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Introduction

Fullerenes,[1] carbon nanotubes,[2] and graphenes[3] have in-
trigued scientists from various fields due to their promising
applications. The planarity of sp2 carbon (sp2C) is crucial for

the planar structures of graphenes. As an exception to the
traditional hybridization bonding of carbon, planar tetra-
coordinate carbon (ptC),[4] in which a carbon atom and its
four bound atoms are in the same plane, has recently re-
ceived increasing attention.[5] No doubt, the tetrahedron is
generally the most favorable geometric arrangement for
four atoms bonded to a carbon atom. However, ptC can be
achieved electronically,[4,6] mechanically,[4,7] or by a combina-
tion of both.[8] Molecules or species with ptC arrangements
were not only computationally designed, whereby some ptC
species were even characterized as the global minima,[9] but
also experimentally synthesized.[9d–h,10] Planar carbon ar-
rangements with coordination numbers greater than four
have also been explored.[9b,c,11] Can the planarity of ptC ar-
rangement be utilized to build molecules similar to graphe-
nes, or even to carbon nanotubes and fullerenes? Using ptC
arrangements to construct solids[12] or other types of mole-
cules has previously been reported.[13] Highlights related to
the current study include the nanoribbons and nanotubes
constructed from ptC CM4H4 (M=Ni, Pd, and Pt)[13l, 14] and
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C3B2H4,
[13g,h,15] and B2C-based sheets and nanotubes.[9c,13m]

We herein report our computational predictions of new fam-
ilies of flat, tubular, and cage molecules that are geometri-
cally akin to, but have chemical bonds fundamentally differ-
ent from, their sp2C counterparts. As will be shown, the new
families of nanomolecules are also different from the previ-
ously reported ptC-constructed nanomolecules.

Results and Discussion

Starbenzene: the building block : The present quest originat-
ed from a different perspective in interpreting the structure
of polybenzenoid hydrocarbons (e.g., C42H18 in Scheme 1 A).

While they are often viewed as C6 hexagons fused by shar-
ing CC edges (Scheme 1 B), we decompose them into dis-
crete hexagonal blocks linked by interblock bonds
(Scheme 1 C). The number of atoms in the hexagonal block
is not necessarily limited to six, and regular hexagons of any
number of atoms can fulfill the geometric requirement to
fill a plane without rifts.

Based on Scheme 1 C and our goal to achieve ptC-con-
structed title nanomolecules, we searched for suitable hexag-
onal blocks that meet the following criteria: 1) all carbon
atoms adopt ptC arrangements; 2) the blocks are able to
bond to their neighbors to form large assemblies; 3) the
blocks should be neutral to avoid high net charges when
they are assembled together; and 4) they should be minima
on their potential-energy surfaces (PES) and thus have rea-
sonable stability for experimental realization. With regard
to criterion 4, it would be ideal if the blocks were global
minima and also meet criteria 1–3. However, we did not
consider being a global minimum as an indispensable criteri-
on, because interblock bonding can lower the energy and
thus benefit the stability of the whole system, when the
blocks are bonded together. To our knowledge, no global
minimum which meets criteria 1–3 has been reported.

The D6h C6Li6 with six ptCs, which has been characterized
computationally to be a minimum (not a global mini-
mum),[16] is a candidate. Experimentally, a peak correspond-
ing to the C6Li6 cation with C6 ring was also observed in the
high-resolution mass spectrum, though the structure of the
species was not determined.[17] According to Scheme 1 C, we
considered two forms of planar molecules (A and B in

Figure 1) assembled from seven C6Li6 monomers. In form
A, all atoms are placed in the same plane, giving a D6h

(C6Li6)7 complex. Geometric optimization drove the com-
plex apart, and the optimized structure is a 12th-order

saddle point. The small complexation energy (8.3 kcal mol�1)
and the large interblock distance (RLi···Li =4.648/4.649 �) re-
flect that no interblock bonds are formed. Consistently, nat-
ural bond orbital (NBO) analysis[18] on a D6h C6Li6 monomer
revealed that each Li atom bears a positive charge of 0.57 e
and has a total Wiberg bond index (WBI) of 0.84. The posi-
tive charges result in intermolecular Coulomb repulsions
that separate the monomers, whereas the WBI implies that
Li nearly exhausts its bonding capability. Therefore, it is not
able to bond to nearby blocks efficiently in form A. In form
B of (C6Li6)7, the Li atoms are positioned perpendicular to
the plane of the complex to bridge the C6 units together. Al-
though the optimized structure lies 189.0 kcal mol�1 below
the seven isolated monomers, it has twenty-one imaginary
frequencies, and sixteen of them tend to destroy its planar
geometry. Our previously designed “hyparene” representa-
tive, D2h C6B6,

[11b] was also considered. To meet the geomet-
ric requirement, we modified D2h C6B6 to a D6h block with
six ptCs. However, D6h C6B6 is a sixth-order saddle point
and 297.0 kcal mol�1 higher in energy than the D2h minimum,
which excludes its candidacy as a building block.

