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Abstract

Cubane (CgHg) is an immensely strained molecule whose C—C—C bond angle is 90° rather than 109.5° as expected for
sp® bonding of carbon. We have measured the intramolecular vibrational spectrum of cubane using inelastic neutron
scattering. The neutron data are used to test the transferability of various phenomenological potentials and tight-binding
models to this highly strained molecule. Unlike these models, first-principles calculations of the INS spectrum (both energy
and intensity) agree well with the experimental data. © 1999 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Cubane (CgHg) [1,2] is an atomic scale rediza
tion of a cube. This intriguing molecular geometry
imposes an angle of 90° on the C—C—C bond instead
of the 109.5° normally found for sp3-bonding of
carbon. Cubane therefore possesses a tremendous
amount of strain energy, roughly 6.5 eV /molecule
(150 kcal /moal). The cubic geometry has been con-
firmed using a wide variety of experimental tech-
niques including high-resolution laser [3], infrared
(IR) and Raman spectroscopy [4-6], X-ray diffrac-
tion [7] and *C NMR measured in the solid phase
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[8], as well as by a number of theoretica studies
[9-12] performed on both a semi-empirical and ab
initio level. More recent work has centered on the
structural and dynamical properties of solid cubane
and other cubane-based compounds [14-19]. These
studies have demonstrated the existence of a solid—
solid phase transition in cubane and have character-
ized the structure of the high-temperature phase as
well as the centra role played by the dynamics in
this transition.

Because of the unique bonding geometry of
cubane, it is important to understand its vibrational
spectrum. It has already been studied by Raman and
IR spectroscopy [4—6]. However, even though the
resolutions of these techniques are quite good (of
order 0.2 meV, compared to 1-10 meV in neutron
scattering), they can only probe g =0 modes and
they are also subject to selection rules. Therefore
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information from such techniquesis limited. Here we
present a complementary approach, inelastic neutron
scattering (INS), which probes the modes at all
g-values without any selection rules. Hence the scat-
tered neutron intensity contains valuable information
about the eigenvectors of the vibrations. One can test
various potential models by comparing the experi-
mental INS spectrum with not only the mode ener-
gies, but also the eigenmode intensities, which are
more difficult to predict.

In recent years, there has been a growing interest
in developing simple but efficient force-field models
to predict the dynamics and vibrational spectra of a
wide range of systems [20]. However, these models
have mostly been tested using standard molecules
such as methane, octane, etc. It is therefore of inter-
est to see how well these models would work for a
very unusual and highly strained system such as
cubane.

In Section 2, we discuss the experimental setup,
the relationship of the vibrational eigenmodes to the
neutron scattering intensity, and the observed spec-
trum in terms of vibrations of the cubane molecule.
In Section 3, we calculate the INS spectrum using
three different approaches: (1) a widely used phe-
nomenological potential, (2) a transferable tight-bi-
nding model, and (3) first-principles calculations.
Comparison of the spectra obtained from these mod-
€els to the measured spectrum will provide informa-
tion about the accuracy of these techniques and their
transferability (i.e. applicability) to unusually strained
systems. Our results will be summarized in Section
4,

2. Vibrational spectrum and inelastic neutron
scattering

The cubane molecule (C4Hg) has 3 X (84 8) =
48 degrees of freedom, three of which are tranda
tional modes of the molecule, and three of which
correspond to rotations of the molecule. Thus there
are 42 internal degrees of freedom and 42 individual
vibrational eigenmodes. Because of the highly sym-
metric structure of cubane, these eigenmodes have
only 18 distinct frequencies; i.e. 2 X (2A + 5T + 2E).
The only IR active modes are the three T,, modes,
and the observation of just three strong bands in the

IR spectrum [5] confirms the O, symmetry of the
cubane molecule. The Raman active modes are the
two A, modes, the two E; modes, and the four T,
modes. This leaves 15 so-called ‘silent’ modes. two
A, two E,, one T,;, and two T,,. Any model
description of the intramolecular force field of cubane
must successfully predict the frequencies of all of the
modes. Thusit is important to determine the frequen-
cies of the silent modes experimentally. Several ap-
proaches have been employed to accomplish this,
including observations of weak peaks in IR and
Raman spectra due to **C impurities, crystal fields,
and combination modes [4—6]. Neutron spectroscopy
is perhaps the most useful of these methods since it
is not subject to any selection rules [21].

