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Theoretical Studies on the Smallest Fullerene: from Monomer to Oligomers

and Solid States

Zhongfang Chen,*'*! Thomas Heine,*'! Haijun Jiao,'"! Andreas Hirsch,™

Walter Thiel,'”! and Paul von Ragué Schleyer

Abstract: Hybrid B3LYP and density-
functional-based tight-binding (DFTB)
computations on the solid-state struc-
tures and electronic properties of the
C, fullerene monomer and oligomers
are reported. C,, cages with C,, C,,, C;
D;,;, and D,, symmetries have similar
energies and geometries. Release of
the very high C,, strain is, in theory, re-

[a]

red both in the oligomers and in the in-
finite one-dimensional solids; the latter
may exhibit metallic character. Two
types of three-dimensional solids, the
open [2+2] simple cubic and the body-
centered cubic (bcc) forms, are pro-
posed. The energy of the latter is lower

Keywords: C,, - density functional

due to the better oligomer bonding.
The open [2+42] simple cubic solid
should be a conductor, whereas the bcc
solids are insulators. The most stable
three-dimensional solid-state structure,
an anisotropically compressed form of
the bcc solid, has a HOMO-LUMO
gap of approximately 2 eV and a larger
binding energy than that of the pro-

sponsible for the ready oligomerization
and the formation of different solid
phases. Open [2+42] bonding is prefer-

calculations

Introduction

The chemistry of the smaller fullerenes is exemplified by
C,p, which can form the most basic cage. Consisting solely of

[a] Dr. Z. Chen, Prof. Dr. P. v. R. Schleyer
Computational Chemistry Annex
The University of Georgia
Athens, GA 30602-2525 (USA)
E-mail: chen@organik.uni-erlangen.de

Prof. Dr. A. Hirsch

Institut fiir Organische Chemie

Universitédt Erlangen—Niirnberg
Henkestrasse 42, 91054 Erlangen (Germany)
Fax: (+49)9131-85-26864

Dr. T. Heine

Institut fiir Physikalische Chemie und Elektrochemie
Technische Universitidt Dresden

Mommsenstrasse 13, 01062 Dresden (Germany)
E-mail: Thomas.Heine@chemie.tu-dresden.de

[d] Dr. H. Jiao
Leibniz-Institut fiir Organische Katalyse
an der Universitdt Rostock e.V.
Buchbinderstrasse 5-6, 18055 Rostock (Germany)

[e] Prof. Dr. W. Thiel
Max-Planck-Institut fiir Kohlenforschung
Kaiser-Wilhelm-Platz 1
45470 Miilheim an der Ruhr (Germany)

L] Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. It contains Cy,
structures with different symmetries and relative energies.

[b

—

[c

—

Chem. Eur. J. 2004, 10, 963970 DOI: 10.1002/chem.200305538

fullerenes posed Csq solid.

oligomers - solid-state structures

condensed, unsaturated pentagons with extreme curvature,
this enormously strained fullerene should be very reactive
and have only a fleeting existence in the condensed states.
C,, has been the subject of many investigations. Depending
on the sophistication of the theoretical methods employed,’
ring and bowl C,, structures have been computed to be
more stable than the cage. Some prior investigations even
favored bicyclic rings®> and linear chains.! Whatever the
C, global minimum may be, the basically dodecahedral ful-
lerene (the focus of our attention here) was confirmed to
have the lowest energy among all the mathematically possi-
ble 20-vertex trivalent polyhedral cages.”!

The viability of the Cy, cage was established experimental-
ly by its gas-phase synthesis; the chemical route employed
opens a gateway to new carbon materials.!) C,, was charac-
terized by anion photoelectron spectroscopy® and further
confirmed by comparison with computed vibronic fine struc-
ture” and systematic computations of the free energies,
electron affinities, and vibrational progressions of more than
ten possible isomers.’l To assist the characterization, the
low-energy electron-scattering resonant structures,” the op-
tical absorption,'” IR, Raman, and anion photoelectron!!!
spectra, as well as NMR chemical shifts of C,, isomers?!
also have been computed.

