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Isoelectronic molecules regarding B6H10, 2-CB5H9, 2,3-C2B4H8, 2,3,4-C3B3H7, and 2,3,4,5-C4B2H6 are studied
by the density functional B3LYP/6-311G(d,p) method and the electron propagator theory in the partial third-
order quasiparticale approximation, as well as the extrapolated calculation with the coupled-cluster CCSD(T)
theory. The calculated ionization potentials are in good agreement with the experimental data from photoelectron
spectroscopy. Valence structures are characterized with natural orbital bond (NBO) theory, exhibiting the
multiple three-center two-electron bonds B-H-B, B-B-B, C-B-B, B-C-B, and C-B-C, and chemical
bond rearrangements in the cations.

1. Introduction

Boron hydrides, as the typical electron-deficient molecules,
are extensively applied in chemistry. Studies of the geometrical
and valence structures can provide impetus for discoveries of
new species and reactions.1 On the other hand, carboranes were
discovered in the hunt for high-energy fuels during the early to
middle 1950s.2 Geometrical structures of carboranes are similar
to boron hydrides, namely some boron atoms in the polyhedral
boranes are replaced with carbon atoms. There are three main
classes of carboranes:closo-C0-2BnHn+2, nido-C0-4BnHn+4, and
arachno-C0-6BnHn+6. The structures of thenido- andarachno-
carboranes are constructed by sequentially leaving unoccupied
one and two vertexes respectively from the variouscloso-
deltahedra. In the boranes and carboranes, the hydrogen atoms
may locate at the terminal positions of the polyhedral skeleton
(noted as Ht) or connected with two boron or one carbon and
one boron atoms (noted as the bridging hydrogen, Hb). The
latter, X-Hb-Y (X, Y ) B, C), exhibits a three-center two-
electron (3c-2e) bond. The B-Hb-B bond is most energetically
favorable,3 although the B-Hb-C bonds was found innido-
2,3,5-C3B3H7

4a andnido-2,4-C2B4H8.4b

As far as hexaborane(10), B6H10, it is an especially interesting
molecule from the point of view of reactivity, since it has four
nonequivalent borons at which reaction may occur. This
molecule is fluxional at room temperature, due to a rapid
tautomerization of the Hb atoms.5 Four neutral carborane
derivaties of B6H10, namely its isoelectronic molecules 2-CB5H9,
2,3-C2B4H8, 2,3,4-C3B3H7, and 2,3,4,5-C4B2H6, have been
prepared and characterized.6 In these molecules, carbon atoms
prefer two-center bonding while boron atoms are more likely
to participate in three-center bonds. These five isoelectronic
molecules were recently proved to be the most stable isomers
at the MP2/6-31G* level of theory.3 The calculated B11 chemical
shifts for these species were also in good agreement with the
experimental data.7 On the other hand, difficulties in elucidating
the valence structures were met in the localized orbital analysis.8

Multiple bonding in these isoelectronic molecules leads to
suspicions of various valence structures.8 A reasonable ab initio
study and the localized natural bond orbital (NBO)9 analysis

are necessary for insights into their valence structures. Moreover,
the reassignments to their photoelectron spectra are required,
because the previous assignments were made on the basis of
the low-level self-consistent field (SCF) calculations and
Koopmans’ theorem.10

The NBO analysis transfers the delocalized molecular orbitals
into the localized ones that are closely tied to chemical bond
concepts. Filled NBOs describe the hypothetical, strictly local-
ized Lewis structure.9 NBO theory is powerful to describe the
multiple bonds in the carboranes. To derive the accurate vertical
ionization potentials (IPv), electron correlation and orbital
relaxation effects should be considered. Thereby, the efficient
partial third-order quasiparticle theory (P3) developed by Ortiz
et al.11 is applied in this work. In the quasiparticle approxima-
tion, electrons assigned to canonical MOs are subject to a
correlated, energy-dependent potential represented by the di-
agonal elements of the self-energy matrix while nondiagonal
elements are neglected.11 Each IPv calculated with the electron
propagator method corresponds to a Dyson orbital, and pole
strength is equal to the integral over all space of the absolute
value squared of the Dyson orbital, indicating the perturbation
to the results of Koopmans’ theorem.11 Validity of the P3 theory
has been demonstrated in the prediction of the IPv values for
boron hydrides in our recent work.12 B6H10 and its isoelectronic
molecules 2-CB5H9, 2,3-C2B4H8, 2,3,4-C3B3H7, and 2,3,4,5-
C4B2H6 will be studied in this work. The geometrical, vibra-
tional, and energetic properties, the IPv, and the adiabatic IP
(IPa) values will be compared with the experimental data.10 NBO
analysis will be performed on the basis of the calculated wave
functions of molecular orbitals (MOs). This theoretical study
may aid in the assignments of the spectra measured with a higher
energy resolution and a good understanding of the valence
characteristics of carboranes.

