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We demonstrated in our joint photoelectron spectroscopic and ab initio study that wheel-type

structures with a boron ring are not appropriate for designing planar molecules with a

hypercoordinate central carbon based on the example of CB8, and CB8
� clusters. We presented a

chemical bonding model, derived from the adaptive natural density partitioning analysis, capable

of rationalizing and predicting planar structures either with a boron ring or with a carbon atom

occupying the central hypercoordinate position. According to our chemical bonding model, in the

wheel-type structures the central atom is involved in delocalized bonding, while peripheral atoms

are involved in both delocalized bonding and two-center two-electron (2c–2e) s-bonding. Since
carbon is more electronegative than boron it favors peripheral positions where it can participate

in 2c–2e s-bonding. To design a chemical species with a central hypercoordinate carbon atom,

one should consider electropositive ligands, which would have lone pairs instead of 2c–2e

peripheral bonds. Using our extensive chemical bonding model that considers both s- and
p-bonding we also discuss why the AlB9 and FeB9

� species with octacoordinate Al and Fe are the

global minima or low-lying isomers, as well as why carbon atom fits well into the central cavity

of CAl4
2� and CAl5

+. This represents the first step toward rational design of nano- and

subnano-structures with tailored properties.

1. Introduction

Continuous miniaturization in electronic devices requires

rational design of nano- and subnano-structures. However,

there are no simple chemical rules, such as the Lewis model in

organic chemistry, for designing novel nano-structures with

tailored properties. One attempt has been made recently to

develop a simple structural model for boron and mixed

carbon–boron clusters.1–4 This model assumes that there is a

peripheral ring of boron atoms bonded by classical two-center

two-electron (2c–2e) bonds with interior atoms bonded to the

peripheral ring through delocalized bonding, which can be

understood in terms of s- and p-aromaticity (double

aromaticity), s- and p-antiaromaticity (double antiaromaticity),

s-aromaticity and p-antiaromaticity, and s-antiaromaticity

and p-aromaticity (conflicting aromaticity). We assess aromaticity

in chemical species on the basis of the presence of delocalized

bonding in cyclic structures. We have recently developed a new

tool adaptive natural density partitioning (AdNDP) method5

for assessing delocalized bonding in chemical species. This

method leads to partitioning of the charge density into elements

with the highest possible degree of localization of electron

pairs. If some part of the density cannot be localized in this

manner, it is represented using completely delocalized objects,

similar to canonical MOs, naturally incorporating the idea of

delocalized bonding, i.e., n-center two-electron (nc–2e) bonds.

Thus, AdNDP achieves seamless description of different types

of chemical bonds and has been applied recently to representative

aromatic organic molecules,6 as well as boron and gold

clusters.5,7 If we encounter a molecule or a cluster in which

AdNDP analysis reveals that s- or p-electrons cannot be

localized into lone pairs or 2c–2e bonds, we consider such a

species from the aromaticity/antiaromaticity point of view. If

delocalization occurs over the whole molecule and corres-

ponding bonds satisfy the 4n+ 2 rule we consider such species

to be globally aromatic.

The B9
� molecular wheel (D8h,

1A1g)
8 is a good example of

probing aromaticity using AdNDP analysis (Fig. 1). The B9
�

cluster has 28 valence electrons that form eight 2c–2e peripheral

bonds with occupation numbers (ON) 1.96|e| that are close to

the ideal 2.00|e| values and six delocalized bonds between the

central boron atom and the B8 ring. The six delocalized bonds

are evenly divided between the s- and p-systems, giving rise to

double aromaticity (the delocalized s-system has 6 electrons

satisfying the 4n + 2 rule for s-aromaticity and similarly

for the delocalized p-system) and nicely explaining the high-

symmetry wheel structure of B9
�.

