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Abstract: Density functional calculations (B3LYP/6-31G(d)) are presented for the anion and radical of the mono-
carbon carboranes, CBnHn+1, n ) 4, 9, 11. The CB4H5

-, CB9H10
-, and CB11H12

- anions, which are isoelectronic
with thecloso-dicarba species C2B3H5, C2B8H10, and C2B10H12, are predicted to have significant ionization potentials
(2.88, 4.36, and 5.19 eV). The recently reported synthesis of the permethyl derivative of the CB11H12 radical is
remarkable in view of the large predicted ionization potential of the CB11Me12- anion (4.32 eV). All calculated
properties are consistent with the removal of an electron from a cage-bonding orbital with significant unpaired spin
density on the boron opposite the carbon vertex.

Introduction

closo-Carborane cages of formula C2BnHn+2 are known to
be stable closed-shell molecules that are fairly resistant to
oxidation due to their large HOMO/LUMO gap.1 In fact, the
remarkable stability of the icosahedral C2B10H12 has led to its
use in such diverse fields as medicine (neutron capture therapy2),
molecular scaffolding (rigid building units3), and material
science (precursor of boron carbide thin films4). Since a HB-

unit is isoelectronic (and isolobal5) with HC, similar stability
might be expected with the CB11H12

- anion. Indeed, a number
of X-ray structures are known of salts with CB11H12

-.6-9 The
CB11H12

- anion and similar anions such as CB9H10
- 10,11have

become known as anions with very little nucleophilic character.12

The negative charge in these anions is delocalized over the entire
cage, making them ideal counterions that do not distort the
structure of the cation.12

Recently, Michl and co-workers13 have succeeded in synthe-
sizing a completely methyl-substituted analog of CB11H12

-.14

They found that CB11Me12- was less stable to electrolytic oxidation

than CB11H12
-. Most recently, they have reported13b that the free radical

CB11Me12 could be prepared from the anion by either chemical or
electrochemical oxidation. The free radical is stable in air for a few days
and temperature stable to 150°C. The IR spectra and X-ray crystallographic
study of the free radical CB11Me12 indicate that it has a similar structure to
the anion.13b The stability of CB11Me12was attributed to the steric protection
afforded by the “sheath of methyl groups”.13b It was predicted that CB11-
Me12 was the “first member of a new family of strongly oxidizing neutral
radicals”.13b

The object of the present work is to compare and contrast
the properties of the anion and radical of CB11H12 and CB9H10,
as the parents of the first two members of this family.

Method

All calculations were made with the Gaussian program system.15

Geometries were optimized with use of the B3LYP exchange/correlation
functional combination, which has proven to be extremely effective in
describing a number of molecular properties.16 The 6-31G(d) basis
set was used for geometry optimization while single-point calculations
were made with the 6-31+G(2d,p) basis set. Total energies (hartrees)
and zero-point energies (kcal/mol) are given in Table 1, while the
calculated and observed structures are presented in Figure 1 for CB9H10

and CB11H12. Ab initio calculations on CB9H10
- have been reported

previously.17,18
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The ab initio calculations presented here will address the gas-phase
stability of the radical. In Table 2, calculated adiabatic ionization
energies are presented for several species. The adiabatic ionization
potential of the anion has the same numerical value as the adiabatic
electron affinity of the neutral (given the common definition of electron
affinity).
One can see that while the IPs for F- and Cl- are underestimated at

the B3LYP/6-31G(d) level, agreement with experiment19 is good at

the B3LYP/6-31+G(2d,p) level. Two well-known boron hydride
anions were also computed, BH4- and B3H8

-. The BH4 radical is
predicted to haveC2V symmetry with a2B2 electronic state, in agreement
with a recent study by Boldyrev and Simons.20 The computed IP of
the anion is 3.08 eV, which is very close to a value of 3.12 eV at the
QCISD(T)/6-311++G(2df,2pd) level. Two structures of the B3H8

-

anion are known to be very similar in energy.21 The 2013 (styx
notation22) dibridged structure is predicted to be 1.6 kcal/mol more
stable than the 1104 monobridged structure at the B3LYP/6-31+G-
(2d,p)//B3LYP/6-31G(d)+ZPC level. Interestingly, the radical prefers
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R. D.; Mallard, W. G.J. Phys. Chem. Ref. Data1988, 17, Suppl. No. 1.

