu-
lated for stairlike oligomers.10

Finally, we consider a two-dimensional cubyl network as
shown in Fig. 3: the primitive vectors lie parallel to the cube
diagonals, which define a two-dimensional~2D! oblique lat-
tice. Our calculation has been defined by using the 2D Bril-
louin zone illustrated in Fig. 3. The third axis, perpendicular
to the cubyl network, has been set to be three times larger
than the axis of the bidimensional network to avoid interac-
tion with periodic images. Once again, we performed the
relaxation procedure for the internal coordinates and lattice
parameters and the optimal lattice parameter isa054.23 Å.

A geometry with four different C-C bond lengths: 1.449 Å
for the intercage bonds, 1.60 Å for the cubyl bond ata po-
sition with two intercage bonds, 1.579 Å for bonds ata
position with one single intercage bond, and 1.555 Å for
bonds far from the intercage bond, was obtained. In contrast
with the 1D cases, the C-H bonds are now slightly affected
by the network setup; the C-H distances are slightly com-
pressed to 1.097 Å and the C-C-H angles become distorted:
when the C-C bond includes one of the shared carbon atoms
the C-C-H angle is 124.0°, and 125.1° otherwise. Distortion
of the inner cubyl angles is also larger than in the 1D chains:
angles including a bond far from the intercage bond shift to
90.8° and the opposite angles consequently shift to 89.2°.
The positive curvature of the energy as a function of the area
is indicative of the 2D network stability. Defining now an
elastic constant using the curvature of the energy vs area
plot: K85 (d2E/ds2), where s5a/a0 , we obtainedK8
5108 eV, which is related to the energy delivered by the
system when the network is subject to an isotropic deforma-
tion along the unit cell vectors. Under orthorombic deforma-
tions of the lattice vectors it is observed that the energy is
well fitted by a quadratic functionE5Eo11/Cz2, where the
deformation parameter is related to the ratio between the
lengths of the basis vectors in the plane:z512 (a/c) and
the constantC574.38 eV, thus showing that the system is
stable under this nonisometric tensions.

It is clear that the cubyl blocks, both in 1D chains and
2D networks, remain very close to the molecular geometry
with small deformations related to the setup of intercubyl
chains. Thus, the stability of the whole network is related to
the molecular stability and the strong intercage bond.

III. VIBRATIONAL SPECTRA

We calculated the vibration frequencies for a single cu-
bane molecule and found differences of 5% with previous
calculations16 and also with experimental measurements.8

This stresses the reliability of our calculations, which we
now extend to properties of 1D and 2D networks. For the 1D
case we have limited our attention to model~a!. The calcu-
lated vibrational spectra~G- and X-point vibrations! are re-
ported in Fig. 4, both for the cubane molecule and the 1D
and 2D cubane networks. Even though we have considered a
large box, some interaction between images lead to the ap-

FIG. 3. A two-dimensional cubyl network with its corresponding Brillouin
zone.

FIG. 4. Vibrational density of states~DOS!. The left hand graphs corre-
spond to theG point for the 2D cubane network~top!, the 1D cubane chain
~middle!, and the cubane molecule~bottom!. The right hand plots corre-
spond to spectra at theX point.
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pearance of spurious modes which are not included in our
results, since they correspond to pure rotations or pure trans-
lations of the whole system. All our frequencies~at G andX)
are positive, which constitutes another indication of the me-
chanical stability of the whole system.

In the case of the single cubane molecule~left bottom in
Fig. 4!, deviations from the fullOh symmetry ~molecular
symmetry! leads to the splitting of the expected 18 modes8,16

of the cubane molecule into 42 different frequencies. How-
ever, the vibrational modes displayed at the bottom of Fig. 4
are well within the accuracy of previous theoretical and ex-
perimental results.8,16 The molecular breathing mode lies at
1008 cm21 in the present calculation and around 947.4 cm21

in the HF/6-31G calculations of Ref. 8. The two peaks
around 600 cm21 and 650 cm21 correspond to C-C-C bend-
ing modes, while the peaks around 800 cm21, 850 cm21 and
900 cm21 correspond to stretching modes of the C-C bonds;
following the 1008 cm21 breathing mode, there is another
C-C-C bending mode and C-C-H bending modes up to
1222 cm21. The C-H stretching mode is quite sharp and ap-
pears around 3000 cm21. It is characteristic of the cubane
molecule and persists in the chains and two-dimensional
structures. This assignment is consistent with that of Ref. 16.