2. Calculation Details

The geometrical parameters of each neutral species atCs

symmetry and its cation were fully optimized by the hybrid
density functional B3LYP method. Harmonic vibrational fre-
quencies were determined analytically. The single and double
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excitation coupled-cluster theory including a perturbative esti-
mate of triple excitations (CCSD(T))13 was applied in the
extrapolated energetic calculations over the B3LYP optimized
geometries to obtain the atomization energies of the neutral
species (with respect to H2S and B2P) and the IPa values. The
IPv values were predicted by using the P3 approximation of
the electron propagator theory. As pointed out before, the
polarization functions on hydrogen atoms improved the descrip-
tion of the bridging hydrogen atoms in carboranes.12,14Thereby,
the 6-311G(d,p) basis set was used throughout the calculations.
The B3LYP wave functions were used for NBO analysis, and
a three-center bond search was activated by the keyword
3CBOND.15 Ab initio calculations were performed with Gauss-
ian 98.16

Molecular maps were produced by the MOLDEN graphics
program.17 The contour values in the MO electron density plots
are equal to(0.05.

3. Results and Discussion

The molecular structures are shown in Figure 1. The density
contour maps of the frontier MOs of each species are shown in
Figure 2. Correlation between the number of carbon or Hb atoms
in carboranes and the atomization energy is shown in Figure 3.
Figure 4 shows a comparison between the calculated IPv and
the experimental PES from ref 10. Valence structures for the
stable neutral and radical cations are given in Figure 5 on the
basis of NBO analyses. The calculated geometrical parameters,
atomization energies, and IP values are listed in Tables 1-7.
Natural atomic populations (NAP) are listed in Table 8 for both
the neutral and radical cations. Occupancies and energetic levels
of the 3c-2e bonds in the neutral are given in Table 9.

3.1. Geometrical Structures and Harmonic Vibrational
Frequencies.The structures of the neutral species of present
interest are shown in Figure 1, in which the connections or bonds
between two atoms are illustrated automatically by MOLDEN
program and do not mean the real chemical bonds. Ionization

slightly changes the geometrical parameters of the neutral (see
the Cartesian geometries in the Supporting Information), thereby
no diagrams of the radical cations are shown. In Table 1, the
experimental data of the geometries18 and the MP2/6-31G*
calculated results7 are compared with the present predictions.
In general, the distances between two heavy atoms and heavy
atom-Hb predicted at the B3LYP/6-311G(d,p) level are a little
longer than those calculated at the MP2/6-31G* level. The

Figure 1. Molecular structures of B6H10, 2-CB5H9, 2,3-C2B4H8, 2,3,4-
C3B3H7, and 2,3,4,5-C4B2H6.

Figure 2. Electron density maps of HOMO, HOMO-1, and HOMO-
2.

Figure 3. Correlation between atomization energy (calculated at the
CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) level) and carbon number
of carboranes.
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experimental data distinctly differ from the theoretical predic-
tions, due to the crystal electrostatic field in the solids.

As far as B6H10 and its cation, the longest distance (1.818
Å) is between B1 and B4(5) in the neutral, while it is shortened
to 1.760 Å in the cation. The other shortened distance is between
B2 and B3(6). However, the distances of B1B2, B1B3(6), B3-
(6)B4(5), B4B5 in the neutral are elongated after ionization
relaxation. Such changes can be observed for the other species.
The most significant elongation of the bond distance due to
ionization is 0.151 Å of B4B5 in B6H10, 0.140 Å of B1B3(6)
in 2-CB5H9, 0.118 Å of B5B6(4) in 2,3-C2B4H8, and 0.076 Å
of B1C3(4) in 2,3,4,5-C4B2H6, respectively, while the most
significantly shortened bond distances are-0.058 Å of B1B4-
(5) in B6H10, -0.101 Å of B1C2 in 2-CB5H9, -0.047 Å of
C2C3 in 2,3-C2B4H8, and-0.032 Å of C2(4)C3(5) in 2,3,4,5-
C4B2H6, respectively. TheCs symmetry of 2,3,4-C3B3H7 is
distorted by ionizationstwo significantly unequivalent bond
distances are predicted for B1C2 and B1C4, B1B6 and B1B5,
C2C3 and C3C4, and C2B6 and C4B5, as well as for the heavy
atom-Hb distances.