There is a temptation to substitute isoelectronically the

central boron atom in B9
� by a carbon atom to make a CB8

wheel structure with the highest coordination number for the

central C atom yet known in a planar arrangement. The search
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for high-coordinate planar carbon species started in 1999 and

2000 when we first presented experimental and theoretical

evidence of penta-atomic planar coordinated carbon species,9–11

which confirmed earlier theoretical predictions.12,13 These

studies have stimulated renewed interests in designing new

tetracoordinate14,15 and even hypercoordinate planar carbon

molecules.16–36 Although none of these species is the global

minimum on the potential energy surfaces, it has been

suggested that they might be viable experimentally. The three

proposed hexa-, hepta-, and octa-coordinated carbon species

are the D6h CB6
2�,19 D7h CB7

�,20 and C2v (effectively D8h)

CB8,
24 respectively. The planar CB6

2� cluster with a hexa-

coordinate carbon has been touted as a ‘‘divining molecule’’

highlighted on the cover of Chem. Eng. News.14 We have shown

in previous joint experimental and theoretical investigations

that the hypercoordinate D6h CB6
2� (ref. 4) and D7h CB7

�

(ref. 3) clusters are highly unstable and that carbon avoids the

central position and therefore hypercoordination in those

species as well. Pei and Zeng37 computed the planar tetra-,

penta-, hexa-, hepta-, and octa-coordinated structures in

carbon–boron mixed clusters and again found that in all the

species tested carbon avoids hypercoordination. However, up

to now there is no experimental proof that there exists a planar

global minimum or planar low-lying isomer of the CB8 cluster

with a hypercoordinated carbon atom.

In the current article, we report a joint experimental and

theoretical study of CB8
� and CB8. Photoelectron spectroscopy

(PES) is used to probe the electronic structure of the CB8
�

anion and compared with ab initio studies for both the anion

and the neutral cluster. We show that the experimentally

observed species is a Cs CB8
� cluster, in which the C atom

replaces a B atom from the edge rather than at the center of

the D8h B9
� molecular wheel. We present a simple chemical

bonding explanation why carbon avoids hypercoordination in

the mixed B–C clusters. We further propose a method on how

to use pencil and paper chemical bonding models for designing

hypercoordinate planar carbon molecules and planar chemical

species with other hypercoordinated atoms.

2. Experimental section

The experiment was performed using a magnetic-bottle PES

analyzer equipped with a laser vaporization cluster source,

details of which can be found elsewhere.38,39 The target used to

produce CB8
� was compressed from a mixed powder of 98%

isotopically-enriched 10B with B3% graphite and about 40%

gold (to enhance the compressibility). The cluster anions from

the source were analyzed using time-of-flight mass spectrometry.

The CB8
� cluster was mass-selected and decelerated before

being photodetached by a 193 nm laser beam from an ArF

excimer laser. The photoelectron spectra were calibrated by

the known spectrum of Au�. The energy resolution of the

apparatus was DE/E E 2.5%, i.e., about 25 meV for 1 eV

electrons.

The photoelectron spectrum of CB8
� (Fig. 2) is rather broad

and complicated, suggesting either large geometry changes

between the anion and the neutral or a cluster with low

symmetry. Numerous spectral features are resolved and are

labeled in Fig. 2. The experimental vertical detachment

energies (VDEs) of the resolved PES bands are given in Table 1

and compared with theoretical values to be discussed below.

The calculated VDEs (at TD-B3LYP level) of the first few

detachment channels for the lowest energy structure V (Fig. 4)

are plotted as vertical bars in Fig. 2 for comparison.

3. Theoretical calculations of CB8 and CB8
�
and

comparison with experiment

We initially performed searches for the global minimum

structure of CB8 and CB8
� using a gradient-embedded genetic

algorithm (GEGA) program40,41 with the B3LYP/3-21G

method for energy, gradient, and force calculations. We then

reoptimized geometries and calculated frequencies for the

lowest four (CB8) and eight (CB8
�) structures at the B3LYP/

6-311+G* level of theory.42–44 We also performed single point

energy calculations of the four structures of CB8 and eight

structures of CB8
� at the CCSD(T)/6-311+G(2df) level of

Fig. 1 The global minimum structure of B9
� (upper left), the eight

2c–2e B–B s-bonds superimposed over the B9
� structure (upper right),

the three 9c–2e delocalized s-bonds (middle row), and the three 9c–2e

delocalized p-bonds (bottom row), all recovered by the AdNDP

analysis.