Moreover, the vibronic coupling of the C,, cage should be
larger than that of Cg,. Solids based on C,, have been con-
sidered as superconductivity candidates."”! Like Cs, whose
macroscopic solid-state synthesis has been claimed,' C,,
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cages should also condense into various aggregates. Indeed,
solid C,, was prepared recently by ion-beam irradiation;!!
C, cages appeared to serve as building blocks in the hexag-
onal crystals that formed."”) Computations show that C,,
cages can condense in different ways; such materials under
carrier doping are superconductor candidates.® Further-
more, (C,)); oligomers (k=1-13), formed by coalescence of
C,, cages, have been identified experimentally."”) Most re-
cently, the Cy, [2+42] cycloaddition dimerization mechanism
was elucidated theoretically.™®!

This new C,, cage building block for organic solids poses
many questions. We address some of these by employing
hybrid B3LYP density functional and density-functional-
based tight-binding (DFTB) computations. What is the most
stable structure of the isolated C,, cage? How easily does
C,, condense? What is the most likely solid-state structure
of C5? Our goal is to gain deeper insight and to facilitate
experimental investigations on these promising materials.

Computational Methods

C,, monomer structures were fully optimized in the chosen symmetry
and then characterized as mimima by vibrational frequency computations
at the B3LYP6-31G* density-functional level. The geometries were re-
computed at the electron-correlated MP2/6-31G* level of ab initio
theory, also employing the Gaussian 98 suite of programs."” The oligo-
mers (Tables 1 and 2 and Figures 2—4 later) were fully optimized with
symmetry constraints at the B3LYP6-31G* level. The choice of starting
three-dimensional solid-state geometry was based on the preferred bond-
ing of 1) the oligomers as well as one-dimensional chains, and 2) the iso-
structural cells (i.e., with intercage bonds replacing the C—H addition
pattern) of the particularly stable C,Hg molecule (Scheme 1). The final
connectivities in the aggregates, that is, the inter- and intracage bonds,
depend on the size of the unit cells. DFTB?” calculations were also per-
formed on oligomers and periodic solid-state structrures. In the latter, ge-
ometry optimizations were carried out in unit cells of 40 atoms with 81 k-
points per cell (3x3x3). Both coordinates and cell parameters were fully
optimized. The unit cells were enlarged to super cells of 320 atoms for
the density-of-states (DOS) calculations and the I' point approximation
was applied.

Scheme 1. Structures of C,0Hg (7},) (left) and C,Hy, (7)) (right).

Results and Discussion

C,, monomer structures: It is well known that the symmetry
of cage C,, is reduced from the perfect /, due to Jahn-Teller
distortion.?! However, the lowest energy form of C, is still
in doubt. Previous Hartree-Fock (HF) and conventional
DFT (local density approximation and the generalized gra-
dient approximation proposed by Perdew, Burke, and Ern-

964 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

zerhof) calculations disagreed on the symmetry of the best
geometry (see ref. [22] for a recent review). We computed
five possible C,, structures with C,, C,,, C;, D3, and Dy,
point groups at both the B3LYP6-31G* and MP2/6-31G*
levels. All were characterized to be true minima by frequen-
cy analysis at the B3LYP6-31G* level. The B3LYP6-31G*
optimized C, structure is shown in Figure 1 (see Supporting

Figure 1. The B3LYP6-31G* optimized structure of C,, (C,). The arrow
points to the invisible C—C bond.

Information for the energies and geometries of the other
structures). Not only do we find these five isomers to be iso-
energetic to within 0.2 kcalmol™" at the B3LYP level (the
same is at the MP2 level, except D,;,, which is 0.5 kcalmol ™!
higher in energy than the lowest energy isomer), but they
have essentially the same structural parameters at both
B3LYP and MP2 levels (see Supporting Information).
Hence, we expect the C,, cage monomer to be highly fluxion-
al, converting from one structure to another with negligible
barriers.

The less strained C,H; (7;,) molecule—building block of the
aggregated solids: Graphed theoretically, the presence of
eight isolated sp® carbons can separate the dodecahedron
cage into the six essentially ethylene-like C=C units shown
for C,yHy (7,) in Scheme 1. Its isostructural analogues,
C,,Ng and C,;,Pg, have been discussed recently.” On the
basis of isodesmic reactions [Egs. (1) and (2)], C,)Hg (7)) is
less strained than C,H;, (7}). The latter is a spherical ho-
moaromatic system,[z“] and also a molecular model for the
simple-cubic-like lattice of solid-state C).'*) The smaller
strain energy in C,yHg (7)) can also been seen from the en-
ergies (per H,) of the hydrogenation reactions ([Egs. (3)-
(5)]; —67.0, —36.5, and —61.9 kcalmol™" for CyHg, CyH,s,
and CyH,,, respectively).