Harmonic vibrational frequencies listed in Table 1S in the
Supporting Information show that there are red shifts from the

neutral to the cations for the lower frequencies (<1000 cm-1)
while there are blue shifts for the higher frequencies. The lower
frequencies correspond to the vibrations of the molecular
polyhedra (heavy atoms), while the higher frequencies cor-
respond to the stretching or wagging vibrations of the C-Ht,
B-Ht, or Hb atoms.

3.2. Energetic Analyses and Assignments to the PES.The
calculated atomization energies of the neutral carboranes are
compared with the experimental data in Table 2. Only one
experimental value,-2.091 au of B6H10, is available;19 the
CCSD(T) prediction-2.067 au is close to this value. Both the
B3LYP and CCSD(T) results demonstrate that the absolute
values of atomization energy increase with the increase of the
number (m) of carbon atoms in carboranes. Correlation between
the atomization energy andm is plotted in Figure 3 and fitted
with an exponential function, atomization energy) -2.18023
+ 0.1125 exp(-m/2.45131). On the other hand, this correlation
also can be between the atomization energy and the number
(n) of Hb atoms in carboranes, atomization energy) -3.10308
+ 0.91405 exp(n/31.728) with a correlation rater ) 0.9995.
To rationalize the thermodynamic stability, a linear function,
atomization energy) -0.5168n + -0.5475m, has been
obtained. Namely, suppose one 3c-2e B-Hb-B bond energy
is ca. -0.03 au, a replacement of a B-B bond with a B-C
bond stabilizes the species by ca.-0.06 au.20

He(I) and Ne(I) PES of B6H10, 2-CB5H9, and 2,3-C2B4H8

were reported by Ulman and Fehlner, in which three, four, and
three diffuse bands were observed, respectively, in the He(I)
energy range.10 Their assignments were made on the basis of
the SCF orbital energy calculations8,21 and the ring-polar

Figure 4. Reassignments to the photoelectron spectra adopted from
ref 10, with the copyright permission from the American Chemical
Society.

Figure 5. Schemes of valence structures of the neutral and cations.
An asterick represents the three-center bonds involving the heavy atoms
(an asterisk in parenthesis exhibits the valence resonance due toCs

symmetry); curves represent the B-H-B bonds; lines represent
conventional covalent bonds; double lines represent a degenerate bond.
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model.10,21The weakness and roughness of the ring-polar model
are known,22 therefore it is only a convenient tool for discussing
the spectra qualitatively. To reassign these spectra, the P3
calculations are performed over the B3LYP/6-311G(d,p) opti-
mized geometries of the neutral. The calculated IPv values of
the outer valence orbitals are compared with the experimental
data10 for B6H10, 2-CB5H9, and 2,3-C2B4H8 in Tables 4, 5, and
6, respectively. The calculated results are in good agreement
with the experimental data. In Figure 4, the experimental spectra
are adopted from ref 10 and reassigned on the basis of the
present P3 calculations.

The previous SCF Koopmans’ assignments10 qualitatively
agree with the present assignments to the spectrum of B6H10,
namely one ionization state corresponds to the first band, and

four and two states are for the next two bands, respectively. In
particular, 7a′′-1 and 12a′-1 lead to the flat front shoulder, 11a′-1

and 6a′′-1 correspond to the middle peaks, and 10a′-1 and 5a′′-1

are at the rear shoulder of the second band, respectively. Two
states, 7a′′-1 and 13a′-1, lead to the first band in the spectra of
2-CB5H9, and it is noted that the ring-polar model successfully
predicted this assignment.10 However, the ring-polar model
failed in the assignments for the next two bands, namely, three
states were suspected for the third band and one state for the

TABLE 1: Geometrical Parameters for the Neutral and Cations (Bond Lengths in Å)