We recently found that the BeH group is an appropriate
ligand to stabilize ptC,[19] which, along with the isolobal rela-
tionship of BeH to Li, suggested our replacing the six Li
atoms in C6Li6 with BeH groups. We also expected that the
electron deficiency of BeH group would result in intermo-
lecular hydrogen-bridge (H-bridge) bonds similar to that in
BeH2 dimer to meet criterion 2. The reasoning was proved
to be feasible by quantum mechanics calculations. Calcula-
tions at various levels (see SI1-Table 1 in the Supporting In-
formation) verified that D6h C6Be6H6 (1 in Figure 2), named
starbenzene after its starlike geometry, is a minimum. Its
sp2C isomer 2 with classic Lewis structure is a first-order
saddle point and 24.3 kcal mol�1 higher in energy than 1 at
the B3LYP/6-31G* + DZPE level and 29.4 kcal mol�1 higher

Scheme 1. Two perspectives of polybenzenoid hydrocarbons (A): Viewed
as fused hexagonal blocks sharing CC edges (B) and as separated hexag-
onal blocks bonded by interblock bonds (C).

Figure 1. Optimized structures of two forms of D6h (C6Li6)7 complexes, to-
gether with the numbers of imaginary frequencies (NIMAG) and the largest
imaginary frequencies [cm�1] in parentheses. Color versions of the figures
in this paper are given in the Supporting Information (SI9).
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at the CCSD(T)/cc-pVTZ//MP2/cc-pVTZ+ DZPE ACHTUNGTRENNUNG(MP2)
level.

Although the BeH groups in 1 have empty pz atomic orbi-
tals available to accept electrons from the C6 ring, 1 has
three p molecular orbitals identical to those in benzene
(Figure 3 A). Quantitatively, the total p occupancies on the

six beryllium atoms and on the six carbon atoms given by
NBO analysis are 0.10 and 5.87 e, respectively. Therefore,
starbenzene is an aromatic system with six p electrons. As
shown in Table 1 and 2, the aromatic character of 1 is also
manifested in the C�C bond lengths (1.405 �), the C�C
Wiberg bond indices (1.42), and the negative nucleus-inde-
pendent chemical shift [NICSACHTUNGTRENNUNG(1 �)][20] (�10.9 ppm). These
values compare with 1.391 �, 1.44, and �7.8 ppm for ben-
zene, respectively. The large charge separations (QC =

�0.86 e and QBe =++ 1.35 e) and the small WBI values (0.13)
of the C�Be bonds suggest that the C�Be bonds are pre-

dominately ionic. Based on the above analyses, we propose
a simplified model for the electronic structure of starben-
zene (Figure 3 B). Apparently, positioning the BeH groups
in the bridging positions can maximize the ionic interactions
and therefore energetically benefit 1 over isomer 2.

The ptC bonding in 1 can be extended; the monocyclic ar-
omatic hydrocarbons (C4H4

2�, C5H5
�, C7H7

+ , C8H8
2�, and

C9H9
�) all have BeH-substituted counterparts (Figure 2).

Table 1 compares the geometric and energetic data of these
ptC molecules and their sp2C isomers. All of the ptC mole-
cules are lower in energy than their respective sp2C isomers,
and only the sp2C isomer of 3 is a minimum. The energy dif-
ferences between the two isomers in the cases of 6 and 7,
which are as large as 169.9 and 175.6 kcal mol�1, respectively,
further magnify the preference for ptC over sp2C bonding in
such molecules. Their NICS ACHTUNGTRENNUNG(1 �) values and NBO results
analyses of 3–7 are included in Table 2. The total p occupan-
cies on the central carbon rings of 3–7 of 6 or 10 are close to
the 4n+2 p electron counts. Consistently, 3–7 have C�C
bond lengths, NICS ACHTUNGTRENNUNG(1 �), and C�C WBIs comparable to
those of their respective monocyclic hydrocarbons. Taking
the net charges of 3–7 into account, the NBO charge popu-
lations indicate that 3–7 can also be represented by a simpli-
fied model similar to Figure 3 B but with 10 p electrons lo-
cated on the central rings in the cases of 6 and 7. Due to
their aromatic characters and starlike geometries, we here-
after name this family of molecules starenes.

Designing ptC-containing nanomolecules : Among these
starenes, starbenzene (1) is the desired block that can func-
tion like a jigsaw piece to be assembled together. By using
the three linking patterns depicted in Figure 4, point-to-
point (PP), edge-to-edge (EE), or a combination of both
(PE), starbenzene monomers can be assembled into flat (F),
tubular (T), and cage (C) molecules (Figure 5) through H-
bridge bonds. For convenience with regard to the descrip-
tion, the nanomolecules reported in the following are desig-
nated as MLLSn, where M, LL, S, and n represent the mo-
nomer block [1, 2, or 4Li (see below)], the linking pattern
(PP, EE, or PE), the molecular shape (F, T, and C), and the
number of monomers contained, respectively. Figure 5 only
presents examples, and those not shown but mentioned in
the text are given in the Supporting Information (SI2).

