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Linear, Planar, and Tubular Molecular Structures
Constructed by Double Planar Tetracoordinate Carbon D,
C,(BeH)4 Species via Hydrogen-Bridged —BeH,Be— Bonds

Xue-Feng Zhao,™ Haixia Li,”®’ Cai-Xia Yuan,™ Yan-Qin Li,” Yan-Bo Wu,*?

and Zhi-Xiang Wang*®

This computational study identifies the rhombic D,, C;(BeH),
(2a) to be a species featuring double planar tetracoordinate
carbons (ptCs). Aromaticity and the peripheral BeBeBeBe
bonding around CC core contribute to the stabilization of the
ptC structure. Although the ptC structure is not a global mini-
mum, its high kinetic stability and its distinct feature of hav-
ing a bonded C, core from having two separated carbon
atoms in the global minimum and other low-lying minima
could make the ptC structure to be preferred if the carbon
source is dominated by C, species. The electron deficiency of

Introduction

Planar tetracoordinate carbon (ptC) is a peculiar bonding motif
featuring a carbon encompassed by four ligands in a plane.
Since the pioneering studies, including the Monkhorst's 1968
proposal of ptC transition state for the steromutation of asym-
metric carbon,"’ the Hoffmann et al. 1970 EHMO analysis of
planar methane,? and the computational prediction of the
first ptC molecule (C,, CsHyliy) by Schleyer and coworkers in
1976, the field has progressed considerably.!*"? Various ptC
species or molecules have been realized experimentally or
designed computationally. Furthermore, the concept of ptC
bonding has also been extended to planar hypercoordinate
carbon (phC)!"*'® and planar bonding arrangements of heter-
oatoms and transition metals.!'’~2¢!

In addition to finding small species or molecules featuring
phC(s), chemists have also explored whether the phC bonding
could be applied to construct large molecular structures or
bulky solids. Surveying previous studies, the reported large
molecular structures/solids can be classified into three classes
as summarized below.

The first class is the salt-like extendable three-dimensional
solids consisting of anionic ptC units, counterions, and auxil-
iary ligands in some cases. Solids only containing anionic ptC
units and counterions include that constructed using ptC
CAIZ~ and sodium as counterions and that using ptC C2~ and
zinc or lithium as counterions, respectively.”” % Anionic cyclo-
pentadiene ligand as the auxiliary protection group was used
to design structures on the basis of ptC units such as CAIZ~,
CAl,, CAI5Si, CALSSI, CBézf, and CAI,Si; with compatible alkali
metal cations.®'3%]

The ptCs in the second class are confined in the periodic
1D- and 2D-structures. Examples include the B,C graphene,
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the BeH group allows the ptC species to serve as building
blocks to construct large/nanostructures, such as linear chains,
planar sheets, and tubes, via intermolecular hydrogen-bridged
bonds (HBBs). Formation of one HBB bond releases more than
30.0 kcal/mol of energy, implying the highly exothermic for-
mation processes and the possibility to synthesize these nano-
size structures. © 2015 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.24018

nanoribbons, and nanotubes having ptCs or quasi-ptCs,=® the
binary global minima structures such as B,C, BsC, and BsC
monolayer sheets with ptCs,>” the metal-decorated zigzag
and armchair graphene nanoribbons with ptCs,2%*% the
metal-decorated SiC nanoribbons with both ptCs and planar
tetracoordinate silicon (ptSis),*" the ALC“>*! Tic** and
Be,C*! monolayer sheets with ptCs, quasi-ptCs, and quasi-
planar hexacoordinate carbons, respectively, and the nickel
and cobalt surfaces embedded ptCs.® In addition to nano-
structures with phCs, 1D or 2D nanostructures with planar
hypercoordinate nitrogens, silicons, coppers™ ! have also
been reported.