4Me,C=CMe, + CyHy(I,) = 4Me,CH—CHMe, + CyoH,»(T,)
AH =2732kcalmol™ (1)

6 Me,C=CMe, + CyHy(I,) = 6 Me,CH—CHMe, + Cy,Hy(T},)
AH = 149.4kcalmol™ (2)
Cy+ 4H,=CyHy(T,) AH (per Hy)=—67.0kcalmol™ (3)
Cy+6H,= C,yH,(T},) AH (per H,)=-36.5kcalmol ™ (4)
Cyo 4+ 10H, = CyyHyy(1,) AH (per Hy)=—61.9kcalmol™ (5)
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The smaller strain energy in C,\Hg (7},), compared with that
in CyHy, (T,), indicates that the solid-state material with
the same bonding as in C,yHg (7},), may be more stable ther-
modynamically (see the solid-state part).

Dimer structures: Both the singlet and triplet states of five
C,, dimers were investigated (Table 1 and Figure 2): 1) the
closed [24+2] dimer (1), in which two cage—cage junction
C—C bonds form a four-membered ring; 2) the single-bond
dimer (2) with only one linking C—C bond; 3) the face-to-
face dimer (3) with five bonds connecting two neighboring
C,, molecules; 4) the open [242] dimer (4) with broken in-
tracage bonds, and 5) the twisted dimer (5) with opened C,,
cages.

Consistent with the results of Choi and Lee,'"™ the open
[242] dimer singlet (4) is the lowest energy isomer among
all the singlet and triplet alternatives considered; these are
approximately 20-88 kcalmol ™' less stable, but their dimeri-
zation energies are still considerable. The two most stable
isomers, 4 and 5, do not have four-membered rings. The en-
ergies of the 1 and 4 triplets are 26.7 and 30.5 kcalmol ™, re-
spectively, higher than the corresponding singlets, but the 2,
3, and 5 triplets are 13.3, 5.2, and 8.7 kcalmol !, respectively,
more stable than their singlet forms.

Singlet 4 has the largest HOMO-LUMO gap (2.47 eV),
greater than that of the C,, monomer (1.95 eV). In contrast,
the HOMO-LUMO gap (1.01eV) of the second-most-
stable singlet, 5, is much smaller. Thus, singlet isomer 4,
with a dimerization energy of 138.2 kcalmol !, is the most
probable dimer structure. Note that the best (C,,), dimer
structure (4) and its binding energy differ considerably from
those of the weakly-bound (Cg),," and (Cs4),?* (52.8 kcal -
mol~! at the B3LYP6-31G* level). The following discussion
only considers the singlets.

The optimized structures of the dianions are depicted in
Figure 2. The addition of two electrons lengthens the inter-
fullerene bonds of all the isomers and changes their stability
order. As expected, the open-caged structures, 4~ and 5,
are the two most stable dianions. However, 4° is 13.7 kcal
mol~! higher in energy than 5°~.

Table 1. The B3LYP6-31G* relative energies [E,y, kcalmol '], HOMO-LUMO gap [eV], binding energies
[AE, kcalmol™'], vertical ionization potentials [VIP, eV], DFTB relative energies [E,, kcalmol™!], and

HOMO-LUMO gap [eV] of C,, dimers (Figure 2).
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Figure 2. The B3LYP6-31G* optimized structures of (C,), and its dianion
(normal for singlet, italic for triplet, underlined for dianion).

Trimer and tetramer structures: Guided by the experience
with the dimers, we can easily imagine chain structures 6-10
for the trimer and 11-14 for the tetramer. Their optimized
geometries are summarized in Figures 3 and 4, respectively,
and their energies are given in Table 2. These structures can
be extended further into one-
dimensional chain polymers. As
expected, the open [2+42] trimer

9 has the lowest energy by far;