Planar molecules : Joining starbenzene pieces point-to-point
(PP) gives flat (F) molecules (e.g., 1PPF19 in Figure 5). The
intermolecular H-bridge bonds glue starbenzene pieces to-

Figure 2. Optimized structures of 1–7 and 4Li together with key bond
lengths [�].

Figure 3. Three p orbitals of starbenzene (A) and simplified model for its
electronic structure (B).

Table 1. Comparison of 1 and 3–7 with their sp2C isomers, including the number of imaginary frequencies NIMAG, smallest harmonic vibrational frequen-
cies (SHVF) [cm�1], bond lengths [�], and the energy differences DE [kcal mol�1] between two isomers.

C6Be6H6 C4Be4H4
2� C5Be5H5

� C7Be7H7
+ C8Be8H8

2� C9Be9H9
�

ptC sp2C ptC sp2C ptC sp2C ptC sp2C ptC sp2C ptC sp2C

NIMAG 0 1 0 0 0 1 0 5 0 8 0 11
SHVF 102 167 i 153 48 112 26 i 41 214 i 81 464 i 33 486 i
RCC 1.405 1.429 1.503 1.49 1.433 1.451 1.406 1.433 1.412 1.456 1.401 1.442
RCBe 1.735 1.679 1.649 1.615 1.702 1.635 1.798 1.723 1.697 1.649 1.727 1.677
RBeH 1.322 1.326 1.379 1.372 1.347 1.347 1.315 1.319 1.359 1.355 1.338 1.338
DE 0.0 24.3 0.0 32.3 0.0 26.4 0.0 3.7 0.0 169.9 0.0 175.6
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gether. Each hexagonal block in this type of flat molecules
(see 1PPF19) except for those on the verges links to six
neighbors optimally, which arrange all the H-bridge bonds
along the BeH directions and thus minimize the strain. Re-
gardless of the size of the systems, the average bonding
energy per H-bridge bond (EHBB) remains nearly identical
(see Table 3 and the Supporting Information SI3), being
�33.7 (1PPF2), �33.5 (1PPF3), �33.3 (1PPF7), and
�33.1 kcal mol�1 (1PPF19), which are larger than the dimeri-
zation energy (�27.8 kcal mol�1) of BeH2. As indicated by
the complexation energy difference of 397.2 kcal mol�1 of
1PPF7 versus 189.2 kcal mol�1 of form B of D6h (C6Li6)7, as-
sembling starbenzene is much energetically favorable than
assembling C6Li6.

The molecules constructed by PP linking exactly follow
the linking pattern shown in Scheme 1 C. Alternatively, star-
benzene monomers can be joined edge-to-edge (EE) to give
another type of flat molecules (e.g., 1EEF16 in Figure 5),
which are akin to [n]phenylene. The EHBB values in 1EEF2

(�28.7), 1EEF4 (�28.0), 1EEF6 (�27.9), 1EEF10 (�27.6),
and 1EEF16 (�27.5 kcal mol�1) are less than that of about
33.0 kcal mol�1 in the PP-fused flat molecules, and reflect
the higher strain of EE than PP fusions.

The PP and EE fusions can be combined to construct the
third type of flat molecules (e.g., 1PEF16). As expected, be-
cause the PE fusion contains both PP and EE patterns, the
EHBB values in PE-fused molecules lie between those of PP
and EE fusions: the EHBB values of 29.9 in 2 � 2 PE-fused

1PEF4, 29.5 in 3 � 3 PE-fused 1PEF9, and 29.4 kcal mol�1 in
4 � 4 PE-fused 1PEF16 compare with 33.1 and 27.5 kcal mol�1

in PP- and EE-fused molecules, respectively.

Tubular molecules : The flat molecules can be rolled into
molecular tubes (T). To be computationally affordable and
as a demonstration, we only considered examples in which
each layer consists of six starbenzene monomers. The one-,
two-, and three-layered tubes, 1PPT6*1, 1PPT6*2 and 1PPT6*3

(Figure 5), obtained by rolling PP-fused flat molecules, were
verified to be minima. Understandably, the geometric con-
finement due to tubular geometry bends the ptCs away
from a plane slightly. Relative to the flat molecules, the
bending strain reduces their EHBB: the values of �28.4
(1PPT6*1), �30.1 (1PPT6*2), and �30.2 kcal mol�1 ACHTUNGTRENNUNG(1PPT6*3)
are less than that in the PP-fused flat molecules (ca.
33.0 kcal mol�1). The EHBB can be expected to approach that
of the flat molecule as the diameter of the tube increases.

