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We present a first-principles study to elucidate the nature of the bonding, stability, energetics, and dynamics
of individual XgHs molecules (X= C, Si, Ge). The results obtained from both “local basis” and
“pseudopotential” ab initio methods are in good agreement with the experimental data that exists for cubane
(CgHg). The trends among these molecules are reminiscent of those prevailing in the bulk solids of C, Si, and
Ge. High-temperature dynamics and fragmentationgsfgXvere studied by the quantum molecular dynamics
method which shows that at high temperatures cubane is transformed to the 8-fold ring structure of
cyclooctotetraene.

Introduction work contributes to the understanding of the design and control
of strained molecular systems and corroborates continuing

Cubane (GHg)'? is one of the most interesting and unique ) ;
cagelike structures of carbon-based molecules. As the nameattempts to create new cubane-based materials with novel

“cubane” implies, eight carbon atoms are arranged at the corners” roperties.
of a cube with single hydrogen atoms bonded to each carbon
atom along the cube body diagonals. The@-C bond angle
is therefore 90 rather than the 109°5normally found in the Our study includedirst-principles calculations using both
tetrahedral spbonding of group IV elements. This bond bending local orbitals and pseudopotential plane wave basis sets. In the
introduces a high strain energy of 6.5 eV in each cubane first category, we used either standard Gaussian basis sets (e.g.,
molecule? The cubane structure corresponds to a local minimum 6-31G*) or others suitable for effective core potentials (i.e.
on the Borr-Oppenheimer energy surface, so that transitions LanL2DZ and CEP-31G*). Using the Gaussian 94 pacKede,
to other structures with lower lying minima would be extremely we performed (a) self-consistent-field (SCF) calculations with
exothermic. Because of their high heat of formation and high restricted HartreeFock (RHF) and perturbation theory to
density, the cubane molecule and its derivatives have beensecond order (MP2) and (b) density functional theory (DFT)
considered to be ideal candidates for novel high energetic methods within the local spin density approximation (LSDA)
materials. As a result, the structural and dynamical properties with Slater exchange and correlation potential given by Vosko
of solid cubane and related materials have recently attractedet all* Other forms of correlation potential given by Lee et al.
renewed interest in areas of physics, inorganic chemistry, and(nonlocal, LYP}? and Perdew (gradient corrected, P8&)ere
organometallic4.”8 Since silicon and germanium exhibit bulk ~ also used. Further variations on these calculations employed
properties similar to diamond, we may expectsiand GgHs Becke's three-parameter hybrid form (B3LY¥hich also has
to have equally interesting properties. In facgHgiand GgHsg some nonlocal corrections for correlation. In the second category
have yet to be synthesized, though analogies with other chemicalof calculations, an artificial periodicity, and hence a reciprocal
groups replacing the hydrogens are known in inorganic chem- lattice, was introduced by placing the molecule in a large cubic
istry# For example, the highly symmetrical octahydridosila- supercell (20 au on a side) that was repeated periodically in
sesquioxane, gHgO12, has a structure very similar to that of three dimensions. The wave functions were expressed as a linear
cubane but distorted due to additional oxygen atoms located combination of plane waves¥(k,r) = ¥cCi+c€*®, in
between Si atom® momentum space with a kinetic energy cutokf+ G|2 < 50

In this paper, we have performed first-principles calculations Ry. Generalized norm-conserving ionic pseudopotengialith
that elucidate the nature of the bonding, stability, energetics, Kleinman—Bylander projectof$ and a simplified form of
and dynamics of individual 3g (X = C, Si, Ge) molecules.  generalized gradient approximation given by Perdew et al. (PBE)
Furthermore we have carried out constant-temperature quantunwere used?
molecular dynamics calculations to examine the behavior of The optimum size of the supercell and the value of the cutoff
these molecules at high temperatures. In this way, we expectenergy were determined by our extensive analysis. For example
to reveal transformations ofgklg to more stable structures. Our  the optimized G-C and C-H bond lengths changed only 0.3%
upon increasing the cutoff energy to 60 Ry. The calculated

* Corresponding author. Phonet1 301 975-6228. Fax:t1 301 921- values of these bond lengths are also in very good agreement
9847. E-mail: taner@nist.gov. Web: http://webster.ncnr.nist.gov/staff/taner/. with those calculated by other techniqt}éé?
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TABLE 1: Optimized Values of the Bond Lengths dyx and
dyy of XgHg Calculated from a LanL2DZ Basis with the
B3LYP Exchange-Correlation Potentiak

X=C X = Si X =Ge
dkx (A) 1.589 (1.558) 2.418 (2.356) 2.556 (2.437)
dxni (A) 1.089 (1.097) 1.486 (1.485) 1.553 (1.514)
Er(Ha) —3.11 —2.09 -1.82
Eq(eV) 8.6 438 4.3

aNumbers shown in parentheses were obtained from quantum

molecular dynamics using pseudopotentials with a plane-wave basis.