(20) Boldyrev, A. I.; Simons, J.J. Phys. Chem.1993, 99, 4628.
(21) McKee, M. L.; Lipscomb, W. N.Inorg. Chem.1982, 21, 2846.
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Lipscomb, W. N.J. Chem. Phys.1954, 22, 989.

Figure 1. Selected geometric parameters of the anion and radical of CB9H10 and CB11H12. Comparison is made with X-ray values for CB9H10
- (ref

11) and CB11H12
- (ref 7).

Table 1. Absolute Energies (hartrees) and Zero-Point Energies
(kcal/mol) for Various Anions and Radicals

B3LYP/6-31G(d) B3LYP/6-31G(2d,p)

PG ES energy ZPE (NIF)a energy 〈S2〉
F- K 1S -99.754 09 0.00 -99.862 04
F K 2P -99.715 53 0.00 -99.733 88 0.75
Cl- K 1S -460.252 23 0.00 -460.273 55
Cl K 2P -460.136 26 0.00 -460.137 35 0.75
BH4

- Td 1A1 -27.247 12 21.46(0) -27.268 65
BH4 C2V

2B2 -27.143 69 20.34(0) -27.153 73 0.75
B3H8

- C2V
1A1 -79.386 31 51.85(0) -79.408 88

B3H8
- Cs

1A′ -79.384 54 51.72(1) -79.406 48
B3H8 Cs

2A′ -79.266 55 51.90(0) -79.281 10 0.75
CB4H5

- C3V
1A1 -140.538 64 41.32(0) -140.564 96

CB4H5 Cs
2A′ -140.445 42 41.02(0) -140.458 57b 0.75

CB9H10
- C4V

1A1 -267.999 16 88.98(0) -268.023 61
CB9H10 C2V

2B1 -267.843 84 87.11(0) -267.860 43c 0.75
CB11H12

- C5V
1A1 -318.994 25 108.72(0) -319.018 75

CB11H12 Cs
2A′ -318.804 35 104.79(0) -319.821 94d 0.75

a Zero-point energy (kcal/mol) and number of imaginary frequencies.
b If the Cs-symmetry structure is averaged toC3V symmetry, the total
energy becomes-140.44726, an increase of 7.1 kcal/mol over theCs

structure.c If theC2V-symmetry structure is averaged toC4V symmetry,
the total energy becomes-267.85181, an increase of 5.4 kcal/mol over
the C2V structure.d If the Cs-symmetry structure is averaged toC5V
symmetry, the total energy becomes-318.81434, an increase of 4.8
kcal/mol over theCs structure.

Table 2. Calculated and Experimental Adiabatic Ionization
Potentials (eV) for Various Anionsa

B3LYP/6-31G(d) B3LYP/6-31+G(2d,p) exptlb

F- 1.05 (1.05) 3.49 (3.49) 3.399
Cl- 3.16 (3.16) 3.71 (3.71) 3.617
BH4

- 2.81 (2.76) 3.13 (3.08)
B3H8

- 3.26 (3.26) 3.48 (3.48)
CB4H5

- 2.54 (2.53) 2.89 (2.88)
CB9H10

- 4.23 (4.15) 4.44 (4.36)
CB11H12

- 5.17 (5.00) 5.36 (5.19)
CB11Me12- 4.32c (4.32)d

a The value including zero-point energy at the B3LYP/6-31G(d) level
is given in parentheses.bReference 19.c Single-point calculations are
made on the anion and radical with all methyl groups optimized at the
AM1 level (with Cs symmetry for both anion and radical) and vertex
positions frozen to the B3LYP/6-31G(d) optimized positions of
CB11H12

- and CB11H12. d The effect of basis set improvement and zero-
point correction taken from CB11H12

- f CB11H12.
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the monobridged form. The IP of B3H8
- (B3H8