Within the independent molecule and incohorent
approximations [21], the observed quantity for one-
phonon scattering in neutron energy loss may be
written as [21]:

d’o
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where o;, M;, and e 2" are the total bound
scattering cross-section, the mass, and the Debye—
Waller amplitude of atom i, respectively, and & (q)
is its eigenvector component, and T; is its position.
Here, k; and k; are theinitial and final neutron wave
vectors, respectively. N is the total number of
molecules and n(w) is the Bose factor. To the extent
that k; is much smaller than k; (which is normally
the case for the type of spectrometer used in our
measurements) Q?/w is approximately independent
of w. Then the observed intensity in a low-tempera
ture experiment is approximately proportional to the
phonon density of states. The averag| ng of ‘Q & ‘
occurs within the region of Q space sampled by the
spectrometer when it is set to detect neutrons whose
energy transfer is A w, and it includes an average
over Q if the sample is a powder.

INS measurements were performed using the fil-
ter analyzer spectrometer located on beamline BT4
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at the NIST Center for Neutron Research [22]. In
most of the measurements, a Cu(220) monochro-
mator, surrounded by 60'—40" horizontal collimation
and combined with a cooled polycrystalline beryl-
lium filter analyzer was used. The relative energy
resolution of this instrument was approximately 8%
in the energy range probed. The sample (about 0.5 g
of cubane powder) was held at 10 K within a he-
lium-filled flat duminum can using a closed-cycle
He refrigerator.

The measured inelastic scattering spectrum is
shown in Fig. 1. The lowest observed peak is at an
energy of 75 meV, amost six times higher than that
of the highest energy lattice mode [14]. The inset to
Fig. 1 shows four particular modes which are identi-
fied from first-principles calculations (see discussion
below). The lowest energy mode (E,) is the one
where two opposing faces of the cubane molecule
twist with respect to each other. The second lowest
mode (T,,) at 82.5 meV is one where the square
shape of two opposing faces is distorted into a
diamond shape. At high energies, the resolution is
not good enough to resolve the multiple peaks. Based
on the assignment from first-principles calculations
we show two such high-energy modes in the right

two figures of the inset to Fig. 1. It is interesting to
note that the highest H-bending frequency is signifi-
cantly lower than for most other hydrocarbons.

3. Theory

We now turn our attention to calculations of the
normal modes of cubane. These have been per-
formed using three different approaches. a widely
used phenomenological potential, a transferable
tight-binding model, and a first-principles calcula
tion. Table 1 summarizes the equilibrium structure
and the q = O vibrational energies obtained from the
models as well as the experimental values.

3.1. Empirical potential models

Despite rapid developments in computers and
computational techniques, empirical potentials are
till widely used in a broad range of systems dueto a
need for large-scale simulations. Hence, it is interest-
ing to know how well the empirical potentials work
for a molecule as highly strained as cubane.

Neutron Intensity (arb.)

20 70

120 170 220

Energy (meV)

Fig. 1. Measured inelastic scattering spectrum of solid cubane. The peaks are labeled according to the first principles calculations (see
below). The inset shows four typical vibrational modes at different energies. Animated movies of these modes can be found at the web site:

http: / /rrdjazz.nist.gov / ~ taner /cubanehome.html
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Table 1

237

Vibrational mode energies of cubane (in meV) from model calculations (see text) and measurements. The left column indicates the
symmetry of the modes and the Raman (R) and IR activities. The symbols COM, TB, 6-31G, and DNP correspond to respectively the
phenomenological potential model COMPASS, tight-binding model, first principles calculations with GAUSSIAN 94 (using 6-31G basis)
[27,28] and DMOL (using DNP basis) [27,29]. The last row indicates average percentage error per mode, which is defined as %ZM‘,

where w,,w, are the observed and calculated mode energies, respectively, and d, is the degeneracy. There are a total of N =42 modes

Quantity CcoM B 6-31G DNP Exp. [4,5]
de_c 1538 1678 1.568 1571 1.562[23]
de_ 1.102 1.089 1.105 1.096 1.097[23]
Ay (R 385.4 404.3 384.1 380.2 3713
Ty, (R) 384.6 401.7 3811 377.8 369.2
Ao, 384.6 400.0 3786 375.6 369.2
Ty (R) 384.4 400.4 379.9 377.0 368.2
T (R) 166.6 170.0 152.6 151.3 1525
Ty (R) 162.1 155.2 146.4 1445 146.6
E, 150.2 152.6 141.3 139.7 142.7
Tig 151.6 145.3 138.1 138.1 140.1
Ey (R) 1245 150.4 138.0 1334 1343
T, 134.8 1425 131.1 126.9 1284
Ay (R) 1224 1713 129.7 1233 1242
E, (R) 110.0 1143 115.1 110.0 1131
T (R) 111.4 117.7 1085 103.7 105.8
Ay, 140.6 149.0 117.3 1255 104.0
To, 110.7 106.3 104.7 100.2 102.8
Ty (R) 102.0 100.0 103.4 99.9 1018
Ty (R) 76.4 97.2 80.1 80.7 82.5
E, 64.4 80.3 72.7 737 765
%-error 3.28% 4.93% 2.19% 2.13% ——

