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The structure, symmetry, and stability of CgyHgo are studied by ab initio density functional theory and
second order Mgller-Plesset perturbation theory. It is shown that the lowest energy high symmetry (Ds,) cage
of CgoHyg is obtained by “puckering” of the H-C-C-H bonds through the endohydral bonding of ten C-H pairs
of the full icosahedral fullerene. Such puckering can also lead to alternative Ds,; symmetric structures and to
other partially hydrogenated fullerenes which have been already synthesized as well as to single wall carbon
nanotubes. The infrared spectrum of the proposed structure(s) is compatible with analogous astronomical data
on the basis of which the existence of CgoHg in stellar atmospheres was postulated.
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I. INTRODUCTION

The discovery of buckminsterfullerene (Cgp) and other re-
lated substances stimulated a lot of interest in their use
(among others) as substrates for addition reactions such as
hydrogenation. Attempts to synthesize the fully hydrogen-
ated CgoHg fullerene (with perfect icosahedral symmetry)
have failed so far, although its existence in stellar atmo-
spheres was postulated since 1991 through comparison of
the observed spectral lines with semiempirical calculated in-
frared (IR) spectra. Instead, partially hydrogenated cages of
the form CgH,, with n up to 36 have been synthesized.>
The only fully hydrogenated fullerene which has been syn-
thesized up to now is dodecahedrane,* C,,H,,, while cubane
CgHg, the smallest fully hydrogenated cage with octahedral
symmetry, was synthesized as early as 1964,> much earlier
than the discovery of fullerenes. The purpose of the present
work is the study of the fullerene C¢)Hg, and a reexamina-
tion of its structure and stability in view of earlier work®®
suggesting a C;-symmetric (nonsymmetrical) isomer as the
ground state of CeyHg (see also Ref. 3, p. 4175). Other early
attempts to relieve the strains imposed by the high icosahe-
dral symmetry by partially distorting the 7, to I symmetry®®
(in particular, for C¢yFg, and by extension to CgoHgy) were
rather unsuccessful, since the I-symmetric structure was
eventually found less stable compared to the icosahedral
structure.®© Thus, although the I-symmetry was very attrac-
tive, preserving the 60-fold equivalence of F (or H) and C
nuclei (giving a chiral equilibrium structure®®), the nonsym-
metric C; structure is more stable than both [, and
I-symmetric structures.>0@-6()

This C, isomer has ten hydrogen atoms inside the cage so
as to allow each H-C-C-H fragment, corresponding to a C-C
shared edge, to adopt a chairlike structure with one hydrogen
atom pointing inside the cage and one pointing outward.*¢
This allows optimization of the sp® bonding. Although such a
structure is found lower in energy,® it has the drawback of
lack of symmetry and favorable comparison with astronomi-
cal IR data, as the fully symmetric I, isomer. However, be-
tween these two extremes there should be (as almost always)
a “happy medium,” which would be lower in energy and
closer to the aesthetically and scientifically more appealing
icosahedral symmetry. In the current work, the search for a
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low-energy high-symmetry alternative of the icosahedral
CeoHgo cage leads to a structure of high D5, symmetry with
much lower energy than the C; structure. This and other
alternative structures of similar symmetry are discussed be-
low in Sec. III, after the short description of some technical
details in Sec. II. Finally, a summary with the important con-
clusions of the present work is given in Sec. IV.

II. SOME TECHNICAL DETAILS OF THE CALCULATIONS

The general theoretical and computational method fol-
lowed for all clusters and cages is all electrons density func-
tional theory (DFT) with the hybrid, nonlocal exchange and
correlation functional of Becke-Lee, Parr, and Yang
(B3LYP).” The starting geometries were obtained by suitable
puckering of the bonds, preserving the Ds, symmetry, al-
though the geometry optimizations were run with and with-
out symmetry constraints. The calculations were supple-
mented with vibrational frequency calculations to obtain the
IR spectrum and check at the same time for imaginary fre-
quencies. These calculations were performed with the TUR-
BOMOLE program package® using the triple zeta valence po-
larized (TZVP) basis set.” For the lowest-energy structures
MP2 calculations were performed (starting from the B3LYP/
TZVP geometry) with the same basis sets and program pack-
age. Finally, the calculations for the optical absorption-
emission spectra were performed in the framework of time-
dependent DFT (TDDFT) with a B3LYP functional, as
implemented in the TURBOMOLE program package.?