Formation energie&r and energy gapEg of XgHs molecules at the
optimized structures are also shown.

t M- 1.428 1615 1730
ty ~7.186 -6.408 -6.036
g " B
tz“% ~7.381 -7.527 ~7.394
e -11.540 -8.583 -8.006
g
t5, ~11.541 -9.969 -9.557
ay, _ﬂ_ -12.643 ~11.724 -11.852
g -14.387 -11.359 -10.877
tre 34 ~15.149 -12.851 -13.026
ty .H_ﬂ. -19.582 -14.873 —14.884
R -25.498 -17.551 -17.173

Figure 1. Electronic energy level structure calculated by a LanL2DZ
basis with the B3LYP exchange-correlation potential. The uppermost
tiu level corresponds to the triply-degenerate LUMO, and below is the
tog HOMO.

while varying the bond lengthslxx anddxy. The electronic
states and the total energfxgn, were calculated for the
optimized structures, and from these the formation enerdy at
= 0 K, Er = Exg, — 8 (Ex + En), and the gaplg, between
LUMO and HOMO were obtained. The vibrational modes were

also calculated and their symmetry assignments were determine
by analyzing the displacement eigenvectors of the modes. In

the pseudopotential plane-wave calculations the structures were
optimized using the quantum molecular dynamics meffod,
where no constraint on the symmetry was imposed.

Results

Table 1 shows the optimized values of the structural
parametersdxx, dxn), the gap Eg), and the formation energies
(Er) of the XgHs molecules, which were calculated using a
LanL2DZ basis with the B3LYP exchange-correlation potential
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Figure 2. Isosurfaces of the HOMO and the LUMO for thebi
molecules. The values of the wave functions on the isosurface of the
molecular orbitals are the following: ¢8s, |%nomol = 0.26 (0.45),
|’l/)|_u|v|o| =0.13 (048), Sﬂ"s, W/HOMOl =0.13 (0188)]1[1|_u|v|o| =0.075
(0152), GeHs, |%¥Homol = 0.13 (0.17),|’I/JLUMO| = 0.075 (0147) The
numbers in parentheses are the maximum amplitude of the wave
functions.

gap, we obtained trends similar to those existing for the diamond
crystal structure; i.e Er and Eg decrease on going fromgHg
to GgHg. On one hand, whil&, is overestimated by the RHF
method (predictingeg = 15.48 eV for GHpg), it is underesti-
mated by pseudopotential plane-wave calculations within the
LDA. This is a well-known limitation in LDA calculations. The
energy gap predicted by the DFT calculation with a B3LYP
exchange-correlation potential foglds results in a reasonable
value ofEg = 8.6 eV.
In Figure 1, we also note that the width of the valence states

i.e. the energy difference between LUMO and the lowest
occupled valence state) forglds, SigHg, and GgHg are 18.3,
11.14, and 11.13 eV, respectively. An interesting result is that
the order of the molecular orbitals is almost unchanged with X
= C, Si, and Ge (except the consecutig, andE,,, levels are
switched in SiHg and GgHg). This indicates that most of the
orbitals are mainly determined by the, @ymmetry of the
molecules. In fact, it was showhthat in a minimal basis set
treatment (i.e. C, 1s2s2p, and H, 1s) several of the molecular
orbitals are symmetry-determined. For example, tharel b,
orbitals that occur only once in the occupied set (see Figure 1)

and pseudopotential plane-wave methods. The correspondingare symmetry-determined combinations of CC orbitals with no
energy levels of the electronic states are summarized in FigureCH admixture?? Similarly the a, orbital is derived from a linear

1.