B1B2 B1B3 B1B4 B2B3 B3B4 B4B5 B2H23 B3H23 B3H34 B4H34

B6H10(Cs)
B3LYP/6-311G(d,p) 1.748 1.757 1.818 1.801 1.742 1.636 1.297 1.378 1.328 1.336
MP2/6-31G*a 1.741 1.748 1.800 1.782 1.732 1.638 1.298 1.369 1.327 1.329
exptl (X-ray)b 1.736 1.753 1.795 1.794 1.737 1.596 1.32 1.48 1.31 1.35
exptl (MW)c 1.774 1.762 1.783 1.818 1.710 1.654

B6H10
+ (Cs)

B3LYP/6-311G(d,p) 1.771 1.796 1.760 1.779 1.747 1.787 1.325 1.333 1.323 1.342

B1C2 B1B3 B1B4 C2B3 B3B4 B4B5 B3H34 B4H34 B4H45

2-CB5H9 (Cs)
B3LYP/6-311G(d,p) 1.747 1.811 1.746 1.507 1.775 1.818 1.364 1.301 1.330
MP2/6-31G*a 1.731 1.791 1.738 1.511 1.757 1.797 1.352 1.303 1.327
exptl (partial MW)d 1.782 1.781 1.759 1.830

2-CB5H9
+ (Cs)

B3LYP/6-311G(d,p) 1.646 1.951 1.816 1.519 1.901 1.735 1.344 1.309 1.323

B1C2 B1B4 B1B5 C2C3 C2B6 B5B6 B5H56 B6H56

2,3-C2B4H8 (Cs)
B3LYP/6-311G(d,p) 1.763 1.790 1.725 1.422 1.518 1.792 1.317 1.336
MP2/6-31G*a 1.737 1.773 1.722 1.426 1.520 1.773 1.334 1.312
exptle 1.750 1.772 1.715 1.418 1.499 1.790 1.308 1.280

2,3-C2B4H8
+ (Cs)

B3LYP/6-311G(d,p) 1.757 1.831 1.799 1.375 1.580 1.810 1.329 1.316

B1C3 B1C2 B1B6 C2C3 C2B6 B5B6 B5H56

2,3,4-C3B3H7 (Cs)
B3LYP/6-311G(d,p) 1.755 1.735 1.766 1.425 1.533 1.780 1.323
MP2/6-31G*a 1.729 1.718 1.754 1.426 1.532 1.760 1.319

2,3,4-C3B3H7
+ (C1)

B3LYP/6-311G(d,p) 1.842 1.829 1.827 1.429 1.540 1.745 1.313
1.666 1.736 1.398 1.711 1.329

B1C3 B1C2 B1B6 C3C4 C2C3 C2B6

2,3,4,5-C4B2H6 (Cs)
B3LYP/6-311G(d,p) 1.717 1.715 1.845 1.422 1.442 1.530
MP2/6-31G*a 1.701 1.701 1.821 1.424 1.439 1.528
exptl (MW)f 1.697 1.709 1.886 1.424 1.436 1.541

2,3,4,5-C4B2H6
+ (Cs)

B3LYP/6-311G(d,p) 1.793 1.695 1.864 1.458 1.410 1.577

a From ref 7.b X-ray data from ref 18a.c Microwave spectra from ref 18b.d No carbon positions were refined in ref 18c.e From ref 18d.f Microwave
spectra from ref 18e.

TABLE 2: Atomization Energies (in au) of the Neutral
Carboranes in Comparison with Experimental Data

B3LYPa CCSD(T) exptl

B6H10 -2.161 (-2.042) -2.067 -2.091b

2-CB5H9 -2.210 (-2.097) -2.108
2,3-C2B4H8 -2.235 (-2.129) -2.127
2,3,4-C3B3H7 -2.262 (-2.162) -2.147
2,3,4,5-C4B2H6 -2.281 (-2.188) -2.159

a The values in parentheses are corrected with the zero-point
vibrational energies.b From ref 19.