Fig. 2 Photoelectron spectrum of CB8
� at 193 nm. The vertical bars

represent the calculated VDEs (at TD-B3LYP level) for the lowest

anion structure. The short bars represent the detachment transitions to

singlet neutral states while the longer ones represent transitions to

triplet final states.

This journal is �c the Owner Societies 2009 Phys. Chem. Chem. Phys., 2009, 11, 9840–9849 | 9841



theory45–47 using the B3LYP/6-311+G* optimized geometries

and then corrected the obtained energy values for zero-point

energy at B3LYP/6-311+G* (CCSD(T)/6-311+G(2df)//

B3LYP/6-311+G*+ZPE//B3LYP/6-311+G*). We found

that isomer I (Fig. 3) is the global minimum, in agreement

with the result by Pei and Zeng.37 The closest isomer II was

found to be 20.4 kcal mol�1 (here and thereafter the relative

energies in the text refer to CCSD(T)/6-311+G(2df)//B3LYP/

6-311+G*+ZPE//B3LYP/6-311+G*). We found that the

high-symmetry structure IV with the putative octacoordinate

carbon is a second-order saddle point consistent with previous

calculations by Minkin et al.24 Optimization following the

imaginary frequencies led to isomer III, which is significantly

higher (71.2 kcal mol�1) than the global minimum. The

GEGA search for the doublet CB8
� anion revealed that

isomer V (Fig. 4) is the global minimum, in agreement with

the results reported by Pei and Zeng.37 There are two low-lying

isomers VI and VII, whereas other isomers (VIII–XI) are

found to be significantly higher in energy. Again, the high-

symmetry structure XII with an octacoordinate carbon is

unstable with five imaginary frequencies and it was found to

be 116.8 kcal mol�1 higher than the global minimum structure.

The CB8
� VDEs for the lowest three isomers were calculated

using the R(U)CCSD(T)/6-311+G(2df) method, the outer-

valence green function method48–51 (UOVGF/6-311+G(2df)),

and the time-dependent DFT method52,53 (TD B3LYP/

6-311+G(2df)) at the B3LYP/6-311+G* geometries. VDEs

for isomer V are found to be in excellent agreement with the

experimental ones (Table 1). The large geometry changes

between the lowest CB8
� structure V and the neutral CB8

structure I are consistent with the broad spectrum observed

(Fig. 2). As shown in Table 1, all the calculated VDEs are in

good agreement with the experimental data. The CCSD(T)

values for the X, A, and C channels are in quantitative

agreement with the experimental values. VDEs for isomers

VI and VII (see Tables 2 and 3) do not agree well with the

experimental data.

However, due to the broad nature of the experimental

spectrum, we could not completely rule out the presence of

isomers VI and VII. But their contributions to the observed

spectrum, if any, were expected to be small.

All calculations were performed via the Gaussian03

program.54 Molecular structures were visualized using

MOLDEN3.4 program55 and the AdNDP bonds visualization

was performed using MOLEKEL, Version 4.3.56

4. Chemical bonding analysis

To understand why the structures with an octacoordinate C

for CB8 and CB8
� are unstable we performed the AdNDP

Table 1 Comparison of the experimental vertical detachment energies (VDE) of CB8
� with the calculated values for the global minimum

Cs structure. All energies are in eV

Feature VDE (exp.)a Final state and electronic configuration

VDE (theo.)

TD-B3LYPb OVGFc DCCSD(T)d

Xe B3.45 1A0, 9a0210a0211a022a0023a00212a00 3.45 3.69 (0.89) 3.41
A 3.70 (5) 3A00, 9a0210a0211a022a0023a00112a01 3.58 3.57 (0.89) 3.72
A tail B4.0 1A00, 9a0210a0211a022a0023a00112a01 4.02 f f

B 4.23 (4) 3A00, 9a0210a0211a022a0013a00212a01 4.17 4.27 (0.88) f

B tail B4.5 1A00, 9a0210a0211a022a0013a00212a01 4.43 f f

C 4.75 (5) 3A0, 9a0210a0211a012a0023a00212a01 4.71 4.93 (0.88) 4.80
D B5 3A0, 9a0210a0111a022a0023a00212a01 5.06 5.17 (0.87) f