We have therefore calculated the optimized struc-
ture and the molecular vibrations of cubane using an
empirical potential model called ‘COMPASS' [24].
Like many force-field models, the functionals used
in COMPASS have valence and non-bonding inter-
action terms. The valence terms represent the inter-
nal coordinates of the bond lengths (b), bond angles
(6), torsion angle (¢), etc. The cross-terms of two
or three interna coordinates are aso included in
COMPASS, and play an important role in predicting
the vibrational frequencies. The non-bonding terms
are the Coulomb and van der Waals interactions.
Details of the potential and the numerical values of
the parameters used in COMPASS can be found in
Ref. [24]. The results obtained from this potential
using all the terms are summarized in Table 1. The
bond lengths as well as the frequencies agree very
nicely with the experimental data. However, despite
the large number of parameters and terms in this
potential model, the agreement of the calculated

spectrum with the measured one is not good enough
to make an unambiguous assignment of the modes
(Fig. 2).

We have also calculated the INS spectrum using
only the bond stretching and bond bending terms in
COMPASS. The result was similar to that obtained
using all terms except that there was only one feature
below 90 meV. We then added cross-terms one at a
time, obtaining the best agreement when the
torsion—bend—bend term is included in the potential.
Thus, the potential model with the minimum number
of terms has the form:

)»

b,n=23,4
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a,n=234
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(a)Experiment

(b)Compass(r-6-066)

Neutron Intensity (arb.)

(d)Tight-binding

40 90 140 190 240
Energy (meV)

Fig. 2. Comparison of the (a) experimental INS data of cubane
with spectra calculated using (b) the generic empirical potential
model COMPASS [24] with only stretch (r), bend (6), and a
cross-term torsion—bend—bend (¢—60—6), (which is essentia to
produce the lowest two modes), and (c) with al terms, and (d) a
tight-binding model developed for hydrocarbons [25,26].

The INS spectrum obtained using only these three
terms is aso shown in Fig. 2. The crossterm is
essential to reproduce the lowest energy modes be-
low 90 meV. The overall agreement with the intensi-
tiesis fair, but it is still not good enough to make an
unambiguous assignment of the modes.

3.2. Tight-binding model

The interest in semi-empirical models is due to
their relatively accurate description of a wide range
of systems without the time and computational ef-
forts required of first-principles calculations. For hy-
drocarbons, where the covalent bonds are very strong
and directional, it has been shown that a simple
minimum basi s tight-binding Hamiltonian works very
well for both the structural and vibrational properties
of a wide variety of systems [25,26]. In these mod-
s, the tight-binding Hamiltonian usually includes
only the 2s and 2p vaence electrons of carbon and
the 1s electron of hydrogen, and has the form:

H= ) cala,;+ 2 ty,ﬁ(rij)a;,iaa,ja 3

a,i a,B.i,]

where i and j label the atoms and « and S label
the atomic orbitals. &, is the atomic orbital energy
of atom i and orbital « [25,26].

The cohesive energy of the system is defined as

Ecoh = Eval + Z E&J)re( rij) - Z Eélom ' (4)

i<j i

where E,, is the sum of electronic eigenvalues over
all occupied electronic states, ElJ ., (the core repul-
sion energy) is the screened ion—ion interaction be-
tween atom i and j, and E,, (the atomic energy) is
the reference energy of the isolated atom i in the
dissociation limit.

The electronic hopping matrix elements t,, ,(r)
and the core repulsive interactions E,(r) have
been parameterized for their distance dependence
[25]. Wang and Mak tested the transferability of this
model to alarge number of hydrocarbons by compar-
ison to both ab initio calculations and experimental
data[25]. The model correctly reproduced changesin
the electronic configuration as a function of the local
bonding geometry around each carbon atom. We
have therefore calculated the vibrational spectrum of
cubane using this model without any adjustments.
From Table 1 it is clear that the overall agreement
with the experimental vibrational mode energies is
reasonable. However, as was the case for the empiri-
cal potential models, the tight-binding model does
not reproduce the features observed in the INS spec-
trum well enough to identify the modes. The biggest
failure occurs for the lowest mode, which is missing
in the tight-binding model. We believe that we could
not significantly improve this result simply by
changing the values of the parameters in the tight-bi-
nding model. This is because the interactions in the
model are pair-wise and, as we showed previoudly, a
three-body type of interaction is needed to reproduce
the lowest doublet in the observed spectrum.