The third class uses well-defined ptC species/molecules as
building blocks to assemble large/nano-size molecular struc-
tures. Different form the first type, no counterion is needed.
According to how the ptC building blocks are assembled, this
class of structures can be further divided into two types. The
structures of the first type are formed via condensation of ptC
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Figure 1. CCSD(T)/aug-cc-pVTZ optimized structures of C,Al, and the isomers of C,(BeH),. The bond lengths are given in A and the relative energies (AE
in kcal/mol) of these C,(BeH), isomers are based on the CCSD(T) energies corrected with B3LYP/aug-cc-pVTZ ZPE.

blocks and the interactions among blocks are covalent bond-
ing. Examples include the belt-like, circular, and tubular mole-
cules designed on the basis of the ptC species CM4H,; (M = Ni,
Pd, Pt),*® the molecular belts, rings, zigzag nanotubes, and
helical nano-size molecules designed on the basis of C3B,H,
ptC units,®"*? and the linear, flat, and tubular molecules®*>*
using ptC species C,Al4Eg (E = CH3, NH,, and OH) as the build-
ing units.” The structures of the second type are assemblies
of ptC units, in which the integrity of the ptC units maintains.
Spurred by the question whether the planarity of ptC bonding
can be utilized to construct structures similar to graphene, car-
bon nanotubes, and fullerenes constructed by planar sp? car-
bon, we searched for ptC hexagonal building block.
Interestingly, the substitutions of all hydrogen atoms of mono-
cyclic hydrocarbons (CH),? (n=4-9, g=0, =1, or =2) with
BeH groups led to their ptC minimum counterparts, C,(BeH),?
(n=4-9, g=0, £1, or =£2). Among them, the so-called star-
benzene (the counterpart of benzene) with six ptCs, Degy
Cs(BeH)e, can be used to assemble molecular structures similar
to graphene, fullerene, and carbon nanotubes via forming the
intermolecular hydrogen-bridged -BeH,Be- bonds (HBBs).*®!
Extending this strategy, we herein report new forms of linear,
planar, and tubular molecular structures assembled by double
ptC units, Dy, C,(BeH)4 (2a in Fig. 1).

Methods

The potential energy surface (PES) of stoichiometric C,BesH,
was explored using the stochastic search algorithm.®7>® The
geometries were generated randomly and then optimized at
the B3LYP/6-31G(d) level. To ensure convergent PES explora-
tions, we run four sets of PES searches (two sets on singlet
surface and two sets on triplet surface). The resultant lowest
triplet structure is 29.2 kcal/mol higher than singlet 2a, thus,
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the triplet isomers were not further considered at higher level.
Twenty lowest singlet isomers at B3LYP/6-31G(d) level were
then refined at the B3LYP/aug-cc-pVTZ level, including geo-
metric reoptimizations and vibrational frequency analyses. The
structures of 10 lowest isomers at B3LYP/aug-cc-pVTZ level
were further optimized at the CCSD(T)/aug-cc-pVTZ level. The
CCSD(T) energies corrected with the B3LYP/aug-cc-pVTZ zero
point energies (ZPEs) were used to discuss the relative stabil-
ities of these isomers. B3LYP/aug-cc-pVTZ calculations were
performed to analyze the electronic structures of 1 and 2a,
including the canonical molecular orbitals, the charges and
Wiberg bond indices via natural bond orbital (NBO) analy-
ses? and the nucleus-independent chemical shifts
(NICS)®®®"]  with the gauge-independent atomic orbital
approach.®® Because the energetic and geometric results of
2a dimers at the B3LYP/6-31G(d) level are very close to those
at the B3LYP/aug-cc-pVTZ level, large structures were calcu-
lated only at the B3LYP/6-31G(d) level. The ZPE-corrected
B3LYP/6-31G(d) energies were used to evaluate the formation
energies of assemblies. To assess the kinetic stability of 2a,
Born-Oppenheimer molecular dynamic (BOMD)™' simulations
were run at the B3LYP/6-31G(d) level with temperatures at 4,
298, and 500 K, respectively. The random structures for the
PES explorations were generated by the GXYZ program,®* the
density functional theory (DFT) and MP2 calculations were per-
formed using the GAUSSIAN 09 package'®® and the CCSD(T)
calculations were performed using MolPro 2012.1 package.*®!