E 5.16 (5) 1A0,9a0210a0211a012a0023a00212a01 5.48 f f

F 5.35 (5) 3A0,9a0110a0211a022a0023a00212a01 5.66 5.80 (0.86) f

a Numbers in the parentheses represent uncertainties in the last digit. b The first two VDEs were calculated at the B3LYP/6-311+G(2df)//B3LYP/

6-311+G* level of theory as the lowest transition from the doublet state of the anion into the final lowest singlet and triplet states of the neutral

species. Then the vertical excitation energies of the neutral species in the lowest singlet and triplet states (at the TD-B3LYP level) were added to the

first two VDEs, respectively, in order to obtain higher VDEs. c UOVGF/6-311+G(2df)//B3LYP/6-311+G*. Pole strength is given in

parentheses. d UCCSD(T)/6-311+G(2df)//B3LYP/6-311+G*. e The adiabatic detachment energy (ADE) was estimated to be 3.2� 0.1 eV. f This

VDE cannot be calculated at this level of theory.

Fig. 3 Selected optimized structures of CB8. Upper and lower numbers are relative energies calculated at the CCSD(T)/6-311+G(2df)//B3LYP/

6-311+G*+ZPE//B3LYP/6-311+G* and B3LYP/6-311+G*+ZPE//B3LYP/6-311+G* levels of theory, respectively.
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Fig. 4 Selected optimized structures of CB8
�. Upper and lower numbers are relative energies calculated at the CCSD(T)/6-311+G(2df)//B3LYP/

6-311+G*+ZPE//B3LYP/6-311+G* and B3LYP/6-311+G*+ZPE//B3LYP/6-311+G* levels of theory, respectively.

Table 2 Calculated vertical detachment energies (VDE) of CB8
� for structure VI

Final state and electronic configuration

VDE (calc)/eV

TD-B3LYPa OVGFb DCCSD(T)c

3A2, 6a1
25b2

22b1
27a1

11a2
1 3.56 3.56 (0.88) 3.66

1A2, 6a1
25b2

22b1
27a1

11a2
1 3.69 d d

1A1, 6a1
25b2

22b1
27a1

21a2
0 3.80 3.91 (0.89) 3.81

3B1, 6a1
25b2

12b1
27a1

21a2
1 4.79 5.07 (0.87) 4.86

3B2, 6a1
25b2

22b1
17a1

21a2
1 4.91 5.17 (0.87) 5.09

1B2, 6a1
25b2

22b1
17a1

21a2
1 5.15 d d

1B1, 6a1
25b2

12b1
27a1

21a2
1 5.20 d d

1A2, 6a1
15b2

22b1
27a1

11a2
1 5.51 d d

3A2, 6a1
15b2

22b1
27a1

11a2
1 5.34 5.69 (0.84) d

a The first two VDEs were calculated at the B3LYP/6-311+G(2df)//B3LYP/6-311+G* level of theory as the lowest transition from the doublet

state of the anion into the final lowest singlet and triplet states of the neutral species. Then the vertical excitation energies of the neutral species in

the lowest singlet and triplet states (at the TD-B3LYP level) were added to the first two VDEs, respectively, in order to obtain higher

VDEs. b UOVGF/6-311+G(2df)//B3LYP/6-311+G*. Pole strength is given in parentheses. c UCCSD(T)/6-311+G(2df)//B3LYP/6-311+G*.
d This VDE cannot be calculated at this level of theory.