- (2013-styx)f B3H8

(1104-styx)) is predicted to be 3.48 eV at the highest level.
Three monocarbon carborane anions were considered, CB4H5

-,
CB9H10

-, and B11H12
-. The first, CB4H5

-, is the smallest anioniccloso-
carborane while the last, CB11H12

-, is expected to be the most stable
(isoelectronic with C2B10H12). In accordance with expectation, the IP
of the three anions increase (2.88 to 4.36 to 5.19 eV) as the size of the
cage increases (five to ten to twelve vertices).
Since the experimentally observed free radical is CB11Me12 rather

than the parent CB11H12,14 an attempt was made to estimate the effect
of 12 methyl groups. To do this, the anion and radical of CB11Me12
were both optimized at the AM1 level inCs symmetry while freezing
the CB11 core positions to the B3LYP/6-31G(d) values. Single-point
calculations at the B3LYP/6-31G(d) level yield an estimate of 4.32
eV for the energy difference between the anion and radical. If the
effect of basis extension (6-31G(d)f 6-31G(2d,p)) and zero-point
correction are taken from the parent system (the two effects are of equal
magnitude but of opposite sign), a best estimate of 4.32 eV is made
for the gas-phase IP. The remarkable nature of the CB11Me12 radical
is reinforced by noting that the EA (which is the same as the IP of the
anion) is more than 0.8 eV greater than fluorine!
Methyl groups on CB11H12 have the effect of reducing the EA by

0.87 eV (5.19 to 4.32 eV). Such an effect is not unexpected. For
example, the gas-phase EA of the radical ofp-benzoquinone is reduced
0.32 eV by the substitution of four methyl groups for hydrogens (1.91
f 1.59 eV).19

The calculated structures of CB9H10
- and CB11H12

- compare
reasonably well with X-ray structures.7,11 Also, the effect of ionization
on geometry can be considered in Table 3. While the calculations are
for the parent and X-ray structures13,14are for the permethyl derivative,
there is agreement in the predicted overall increase in size of the cage
for the free radical. This would be consistent with removing an electron
from a cage-bonding molecular orbital.

Electronic Description of CBnHn+1, n ) 4, 9, 11

The natural population analysis (NPA) charges23 are given
in Table 4 for CB4H5 and CB9H10 and in Table 5 for CB11H12

and CB11Me12. In each case, the value reported is for the vertex
atom plus substituent. The carbon vertex is the most negatively
charged position in the anion, carrying 61% of the charge in
CB4H5

-, 50% in CB9H10
-, and 38% in CB11H12

-. When the
anion loses an electron, the charge on the carbon vertex remains
almost unchanged. The position most affected is the boron
vertex opposite carbon. Ionization removes 0.40 e- from the
boron position opposite carbon in CB4H5

-, 0.32 e- in CB9H10
-,

and 0.24 e- in CB11H12
-. In contrast, the loss of electrons

from the carbon positions is 0.10 e-, 0.08 e-, and 0.04 e- for
the same three anions. The loss of electron density opposite to
carbon in the ionization of CBnHn+1 anions is closely related
to the “antipodal” effect,18,24,25the downfieldδ(11B) chemical

shift observed for the boron nucleus across the cage from X in
B9H9X and B11H11X systems. The largest coefficient in the
highest occupied molecular orbital (HOMO) is on the boron
opposite to heteroatom.18 Thus, removing an electron from the
HOMO of CBnHn+1

- would remove electron density at the
position opposite carbon.
An inspection ofR-spin density for carbon and boron in the

CBnHn+1 radicals (Tables 4 and 5) reveals the greatest unpaired
spin density opposite carbon. In CB4H5, 0.515R-spin density
resides on the antipodal boron, compared to 0.365 in CB9H10

and 0.274 in CB11H12. In CB11H12, there was also significant
unpaired spin density on B9 (0.210) as well as on the hydrogen
attached to B9 (0.093). If methyl groups replace hydrogen in
CB11H12, the vertex charges andR-spin densities are very
similar.
Since the CBnHn+1 (n ) 4, 9, 11) anions have degenerate