A PE-fused sheet (e.g., 1PEF16) can be rolled into two
types of nanotubes. Rolling the PE-fused sheet horizontally
and vertically gives 1PEhT- and 1PEvT-type nanotubes, re-
spectively, which correspond to (n,0) and (0,m) carbon
nanotubes, respectively. The one-, two-, and three-layered
nanotubes, 1PEhT6*1, 1PEhT6*2, 1PEhT6*3, 1PEvT6*2, 1PEvT6*2,
1PEvT6*2, and 1PEvT6*3 are all energy minima. Figure 5 in-
cludes the representatives 1PEhT6*3 and 1PEvT6*3. Similar to
the PP-fused tubes, the EHBB values of 1PEhT6*3 and
1PEvT6*3 of 27.6 and 26.0 kcal mol�1, respectively, are lower
than that of the PE-fused flat molecules (29.3 kcal mol�1).
The larger EHBB of PEh-type tubes compared to PEv-type
tubes is due to the larger fraction of EE fusions in the
latter.

Because PP fusion is energetically more favorable than
EE and PE fusions, we further considered the possibility to
use 2 as a basic block to build PP-fused flat and tubular mol-
ecules, even though 2 is not a minimum. The 2-based struc-
tures 2PPF7 and 2PPT6*2 were optimized (Figure 6). They
are 28th- and 13th-order saddle points and 308.7 and
382.2 kcal mol�1 higher in energy than 1PPF7 and 1PPT6*2,
respectively. This indicates that polymerization is not able to

Table 2. NICS (1 �) values of 1 and 3–7 and NBO analysis results, which include natural atomic charges Q, Wiberg bond indices (WBI), and the total
occupancies of p electrons of whole molecules (Tot), all carbon atoms (Call), and all beryllium atoms (Beall).

RC�C NICS Q WBI np

C Be H C�C C�H C�Be Be�H Tot Call Beall

1 1.410 �13.7 �0.83 +1.35 �0.52 1.41 0.13 0.68 5.99 5.88 0.11
C6H6 1.397 �9.7 �0.24 +0.24 1.44 0.92 5.99 5.99
3 1.503 �14.1 �1.22 +1.34 �0.62 1.18[a] 0.21 0.57 5.99 5.60 0.39
C4H4

2� 1.470 �7.8 �0.59 +0.09 1.23[a] 0.96 5.96 5.96
4 1.433 �11.4 �0.99 +1.36 �0.57 1.37 0.16 0.63 5.99 5.79 0.20
C5H5- 1.415 �12.4 �0.37 +0.17 1.41 0.94 5.96 5.96
5 1.406 �7.5 �0.70 +1.31 �0.47 1.40 0.12 0.72 5.99 5.92 0.07
C7H7

+ 1.399 �9.7 �0.14 +0.28 1.41 0.89 5.99 5.99
6 1.412 �13.4 �0.99 +1.33 �0.59 1.33 0.18 0.59 9.98 9.59 0.39
C8H8

2� 1.418 �14.2 �0.39 +0.14 1.35 0.95 9.97 9.97
7 1.401 �12.3 �0.87 +1.30 �0.54 1.38 0.17 0.63 9.98 9.73 0.25
C9H9

� 1.404 �13.5 �0.30 +0.19 1.40 0.93 9.98 9.98

[a] For these molecules, the WBIs of the diagonal C�C bonds are large (0.24 and 0.29, respectively).

Figure 4. Illustrations of H-bridge bond and PP, EE, and PE linking pat-
terns used to assemble starbenzene monomers into nanomolecules.
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alter the preference of ptC over sp2C bonding in starben-
zene.

Flat and tubular molecules constructed from ptC blocks
have been previously reported: by eliminating the outlying
substituents (e.g., H atoms), building blocks are condensed

to give nanomolecules. Unlike
the condensation building
strategy, starbenzene mono-
mers are assembled just like a
jigsaw puzzle, without losing
any substituents while main-
taining the integrity of the in-
dividual blocks. Because star-
benzene has a large HOMO–
LUMO gap (4.6 eV) and the
integrity of each starbenzene
monomer is maintained, our
nanomolecules have much
larger HOMO–LUMO gaps
(>4.30 eV, see Table 1), as op-
posed to less than 3.23 eV for
CM4H4-based systems (M= Ni,
Pd, and Pt),[13] less than
0.55 eV for C3B2H4-based
tubes,[13g] and zero band gap
for B2C-based flat and tubular
molecules.[13m] Furthermore,
the HOMO–LUMO gaps of
our molecules only change
slightly as the molecular size
increases. In contrast, the
HOMO–LUMO gaps of the
previously reported ptC-based
nanomolecules, as well as
those of the graphenes and
carbon nanotubes built by con-
ventional carbon bonding,
often decrease gradually.