The lowest lying modes of the cubane chain lie around
380 cm21 and are coupled, in phase, rigid rotations around
an axis perpendicular to the chain axis of the cubylcubane
units. Breathing modes are no longer present because they
are hindered by the intercage bond. There is also a blueshift
of the C-C-C bending, C-C stretching, and C-C-H bending
modes and a redshift of the C-H stretching modes. Another
well-defined peak lies around 1367 cm21, due to strong vi-
brations of the carbon atoms along the chain axis~cube di-
agonal!. The C-H stretching modes are slightly redshifted.

In the two-dimensional network coupled rotation modes,
around two axis in the plane and one perpendicular to the
network, arise around 299 cm21, 460 cm21, and 560 cm21,
respectively~left top in Fig. 4!. Again there is a peak asso-
ciated with strong atomic motions along the network axes
~cube diagonals! which lies around 1278 cm21. There are
also some C-C stretching modes shifted to the 900 cm21

region, and some C-C-H bending modes shifted to the
1000 cm21 region increasing the vibrational density of states
~DOS! between 900– 1000 cm21. Again the C-H stretching
modes are redshifted.

In order to study the vibrational dispersion we have also
calculated the vibrational DOS at theX point, as illustrated
on the right-hand side of Fig. 4. The high energy modes
~corresponding to optical modes! have little dispersion, as
was expected from the strong molecular character of these
C-H stretching modes, and they could be represented by an
single Einstein mode. Instead, the acoustic modes change
radically, both in the 1D and in the 2D case, as expected
from their collective character. In what follows we will de-
scribe some of the major changes observed. TheX-point
~counterphase! coupled rotations appear at 136 cm21,
152 cm21, and 159 cm21 in the 1D case, and at 193 cm21,
414 cm21, and 415 cm21 for the 2D network. Counterphase
displacements of cubyl units in a direction perpendicular to
the chain axes lead to a 245 cm21 mode for the 1D chain,

and two modes at 234 cm21 ~out of plane vibrations! and
246 cm21 ~in plane vibrations! for the 2D network. Finally,
very energetic modes, involving the stretching of the inter-
cage bonds, appear near 1350 cm21 in both cases.

IV. ELECTRONIC SPECTRA

The electronic band structures of the different cubane
systems are shown in Fig. 5, and the corresponding DOS for
the lowest energy configuration in Fig. 6. In Fig. 5 the band
structure of the different cubane networks is compared with
the electronic levels of the cubane molecule. As expected,
there is a clearcut energy shift of the HOMO-LUMO~high-
est occupied molecular orbital–Lowest-unoccupied molecu-
lar orbital!, from 5.43 eV for the cubane molecule to a 4.87
eV gap for the 1D cubyl chain and a 3.78 eV gap for the 2D
network, which is an indication that dimensionality contrib-
utes to the electronic delocalization. Also, the increase in the
band structure curvature as function of dimensionality is
clearly noticeable, which implies a decrease of the effective
electron mass, especially close to the Fermi level. The lower
electronic level retains its molecular character, as can be seen
from the very low dispersion of the band structure. This is

FIG. 5. Electronic band structure for cubyl chain~middle panel! and net-
work ~right panel! compared to the electronic levels of the cubane molecule
~left panel!. The special points in the first Brillouin zone of the two-
dimensional network are depicted in Fig. 3.E50 always corresponds to
the highest occupied energy level.

FIG. 6. Electronic density of states for the cubane molecule~bottom!, the
cubyl chain~middle! and the cubyl 2D network~top!. The zero level in each
case is the highest occupied energy~HOMO! level.
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also true for other electronic bands, as can be seen in Figs. 5
and 6, in particular for the first virtual modes of the one-
dimensional chain. This means that conduction would be
rather difficult, even promoting electrons across the large
band gap~for the sake of comparison: the calculated value
for diamond in the same theory level is about 4.1 eV!. In the
two-dimensional network we have an indirect gap and a
larger dispersion at theG point for the first virtual electronic
states. We find much more valence states available near the
Fermi energy, which increases the surrounding density of
states as can be seen in the band structure and DOS figures.
Inclusion of dopants or functional groups within the chain
and/or network could lead to semiconductor character, and
even to metallic behavior, according to our calculations.25