Results and Discussion

Design and structures of D,y C5(BeH),

We previously identified D,, C,Al; (1) to be a global minimum
featuring double ptCs.®” According to the diagonal relationship
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Table 1. The NBO analysis results, which include the natural charges of C and X (X = Al or Be) (Qc and Qy), the total Wiberg bond indecies (WBI) of C
and X (X = Al or Be) (WBIc and WBIy), and the Wiberg bond orders of C—C, C—Al, CC—X, and Be—H bonding (WBIc—c, WBIlc—a, WBlcc—x, and WBIge—y).

Qc WBIc WBIc—c Qx WBIy WBIl ey WBlge.ny
1t -1.39 3.11 2.09 Alg 0.69 0.80 0.51
Aly 0.70 0.72 0.50
2a" —1.05 3.31 1.87 Bes 0.77 1.86 0.82 0.87
Ber 0.98 1.58 0.60 0.84
2a® -1.06 3.28 1.83 Beg 0.80 1.86 0.83 0.87
Ber 0.98 158 0.60 0.84
Min!! Max'®! Min Max Min Max Min Max Min Max Min Max
TT-C3"* -0.92 —1.09 3.30 3.42 1.83 1.84 Beg 0.82 0.85 1.79 1.82 0.74 0.78
Ber 0.65 0.98 1.58 222 0.60 0.79
TTBB-C9™! -0.79 —-1.01 337 3.55 1.84 1.89 Beg 0.54 0.83 1.83 237 0.80 0.87
Ber 0.65 1.00 1.56 222 0.56 0.76
TTBB-T18™ —-0.81 -0.87 3.50 3.56 1.86 1.89 Beg 0.55 0.82 1.83 2.34 0.76 0.83

Ber 0.66 0.67 2.19 2.21 0.72 0.75

[a] Results at B3LYP/aug-cc-pVTZ level. [b] Results at B3LYP/6-31G(d) level. [c] WBIcc—x means the sum of Wiberg bond orders between two carbon
atoms and X atoms. [d] “Min” means the minimum values. [e] “Max” means the maximum values.

of aluminum with beryllium, we replaced Al atoms in 1 with
valence isoelectronic BeH groups, leading to a planar structure
with double ptCs, D,, C,(BeH), (2a in Fig. 1) which was con-
firmed to be an energy minimum at both B3LYP/aug-cc-pVTZ
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Figure 2. Comparisons of the LUMO and occupied valence MOs of 1
and 2a.
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and MP2/aug-cc-pVTZ levels with the smallest vibrational fre-
quency of 76 and 69 cm™', respectively. The geometry of 2a
refined at CCSD(T)/aug-cc-pVTZ level, along with the key geo-
metric parameters, are displayed in Figure 1. The two types of
beryllium atoms in 2a are termed as Bey (terminal Be) and Beg
(bridged Be), respectively. The regular bond lengths of C—Beg
(1.731 A), C—Bey (1.629 A), and C—C bonds (1.362 A) geometri-
cally indicate the ptC bonding nature.

The replacement does not alter the ptC bonding in quality
but only in quantity. Formally, each of Al atoms in 1 provides
one valence electron to bond to central CC core. Similarly,
each of Be atoms in 2a also contributes one electron to form
bond with the central CC core. The difference lies in that the
remaining two valence electrons of an Al atom in 1 form a
lone pair, while a Be atom in 2a uses the remaining one
valence electron to form a Be—H single bond. Supportively,
the Wiberg bond orders (WBIge—y) of the four Be—H bonds
are all larger than 0.80 (Table 1). Nevertheless, the larger
WBIcc—ge (0.82/0.60) in 2a than the WBIcc—a (0.51/0.50) in 1
indicates that the ptC bonding in 2a is stronger than that in
1. Because the CC core in 2a uses more electrons to form

bond with surrounding atoms than that in 1, the C—C
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Figure 3. RMSD versus time in the BOMD simulations of 2a. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 4. Optimized structures of molecular chains with key bond lengths. The bond lengths (in A) at B3LYP/6-31G(d) and B3LYP/aug-cc-pVTZ are given in
normal and italic fonts, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

covalent bonding in 2a is weaker than that in 1, as reflected
by the smaller WBIc—c (1.87) in 2a than in 1 (2.09) and the
slightly longer C—C bond length (1.362 A) in 2a than that
(1329 A) in 1. The natural charges on C of 1 (—1.39 |e|) is
larger than that of 2a (—1.05 |e|), but the natural charges on
Al atoms of 1 (+0.69/+0.70 |e|) are smaller than that on Be
atoms of 2a (+0.77/+0.98 |e|), thus, the overall contribution of
electrostatic interactions between the CC core and surround-
ing atoms could be close in the two ptC species.