Species E. Gap [eV] AE VIP [eV] E, Gapl! [eV] .
C o5 53 T the second most stable isomer
20 - . - . - . . . _
(Co) 1 singlet 35.5 2.30 102.7 6.84 345 121 10 (with a twisted open cage
triplet 62.2 _ 76.0 _ _ _ structure) is  55.3 kcalmol
(Cy), 2 singlet™ 87.8 0.52 50.4 5.62 59.7 1.08 higher in energy. Moreover, 9
triplet 74.5 - 63.7 - - - has a larger HOMO-LUMO
(Cy), 3 sqlglet 75.3 1.11 62.9 6.69 71.7 0.38 gap (2.16 CV) than the mono-
triplet 70.1 - 68.1 - - - h h for 10 i
(Cx), 4 singlet!! 0.0 247 138.2 7.01 0.0 127 mer, whereas the gap for 10 1s
triplet 30.4 - 107.7 - - - much smaller (0.45 eV).
(Cx)s 5 singlet 28.8 1.01 109.4 6.11 5.8 1.03 Like the dimer and trimer,
o triplet ig'; - 1181 - - - the linear open [242] bonded
(Ca)s 5 ’ a - - - - ladderlike tetramer 13 is ap-
(Coo)s 2 57.6 - - - - - p
(sz)z 3 8.8 _ _ _ _ _ proximately 78 kcalmol™' more
(Cy)r 4 13.7 - - - - - stable than 14, and is 104-
(S 0.0 - - - - - 188 kcalmol™ lower in energy
[a] at DFTB level. [b] These species have recently been computed at HF/6-31G* (ref. [18]). than the other tetramer candi-
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Figure 3. The B3LYP/6-31G* optimized structure of (Cy);.

dates (Table 2). The high stability of 13, which suggests that
it might be realized experimentally, is due to the absence of
unfavorable four-membered rings. This is also true for the
twisted open-caged [2+2] bonded tetramer 14, the second-
most-stable tetramer. The lowest energy tetramer, 13, has a
large HOMO-LUMP gap (2.00 eV), whereas the gap for 14
(0.2 V) is much smaller.

As an aid to characterization, the theoretical vertical ion-
ization potentials (VIP) for the dimers, trimers, and most
stable tetramers have been computed (Tables 1 and 2). The
VIPs are based on the energy difference between the neu-
tral and the cation, both computed at the optimized neutral
geometry. The VIPs of the most stable oligomers are in the
6.49 to 7.01 eV range; the Cy
VIP is somewhat larger (experi-
mental 7.57+0.01 eV;?! com-
puted 7.21eV at B3LYP6-

14(Dyp)

Figure 4. The B3LYP6-31G* optimized structure of (Cy),.

order (see Tables 1 and 2) and has also performed well in in-
vestigations of other solid-state forms of carbon,®! Cj-
based solids,”**! higher fullerenes,®” and highly reactive
mono- and bicyclic carbon structures.*!) We employed this
less-time-consuming computational method to investigate
the infinite C,, chains and solids: the most reasonable linear
aggregates are connected by open [2+42] bridges, by closed
[242] bridges, or have twisted structures, as revealed by
computations on oligomers. The three chain forms extending
from dimers 4, 5, and 1 were computed by using DFTB
theory with periodic boundary conditions. Four C,, units
were included in the unit cell resulting in cell sizes with z di-
mensions exceeding 20 A, and computations using the T
point approximation were performed. The ¢ parameter of
the unit cell was optimized, while the x and y cell parame-
ters were fixed at 100 A to avoid spurious interactions.
Local minima were found for the opened [2+42] and the
twisted forms. In contrast to Miyamoto and Saito’s find-
ings,'® the closed [242] form transformed into one of the
other two isomers (15 and 16, Figure 5) during our DFTB
optimization of the cell size. The open [2+2] structure 15

Table 2. The B3LYP6-31G* relative energies [E,,, kcalmol™!], HOMO-LUMO gap [eV], binding energies
[AE, kcalmol™'], vertical ionization potentials [VIP, eV], DFTB relative energies [E, kcalmol™'], and
HOMO-LUMO gap [eV] of C, trimers (Figure 3) and tetramers (Figure 4).

31G*). The VIPs of the next gpecies Symm E.y AE Gap [eV] VIP [eV] E, Gap® [eV]
best isomers, the twisted forms, (C): 6 D, 697 1965 234 6.63 677 0.97
are approximately 1€V smaller (c,),7 Gy 175.1 91.1 023 527 125.6 115
than those of the best forms; (Cy);8 Cy, 1353 130.9 0.42 6.10 143.9 0.07
this difference might be used to  (Cx)s 9 Dy, 0.0 2662 2.16 6.49 0.0 L11
distinguish these two structures (Cu); 10 Con 533 2109 045 47 137 0.87
: (Cy)e 11 Dy, 103.8 290.3 221 - 99.9 0.96
experimentally. (Cy)s 12 Gy 188.1 205.9 021 - 198.4 0.65
(Cy)s 13 D,, 0.0 394.0 2.00 6.21 0.0 0.93
Linear structures: DFTB repro-  (Cy), 14 Co 783 315.7 0.20 5.19 20.6 0.81

duces the DFT relative energy

966 ——

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The DFTB-optimized structures and DOS of infinite chains of
C,: an open [2+42] chain (15) and a twisted chain (16).