III. RESULTS AND DISCUSSION

The lowest-energy highest-symmetry (Ds,) structures of
CeoHgo obtained here are shown in Fig. 1. These structures
are characterized by Ds,; symmetry, the largest and simplest
subgroup of ;. The structure in Fig. 1(a) has ten endohedral
hydrogen atoms in hexagonal chairlike arrangements with
neighboring exohedral hydrogens (similar to the C; struc-
ture). Furthermore, similar (and more accurately) to the I,
isomer in Fig. 2(c), the IR spectrum of this structure, as will
be shown below, reproduces fairly well the stellar data used
by Webster! to postulate the existence of CgHg, in stellar
atmospheres. As a first attempt towards a low-energy high-
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FIG. 1. Lowest-energy (high-symmetry) structures of CgoHgp:
top view (top) and side view (bottom). The structures in (a) and (b)
are characterized by D5, symmetry and ten endohydral hydrogens.
The structure in (c) has full icosahedral symmetry and all hydrogen
atoms exohedral.

symmetry isomer this structure is very close to the target.
However, the structure in Fig. 1(b), which is also character-
ized by D5, symmetry, with ten (different) endohedral hydro-
gen atoms, is even lower in energy, and obviously lower than
the full 7, structure in Fig. 2(c). The difference between the
two structures is that the endohedral hydrogens are bonded to
different sets of carbon atoms belonging to different types of
carbon rings. In the structure of Fig. 1(b) the “puckering” of
hexagonal (and pentagonal) rings is energetically more fa-
vorable compared to the structure of Fig. 1(a) in which more
pentagons and fewer hexagons are puckered. Obviously,
puckering is favorable for hexagons, where the bond angles
of 120° are far away from the ideal sp* bond angles (al-
though very close to the sp? bond angles), but not for penta-
gons in which the bond angles are very close to the ideal
tetrahedral bond angles. Therefore there is always an ener-
getic compromise involved in puckering. For instance, in
C,oH,, which consists solely of pentagons, the puckering is
totally unfavorable. On the contrary, for larger icosahedral
fullerenes, Linnolahti et al.'® have shown that puckering
leads to very stable fullerenes of equal or even greater sta-
bility than C,yHy. The structure in Fig. 1(b), through better
optimization of the puckering (more hexagons than penta-
gons are hydrogenated endohydrally) is more stable by
0.13 eV per C-H unit than the structure of Fig. 1(a). This is
the lowest-energy Ds,; symmetric structure with all frequen-
cies real, as the structure Ds,4(1) in Fig. 1(a). Both puckered
D5, states would not be easily accessible due to the high-
energy barrier for penetration of hydrogen into the cage.
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FIG. 2. Ds,; symmetric cage with 20 endohydral hydrogens after
geometry optimization, (a) and (b). The nanotube structure derived
by joining the three pieces in (b), together is shown in (c).
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FIG. 3. Partially hydrogenated cages: CgoHszy (a), CgoHsg (b),
and C60H2 (C)

Therefore, it is possible that they could coexist with the pro-
posed I, structure.

With fixed D5, symmetry, in addition to the structures of
Figs. 1(a) and 1(b), we can also construct very symmetric
(Ds,) structures with twenty hydrogen atoms pointing in-
ward. Such alternative Ds; symmetric structures with 20 en-
dohydral hydrogen atoms turn out to be unstable (with
imaginary frequencies). Upon geometry optimization they
eventually get separated in three independent C,yH,, pieces
of Ds,; symmetry each, as is clearly shown in Figs. 2(a) and
2(b).