Figure 2 compares the key molecular orbitals (MOs) of 1
and 2a. The MOs of 1 and 2a have one-to-one correspond-

Journal of Computational Chemistry 2016, 37, 261-269

ences except for the difference in the order of HOMO-2,
HOMO-3, and HOMO-4. The four MOs (from HOMO-4 to
HOMO-1) of 2a, which describe the four Be—H bonds, are sim-
ilar to those (from HOMO-4 to HOMO-1) of 1, which describe
the four lone pairs on Al atoms, indicating the equivalence of
two Be—H bonding electrons in 2a to the Al lone pair in 1.
Like 1, 2a also has one = orbital (HOMO-5), so it is aromatic,
as verified by a negative NICS value, —15.9 ppm at the center
of the C—C—Beg triangle. The aromaticity contributes to the
stabilization of ptC arrangement. In addition, the highest occu-
pied molecular orbital (HOMO) of 2a indicates a peripheral Be,
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Table 2. The lowest harmonic vibrational frequencies (vmin, in cm™"), the
HOMO-LUMO gaps (Gap, in eV), the total formation energies (AEtota;, in
kcal/mol), and the average formation energies per HBB (AE,gg, in kcal/
mol).”!

Vimin Gap AErotal AEgs
2a" 76 3.48
TT-C2" 27 3.51 -358 —-358
TB-C2™! 28 3.10 —340 —340
BB-C2" 37 3.26 -30.1 —30.1
2a 92 3.51
TT-C2 29 3.53 —35.2 —35.2
TT-C3 14 3.52 —70.1 —35.1
TT-C4 9 3.51 —105.0 —35.0
TT-C5 5 3.51 —140.0 —35.0
TT-C6 3 3.50 —174.9 —35.0
TB-C2 31 3.13 —33.8 —33.8
TB-C3_1 16 3.10 —66.8 —334
TB-C3_2 16 2.97 —66.8 —334
TB-C4 8 2.98 —100.0 —333
TB-C5_1 5 2.94 —133.1 —333
TB-C5_2 5 2.99 —133.1 —333
TB-C6 3 293 —166.2 —33.2
BB-C2 38 3.30 —304 —304
BB-C3 20 3.18 —59.9 —30.0
BB-C4 12 3.11 —89.5 —29.8
BB-C5 7 3.06 —=119.0 —29.8
BB-C6 5 3.02 —148.6 —29.7
TTBB-P4 27 3.33 —130.0 —325
TTBB-P9 14 3.20 —385.2 —32.1
TTBB-P16 8 3.11 —766.8 —31.9
TTBB-P12 9 3.19 —547.4 —32.2
TTBB-P15 5 3.18 —709.5 —323
TTBB-P18 3 3.18 —871.6 —323
TBTB-P4 25 3.71 —135.8 —33.9
TBTB-P9 13 3.44 —401.1 —334
TBTB-P16 8 345 —799.0 —333
TTBB-T9 28 3.19 —304.5 —20.3
TTBB-T12 27 3.17 —514.8 —25.7
TTBB-T15 24 3.15 —704.7 —28.2
TTBB-T18 18 3.14 —884.8 —29.5
[a] At B3LYP/6-31G(d) level. [b] At B3LYP/aug-cc-pVTZ level.

bonding around central CC core. Previously, it has been shown
that such a peripheral bonding around ptC plays an important
role in stabilizing ptC molecules (e.g., boraplanes)®®® or species
(e.g., the global minima wtih ptC D, CAl,2~ and planar penta-
coordinate carbon Ds, CAIZ).27%9