Cage molecules : The flat and
tubular molecules inevitably
have dangling BeH groups at
their verges. However, the

BeH groups can be fully utilized to form cage (C) mole-
cules. For example, twenty starbenzene monomers can be
assembled to give a molecular ball with Ih symmetry via EE
linking (1EEC20, Figure 5). Referring to C60, the twenty
C6Be6H6 fragments correspond to the twenty hexagons in

Figure 5. Optimized structures of representatives of flat, tubular, and cage nanomolecules. Different colors
represent carbon atoms in the different positions for clear views of tubular and cage molecules.

Table 3. Point groups (PG), smallest harmonic vibrational frequencies (SHVF) [cm�1]), HOMO–LUMO gaps (GAP) [eV], binding energy per H-bridge
bond (EHBB) [kcal mol�1], energy lowering per starbenzene unit relative to isolated starbenzene (ELPS) [kcal mol�1], and minimum and maximum lengths
[�] of C�C, C�Be, interblock Be�Be, and Be�H (H-bridge) bonds.

PG SHVF GAP EHBB ELPS RC�C
[a] (min./max.) RC�Be (min./max.) RBe�Be

[b] (min./max.) RBe�H
[b] (min./max)

1 D6h 101 4.53 1.410/1.410 1.739/1.739
1PPF19 D6h 4 4.64 �33.1 �73.1 1.398/1.404 1.722/1.743 1.974/1.978 1.465/1.468
1EEF16 D2h 3 4.51 �27.5 �65.3 1.401/1.412 1.728/1.730 1.950/1.958 1.471/1.474
1PEF16 D2h 5 4.35 �29.3 �66.0 1.396/1.416 1.720/1.757 1.952/1.978 1.464/1.479
1PPT6*3 D6h 12 4.60 �30.2 �70.4 1.403/1.409 1.724/1.756 1.978/1.984 1.456/1.474
1PEhT6*3 D6h 10 4.41 �27.6 �64.5 1.402/1.410 1.724/1.756 1.957/1.986 1.453/1.484
1PEvT6*3 D6h 15 4.30 �26.0 �69.3 1.396/1.415 1.724/1.754 1.960/1.979 1.460/1.490
1EEC20 Ih 32 4.79 �25.4 �76.2 1.403/1.403 1.738/1.739 1.959/1.959 1.465/1.465
4 LiEEC12 Ih 72 3.94 �24.0 �60.1[c] 1.439/1.440 1.747/1.747 1.993/1.994 1.455/1.488

[a] RCC =1.391 � in benzene. [b] RBeBe = 2.003 and RBeH =1.473 � in BeH2�BH2. [c] Relative to 4 Li.
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C60, and the twelve pentagon holes, each of which is encom-
passed by five starbenzene monomers, to the twelve penta-
gons. Its EHBB of �25.4 kcal mol�1, which is lower than those
of the EE-fused flat molecules, indicates the additional
strain due to the cage geometry. Nevertheless, saturation of
the H-bridge bonds can benefit the formation of cage mole-
cules. The average energy per 1 unit in 1EEC20 of 76.2 kcal
mol�1 is less than that of a free 1 monomer. The value is the
largest among those for the molecules considered (see
column 6 in Table 3 and Supporting Information SI3).

The D5h C5Be5H5
� (4) is not suitable to construct flat mol-

ecules, but can be used to build molecular cages. To be a
building block, it must be neutralized to avoid high charges
(meeting criterion 2). Lithiated C5Be5H5Li (4Li, a C5v mini-
mum) has six interstitial electrons for 3D aromaticity. By PP
fusion, twelve 4Li monomers can be assembled into the
4LiPPC12 cage (Figure 5). Referring to C60, 4LiPPC12 is also
consistent with the bonding pattern (Scheme 1 C) although
the block is not hexagonal; the twelve 4Li units correspond
to the hexagonal blocks, which are linked by H-bridge
bonds. The pentagonal geometry of the block and the small-
er size of 4LiPPC12 compared to 1EEC20, make the EHBB of
4LiPPC12 (�24.0 kcal mol�1) lower than that of �25.4 kcal
mol�1 for 1EEC20. To our knowledge, no similar ptC-con-
structed molecule has been reported previously.

Stability considerations : The predicted molecules have regu-
lar bond lengths and large HOMO–LUMO gaps of 3.94–
4.64 eV (see column 4 in Table 3 and Supporting Informa-
tion SI3), but the smallest harmonic vibrational frequencies
(SHVFs) are not large, to which we paid special attention. It
is verified that the vibrations corresponding to the SHVFs
are not local motions that destroy the planarity of the build-
ing blocks and reflect the flexibilities of the molecules as a
whole (see the movies in Supporting Information SI4). The
small SHVF values can be ascribed to the large sizes of the
systems and that H-bridge bonds are weaker than covalent
bonds. Note that C42H18 in Scheme 1 A has two degenerate
imaginary frequencies of 5 i cm�1.