Table 3 Calculated vertical detachment energies (VDE) of CB8
� for structure VII

Final state and electronic configuration

VDE (calc)/eV

TD-B3LYPa OVGFb DCCSD(T)c

3A2, 1b1
26a1

25b2
22b1

27a1
11a2

1 3.20 3.23 3.36
1A2, 1b1

26a1
25b2

22b1
27a1

11a2
1 3.46 d d

1A1, 1b1
26a1

25b2
22b1

27a1
01a2

2 3.93 3.99 3.76
3B2, 1b1

26a1
25b2

12b1
27a1

11a2
2 4.66 4.61 4.79

3B1, 1b1
26a1

25b2
22b1

17a1
11a2

2 4.76 4.81 4.87
1B1, 1b1

26a1
25b2

22b1
17a1

11a2
2 5.10 d d

3A1, 1b1
26a1

15b2
22b1

27a1
11a2

2 5.13 5.18 d

1B2, 1b1
26a1

25b2
12b1

27a1
11a2

2 5.18 d d

a The first two VDEs were calculated at the B3LYP/6-311+G(2df)//B3LYP/6-311+G* level of theory as the lowest transition from the doublet

state of the anion into the final lowest singlet and triplet states of the neutral species. Then the vertical excitation energies of the neutral species in

the lowest singlet and triplet states (at the TD-B3LYP level) were added to the first two VDEs, respectively, in order to obtain higher

VDEs. b UOVGF/6-311+G(2df)//B3LYP/6-311+G*. Pole strength is given in parentheses. c UCCSD(T)/6-311+G(2df)//B3LYP/6-311+G*.
d This VDE cannot be calculated at this level of theory.
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analysis of chemical bonding in these species at the HF/3-21G

level of theory. It was shown previously that the results of the

AdNDP analysis similar to that of the natural bonding orbital

analysis do not depend on the choice of the basis set.6

According to our AdNDP analysis, the chemical bonding in

the D8h CB8 structure IV is identical to that of B9
� (Fig. 1):

they both are doubly (s- and p-) aromatic systems (6 delocalized

s-electrons and 6 delocalized p-electrons) with eight peripheral

2c–2e B–B bonds (Fig. 5a). However, unlike B9
�, the D8h CB8

is not even a minimum because the carbon atom is too small to

make a perfect fit into the B8 ring. Therefore, it is important to

take into account the geometric factors in designing highly

coordinated planar molecules. The bonding pattern in isomer

III (Fig. 5c) that is obtained by following the imaginary

frequency mode of the structure IV is somewhat different

from the bonding pattern of the high-symmetry structure IV

(Fig. 5a). Although the eight peripheral 2c–2e B–B bonds

(Fig. 5a–1 and 5c–1) are very similar in both structures, their

delocalized s- and p-bonds are different. The p-bonds in

structure IV (Fig. 5a–5–7) are delocalized over the whole

cluster, while in isomer III they become one 3c–2e

(Fig. 5c–5) and two 4c–2e p-bonds (Fig. 5c–6 and 7). Despite

these changes, the partially localized p bonds in isomer III

are simply linear combinations of the completely delocalized

p-bonds in structure IV. This was confirmed by calculating a

slightly distorted structure IV* (Fig. 5b), in which the central

carbon atom was shifted by 0.004 Å from the central position.

Neither the total energy nor the orbital energies of IV* change

significantly from those of IV, but the shape of the p-bonds
(Fig. 5b–5–7) in this distorted structure now looks exactly like

that in isomer III (Fig. 5c–5–7). Hence, isomer III can be still

viewed as a p-aromatic system. However, isomer III is no

longer a s-aromatic system, even though it has three partially

delocalized s-bonds. We found that the s-bonding pattern of

the slightly distorted structure IV* (Fig. 5b–2–4) is different

from that of isomer III (Fig. 5c–2–4). The slightly distorted

structure IV* is still s-aromatic, even though the s-bonds are
now partially localized, analogous to the p-bonds discussed

above. However, upon further distortion towards isomer III

one of the ‘‘aromatic’’ s-bonds (Fig. 5b–2) is transformed into

a new s-bond (Fig. 5c–2). The three s-bonds in III

(Fig. 5c–2–4) are now localized on the bottom part of the

cluster, with the three upper peripheral atoms not participating in

the delocalized s-bonding. Therefore, isomer III is no longer

s-aromatic, while clusters IV and IV* are with all the atoms

being involved in delocalized bonding.