2a is an energy minimum. Next, we examined the thermo-
dynamic stability of 2a relative to its isomers. Figure 1 ranks
the lowest seven isomers (2a-2g) according to the CCSD(T)/
aug-cc-pVTZ energies corrected with the B3LYP/aug-cc-pVTZ
ZPEs. The isomer 2b featuring two tetrahedral carbons is the
global minima of stoichiometric C,Be4H,. 2a is 5.4 kcal/mol
higher than 2b and closest to the global minimum (2b). Iso-
mers 2d and 2f having two tetrahedral carbons are 3.0 and
4.0 kcal/mol higher than 2a. Isomers 2c and 2g featuring a
ptC bonding are higher than 2a by 0.7 and 5.3 kcal/mol,
respectively. The 3D isomer 2e is 3.7 kcal/mol higher than 2a.
The isomers 2b-2d, 2f, and 2g feature a rhombic C—Be,—C
bridge bonding and 2e has a trigonal bipyramidal C—Be;—C
bridge bonding. These Be-bridged bonds could be one of fac-
tors to stabilize these structures. The two carbon atoms in 2b-
2g are separated, whereas 2a uniquely maintains a bonded C,
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core. We speculate that the distinct feature could make 2a
experimentally accessible (though it is not a global minimum)
if experiments can generate carbon sources dominated by C,
species.

We further assessed the kinetic stability of 2a by performing
three sets of 100 ps BOMD simulations at B3LYP/6-31G(d) level
at temperatures of 4, 298, and 500 K, respectively. As show in
Figure 3, with respect to the optimized structure of 2a, the
root-mean-square deviations (RMSDs) of C,Be, core are in the
range of 0.05-0.47 (4 K), 0.05-0.55 (298 K), and 0.04-0.50 A
(500K), with average RMSDs of 0.18, 0.22, and 0.22 A, respec-
tively. The small RMSDs indicate the C,Be4 ptC arrangement in
2a can be well preserved, thus, 2a has good kinetic stability,
encouraging us to use 2a as a building block to construct
large molecular structures.

Nano-size structures with C,(BeH), as building blocks

The ptC species D,, C5(BeH),; has four electron-deficient BeH
bonds, which allows 2a to undergo polymerization through
forming intermolecular -BeH,Be- bridge bond, resulting in
large 2a assemblies. For the convenience of description of the
various assemblies, we use a string “XX-Sn” to term an assem-
bly, where “XX” denotes the pattern of the hydrogen-bridged
bonds, which could be “TT,” “TB,” or “BB" for Be;H,Bey, BetH,.
Beg, and BegH,Bep bridges, respectively, “S” describes the
shape of the assembly, which could be “C” for a chain, “P” for
a planar sheet, or “T” for a tube, and “n” is the number of 2a
units that an assembly contains. For example, TT-C2 (see Fig.
4) names a 2a dimer formed via a BerH,Bet bridge bond. At
the B3LYP/6-31G(d) level, TT-C2, BB-C2, and TB-C2 dimers are
all energy minima with dimerization energies of —35.2, —30.4,
and —33.8 kcal/mol, respectively. The values are close to those
(—35.8, —30.1, and —34.0 kcal/mol, respectively) at the B3LYP/
aug-cc-pVTZ level, thus we calculated large assemblies only at
B3LYP/6-31G(d) level. The large energy released by forming
the intermolecular HBBs can provide a driving force to assem-
ble 2a building blocks to various large structures, as shown by
following examples.

Molecular chains

Similar to dimerization, 2a can serve as building blocks to
construct long linear chains via HBBs. As demonstrations, we
computed three types of linear structures containing up to
six 2a units, including TT-C3~TT-C6, TB-C3~TB-C6, and BB-
C3~BB-C6. The optimized structures with six 2a units are dis-
played in Figure 4 and others are given in the Supporting
Information. All these chains are energy minima at B3LYP/6-
31G(d) level. The lowest vibrational frequencies of these lon-
ger chains are relatively small (ranging from 3 to 38 cm™ '),
however, the normal modes of these vibrational frequencies
do not deform the ptC arrangements but indicate the flexibil-
ity of the long molecules. Going from trimers to hexamers,
the average formation energies per HBBs (AEngg) remains
nearly the same (see Table 2).