By removing the intermediate hydrogen atoms and join-
ing the three pieces together we get after optimization the
nanotube structure of Fig. 2(c) with the same D5, symmetry.
This is a good model for the formation of single wall carbon
nanotubes.!'! This “tube” (cage) is practically metallic with a
very small gap (about 0.1 eV at the BP86, and 0.3 eV at the
B3LYP levels of theory), uneven charge distribution, and
very close lying competing singlet and triplet states. The
triplet state (at slightly different bond lengths) is the lowest-
energy state with a very small energy margin. This is highly
suggestive that these states are different manifestations of an
open shell singlet state (at about the same energy) which
cannot be properly treated with the present theoretical ap-
proach. Therefore, the CqoHsy cage, and cages derived from
it, can be considered as the zero-dimensional analog(s) of
single wall carbon nanotubes,!! in which metallic and insu-
lating versions exist, offering a transparent way of under-
standing the metallicity and the transition from one type of
behavior to the other. The tubelike CgyHj, structure in Fig.
2(c) is not necessarily the lowest-energy structure with this
composition. The middle piece can be repeated a large num-
ber of times with the two caps at both edges.

To obtain more stable structures we have considered the
“excess” charge, which, as Mulliken population analysis
shows, is concentrated in four carbon atoms (two on the top
and two on the bottom) with no hydrogens attached to them.
Two more atoms (one on top and the other on the bottom)
have also pronounced charge inequalities but to a lesser de-
gree. By putting initially four, and subsequently, two more (a
total of six) hydrogen at these (4+2) carbon atoms we get a
more stable C¢yH3, and an even more stable CgyHszq struc-
ture. The CgoHj, structure is an open shell triplet state,
whereas the C¢yHs4 cage has a clear highest occupied-lowest
unoccupied molecular orbital (HOMO-LUMO) gap of
2.3 eV (at the B3LYP level of theory). These structures are
shown in Figs. 3(a) and 3(b). It should be mentioned that
C¢oHj36 has been synthesized,? not necessarily in this particu-
lar geometry of Fig. 3(a), and is very stable. The calculated
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TABLE 1. Binding and cohesive energy HOMO-LUMO gap, together with dominant IR active frequen-
cies (up to four), calculated at the B3LYP level of theory. The frequency of the largest IR intensity is
underlined. The structures are identified by the chemical composition (chemical formula), symmetry (sym.),

and figure number (Fig.).

E, E. E, v
Struture/sym. Fig. (eV/atom) (ev/atom) (eV) cm™!
CooHeo 1, [1(0)] 9.41 6.83 5.8 1326, 1381, 2946
CeoHeo Dsy [1(2)] 9.46 6.88 6.6 1318, 1410, 2835, 2980
CeoHeo Dsg [1(b)] 9.59 7.01 7.1 2869, 2899, 2929, 2937
CeoHeo Dsy [2(2)] 9.21 6.63 3.6 2984, 2997, 3014, 3145
CeoHao Dsy [2(c)] 8.23 6.93 (0.4) 1336, 1657, 2850, 2880
CeoHas Cop [3(2)] 8.40 6.94 (2.4) 2791, 2825, 2860, 2873
CeoHae Cap [3(b)] 8.52 6.98 2.4 2596, 2815, 2826, 2846
CeoHy Csy [3(0)] 6.97 6.88 25 1321, 1662, 2863, 2875

(here) optimized structure of CgoHsg is of C,;, (near D,;)
symmetry, which although it has the general characteristics
and looks very much alike, is not fully identical to either 7},
or T-symmetric structures proposed in the literature %12 For
comparison, the partially hydrogenated CqyH, fullerene is
also considered in Fig. 3(c). This fullerene has been synthe-
sized and is very stable too.?