For GgHsg, electron diffraction and microwave spectrosc8py
yield the valuesicc = 1.571 A anddcy = 1.098 A, which are
in good agreement with the theoretical calculations. The
percentage deviatioRcc (Rch) between the calculated and
experimental values oflcc (dcH) is about 1% in all cases:
—0.9% < Ree < 1.1% and—1.4% < Rcy < 1.6%. Note that
the bond lengthdxx increases as the atomic number of X
increases. Interestingly, tlkx bond lengths calculated by the

combination of CH orbitals with no CC contribution. The high
symmetry of the XHg molecules therefore makes it possible to
understand the molecular orbital splitting pattern in terms of
interactions between XX and XH orbitals localized mainly on
two centers. This is easily seen by inspecting the isosurface of
the molecular orbitals. In Figure 2 we plot the wave functions
of the HOMO and LUMO. Here we notice that the HOMO of
CgHs is quite different from those of $ils and GgHs. However,

in all cases, it is mainly a linear combination of two centered

pseudopotential plane-wave method are nearly the same as thXX and XH orbitals. While the HOMO of gHg has both CC

tetrahedral bond lengths in the corresponding diamond struc-

and CH contributions, the HOMO's of &g and GgHg are

tures. The bond lengths are slightly overestimated by the local derived mainly by eight XX mixtures. We also note that, in
basis set calculations. For the energy of formation and the bandSigHg and GgHsg, the isosurface of the HOMO is pushed away
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E, 625 215 111 methods in a systematic way, we define an overall error factor
Ty, 705 227 129 X’:f;l); R = Yil(@Weaic — Qexp)Wexpl2, WhETr€ ey iS the calculated
Agy 1070 344 194 (experimental) frequency of thiéh mode of cubane. Clearly
Ty 837 363 1 vanishes if th_e calqulation agrfes e_xac_tly wEh experiment. The
T,, 852 369 217 X RHF calculatlon with a 6-31G* basis givé&= 0.31, a rather .
Ty 868 373 218 rewch large value that is probably due to the absence of any correlation
E, 930 389 22 corrections. Adding second-order corrections with MP2 im-
Alg 1015 397 225 proves the error factor t& = 0.02. The LSDA result is even
Ty, 1083 515 469 better withR = Q.Ol for the 6-3llG* basis set With.VV\./N

o 1121 552 SOy vy exchange-correlation potential, while the B3LYP potential yields
Ty, 1179 529 413 bend slightly less accurate results wikh= 0.03. Because our values
E, 1204 545 471 of Ris quite small {0.01), we can say that the accuracy of all
Ty, 1228 617 551 of our calculations (excluding the RHF) are acceptable. More-
T, 1264 654 592 over, we investigated the effect of the basis set in the case of

the B3LYP potential. While the CEP-31G* basis improves the

A . .
Tzz“ g:ig 23(5) 2(())161 X—H error further R = 0.02), the LanL2DZ yields slightly less
15 3161 2201 2039 stretch accurate resultsR(= 0.04). We conclude that calculations in
3190 2213 2055 LanL2DZ with B3LYP exchange-correlation potential are on

Cglly  SigHg  GegHg the same level of accuracy with other first-principles methods.

Figure 3. Vibrational mode frequencies (in Cﬁ) and their symmetry High_Temperature Quantum Molecular Dynamics
assignments calculated with the LanL2DZ basis and the B3LYP

exchange-correlation. The stabilities of the ¥Hg molecules were further examined
by high-temperature calculations of the total energy.

from the line connecting the X atoms, a clear indication of weak  The optimized structures of gkls molecules were first
bonding and highly strained cubane structure. By contrast, the obtained by the minimization of the total energy using a
LUMO'’s of the three %Hg molecules look somewhat similar.  dissipative molecular-dynamics algorithm which allows the

The energies of the vibrational modes and their symmetry geometry optimization without any symmetry constraints im-
assignments, calculated using the LanL2DZ basis with the posed. The optimized structures were then relaxed at higher
B3LYP exchange correlation, are shown in Figure 3. A cubic temperatures using a Nogkermosta®® fixed to a desired
XgHg molecule has 42 internal degrees of freedom and thereforetemperaturer.
has 42 individual vibrational eigenmodes. As a result of their  Calculations were performed by using the QMD method with
highly symmetric molecular structure wit®, point group a plane-wave basis s€tln the structure optimizations, we found
symmetry, the vibrational spectrum has only 18 distinct the bond lengths came out to be relatively closer to the
frequenciesi.e., X (2A + 5T + 2E). Recently, the vibrational ~ experimental data when the PBE poterdfialas used in place
spectrum of @Hg was measured using inelastic neutron scat- of the LDA form given by Ceperley and Aldé?.Thus, we used
tering method$# with the experimental data used to test the the PBE form in the quantum molecular dynamics simulations.
transferability of various phenomenological potential models by  The structures of the molecules before and after the structural
Yildirim et al.?* The results reported here are in good agreement transformation at high temperatures are shown in Figure 4. It
with the neutron scattering data. appears that while thegls, SigHs, and GgHg molecules are