To be experimentally attainable, the predicted molecules
should have a certain degree of stability. Three prominent
theoretical chemists[21] recently suggested guidelines to their

colleagues for judging comput-
ed species to be viable. For
such large systems, it is imprac-
ticable to investigate their sta-
bilities by exploring their
PESs. Because our molecules
are pieced together from
blocks and the integrities of
the blocks are maintained, we
investigated their stabilities by
examining how tightly the
building blocks are bonded to-
gether and how stable the
building block itself is. The
EHBB values (24.0–33.0 kcal

mol�1) and the average counts of three such bonds for each
block indicate that the blocks are bonded together tightly. It
could be difficult to separate monomers from these predict-
ed nanomolecules.

We now considered the stability of the starbenzene build-
ing block. Although our GXYZ random search[22] has been
proved to be reliable for locating global minima for C2E4

(E=Al, Ga, In, and Tl) ptC species,[14] without any geomet-
ric restrictions, it is impractical to locate the global mini-
mum for such systems containing three types of a total of
eighteen atoms. Because the C6 ring resembles the rigid ben-
zene ring (Figure 3 B), we first considered starbenzene iso-
mers with the geometric restriction of having a C6 ring.
Combining the GXYZ random search and manual construc-
tions, we located twenty-six such isomers, none of which is
lower in energy than 1 even though most of them have in-
tramolecular H-bridge bonds. This is similar to the C6Li6

case; with the restriction of having a C6 ring, the 1-like D6h

structure of C6Li6 is 10.0 kcal mol�1 more stable than the
nearest isomer at the B3LYP/6-311 +G** level.[23] Figure 7
displays the structures of the lowest six isomers (8–13) after
starbenzene and others are provided in Supporting Informa-
tion SI5.

Based on the previous studies on C6Li6
[16] and Si6Li6,

[24] we
further considered starbenzene isomers without a C6 ring
and manually built isomers 14–17, similar to those of C6Li6

and Si6Li6. Their optimized structures are at least 64.7 kcal
mol�1 higher than that of starbenzene. In the Si6Li6 case, a
structure similar to 14 was predicted to be 47.7 kcal mol�1

lower in energy than D6h Si6Li6 at the B3LYP/6-311 +G-ACHTUNGTRENNUNG(2d,p) level.[24a] In contrast, isomer 14 is 64.7 kcal mol�1

higher in energy than starbenzene. Alternatively, starben-
zene can be viewed as a C2Be2H2 trimer. We thus examined
the stability of starbenzene relative to various C2Be2H2 trim-
ers. Extensive random search revealed that the linear form
(18A) is the global minimum of C2Be2H2 at the DFT/6-
31G*, MP2/cc-pVTZ, and CCSD(T)/cc-pVTZ//MP2/cc-
pVTZ levels and lies much lower than its two nearby iso-
mers, 18B and 18C. Starbenzene is 54.8 kcal mol�1 more
stable than three separate 18A species. Due to the intermo-
lecular H-bridge bonding in C2Be2H2 trimers, the energy dif-
ferences between starbenzene and trimers 19–23 decrease.

Figure 6. Optimized structures of 2PPF7 and 2PPT6*2.
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Starbenzene is 0.9 kcal mol�1 less stable than linear trimer
19, but more stable than 20–23. In the C6Li6 case, a D3 struc-
ture was predicted to be 62.1 kcal mol�1 lower in energy
than D6h C6Li6 at the MP2/TZP level.[16b] However, geomet-
ric optimization on the D3 C6Li6-like structure 24 gave the
same structure as 20, which is 5.5 kcal mol�1 less stable than
1. To examine the reliability of the B3LYP/6-31G* results,
we recalculated the isomers in Figure 7 at the B3LYP/6-
311+G ACHTUNGTRENNUNG(3df,2p) level. As compared in Figure 7, the B3LYP/
6-31G* calculations predict relative energies of isomers 8–17
in good agreement with the B3LYP/6-311 + GACHTUNGTRENNUNG(3df,2p)
values, but underestimate those of trimers 19–23 by about
10.0 kcal mol�1. Among all the considered isomers, 19 is the
lowest lying and �12.2 kcal mol�1 [B3LYP/6-311 +G ACHTUNGTRENNUNG(3df,2p)]
more stable than starbenzene (starbenzene is thus not a
global minimum). However, starbenzene blocks in our de-
signed nanomolecules are not isolated and on average 64.5–
76.2 kcal mol�1 (ELPS in Table 3) lower in energy than a free
starbenzene block due to intermolecular H-bridge bonding.

Therefore, the starbenzene
block in the designed nanomo-
lecules still lies well below the
located isomers though free
starbenzene is not a global
minimum. Moreover, the com-
parisons also imply that the
B3LYP/6-31G* calculations
may underestimate ELPS in
Table 3.