HOMOs, the ionized species is subject to the Jahn-Teller effect,
which will reduce the symmetry of the radical. Thus, the ground
state symmetry of CB4H5 and CB11H12 is only Cs while it is
C2V for CB9H10. However, the radicals are expected to have
small barriers for rearranging to give an effective symmetry of
C3V for CB4H5, C4V for CB9H10, and C5V for CB11H12. To
compute an upper limit for this barrier, single-point calculations
were made on the radicals with the structure averaged to the
higher point group. As expected for these Jahn-Teller systems,
the wave function displayed a lower point group than the nuclear
positions. The symmetry-averaged structures are higher in
energy by 7.1, 5.4, and 4.8 kcal/mol than the minimum-energy
structures for CB4H5, CB9H10, and CB11H12, respectively.
If these energy differences are similar to the rearrangement

barriers, then the radicals will have a higher effective symmetry
at room temperature (298 K) but will still have a lower
symmetry at liquid nitrogen temperature (77 K). Thus, in the
ESR spectrum of the CB11Me12 radical at 77 K, the unpaired
electron should couple to hydrogen and boron characteristic of
theCs-symmetry structure. The predicted isotropic hyperfine
coupling constants26 for 1H (aH) and11B (aB) in the CB11Me12
radical are given in the Supporting Information (Table S1).
Unfortunately, in the experimental low-temperature solid-state
ESR spectrum of CB11Me12, only a broad signal with a peak-
to-peak width of 37 G was reported.13b

Vibrational frequencies and IR intensities have been tabulated
for the anion and radical of CB4H5, CB9H10, and CB11H12
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J. P.J. Magn. Reson.1976, 23, 301. (b) Leyden, R. N.; Sullivan, B. P.;
Baker, R.; Hawthorne, M. F.J. Am. Chem. Soc.1978, 100, 3758. (c)
Teixidor, F.; Vinas, C.; Rudolph, R. W.Inorg. Chem.1986, 25, 3339.

Table 3. Effect of Ionization on Geometry for CB11H12
- (B3LYP/

6-31G(d)) and CB11Me12 (X-ray)

CB11H12 (calca) CB11Me12 (X-rayb)

anionf radical ∆ anionf radical ∆

av edge distance 1.768 1.780 0.012 1.77 1.797 0.03
av opposite vertex
separation

3.363 3.383 0.020 3.38 3.417 0.04

aGeometries optimized at the B3LYP/6-31G(d) level.b For the
structure of the anion see ref 13a and for that of the radical see ref
13b.

Table 4. Calculated Natural Population Analysis (NPA) Charges
andR-Spin Densities in CB4H5

-/CB4H5 and CB9H10
-/CB9H10

a

NPA charges R-spin density

vertex CB4H5
- CB4H5 atom CB4H5

HC1 -0.61 (-0.61) -0.52 (-0.51) C1 0.078 (0.083)
HB2 0.00 (0.00) 0.11 (0.11) B2 0.219 (0.183)
HB3/HB4 0.00 (0.00) 0.20 (0.20) B3/B4 0.095 (0.106)
HB5 -0.39 (-0.39) 0.00 (0.01) B5 0.523 (0.515)

NPA charges R-spin density

vertex CB9H10
- CB9H10 atom CB9H10

HC1 -0.51 (-0.50) -0.43 (-0.42) C1 0.065 (0.057)
HB2/HB4 0.07 (0.06) 0.13 (0.12) B2/B4 0.006 (0.007)
HB3/H3 0.07 (0.06) 0.12 (0.11) B3/B5 0.005 (0.026)
HB6/HB7/
HB8/HB9

-0.15 (-0.15) -0.05 (-0.05) B6/B7/
B8/B9

0.125 (0.116)