TABLE 3: Vertical Ionization Potentials (IP v in eV) and
Pole Strengths (in Parentheses) of B6H10 in Comparison with
the Experimental Data

orbital assign theorl IPv exptl IPv
a

13a′ 9.349 (0.90) 9.4
7a′′ 11.565 (0.89) }11.612a′ 11.712 (0.89)
11a′ 12.157 (0.90) 12.2
6a′′ 12.362 (0.89)
10a′ 12.979 (0.89)
5a′′ 13.168 (0.89)
9a′ 14.664 (0.87) 14.6
8a′ 14.875 (0.86)
4a′′ 16.123 (0.83)
7a′ 16.643 (0.79)
6a′ 19.281 (0.79)

a From He(I) PES of ref 10.
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forth band.10 The P3 results indicate that there are two states
for each one of the last two bands, in reasonable agreement
with two experimental peaks for each band (see Figure 4). As
for the spectrum of 2,3-C2B4H8, two states (13a′-1 and 12a′-1)
correspond to the flat shoulder of the second diffuse band and
four states, 6a′′-1, 11a′-1, 5a′′-1, and 10a′-1, swarm to form
the high peaks of the second band. No experimental spectra of
2,3,4-C3B3H7 and 2,3,4,5-C4B2H6 are available; the theoretical
IPv values for these two species are listed in Table 7. Here some
comments on the present P3 calculations should be addressed.
Although the P3 calculations succeed in predicting the IPv for
the outer valence orbitals of the numerous molecules,11b,12 the
predictions are poor for the ionization processes where the
single-electron rule is broken. Strong electron configuration
interactions should be included to predict the satellites in the
PES. The IPv values of the inner orbitals (for example, 4a′′,

7a′, and 6a′ of B6H10, see Table 4) exhibit the smaller pole
strengths, indicating that the P3 approximation may be invalid
for these ionization states. Moreover, the rear shoulder (at ca.
14 eV) of the second band for B6H10, the small peak around
14.2 eV in the He(I) spectrum of 2-CB5H9, and the rear shoulder
(at ca. 13.5 eV) of the second band for 2,3-C2B4H8 suggest that
the shake-up or shake-off satellites may appear. On the basis
of the optimized structures of both the neutral and cations, we
obtain the lowest IPa values and compare them with the
experimental data.10 The experimental IPa values of 2-CB5H9

and 2,3-C2B4H8 are estimated from the spectra.10 In Table 8,
one can find that the theoretical data match the experimental
IPa values well.

To elucidate the different split energies between the first two
ionization states for B6H10, 2-CB5H9, and 2,3-C2B4H8, the ring-
polar model suggested that it was due to the interactions between
ring and polar p components.10 Electron density maps of the

TABLE 4: Vertical Ionization Potentials (IP v in eV) and
Pole Strengths (in Parentheses) of 2-CB5H9 in Comparison
with the Experimental Data

orbital assign theor IPv exptl IPv
a

7a′′ 10.374 (0.90) }10.513a′ 10.449 (0.89)
12a′ 11.944 (0.90) 11.8
6a′′ 12.220 (0.89) 12.2
11a′ 12.530 (0.90) 12.4
10a′ 12.990 (0.89)
5a′′ 13.113 (0.90)
9a′ 15.051 (0.87) (14.7)
4a′′ 15.171 (0.86) 14.9
8a′ 16.402 (0.85) 16.1
7a′ 16.753 (0.84) 16.6
3a′′ 19.556 (0.82)

a From He(I) PES of ref 10.

TABLE 5: Vertical Ionization Potentials (IP v in eV) and
Pole Strengths (in Parentheses) of 2,3-C2B4H8 in Comparison
with the Experimental Data

orbital assign theor IPV explt IPv
a

7a′′ 9.564 (0.90) 9.6
13a′ 11.386 (0.89) 11.3
12a′ 11.765 (0.89) 11.7
6a′′ 12.526 (0.90) 12.3
11a′ 12.767 (0.89)
5a′′ 12.810 (0.89)
10a′ 13.030 (0.90)
9a′ 15.098 (0.86) 14.9
8a′ 15.740 (0.85)
4a′′ 16.952 (0.85)
7a′ 17.132 (0.84)
3a′′ 19.746 (0.81)

a From He(I) PES of ref 10.

TABLE 6: Vertical Ionization Potentials (IP v in eV) and
Pole Strengths (in Parentheses) of 2,3,4-C3B3H7 and
2,3,4,5-C4B2H6

2,3,4-C3B3H7 2,3,4,5-C4B2H6

orbital assign theor IPv orbital assign theor IPv

7a′′ 9.959 (0.90) 13a′ 9.315 (0.91)
13a′ 10.211 (0.90) 7a′′ 10.525 (0.90)
12a′ 11.943 (0.89) 6a′′ 11.669 (0.90)
6a′′ 12.411 (0.90) 12a′ 12.153 (0.90)
11a′ 12.606 (0.90) 11a′ 12.450 (0.89)
10a′ 13.012 (0.90) 10a′ 13.807 (0.89)
5a′′ 13.963 (0.89) 5a′′ 14.229 (0.89)
4a′′ 15.589 (0.86) 9a′ 15.859 (0.85)
9a′ 15.832 (0.84) 8a′ 15.959 (0.84)
8a′ 17.218 (0.86) 4a′′ 17.804 (0.86)
7a′ 17.667 (0.86) 7a′ 17.991 (0.86)