The stability of the building
block was further examined by
two sets of B3LYP/6-31G*
Born–Oppenheimer molecular
dynamics (BOMD)[25] simula-
tions at 323 and 373 K, starting
from 1. The structural evolu-
tion (Figure 8) during the sim-
ulation shows that the starben-
zene-like structures are well
maintained in the 30 ps simula-
tion. In the calculations of root
mean square deviation
(RMSD), starbenzene was
used as the reference structure
and hydrogen atoms were ex-
cluded. The dynamic simula-
tions imply that there are no
nearby low-lying isomers
which can be visited by cross-
ing low energy barriers. Fur-
thermore, the two sets of simu-
lations were run on the single
monomer and did not include
the stability effects due to the
intermolecular H-bridge bonds.
Therefore, the building block
in the flat, tubular, and cage

molecules should be more stable than an isolated monomer.
The above stability discussion is focused on the isolated

starbenzene monomer, while the starbenzene monomers are

Figure 7. Optimized structures of the various isomers of starbenzene, together with the lowest vibrational fre-
quencies Vmin at the B3LYP/6-31G* level, and the energies relative to 1 at the B3LYP/6-31G* (DEa) and
B3LYP/6-311+G ACHTUNGTRENNUNG(3df,2p) (DEb) levels. 18A–18C are the three lowest isomers of C2Be2H2 found by random re-
search. The cc-pVTZ basis set was used for MP2 and CCSD(T)//MP2 calculations.

Figure 8. RMSD versus simulation time.
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not isolated in the predicted nanomolecules and bonded to-
gether via H-bridge bonds with substantial bonding energy.
As quantified by ELPS (Table 3), a starbenzene block is on
average 64.5–76.2 kcal mol�1 lower in energy than an isolat-
ed starbenzene monomer. Moreover, because of the rela-
tively large fraction of dangling BeH groups in the given flat
and tubular examples, the ELPS values estimated from the
size-limited systems do not properly account for the energet-
ic benefits of H-bridge bonds in flat and tubular macromole-
cules. Using the linking patterns in Figure 4, one can extend
the flat molecules to infinite two-dimensional (2D) sheets.
The ELPS values for infinite sheets 1PPF1, 1EEF1, and
1PEF1 approach thrice the EHBB values, being 99.3, 82.5,
and 87.9 kcal mol�1, respectively, in comparison with values
of 73.1 (1PPF19), 65.3 (1EEF16) and 66.0 kcal mol�1ACHTUNGTRENNUNG(1PEF16).
For the tubular molecules, as the diameters and lengths of
the tubes increase, the ELPS values for 1PPT-, and 1PEvT-
and 1PEhT-type tubes should approach those of 1PPF1 and
1PEF1. , respectively. Bearing in mind that 1PPF1 is more
energetically favorable than other types of nanomolecules,
we used 1PPF1 as an example to further discuss the stability
of such infinite 2D sheets. Equation (1) estimates the aver-
age energy of one starbenzene block in 1PPF1 relative to
three separated linear C2Be2H2 monomers. Remarkably, the
heat of formation of Equation (1) of 154.1 kcal mol�1 is very
close to that of 157.4 kcal mol�1 for cyclization of three acet-
ylene molecules to benzene [Eq. (2)]. The heat of formation
of Equation (1) can be interpreted as the co-contributions
due to forming starbenzene [54.8 kcal mol�1, Eq. (3)] and
three H-bridge bonds (99.3 kcal mol�1). In comparison,
energy release in acetylene cyclization is mainly due to for-
mation of the C6 ring. The difference between acetylene and
C2Be2H2 cyclization is that, while benzene is the final prod-
uct of acetylene cyclization, C2Be2H2 cyclization gives star-
benzene, which can be further assembled into a large nano-
molecule (i.e., 1PPF1) through H-bridge bonds. As three
acetylene molecules can be “assembled” into a global mini-
mum (benzene) by releasing 157.4 kcal mol�1 of energy, we
wonder whether numerous C2Be2H2 monomers can be as-
sembled into “a global minimum” (1PPF1) by releasing a
similar average amount of energy (154.1 kcal mol�1) per
three C2Be2H2 monomers. Unfortunately, it is impossible to
provide direct evidence for this argument, but we call atten-
tion to the fact that C2Be2H2 and C2H2 bear resemblance in
terms of their electronic structures and the linear structures
for their global minima.