This conclusion is confirmed by calculation of NICSzz
indices for structures IV and III. In structure IV we found

that NICS values are highly negative just above the central

carbon atom and they slowly decrease with the height of the

probe charge. In structure III, NICS values are highly positive

just above the carbon atom, but they become negative with

increasing the height of the probe charge. However, III and IV

are not low-lying structures. Structure I is the global minimum

structure for CB8. The reason why isomer I is significantly

more stable than structure III and IV can be understood from

the bonding patterns. The central C atom in structures III and

IV is involved in delocalized bonding with the peripheral

atoms only, while in isomer I the C atom is also involved in

2c–2e peripheral bonding with two neighboring boron atoms,

in addition to the delocalized bonding. The lower electro-

negativity of B compared to C clearly favors structures with

the peripheral position for the carbon atom. The bonding

pattern (Fig. 5d) is almost identical to the bonding pattern of

the slightly distorted structure IV* (Fig. 5b) and thus, isomer I

is also doubly (s- and p-) aromatic.

We further performed the AdNDP analysis for the doubly

charged CB8
2� anion at the geometry of the global minimum

structure V of CB8
� by adding an electron to the singly

occupied HOMO (Fig. 6a). The AdNDP analysis revealed

that there are six 2c–2e B–B and two C–B peripheral s-bonds
(Fig. 6a–1), three 3c–2e s-bonds (Fig. 6a–2–4), one 4c–2e

s-bond (Fig. 6a–5), and two 4c–2e and one 3c–2e p-bonds
(Fig. 6a–6–8). The three 3c–2e s-bonds in structure V of

CB8
2� are similar to the three 4c–2e s-bonds in the slightly

distorted octagonal structure of CB8 (Fig. 5b–2–4). The

p-bonds in structure V of CB8
2� are similar to those in the

slightly distorted octagonal structure of CB8 (Fig. 5b–5–7).

Finally, 4c–2e s-bond (Fig. 6a–5) is similar to the 4c–2e

s-bond in the structure III of CB8 (Fig. 5c–2). As we have

already mentioned above, the slightly distorted octagonal

structure is still doubly aromatic. The appearance of the extra

s-bond (Fig. 6a–5) makes structure V of CB8
2� s-antiaromatic

with eight s-electrons participating in the delocalized bonding.

We confirmed this conclusion by calculation of NICS over the

central boron atom and found that NICS values at low height

(0.2 Å and 0.4 Å) are positive and at higher position (0.6 Å,

0.8 Å, 1.0 Å, and 1.2 Å) become negative. These results imply

a system with conflicting aromaticity, i.e., s-antiaromatic and

p-aromatic.

5. Rational design of hypercoordinate planar

species with an external boron ring

Our previous studies on pure boron clusters1,57–59 revealed

that in planar structures there is always a peripheral ring of

2c–2e B–B s-bonds with additional delocalized bonding

between peripheral atoms or peripheral atoms and atoms

located inside the ring. The presence of this peripheral ring

gives us an opportunity to design planar molecules with

hypercoordinate central atoms. In order to obtain planar

boron clusters with a hypercoordinate central atom, the

wheel-type structure has to be a minimum (geometric fit, i.e.,

structural factor) and the system has also to be doubly

aromatic (electronic factor). As we mentioned above, the

B9
� cluster has a D8h wheel structure and it is s- and

p-aromatic. Apparently, the central boron atom fits well into

the octagonal B8 ring. It was shown that ten atomic boron

cluster favors the structure in which two boron atoms occupy

central positions57 and the wheel structure with one central

atom located inside the nine-member ring is significantly

higher in energy.1,2 B9
� is a system with the highest yet

experimentally observed coordination number of 8.

In the CB6
�, C2B5

�, CB6
2�, CB7

�, and CB8
� clusters, we

found that the carbon atom avoids the central position in

wheel-type structures. Chemical bonding analysis performed

by the AdNDP method revealed that the atom in the central
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position in the wheel-type structures is involved in delocalized

bonding only, while atoms at the periphery are involved in

both delocalized bonding and 2c–2e peripheral s-bonding.
The carbon atom, being more electronegative than the boron

atom, favors peripheral positions, where it can participate in 2c–2e

s-bonding. Thus, the boron ring wheel-type structures are not

suitable for designing planar molecules with a hypercoordinate

central carbon atom.