To judge and compare the stability of the partially hydro-
genated structures in Figs. 2(c) and 3(a)-3(c) on an equiva-
lent basis with the fully hydrogenated fullerenes, we make
use of the cohesive energy E,,,, instead of the binding en-
ergy BE. The cohesive energy E.,;, which depends on the
structure’s size, is defined by the relation

Econ= [BE(CNCHNH) + uuNpl/Ne,

where BE(Cy Hy, ) is the binding (or atomization) energy of
the CNCHNH cage or nanotube. N, Ny are the numbers of C
and H atoms, respectively, and uy is the chemical potential
of H, which is taken at a constant value, with zero corre-
sponding to the value at which the formation energy of meth-
ane (CH,) is zero. Doing so, we have effectively removed
the energy contribution of all C-H bonds in every system and
essentially considered the binding energy of the ‘“carbon
skeleton.” This is a common method for the calculation of
the cohesive energy.'? Alternatively, we could have used the
“formation energy” which involves the chemical potential of
carbon, uc, as an additional term without altering the relative
energy separations and comparisons between different cages.
The cohesive energy together with the binding energy per
carbon atom, E,,zBE(CNrHNH)/ N¢, and the HOMO-LUMO
energy gap E, are given in Table I for each of the structures
studied here. As we can see in Table I, with the exception of
the disjoint structure of Figs. 2(a) and 2(b) consisting of
three separate pieces, all puckered and partially hydrogen-
ated cages (and “tubes”) in the table are more stable com-
pared to the icosahedral (totally exohydrally hydrogenated)
CgoHgo cage. The most stable structure is the Ds,; symmetric
puckered CqoHg, fullerene of Fig. 1(b), which is even more
stable (on the basis of cohesive energy) than structures al-
ready synthesized. It would be reasonable therefore to as-

sume that it can be synthesized as well. This fullerene is also
characterized by the largest HOMO-LUMO gap which is a
zeroth-order measure of “chemical hardness.” Since it is also
more stable than the C; structure with the ten endohydral
hydrogen suggested earlier by Sounders**® and Thiel,®©
and since it does not change by totally unconstrained (C,)
optimization, it could be considered as the best candidate for
the global minimum of CgyHgy. Yet, independent of its ap-
pealing high symmetry, this structure (with so many atoms
and open possible combinations) is impossible to be proven
or even speculated with confidence as a real global mini-
mum. However, in view of earlier work suggesting that
CeoHgo cages with ten hydrogen atoms pointing inwards are
the most stable,>*® it is much safer to assume that among all
C¢oHgo cages with ten endohydral hydrogen atoms the puck-
ered structure of Fig. 1(b) would be the most stable (and
certainly much more stable than the full 7, C4Hg, fullerene
with all hydrogen atoms pointing outwards).

It is interesting to compare the two structures of highest
stability, of Fig. 1(b), and highest symmetry, of Fig. 1(c) in
other respects besides stability. The IR spectrum is the best
choice due to its utilization in the work of Webster! for the
identification of CgyHg in stellar atmospheres, based on un-
known origin astronomical IR emission features. To this end,
some representative high intensity IR frequencies in the re-
gion of 1298 cm™' (A=7.7nm) and in the range of
2800-3150 cm™! are included in Table I, and the full IR spec-
trum of these two (and two other related) structures is given
in Fig. 4. The frequency at 1298 cm™! (wavelength \
=7.7 nm) corresponds to the highest intensity observed in
the “unidentified” stellar IR lines. This vibrational mode
which is dominated by the bending of the C-C-H bond
angles was found with the highest intensity by Webster using
a force-field model. With the present B3LYP calculations,
this mode, although of relatively high intensity, is not the
strongest intensity feature for none of the structures of Table
I. Only for three of the structures of Table I, bending modes
in this frequency range are among the top four in intensity
(listed in Table I).
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FIG. 4. The calculated IR spectrum of (from top to bottom)
CeoHgo in Dsy (a), I, and Ds, (b) (best energy) symmetries, to-
gether with Cg (1, symmetry) for comparison.