3 C2Be2H2 ! 1PPFn=n ðn!1Þ þ 154:1 kcal mol�1 ð1Þ

3 C2H2 ! C6H6 þ 157:4 kcal mol�1 ð2Þ

3 C2Be2H2 ! 1þ 54:8 kcal mol�1 ð3Þ

It has been experimentally demonstrated that BeH2 can
be polymerized to give linear beryllium hydrides with H-
bridge bonds.[26] Because C2Be2H2 has a dimerization energy
(27.8 kcal mol�1, see below) nearly identical to that of BeH2,

we hypothesized that one-dimensional (1D) C2Be2H2 chains
could be one of the energetically favorable forms for
C2Be2H2 polymers. We thus examined the stabilities of the
predicted molecules relative to 1D C2Be2H2 chains. Calcula-
tions on 1D (C2Be2H2)n (n= 2–12) chains indicate that the
EHBB values for these polymers are almost identical
(27.8 kcal mol�1). We thus extrapolated the total energy of
any length of 1D chain. The extrapolated energies show that
planar 1PPF19, 1EEF16, and 1PEF16 are 869.9, 612.1, and
624.6 kcal mol�1, tubular 1PPT6*3, 1PEhT6*3, and 1PEvT6*3,
778.1, 671.8, and 758.5 kcal mol�1, and cage 1PPC20,
977.5 kcal mol�1 more stable than their corresponding 1D
chain isomers. Note that this does not contradict the case of
starbenzene versus C2Be2H2 trimer because there is no H-
bridge bond in starbenzene. It is not difficult to deduce that
infinite 2D sheets or infinite tubes are much more energeti-
cally favorable than the 1D infinite C2Be2H2 chain.

With regard to the experimental realization of starben-
zene, we note that C6Li6 has been experimentally accessed
by the reaction of hexachlorobenzene with tert-butyllithium.
Starbenzene-like D6h C6Li6 was computationally shown not
to be the global minimum and the D3 structure like 24 is
more stable.[16b] However, considering the experimental tem-
perature (�125 8C) and the rigid C6 ring in hexachloroben-
zene, the observed peak of the C6Li6 cation in the high-reso-
lution mass spectrum probably originated from the starben-
zene-like C6Li6, because formation of the D3 structure re-
quires breaking the C6 ring of C6Cl6, and a previous study
showed that the starbenzene-like C6Li6 is most stable among
many C6Li6 isomers with a C6 ring.[23] Note that our study
also shows that starbenzene is most stable among C6Be6H6

isomers with a C6 ring.

Conclusions

We have computationally predicted new families of mole-
cules similar to the well-known graphenes, carbon nano-
tubes, and fullerenes. The chemical bonds in these molecules
are different from those carbon counterparts in embracing a
bonding combination of aromaticity, ptC arrangements, H
bridges, ionic bonds, and covalent bonds, which, along with
their own geometric characteristics (see below), may result
in new applications. In the concept illustrated by Sche-
me 1 C, the covalent C�C bonds hold the C6 hexagons to-
gether. Hydrogen-bridge bonding is well known, but using
such bonds to build such-shaped molecules has not been ex-
plored. Since the H-bridge bond is weaker than a covalent
bond and stronger than a hydrogen bond (the major forces
for biological systems and biomimetic materials[27]), we spec-
ulate that this type of bond may also be used to build other
similarly shaped molecules (i.e., not limited to having ptCs)
which may play roles under conditions (e.g., as packing mol-
ecules) under which covalent bonds are too strong while hy-
drogen bonds are too weak. Currently, fullerenes and
carbon nanotubes can only be generated under severe con-
ditions. The predicted molecules are assembled from a
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single type of building blocks, which may facilitate their ex-
perimental attainability in large quantities if the monomer
can be synthesized. It is difficult to produce endofuller-
enes[28] by pouring guest species directly into cages. The
large rings in 1EEC20 or 4LiPPC12 may facilitate pouring
guest species directly into the cage to produce endofuller-
ene-like molecules. The bridging atom is not limited to hy-
drogen. Other atoms and groups can play a similar role; flu-
orinated and chlorinated starbenzene-based molecules simi-
lar to 1PPF7 are also minima (Supporting Information SI6).
The chemistry revealed in this study may be extended to
combinations of other group 2 and 4 elements. Stability as-
sessments by various approaches indicate that they have ex-
cellent stabilities for experimental realization. To further en-
courage our experimental colleagues, we recall the famous
C60 was predicted theoretically[29] before experimental dis-
covery.[1] We invite experimental explorations into synthesis
and potential applications.

Computational Section

Due to the large sizes of the studied systems (up to C120Be120H120), DFT
calculations at the B3LYP/6-31G* level were used to optimize the molec-
ular structures and to verify the optimized structures to be minima by
frequency analysis calculations. The relatively small molecules were re-
calculated at various more reliable levels (see Supporting Information
SI1 for details), which gave geometric and energetic results in reasonable
agreement with the B3LYP/6-31G* ones, indicating the suitability of the
used theoretical level for the reported molecules. The B3LYP/6-31G* en-
ergetic results corrected for zero-point energies (ZPEs) are used in the
discussion, unless otherwise specified. The Gaussian 03[30] package was
used for all calculations.
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