Journal of Computational Chemistry 2016, 37, 261-269

265


http://onlinelibrary.wiley.com/

266

FULL PAPER

1.33091.714

BB-C2 BB-C2

TB-C2

TB-C2

WWW.C-CHEM.ORG

TBTB-P4 (c,)

Journal of

OMPUTATIONAL
HEMISTRY

1,612 g
1.341/1_7231-71
71622

TBTB-P16 (c,,)

Figure 5. Construction of the planar sheets from molecular chains. The planar sheets were optimized at the B3LYP/6-31G(d) level. The key bond lengths
are giving in A. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Planar sheets

The chain structures only use two of its four Be-H groups of
2a. If they are all utilized, 2D planar sheets can be formed. As
illustrated in Figure 5, putting TT-type or BB-type chains
side-by-side via BB HBBs or TT HBBs leads to TTBB planar
structures. Similarly, TB-type chains can also be assembled
into TBTB sheet via TB HBBs. As examples, we built n X n
(n = 2-4) sheets. The optimized structures of 2 X 2 and 4 X 4
TTBB and TBTB sheets are shown in Figure 5 and that of 3 X
3 TTBB and TBTB sheet are given in the Supporting Informa-
tion. Figure 6 also includes 4 X 3, 5 X 3, and 6 X 3 TTBB
planar sheets which are built for investigating the thermody-
namic stabilities of the tubular structures (see below). The
average formation energies per HBBs in TTBB-P4 and TBTB-P4
are —32.5 and —33.9 kcal/mol, respectively. As the planar
sheets are extended, the values decrease slightly to —32.1
(TTBB-P9) and —334 (TBTB-P9) kcal/mol and to —31.9
(TTBB-P16) and —33.3 (TBTB-P16) kcal/mol. The values for
TTBB-P18 and TBTB-P18 are identical to that of TTBB-P16
and TB-P16, respectively, indicating the extension would not
decrease the thermodynamic stabilities of the large sheets.

Journal of Computational Chemistry 2016, 37, 261-269

Nanotubes

Graphene can be rolled to single-walled carbon nanotube.
Similarly, the planar sheets discussed above can be rolled to
the tubular structures. Unlike planar sheets, tubular structures
suffer from strains and the smaller the radius of the tube is,
the greater the strain is. If the strain is greater than the energy
released from the formation of HBBs, the formation of tubular
structures would be thermodynamically unfavorable. To find
the least number of 2a units in a layer for thermodynamically
stable tubular assemblies, we constructed three-layer TTBB
tubes with three to six 2a units in one layer. The optimized
structures of these tubes are shown in Figure 6. The 3 X 3
tube (TTBB-T9) is 80.7 kcal/mol higher than its planar isomer
TTBB-P9 at the B3LYP/6-31G(d) level, suggesting that the for-
mation of the small tube is impossible. Similarly, the 4 X 3
(TTBB-T12) and 5 X 3 (TTBB-T15) tubes are still 32.6 and 4.8
kcal/mol less stable than their planar sheet isomers TTBB-P12
and TTBB-P15, respectively. However, the 6 X 3 TTBB-T18
tube is 13.2 kcal/mol more stable than its planar sheet coun-
terpart TTBB-P18, indicating that a TTBB tube at least has six
2a units in a layer to ensure favorable thermodynamics.
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Figure 6. B3LYP/6-31G(d) optimized structures and relative energies of the
nanotubes TTBB-Tn (n=9, 12, 15, and 18) and their planar sheets coun-
terparts TTBB-Pn (n =9, 12, 15, and 18). The perspective is used to view
the tube structures more clearly. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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The structures of C,Be,; cores in the nano-size molecules