TABLE 7: The Lowest Adiabatic Ionization Potentials (IPa
in eV) of the Neutral Carboranes in Comparison with the
Experimental Data

B6H10 2-CB5H9 2,3-C2B4H8 2,3,4-C3B3H7 2,3,4,5-C4B2H6

theora 8.849 9.697 9.302 9.587 8.907
(8.804) (9.600) (9.221) (9.480) (8.849)
8.822 9.672 9.248 9.548 8.882

exptl 9.0b ∼9.7c ∼9.3c

a From the top to the bottom, they are the results calculated at the
B3LYP/6-311G(d,p) level, those including the zero-point vibration
energy corrections (in parentheses), and those at the CCSD(T)/6-
311G(d,p)//B3LYP/6-311G(d,p) level, respectively.b From He(I) PES
of ref 10. c Estimated from PES in ref 10.

TABLE 8: Natural Atomic Population Charges of the
Neutral and Cationic Carboranes

neutral cation neutral cation

B6H10 2-CB5H9

B1 -0.24527 -0.31606 B1 -0.07575 0.17087
B2 -0.18155 -0.06023 C2 -0.70849 -0.84771
B3 -0.05796 -0.07895 B3 0.12621 0.40836
B4 -0.15527 0.15150 B4 -0.15732 -0.09177
H1 0.06699 0.13672 H1 0.04301 0.04893
H2 0.06673 0.10875 H2 0.25272 0.30978
H3 0.04671 0.11034 H3 0.01693 0.0385
H4 0.03477 0.06338 H4 0.05764 0.11302
H23 0.14569 0.17500 H34 0.12647 0.10223
H34 0.13262 0.14413 H45 0.14865 0.17832

2,3-C2B4H8 2,3,4-C3B3H7

B1 0.05608 0.20278 B1 0.18618 0.2619
C2 -0.39938 -0.33910 C2 -0.44770 -0.24866
B5 -0.13702 -0.13790 (C4)a -0.28585
B6 0.00759 0.24223 C3 -0.15976 -0.12875
H1 0.02798 0.05114 B5 -0.01064 0.18926
H2 0.23250 0.29427 (B6)a 0.02349
H5 0.05079 0.10061 H1 0.01517 0.06447
H6 0.02721 0.05481 H2 0.28860
H56 0.13316 0.13947 (H4)a 0.23740 0.27240

H3 0.22672 0.28081
H5 0.02324 0.06090
(H6)a 0.08368
H56 0.12708 0.13776

2,3,4,5-C4B2H6

B1 0.29827 0.42614
C2 -0.49791 -0.45417
C3 -0.21414 -0.10398
B6 0.20424 0.46700
H1 0.00341 0.05264
H2 0.23336 0.28786
H3 0.23261 0.27617
H6 -0.01378 0.04248

a Due toC1 symmetry of 2,3,4-C3B3H7
+.
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highest occupied MO (HOMO), the next HOMO (HOMO-1),
and the third HOMO (HOMO-2) in Figure 2 show the bond
characteristics. Namely, the interaction between B1 px and two
bridging H34 and H56 atoms (HOMO) is comparable to that
between B1 py and C2 pz (HOMO-1) in 2-CB5H9, which is the
same as the explanation using the ring-polar model.10 However,
the interaction between B1 px and four bridging H23, H34, H45,
and H56 atoms is much stronger than that between B1 py and
two pz components of B4 and B5 in B6H10sthe former leads to
the lower HOMO-1 while the latter leads to the higher HOMO.
This situation reverses the energy levels for 2,3-C2B4H8, namely
the stronger B1 py and two pz components of the C2 and C3
(pseudo-π) interaction leads to the lower HOMO-1. Similar
interactions lead to the energetically close HOMO and HOMO-1
of 2,3,4-C3B3H7 but equivalent split energies among HOMO,
HOMO-1, and HOMO-2 of 2,3,4,5-C4B2H6.

