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Bulk boron, which is characterized by 3D cage-like structural
features, is a refractory material.[1, 2] However, 3D cage
structures were suggested to be unstable for small boron
clusters, and planar or quasi-planar structures have been
proposed instead.[3–5] Experimental studies combined with
high-level calculations have shown that small boron cluster
ions are planar up to at least B20

� ,[6–10] whereas Bn
+ ions have

been found to be planar up to n = 16.[11] The chemical bonding
in the planar boron clusters has been found to be quite
remarkable;[6–9] in addition to the strong and localized
bonding in the circumferences, there are two types of
delocalized bonding—the in-plane s and the out-of-plane
p bonding, each of which follows the (4N + 2) H�ckel rule for
aromaticity. In particular, systems with six s and six p

electrons (N = 1) are doubly aromatic, and give rise to highly
symmetric planar clusters, such as B8

2� and B9
� , which each

contain a central B atom and a B7 and B8 monocyclic ring,
respectively.[6] In the D7h B8

2� and D8h B9
� molecular wheels,

each B atom in the circumference contributes two electrons to
the B–B peripheral covalent bonds and one electron to the
delocalized bonds, whereas the central B atom contributes all
its valence electrons to the delocalized bonds. These novel
bonding situations suggest that other atoms with appropriate
numbers of valence electrons and sizes may be able to replace
the central boron atom to produce M�Bn-type clusters.[12]

Hexagonal, heptagonal, and octagonal C�Bn-type clus-
ters have been proposed from theoretical calculations as
examples of hexa-, hepta-, and octacoordinate planar car-
bons.[13–15] However, photoelectron spectroscopy (PES) stud-
ies showed that carbon occupies the peripheral position in
such clusters rather than the center,[16,17] because C is more
electronegative than B and thus prefers to participate in

localized two-center-two-electron (2c-2e) s bonding, which is
possible only at the circumference of the wheel structure.
Transition-metal atoms are better suited for the central
position in the M�Bn clusters, as these metals favor partic-
ipation in delocalized bonding at the center over localized
bonding at the periphery. For an M�Bn cluster, the electronic
requirement for the central atom is x = 12�n or x = 12�n�k
for an M�Bn

k� anion, where x is the valence of the transition-
metal atom M, in order to satisfy the peripheral B�B
s bonding and the s and p H�ckel aromaticity for N = 1.
Indeed, all 3d transition-metal atoms have been tested
computationally for the M�Bn-type hypercoordinate com-
plexes.[18–21] Two complexes, namely Co�B8

� and Fe�B9
� , in

which the Co and Fe atoms are trivalent and divalent,
respectively, were found to be closed-shell global minima, in
agreement with our electronic design principle.

We have focused our experimental efforts on transition-
metal-doped boron clusters that involve Group 8 (Fe, Ru, Os)
and 9 (Co, Rh, Ir) elements. The experiments were carried out
using a PES apparatus equipped with a laser vaporization
supersonic cluster source and a magnetic-bottle PES analyzer
(see the Experimental Section). Spectra were obtained for a
wide range of MBn

� clusters. The spectra of CoB8
� and RuB9

�

(Figure 1) were different, in that, they both displayed
relatively high electron binding energies and simple spectral
patterns (see Figure S1 in the Supporting Information for a
comparison of the spectra of RuBn

� for n = 3–10).[22] The first
adiabatic detachment energies (ADEs) and the vertical
detachment energies (VDEs) of all the spectral features for
the two doped boron clusters are given in Table 1 and are

Figure 1. Photoelectron spectra of CoB8
� at a) 193 nm (6.424 eV) and

b) 266 nm (4.661 eV). Photoelectron spectra of RuB9
� at c) 193 nm

and d) 266 nm. The vertical lines in (b) and the numbers in (d)
indicate vibrational structures.
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compared with theoretical calculations. Four detachment
features (X, A–C) were observed for CoB8

� (Figure 1 a).[23] At
266 nm (Figure 1b), the X band was vibrationally resolved:
two vibrational modes were observed, one with a frequency of
(1200� 50) cm�1 and another with a frequency of (520�
50) cm�1. The A band was weak at 193 nm (Figure 1 a) and
became even weaker at 266 nm (Figure 1b). Four well-
resolved bands (X, A–C) were also observed in the spectrum
of RuB9

� (Figure 1c). At 266 nm (Figure 1d), the X band was
observed to be fairly sharp without any resolved vibrational
structures, thus suggesting that a very low frequency mode
was involved and that there was little geometry change
between the anion and the neutral ground state. The A band
of RuB9

� was vibrationally resolved with three vibrational
modes (Figure 1d): (550� 50), (1240� 50), and (1560�
50) cm�1. The simple spectral patterns and the resolved
vibrational structures for such complicated systems suggest
that CoB8

� and RuB9
� should have high symmetries.