In Figure 3 we show the spectrum ofgfg molecules deformed, they are still stable, and the overall features of their
consisting of four different kind of vibrational modes, assigned cube-based structures are maintained at 1600, 900, and 500 K,
to X—X—X bending, X-X stretching, X-X—H bending, and respectively. Once the thermostat temperature is increased by
X—H stretching modes; the latter vibrations have the highest 100 K, the cube-based structures afHg, SigHs, and GeHs
energies in the spectrum. We observe that the energy range ofire modified.
these four types of modes and the range of the entire spectrum In Figure 4 we first present the snapshots from these modified
decreases with increasing atomic number of the element X in structures. While the cubane structure is transformed to a stable
the molecule much faster than the expected rate (i\éMifor structure at 1700 K, gilg and GgHg are not trapped in such a
a harmonic X-X stretch). For example, the ratio of the-X stable structure (at 1000 and 600 K, respectively) within 1 ps
stretch modes of cubane to that oft% and GgHsg are about relaxation time. Here we did not continue the simulations further
2.3 and 3.8, respectively. These values are much higher thanto determine the equilibrium high-temperature structures (or the
the expected ratios from mass renormalization of 1.53 and 2.44,fragmented forms) of giHg and GgHsg since it would take
respectively. This is a clear indication that the-X bonding excessive computer time.
is becoming considerably weaker as the atomic mass increases We also note that the temperatures at which the structural
from C to Ge. Similarly, there is a considerable decrease in the transformations occur can be lower given a longer relaxation
energies of the X H stretch modes+{42%) of SgHg and GgHg time. Hence, they should be considered as an upper limit to the
that is solely due to weak bonding between X and H. However barrier between the cubane structure and the low-energy less-
unlike the X=X bonding, the X-H bond strengths are very strained structures shown in Figure 4. Below we concentrate
similar in the cases of Si and Ge. We also note that thédX on the relaxed high-temperature structure gfgto examine
stretching mode energies are roughly inversely proportional to it further.
the corresponding XH bond lengths. The structure of gHg shown atT = 1700 K becomes more

As discussed above, the results of the calculations with flattened ad increases, and its 8-fold ring structure is eventually
various basis sets and different exchange-correlation potentialsdestroyed whed exceeds 2000 K. This 8-fold ring structure
for the optimized structure of cubane agree with the experimental of CgHg has been known since 1911 and is named as cyclo-
data to within a few percent. To compare the accuracy of these octotetraené.According to the Hakel (4n + 2) rule the ideal
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Figure 5. Top: Variations of the bond lengths (long-C bondd'cc,
short C-C bonddg., and C-H bonddc) as a function of the angle

¢. Bottom: Variation of the total energy relative to cubakE with
the angleg. Relevant structural parameters are shown in the inset.

GegHg

Conclusion
T=500K T= 600 K

In summary, we have investigated various aspects of the
Figure 4. High-temperature structures of theki molecules calculated ~ Structural, electronic, and dynamical and high-temperature
by quantum molecular dynamics with a plane-wave basis set. The first behavior of individual XHg molecules. Calculations for cubane
column shows the structures before transformation, while the secondare in good agreement with the available experimental data. Our
column illustrates how the structure is transformedrafte psrelaxation results indicate that as the atomic number of X increases, the
of the original molecule at the given temperature. gap between LUMO and HOMO, formation energy, width of
) ) the valence electronic states, and frequencies of the vibrational
planar form_of the 8-fold ring that results in<C—C bond modes all decrease, while their volume and bond lengths
angles ofp = 135 is nonaromatic, and because the molecular j,crease. The temperature-dependent quantum molecular dy-
z-orbitals do not form a closed shell, the ring is buckled to namics calculations predict that the cubane molecule transforms
shape itself like a tub. Then, each C atom on this buckled ring {5 the more stable cyclooctotetraene molecule at a temperature
forms one double bond and one single bond with the neighboring 1600 K < T < 1700 K. SiHg and GgHs are also metastable at
C atoms (all together there are 4 single and 4 doubl€®onds  two local minima of the BorrOppenheimer surface, which
in comparison to the 12 single-€C bonds of cubane) and also  are separated by small energy barriers from other more stable
one C-H bond with the hydrogen atom. structures.

We further explored the energetics of the 8-fold ring by using _ _
a dissipative QMD method at zero temperature. As described Acknowledgment. We thank U. Salzner for stimulating
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structure returned to the cubane structure wihen 105°. guantum molecular-dynamics calculations were performed by
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