3.3. NAP Charge Analyses and Valence Structures.The
NAP charges of the neutral and cations are presented in Table
8 on the basis of the NBO analyses. It is interesting that the
NAP charge on the B1 atom increases from the negative to the
positive when the carbon number in the carborane increases.
The B atoms near the C atoms on the penta-ring have the
positive (or less negative) NAP charge. Epstein et al. tried to
explain the asymmetric B-Hb-B bridges of B6H10 through the
Mulliken charge analyses, namely, the bridging H atom lay to
the more negative (or less positive) B atoms.8 It may be true
for the H23(26) atom in B6H10. The B2H23 bond (1.297 Å) is
shorter than the B3H23 bond (1.378 Å), which is somehow due
to the more negative NAP charge on B2 (-0.18155) with respect
to B3 (-0.05796). In contrast to the H23(26) atom, the B3H34
bond (1.328 Å) is slightly shorter than the B4H34 bond
(1.336Å), while the NAP charge on the B4 atom (-0.15527) is
much more negative than that on the B3 atom. The above NAP
charge analyses indicate that the localized electrostatic interac-
tion is not the only reason of the asymmetric B-Hb-B bridges.

The existence of a number of equivalent valence structures
consistent with a given molecular configuration is one of the
most interesting and ambiguous aspects of boron chemistry.
B6H10 may have 12 possible 3c-2e valence structures.8 Here
the results concluded by Epstein et al. are recalled. Two three-
center bonds involving only B atoms were proposed in the most
stable B6H10 and 2-CB5H9: 2,3-C2B4H8 and 2,3,4-C3B3H7

preferred two resonance structures, respectively; 2,3,4,5-C4B2H6

might be one of three preferable structures.8 The present NBO
analyses show the most possible valence structures of the neutral
and cations in Figure 5, and occupancies and energetic levels
of the 3c-2e bonds such as B-B-B, B-H-B, C-B-B, and
C-B-C are summarized in Table 9. As shown in Figure 5,
three three-center bonds besides the B-H-B bond exist in
B6H10, 2-CB5H9, 2,3-C2B4H8, and 2,3,4-C3B3H7, while two
three-center bonds, C-B-B and C-B-C, exist in 2,3,4,5-
C4B2H6, which is similar to the structures in columns 1 and 3
of Table 11 in ref 8. The valence structures of the neutral reform
remarkably after ionization. One three-center bond is changed
from B3-B1-B4 to B2-B1-B3 for B6H10

+. Different electron
spins (R andâ) show the distinct valence structures for the other
cations. In particular, the open three-center bond B-C-B is
shown in 2-CB5H9

+(â); the double C-C bond is shown in 2,3-
C2B4H8

+(â); the multiple three-center bonds are shown in
2,3,4,5-C4B2H6

+(â). The occupancies of B2-B1-B6 and B5-
B1-B6 in B6H10, B4-B1-B5 and B5-B1-B6 in 2-CB5H9,
C3-B1-B4 and B4-B1-B5 in 2,3-C2B4H8, and C4-B1-B5
and B5-B1-B6 in 2,3,4-C3B3H7 are smaller and the energy
levels are higher. This indicates that these bonds are relatively

weaker and may correlate with valence resonances. Namely,
the structures in Figure 5 only represent the lowest energetic
ones, the higher or excited states may show the different valence
structures possible shown in ref 8. The hybrids of the three-
center bonds are given as Table 2S in the Supporting Informa-
tion.

4. Conclusion

Geometries, vibrational frequencies, and energetic properties
of B6H10, 2-CB5H9, 2,3-C2B4H8, 2,3,4-C3B3H7, and 2,3,4,5-
C4B2H6, and their radical cations, are studied with B3LYP/6-
311G(d,p), CCSD(T), and the P3 calculations. Atomization
energies of these species are enhanced in an exponential term
of the carbon number in the carboranes, owing to the strong
B-C bond formation. The predicted IPv values are used to make
reassignments to the PES available in the literature.10 Valence
structures are presented on the basis of the NBO analyses,
exhibiting the multiple three-center bonds such as B-B-B,
B-H-B, C-B-B, and C-B-C. In the cations, the valence
structures are rearranged and distinctly differ from those of the
neutral.

Supporting Information Available: Cartesian coordinates
of the neutral and cations, harmonic vibrational frequencies, and
hybrids of the three-center bonds. This material is available free
of charge via the Internet at http://pubs.acs.org.
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