has a ¢ parameter of 5.70 A per C,, unit; this value is 5.50 A
per C,, for the twisted structure 16. The energy of the open
[242] form 15 is 0.27 eV per C,, lower than the twisted form
16 (see Table 3, in which the energies of other forms of
carbon are also given for comparison). The electronic struc-
tures of 15 and 16 are very similar: neither have a gap at the
Fermi level, but have a low density-of-states (DOS) at this
Fermi level (Figure 5). There is a gap of approximately 5 eV
above the Fermi energy. Thus, these forms should exhibit
metallic character; one-dimensional conduction is possible.

Table 3. DFTB binding energies (with respect to the free, spherical,
closed-shell atoms) for C,, solids and other carbon materials.

Structure DFTB binding Density ~ Saturation!®!
energy [eVatom™']  [gem )

diamond 9.221al 3.15-3.513 100%
graphite 9.24al 1.9-2.3 0%
C 8,851 - 0%
Cy, monomer 8.510! - 0%
C;, hexagonal solid 8.67" 1.720 333%
C,, monomer 8.01 - 0%
C,y open [242] chain (15) 8.27 - 20%
C,, twisted chain (16) 8.25 - 0%
3D C, solid (I) 8.48 2.494 0%
3D Cy solid (II) 8.53 2.443 40%
3D C,, solid (II) 8.70 2911 50%
3D C,, solid (IV) 8.60 2.803 80 %
3D C,, solid (V) 8.59 2.844 60 %
3D C,, solid (VI) 8.67 2.862 70%

[a] From ref. [28]. [b] From ref. [26]. [c] Experimental. [d] The degree of
saturation is the percentage of saturated versus the total number of car-
bons.

Three-dimensional solid-state structures: Since many three-
dimensional solid-state topologies can be formed by aggre-
gation of C,, units, we only investigated the most reasonable
possibilities. These were based on our experience with the

Chem. Eur. J. 2004, 10, 963—970 www.chemeurj.org

Cy oligomers and from previous calculations on C," and
C; solids.?*?*3 The first group of three related candidates
were derived from the linear oligomer structures discussed
above: the opened (I), closed, and half-opened [2+2] bridg-
ed structures. The simple cubic (SC) lattice configuration
based on the closed structure was studied in Miyamoto and
Saito’s first paper on C,,."®! However, in agreement with
their later work,"! the closed structure is much less stable
than other alternatives. DFTB optimization of the unit cell
opens the [2+2] bridge. Furthermore, the half-opened form
is stabilized further by transformation into the more stable
opened [2+42]-bridged structure. Consequently, the latter
was the only form we investigated further in this first SC
group. (Twisted chain extensions require large tilts of the
C,, units and are therefore not realistic.)

The second group is based on the extraordinarily stable
C,Hg isomer, whose “C,yHg—8H” cage is used as the build-
ing block. When these units are joined by transforming the
C—H bonds into intercage C—C bonds, a body-centered
cubic (bcc) structure (IT) is created. Within the bcc lattice,
no stable structure with additional intercage bonds was
found in our computations. However, introducing anisotro-
py. as suggested earlier,"™! does lead to the formation of
such bonds, either in one- or in two-dimensions (see
Figure 6), and consequently considerable further stabiliza-
tion of the solid (see Table 3). These bonds are [2+2]
bridges at the same positions as for the SC solid, which may
open with changing the cell size. By employing this tech-
nique various new structures can be found, depending on
the intercage linkages and the degree of anisotropy intro-
duced into the solid. Four of them, III-VI, have been con-
sidered in our study. All of them have similar binding ener-
gies, at least half of their carbons are tetracoordinate, and
their densities are approximately 2.8-29gem™ (see
Table 3). Such high densities are similar to that of a C,,
solid-state structure, proposed recently by Spagnoletti
et al.l'*!