The C,Be,; double ptC cores maintains in the molecular chains
(Fig. 4), planar sheets (Fig. 5), and the thermodynamically
favorable tube TTBB-T18 (Fig. 6). The C—C bond lengths rang-
ing from 1.325 to 1.348 A are slightly shorter than the C—C
bond length (1.351 A) in free 2a. The C—Be;/C—Beg bond
lengths in the assemblies (ranging from 1.610/1.713 to 1.628/
1.748 A, respectively) deviate slightly from that in 2a unit
(1.616/1.720). To characterize the bonding in the nano-size
molecules, we performed the B3LYP/6-31G(d) NBO analyses on
the representatives (i.e, TT-C3 chain, TTBB-P9 sheet, and
TTBB-T18 tube) and the results are included in Table 1. The
natural charges on the C, Beg, and Bey in these three types of
assemblies are in the range of —0.79 approximately —1.09,
0.54-0.85, and 0.65-1.00 |e|, respectively, compared with the
values of 2a, being —1.05, 0.77, and 0.98|e|, respectively, indi-
cating that the part of ionic interactions in C,Be, cores in
these assemblies do not change much from those in the iso-
lated 2a. The total Wiberg bond indices of C—C/C—Beg/C—Bet
in these assemblies are in the range of 1.83-1.89/0.74-0.87/
0.56-0.79, respectively, which are comparable to the values
1.87/0.82/0.60, respectively in the free 2a, suggesting that the
part of covalent bonding interactions in the nano-size mole-
cules do not change obviously from that in the isolated 2a
unit. Overall, the NBO analysis results indicate the nature of
chemical bonding of ptC C,Be; core does not change when
2a units are assembled into nano-size molecules.

The changes in the HOMO-lowest unoccupied molecular
orbital (LUMO) gaps

The formations of HBBs in TT, TB, and BB have different
effects on the HOMO-LUMO gap. As shown in Table 2, the
HOMO-LUMO gaps of TT chains are almost identical, being in
the range of 3.53-3.50 eV, while those of TB/BB chains gradu-
ally decrease when the chains becomes longer (decreasing
from 3.13/3.30 to 2.93/3.02 eV, respectively). This trend main-
tains for planar sheets. When the TTBB sheets are extended
along the direction to form BB HBB, the HOMO-LUMO gaps
decrease, for example, the HOMO-LUMO gaps for TTBB-P4,
TTBB-P9, and TTBB-P16 being 3.33, 3.20, and 3.11 eV, respec-
tively. In contrast, if the TTBB planar sheets are extended
along the direction forming TT HBBs, the HOMO-LUMO gaps
almost do not change. For example, the gaps for TTBB-P9,
TTBB-P15, and TTBB-P18 are 3.20, 3.18, and 3.18 eV, respec-
tively. All the HBBs in the TB planar sheets are TB-type HBBs,
thus, extending the TB planar sheet along both directions will
decrease the HOMO-LUMO gaps. Rolling the planar sheets to
nanotubes affect the gaps slightly. For example, the gap (3.14
eV) of the tubular TTBB-T18 is only 0.04 eV away from that
(3.18 V) from the planar TTBB-P18.

Conclusions

In this study, we computationally found a new species (D,
C,(BeH),, 2a) featuring two planar tetracoordinate carbons
(ptCs) with electronic structures similar to those of our
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previously reported D,, C,Al, (1). Aromaticity and the periph-
eral BeBeBeBe bonding are attributed to the stabilization of
the ptC species. We speculate that, although 2a is not a global
minimum, its distinct character of having a C, core from that
of having separated carbon atoms in global minimum and
other low-lying minima could makes 2a accessible if the car-
bon source is dominated by C, species. In addition, the BOMD
simulations demonstrate the good kinetic stability of 2a. On
the basis of the electron deficient Be—H bonds in D,y
C,(BeH),, we further designed various large/nanostructures
including chains, sheets, and tubes utilizing the HBBs. The for-
mations of these large molecules are all highly exothermic,
thus, they are potentially realized experimentally. Overall, the
geometric and electronic structures of the 2a units in these
nano-size molecules are similar to that of the isolated 2a.
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ty - planar tetracoordinate carbon - molecular materials - DFT
calculations
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