The maximum intensity found by Webster for this mode
must be some sort of deficiency of his empirical model. This
was verified here by a semiempirical AM1 calculation for the
icosahedral CgyHg, isomer which similarly yields the highest
intensity for such a mode at 1287 cm~'. Furthermore,
MNDO calculations®® [see Table 5 in Ref. 6(c)] for the I,
structure give the strongest IR mode at 3145 cm™', in good
agreement to the scaled B3LYP value obtained here (and in
disagreement with Webster'). For the lowest-energy CgoHgo
structure in Fig. 1(b) this mode is one order of magnitude
weaker compared to the peak intensity mode at 2937 cm™!.
This particular mode is dominated by the stretching of the
ten C-H bonds pointing inward to the cage. The value of
2937 cm™! (like the rest of the frequencies in Table I) has
been scaled down by 5% from the calculated B3LYP value of
3092 cm™!. This scaling is a common practice to account for
known systematic errors due to fundamental (“one-body”
and harmonic) and secondary (technical) approximations,
such as the choice of basis sets. Thus, the choice of the
scaling factor in reality depends on the level of theory and
the basis set.!* It should be noticed that the 3092 cm™! un-
scaled value is very close to the observed stellar IR feature at
3050 cm™! (A=3.28 nm), which is the best studied unidenti-
fied stellar feature! thus far. Webster' has concluded that
such a mode would be unlikely to be due to C-H stretching
in any aliphatic hydrocarbon due to its very short wave-
length. Similar conclusions were reached by Linnolahti.'? In-
stead, such a mode should be attributed, according to Web-
ster, to lightly hydrogenated fullerenes. From the results of
Table I we can see, at least for the partially hydrogenated
fullerenes examined here, that this hypothesis is not substan-
tiated, except perhaps for the disjoint pieces of the struc-
ture(s) in Figs. 2(a) and 2(b). In this particular case the value
of 3145 cm™! is associated with the C-H bond stretching of
the outer pieces, whereas the analogous mode of the central
piece produces the line at 29097 cm™!. However, this structure
is not stable. It seems therefore more likely that the fre-
quency at 3050 cm™! could be associated with C-H bond
stretching of the endohydrally bonded hydrogens in the
puckered structure of Fig. 1(b). The rest of the relatively high
intensity lines in Table I correspond to the observed IR pla-
teau in the range between 2800 and 3100 cm™', with peak
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FIG. 5. The calculated optical (emission) spectrum for the 7, and
best Ds, structures of Figs. 1(b) and 1(c), respectively.

lines at 2800, 2850, 2890, 2940, and 3050 cm™!. From the
frequencies listed in Table I, taking also into account the
uncertainties in the frequency calculations (and even more so
the uncertainties of the corresponding intensities) we can see
that the unidentified IR features cannot be safely used to
identify uniquely a single source. Almost all of the structures
in Table I (and many more not included in the table) produce
IR lines in the plateau range and the region of 1300 cm™'. It
is more natural to assume, as Webster has suggested, that the
IR astronomical data are due to a mixture of (similar?)
sources, which are more likely to be associated with fully
and partially hydrogenated fullerenes. Concerning the fully
hydrogenated fullerenes, we can see that all three stable
structures of Fig. 1 are in one way or the other consistent
with the IR astronomical features, which cannot be safely
used to fully identify the structures. To help further possible
identification in the future, the optical excitation spectrum
for the icosahedral and the best Ds,; structure of Fig. 1(b),
calculated with the TDDFT method, is shown in Fig. 5. This
spectrum was obtained by Gaussian broadening (width
0.001 eV) of the calculated spectral lines. It is clear from this
figure that if CqoHgg is synthesized this spectrum could be
used to clearly distinguish between these two key structures.

IV. CONCLUSIONS

It has been illustrated that puckering of the H-C-C-H
bonds can lead to much more stable (than the icosahedral)
CeoHgo fullerene structures of relatively high Ds,; symmetry
with ten endohydral hydrogens. The structure(s) with 20 (out
of 60) endohydral hydrogen atoms become unstable and dis-
joint, leading (by bringing together the disjoint pieces) to
stable “nanotubes” and fullerene structures, which can serve
as good and transparent (building) models of larger nano-
tubes. The IR spectra of the derived fullerenes and nanotubes
are compatible (within the uncertainties of the calculations)
with the observed unidentified IR astronomical features.
Therefore it would be possible that such structures (including
partially hydrogenated fullerenes) could coexist in stellar at-
mospheres and could be responsible for the observed stellar
IR features.
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