3.3. First-principles calculations

We have also calculated the vibrational spectrum
of a cubane molecule using density-functiona the-
ory. This has been done using two different ap-
proaches, GAUSSIAN 94 [27,28] and DMOL [27,29]
in order to examine the efficiency and accuracy of
different type of basis sets used in DFT within the
local density approximation (LDA).

The DMOL calculation was carried out using a
first-principles density-functional approach with ana-
Iytic energy gradients [27,29]. The Hedin—Lundqvist
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form was used for the exchange-correlation energy
of the electron within the LDA. The calculation was
performed with a double-numerical basis set aug-
mented with polarization (DNP). Geometry optimiza
tion was carried out using the conjugate-gradient
technique. The dynamical matrix was obtained by
calculating the forces exerted on all the atoms in the
molecule when one atom is displaced in the X, y, and
z directions by a distance of 0.03 A. Both positive
and negative displacements were considered to mini-
mize the effects of anharmonicity. In GAUSSIAN 94
cdculations, we used the 6-31G basis [31,32] with a
Slater local spin density exchange (i.e. p?/2 with the
theoretical coefficient of 2/3) and a Perdew’s gradi-
ent—corrected local correlational functional [30].

For both the geometry optimization and frequency
calculations, we used the full point group symmetry
of cubane molecule, which is O,. Hence, there are
only two degrees of freedom, namely the C—C and
C—H bond lengths. The optimized values of the bond
lengths and the energies of the modes are once again
summarized in Table 1. Both GAUSSIAN 94 and
DMOL give results that are in excellent agreement
with the experimental values.

Since these calculations are for the gas phase, the
agreement with the experiments indicates that the
dispersion of the intramolecular phonons are very
small, and therefore negligible. The rigidity of the
cubane molecule suggests such that the vibrational
properties in the gas phase and in the solid phase

(a) Experiment

Neutron Intensity (arb.)

40 90 140 190 240
Energy (meV)

Fig. 3. Comparison of the (a) experimental INS spectrum of
Cubane with two different first-principles calculations; (b) DMOL
and (c) GAUSSIAN 94.

must be nearly identical. We are carrying out similar
calculations in the solid state to confirm this [33].

In addition to bond lengths and the vibrational
mode energies, first-principles calculations also pre-
dict the correct eigenmodes for cubane considerably
more accurately than do the other calculations re-
ported here. This is evident from the excellent agree-
ment between the calculated INS spectrum and the
experimental one (Fig. 3).

As afina remark we note that al of the calcula-
tions predict a considerably higher frequency for the
A, mode (Table 1) than is currently accepted. This
could be an indication that the assignment of this
mode is incorrect. This is quite likely since the IR or
Raman intensity of the A ,, mode arises solely from
the very small distortion of cubane away from cubic
symmetry [4].

4. Conclusions

We have studied the molecular vibrations of
cubane using INS. The experimental INS spectrum is
compared with a large number of calculations based
on a generic phenomenological potentia, a transfer-
able tight-binding model, and density-functional the-
ory within the local density approximation. Our con-
clusions are as follows.

(1) The observed intramolecular vibrations of solid
cubane are well separated from the lattice modes.
The lowest internal mode is observed around 75
meV, which is six times larger than the highest
librational energies.

(2) Comparison of the data with a recent empiri-
cal potential model indicated that, even though good
agreement can be obtained for the phonon energies,
it is not possible to explain the intensities of the
modes observed in the spectrum. Within this model,
the best description of the data is obtained using only
a dtretching term, a bending term, and a single
essential cross-term, namely the tortion—bending—
bending term. This potential with three terms is
certainly sufficient to describe most of the intra-
molecular vibrations of cubane in a molecular dy-
namics simulation.

(3) A transferable tight-binding model developed
for hydrocarbons was tested. The accuracy of the
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results for the INS spectrum lie between those ob-
tained from the purely empirical and first-principles
calculations.

(4) Firgt-principles calculations give results that
agree with the data very nicely, and alowed us to
identify the modes observed in the spectrum unam-
biguoudly. For instance, the lowest energy intra
molecular vibrations of cubane is found to be the one
where opposite faces of the cube rotate with respect
to each other.

(5) Comparison between calculated and experi-
mental frequencies indicate that, regardless of the
method used, the calculated A,, mode energy is
much higher than the experimental value. This may
be due to an incorrect assignment rather than a
failure of the calculations.
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