This observation suggests that atoms, which are more

electropositive than boron, may be more viable candidates

to sit in a boron ring for hypercoordinate structures. Indeed,

we recently demonstrated60 that an aluminium atom can be

placed into a B9 ring to result in a high-symmetry and stable

D9h structure, which according to high-level theoretical

calculations was shown to be either the global minimum or a

low-lying isomer on the potential energy surface. We can

readily apply our chemical bonding model described above

to the AlB9 cluster: it possesses 30 valence electrons with

18 electrons participating in nine 2c–2e peripheral B–B s-bonds,
6 electrons participating in delocalized s-bonding and

6 electrons participating in delocalized p-bonding (Fig. 7).

Thus, AlB9 is doubly (s- and p-) aromatic system and Al atom

Fig. 5 The eight 2c–2e B–B s-bonds superimposed over the CB8 structures (first row), the three delocalized s-bonds (second to fourth rows), and

the three delocalized p-bonds (fifth to seventh rows), recovered by the AdNDP analysis (see text for details).
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is a good geometric fit for the B9 ring. AlB9 is the first

computationally found system with a nine-coordinate

central atom. We tried to use this approach to design a

ten-coordinated atom in the AlB10
+ cluster. However, we

found that the isomer with Al at the central position of the

B10 ring is significantly higher in energy than an alternative

isomer, in which the Al+ cation is located above the B10 cluster.

We believe that the central cavity for B10 is too big to fit

favorably the Al+ cation at the center. Nevertheless, suitable

atoms may exist to make ten-coordinated planar clusters.

Fig. 6 The eight 2c–2e B–B s-bonds superimposed over the CB8
2� structures (first row), the four delocalized s-bonds (second to fifth rows), and

the three delocalized p-bonds (sixth to eighth rows), recovered by the AdNDP analysis (see text for details).
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Recently, Ito et al.61 reported a calculation of the global

minimum wheel-type FeB9
� structure with a nine-coordinate

Fe atom. This structure can be easily rationalized using our

chemical bonding model. The FeB9
� cluster has 36 valence

electrons with 18 electrons participating in nine 2c–2e

peripheral B–B s-bonds, 6 electrons participating in

delocalized s-bonding and 6 electrons participating in delocalized

p-bonding, and three pairs of localized 3d electrons on

Fe (Fig. 8). Thus, the FeB9
� cluster is doubly (s- and p-)

aromatic and similar to AlB9 the central atom is an electro-

positive element in agreement with our conclusion that only

electropositive (relative to boron) atoms can have high-

symmetry global minimum structures or at least to be a

low-lying isomer.

6. Rational design of hypercoordinate planar

carbon species

Inspite of the unfavorable location of a carbon atom in

boron rings, it has been shown theoretically and experimentally

that carbon occupies the central position in the square of

four aluminium atoms in the CAl4
� (ref. 9) and NaCAl4

�

(ref. 11) species. At first glance, these findings may seem to

contradict the previously discussed chemical bonding model.

However, our AdNDP analysis performed for the CAl4
2�

dianion (Fig. 9) showed that bonding between the peripheral

boron atoms in planar wheel structures and those of

aluminium atoms in CAl4
2� is quite different. One can see

that there are no 2c–2e peripheral Al–Al s-bonds in CAl4
2�.

Instead, there is a lone pair at every aluminium atom (Fig. 9a).

There are also two delocalized bonds: one is a 4c–2e peripheral

s-bond composed out of 3p tangential aluminium AOs

(Fig. 9f) and another one is a 5c–2e p-bond composed of

mainly 2pz-AO of carbon with small contributions from the

3pz-AOs of Al atoms (Fig. 9e). The other three bonds

are essentially 2s-AO on C (Fig. 9d) and 2px- and 2py-AOs

on C (Fig. 9b and c). Thus, bonding in CAl4
2� can be

approximately considered as being due to ionic bonding

between a central carbon C4� anion and an Al4
2+ cation

(with significant covalent contribution) and due to the

delocalized s-bonding and weakly delocalized p-bonding.
Therefore, in order to design a chemical species with a central

hypercoordinate carbon atom, one should consider electro-

positive ligands, which tend to form lone pairs instead of 2c–2e

peripheral bonds. Aluminium is a good example of such a

ligand, but it is conceivable that there may exist a class of such

atoms to design hypercoordinate carbon species. A recent

theoretical prediction of a planar pentacoordinate carbon in

the CAl5
+ cation62 provides another example for our design

principle.