V. CONCLUSIONS

We have studied, by first principle calculations, the geo-
metric, electronic and vibrational properties of 1D and 2D
cubanes networks. The cubane molecule is well described by
the level of our theory and our agreement for the various
physical properties is quite satisfactory. As the dimensional-
ity is increased the electronic properties change by decreas-
ing the electronic gap and creating more valence states close
to each other. The dispersion is also increased by dimension-
ality. The optimal geometry obtained from our calculation
predicts a network where the basic building block corre-
sponds to a slight distortion of the single cubane molecule.
The lowest energy configuration of the 1D network corre-
sponds to a series of cubanes in an staggered configuration.
In the 2D case the network forms an oblique lattice, with a
lattice parameter similar to the 1D case. The vibrational
properties also change with dimensionality, but with little
dispersion for the highest energy modes, which correspond
to molecular C-H stretching. As the dimensionality increases
low energy acoustic modes set in, which have a large disper-
sion as revealed by ourX-point vibrational DOS.

All in all, we have investigated the spatial arrangements
and physical properties of one- and two-dimensional struc-
tures of the amazing cubane (C8H8) molecule. In particular,
the electronic characteristics, obtained both by first principle
calculations and semiempirical methods, as well as the elas-
tic and vibrational properties, were compared with those of
the single cubane molecule to asses the influence of dimen-
sionality. This way we have found a system with very inter-
esting elastic qualities~Young’s modulus higher than 200
GPa! but which maintains the molecular electronic properties
that correspond to an insulator. Moreover, it has rather flat
optical phonon bands and an acoustic branch that should
exhibit strong electron-phonon coupling. We hope that these
predicted properties will be investigated experimentally, in
particular the mechanical stability and electronic behavior, to
determine if these oligomeric systems are of interest in the
development of electronic nanodevices.
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APPENDIX A: FINITE SIZE EFFECTS

Perfect periodicity is, of course, only an approximation
to treat a real problem of a rather large number of atoms.
But, it simplifies the problem both conceptually and compu-
tationally and yields, more often than not, qualitatively cor-
rect results. However, it is important to check the validity of
this approximation for reasonably small~real! oligomers.
Thus, we performed tight binding calculations using the Pet-
tifor parametrization for hydrocarbons19 on a series of finite,
hydrogen saturated, oligomeric chains constructed on the ba-
sis of the relaxed building block of model~a!. This tight
binding approach allows us to treat a larger number of cubyl
units retaining an adequate description of the electronic
properties. The evolution of these properties, as the number
of cubyl units increases~see Fig. 7!, clearly shows that the
electronic properties reach the crystalline limit after a rather
small size is reached, which in our case amounts to just five
cubane cubyl units.

APPENDIX B: EFFECTS DUE TO CUBYL CUBANE
CHAIN BENDING

Throughout this contribution we assumed that oligo-
meric chains are built following a straight line. Now we con-
sider the effects related to the bending of finite oligomeric
chains, like the ones already discussed in Appendix A. For
this purpose we have altered the finite chains by rotating
each cubyl unit by an anglef with respect to the previous
one, while preserving the cubyl geometries and intercage
bond lengths. Energetic and electronic properties of this al-
tered chains were studied within the same tight-binding ap-
proach of Appendix A. In all these cases the strain energy
associated with this kind of bending increases quadratically
with the bending anglef, so that the associated elastic con-
stantsKbend51/2(d2Estrain

cu /df2) whereEstrain
cu is the strain

energy per cubyl cubane unit, are always positive~see the

FIG. 7. Electronic density of states~DOS! for finite oligomeric chains,
calculated within a tight binding approach. Continuous line: chain of 10
cubyl cubane units; dotted line: 5 cubyl cubane units; dashed line: one single
cubane molecule. The small changes between the 5 and 10 cell cases imply
that these oligomeric chains already closely approach the 1D crystalline
behavior. The zero energy level always is the highest occupied energy level.
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left plot of Fig. 8!. It is also interesting to notice that the
electronic DOS is only slightly sensitive to the chain curva-
ture, as seen on the right side of Fig. 8.
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FIG. 8. Effect of the chain deflection on the energy and electronic properties
of finite oligomers. Left panel: elastic stiffness against bending, as function
of the number of cubane units. Right panel: electronic DOS for a 14 unit
oligomer before and after bending; the continuous line corresponds to the
straight rod, and the dashed line to the bent rod. The inset corresponds to the
only energy interval (22<E<0 eV) where the bent and straight rod DOS
differ significantly.
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