HB10 -0.16 (-0.16) 0.14 (0.16) B10 0.376 (0.365)

a The first value is calculated at the B3LYP/6-31G(d) level. The
value in parentheses is calculated at the B3LYP/6-31+G(2d,p) level.
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(Supporting Information, Tables S2-S4). Although several
experimental bands have been reported for the anion and radical
of CB11Me12, a comparison with the calculated frequencies of
CB11H12 suggests that most (if not all) of the bands are due to
methyl groups. In the IR spectrum of AgCB11H12 in the solid
state a strong broad band at 2550 cm-1 can be assigned to three
intense bands calculated at 2658, 2642, and 2630 cm-1. A
comparison of the vibrational frequencies of the anion and
radical of CB11H12 is difficult due to the complicated nature of
the modes and the change in symmetry. Nevertheless, a
correspondence has been found between several of the a1 and
a2 modes of theC5V anion and a′ and a′′ modes in theCs radical.
In general, there is a significant decrease in the vibrational

frequencies as one goes from the anion to the radical (Table 6),
which is in keeping with removing the electron from a cage-
bonding orbitial.

Conclusions

Ab initio calculations on the anion and radical forms of
CBnHn+1, n ) 4, 9, 11, indicate that the ionization potentials
increase as the size of the cage increases. A value of 5.19 eV
for the IP of CB11H12

- indicates that the related radical should
have a very large electron affinity (5.19 eV). The replacement
of hydrogens with methyl groups is predicted to decrease the
EA of the radical to 4.32 eV, still a remarkably large value. In
CB11H12

-, the boron position opposite carbon loses the largest
amount of charge (and bears the largest amount ofR-spin
density) when the anion is ionized. Calculated properties
(structure, energetics, and vibrational frequencies) are consistent
with loss of an electron from an orbital that is cage bonding
with a large contribution from the boron opposite carbon.
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Table 5. Calculated Natural Population Analysis (NPA) Charges andR-Spin Densities in CB11R12
- and CB11R12 (R ) H, Me)a

NPA charges (R) H) NPA charges (R) Me) R-spin density (R) H, Me)b

vertex CB11H12
- CB11H12 CB11Me12- CB11Me12 atom CB11H12 CB11Me12

RC1 -0.39 (-0.38) -0.35 (-0.34) -0.44 -0.43 C1 0.001 (0.013) 0.013
RB2 0.03 (0.02) 0.09 (0.08) 0.04 0.10 B2 0.037 (0.007) 0.052
RB3/RB6 0.03 (0.02) 0.07 (0.07) 0.05 0.09 B3/B6 -0.011 (-0.007) -0.014
RB4/RB5 0.03 (0.02) 0.07 (0.07) 0.05 0.09 B4/B5 0.002 (-0.001) 0.014
RB7/RB11 -0.13 (-0.13) -0.04 (-0.04) -0.14 -0.05 B7/B11 0.099 (0.094) 0.087
RB8/B10 -0.13 (-0.13) -0.07 (-0.07) -0.14 -0.07 B8/B10 0.024 (0.055) 0.014
RB9 -0.13 (-0.13) 0.06 (0.07) -0.14 0.05 B9 0.276c (0.210)d 0.247e

RB12 -0.11 (-0.10) 0.12 (0.14) -0.10 0.15 B12 0.271 (0.274) 0.251

a The first value is calculated at the B3LYP/6-31G(d) level. The value in parentheses is calculated at the B3LYP/6-31+G(2d,p) level.b A
negative number indicates an excess ofâ-spin density on that atom.c There is 0.082R-spin density on hydrogen.d There is 0.093R-spin density
on hydrogen.eThere is a total of 0.102R-spin density on the methyl group.

Table 6. Comparison of Vibrational Frequencies (cm-1) for
Corresponding Modes in the Anion and Radical of CB11H12

a

CB11H12
- (C5V) CB11H12 (Cs) ∆ description

a1 3200 a′ 3224 24 CH stretch
a1 1004 a′ 972 -32 cage deformation
a2 951 a′′ 937 -14 BH bend
a1 798 a′ 774 -24 C-B5 apical stretch
a1 762 a′ 748 -14 cage expansion/contraction
a1 586 a′ 563 -23 cage flatten/elongation
a2 528 a′′ 537 9 B5/B5 “belt” twist

a Frequencies calculated at the B3LYP/6-31G(d) level.
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