As considered in our article hypercoordinate chemical

species CB8, CB8
�, CAl5

+, AlB9 and FeB9
� belong to

electron deficient hypervalent chemical species.63,64 This

conclusion can be supported by results of the natural bond

analysis (at B3LYP/6-311+G*) that revealed that the

charges at the central atoms are the following: Q(C) = �0.45|e|
with the atomic occupations 2s1.282p3.15 in CB8, Q(C) =

�2.65|e| with the atomic occupations 2s1.652p4.97 in CAl5
+,

Q(Al) = 1.46|e| with the atomic occupations 3s0.443p1.05 in

AlB9, and Q(Fe) = 0.02|e| with atomic occupations

4s0.213d7.65 in FeB9
�. The hypervalency in these hyper-

coordinate species is due to delocalized bonding revealed by

our AdNDP analysis and not due to the formation of

extra 2c–2e radial bonds.

Fig. 7 One of the lowest energy structures of AlB9 (upper left), its

nine 2c–2e B–B s-bonds superimposed over the AlB9 structure (upper

right), the three 10c–2e delocalized s-bonds (middle row), and the

three 10c–2e delocalized p-bonds (bottom row), all recovered by the

AdNDP analysis.

Fig. 8 The global minimum structure of FeB9 (upper left), its nine

2c–2e B–B s-bonds superimposed over the FeB9 structure (upper

right), the three pairs of localized 3d electrons (second row), the

9c–2e delocalized s-bonds (third row), and the three 9c–2e delocalized

p-bonds (fourth row), all recovered by the AdNDP analysis.
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7. Summary

From our joint photoelectron spectroscopic and ab initio study

we have demonstrated that carbon avoids central positions in

CB6
2�, CB7

�, CB8, and CB8
�. We have developed a chemical

bonding model (using AdNDP analysis), which explains why

carbon avoids the central position in those species. According

to this model, in the wheel-type structures the central atom is

involved in delocalized bonding only, while atoms at the

periphery of the wheel structure are involved in both delocalized

bonding and 2c–2e peripheral s-bonding. The carbon atom is

more electronegative than boron atoms and favors peripheral

positions where it can participate in 2c–2e s-bonding. Thus,
wheel-type structures with a boron ring are not appropriate

for designing planar molecules with a hypercoordinate central

carbon. However, if the central atom is more electropositive

than boron, then the wheel-type structures are stable and can

be either global minimum or low-lying isomers. The results of

the AdNDP analysis of the chemical bonding in the CAl4
2�

dianion showed that in this case, the favorable central position

of the carbon atom is due to essentially ionic bonding between

a central carbon C4� anion and an Al4
2+ cation with

contributions from delocalized s-bonding and weakly delocalized

p-bonding. In order to design a chemical species with a central

hypercoordinate carbon atom, one should consider electro-

positive ligands, which would have lone pairs instead of

forming 2c–2e peripheral bonds. The same is true for the

pentacoordinate carbon atom inside the Al5
+ ring (CAl5

+

cluster). We used our extensive chemical bonding model,

which considers both s- and p-electrons to explain why the

AlB9 and FeB9
� species with octacoordinate Al and Fe are

the global minima or low-lying isomers. Though the global

minimum structure of FeB9
� was established by Ito et al.,61

they considered in their chemical bonding analysis only

p-electron. We have shown that s-electrons are also important

for rationalizing high-symmetry and high coordination number

of Fe in FeB9
�. Hence, we presented a comprehensive chemical

bonding model capable of rationalizing and predicting

structures either with a boron ring or a central planar carbon.

This represents the first step towards rational design of

nano- and subnano-structures with tailored properties.
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