One of these structures, IV, has been studied earlier by
Okada et al.l'®! Tt has [24-2] bridges in two layers (xz and yz
in our orientation, see Figure 6d). These bridges are ar-
ranged in an alternating way: for example in the xz plane,
[24+2] bridges connect cages in the z direction in one layer.
At the next layer the [2+42] bridges connect cages in the x
direction. The analogous arrangement is also found in the
yz plane. This structure (IV) is very stable, in agreement
with a previous finding."®! Its binding energy is 8.6 eV per
carbon atom, only 0.25 eV per carbon atom less than in Cg,.
80% of the carbons in IV are tetracoordinate (saturated);
its density, 2.8 gcm ™, is much higher than that of graphite
and approaches the diamond value (~3.15 gcm™).

We have found two structures even more stable than IV.
The most stable of these, III, contains both small planar sp*
areas and cagelike sp® regions (see Figure 6¢); the tetracoor-
dinate carbon content is relatively low (50%). As a conse-
quence, III has a binding energy of 8.7 eVcarbon™! (see
Table 3) and the highest density (2.91 gcm™2) among all the
Cy-based solids we studied. The bond lengths, including
those of intercage connections, are unexceptional and range

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 967
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Figure 6. The DFTB-optimized structures and DOS of three-dimensional C,, solids: a)-f) are for solids I-VI, respectively.
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from 1.34 A for the sp’-sp” bonds to 1.55 A for the sp’-sp’
bonds.

Extrapolation of the above approach to a fully saturated
bcc structure with [242] bridges in each spatial direction for
every C, unit was unsuccessful. In the recently described
hexagonal crystal,"™ C,, units act as building blocks. The in-
termolecular bond length is about 1.5 A, as expected from
strong, covalent bonding. The hexagonal symmetry shown
by the electron diffraction pattern" is consistent with struc-
tures II-VI. Note that III-VI were derived from the bcc
solid-state form, II.

So far, no direct experimental X-ray structure determina-
tion of the C,, solid has been reported. The electronic densi-
ty-of-states (DOS) of solid-state C;; has been measured re-
cently by scanning tunneling spectroscopy.’” This tech-
nique, which could also be carried out on the C,, solid, re-
quires only small amounts of material deposited on a sur-
face.

To assist future experimental investigations, we computed
DOS for C,, solids discussed here. Only I had metallic char-
acter (see Figure 6a) due to its small DOS at the Fermi
level. At higher energy (6 eV above the Fermi level) it has a
remarkably large gap of 10 eV. The bcc structure II shows
its insulating character clearly: its 3.5 eV gap is quite large
(Figure 6b) and its DOS has a strong, characteristic peak ~
1.7 eV above the Fermi level. The DOS’s of III-VI are relat-
ed to II, except that their anisotropy smears the DOS con-
siderably. In particular, the sharp peak of II is broadened
considerably in III-VI. Evidently, these states belong to the
7t bonds of the C, units (II), or, in III-VI, by the [2+42] inter-
cage bonds (and remaining C, units). In III and IV, the
DOS above the Fermi level is split into two major parts. In
all cases besides the “best” structure III, for which both
parts are comparable, the higher-energy DOS is significantly
denser than the lower energy part. In III-VI the gap is re-
duced to ~2 eV.

Conclusion

The geometries and energies of C,, fullerene minima with
different symmetries are nearly the same. Consistent with
the recent synthesis of a solid C,, crystallite,'”! C,, is com-
puted to be very reactive, even more than Cs, and forms
solid phases with different dimensions easily. The relative
stabilities of C,, oligomers and solids depend primarily on
their strain energies. The thermodynamically most favorable
structures of linear oligomers are linked by cyclic C, units
formed through a [2+42] cycloaddition with subsequent ring
opening. The corresponding linear aggregate should exhibit
metallic character. Two stable three-dimensional solids,
open [2+2] simple cubic and body-centered cubic (bcc)
forms, are proposed. As expected from the preferred bond-
ing of the oligomers and the maximum strain-energy release
principle, the bcc form is more thermodynamically stable.
The open [2+42] simple cubic solid should be a conductor,
whereas the bcc solids are insulators. The most stable solid
structure, III, can be viewed as an anisotropically com-
pressed form of the standard bcc solid. The HOMO-LUMO

Chem. Eur. J. 2004, 10, 963—970 www.chemeurj.org

gap of IIl is ~2 eV and its binding energy is greater than
that of the proposed Ci4 solid. Our computed DOS might
assist the characterization of Il
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