To confirm the symmetries of CoB8
� and RuB9

� , we
optimized their structures (see Experimental Section) and
found that the D8h Co�B8

� (1 A1g , …3a1g
2 2e1u

4) and D9h

Ru�B9
� (1 A1’, …2e1’

4 3a1’
2) are indeed minima on the

potential energy surfaces (Figure 2). Our result for Co�B8
�

is consistent with previous calculations.[20] We computed the
VDEs for these clusters at several levels of theory (Table 1)
and found excellent agreement with the experimental data.
Optimization of the neutral clusters led to a lower symmetry
D2h Co�B8 and a C9v Ru�B9 (Figure 2). The actual structural
distortions are relatively minor. The Ru atom is only
approximately 0.1 � out of plane in the neutral C9v RuB9.
The highest occupied molecular orbital (HOMO) of the D8h

Co�B8
� is degenerate (2e1u). Detachment of an electron from

the 2e1u HOMO results in Jahn–
Teller distortions that reduce the
symmetry of Co�B8 to D2h. We
calculated the vibrational frequen-
cies of the D2h Co�B8 and found
four totally symmetric modes: 442
(n1), 549 (n2), 754 (n3), and 1160 (n4)
cm�1. The frequencies of two of
these modes (n2 and n4), which are
responsible for the D8h to D2h

distortion, are in excellent agree-
ment with the observed vibrational
frequencies of (520� 50) and
(1200� 50) cm�1 in the X band of
the photoelectron spectrum (Fig-
ure 1b). The calculated ADE of
CoB8

� is also in excellent agree-
ment with the experimental value
(Table 1).

The HOMO of the D9h Ru�B9
�

is 3a1’, which is primarily of Ru 4dz2

character (Figure S2). The out-of-
plane distortion is consistent with
the nature of this HOMO. This
structural distortion suggests that
the vibrational mode, which is
active upon removing an electron

from the HOMO, should involve the Ru atom moving up and
down. This mode has a calculated frequency of 36 cm�1, which
is in agreement with the unresolved low frequency vibration
of the X band (Figure 1d). The HOMO-1 (2e1’) of Ru�B9

� is
degenerate and Jahn–Teller distortions are expected for
detachment from this orbital, consistent with the observed
vibrational features in the A band (Figure 1d). The calculated

Figure 2. Optimized structures for Co�B8
� , Co�B8, Ru�B9

� , and
Ru�B9. The structures presented are at the PBE1PBE/6-311 + G* level
for Co�B8

� and Co�B8 and PBE1PBE/Ru/Stuttgart/B/aug-cc-pvTZ
level for Ru�B9

� and Ru�B9 (see Experimental Section). Symmetries
and spectroscopic states are given in the parentheses. Bond lengths
are given in �.

Table 1: Comparison between experimental and theoretical results. Observed vertical electron detach-
ment energies (VDEs) for CoB8

� and RuB9
� compared with theoretical values calculated from the D8h

Co�B8
� (1A1g) and D9h Ru�B9

� (1A1’).

Observed
features

VDE (exp)[a] Final state and electronic configuration VDE (theo)

PBE1PBE[b] B3LYP[c] ROCCSD(T)[d]

Co�B8
� (D8h,

1A1g)
X[e] 3.84 (1) 2E1u … 1b2g

2 1e1g
4 2e2g

4 1a2u
2 3a1g

2 2e1u
3 3.81 3.72 3.88

A 4.23 (2) 2A1g … 1b2g
2 1e1g

4 2e2g
4 1a2u

2 3a1g
1 2e1u

4 3.90 3.97 4.20
B 4.82 (3) 2E2g … 1b2g

2 1e1g
4 2e2g

3 1a2u
2 3a1g

2 2e1u
4 4.60 4.58 4.82

C 5.21 (4) 2E1g … 1b2g
2 1e1g

3 2e2g
4 1a2u

2 3a1g
2 2e1u

4 5.12 5.17 5.58
– – 2A2u … 1b2g

2 1e1g
4 2e2g

4 1a2u
1 3a1g

2 2e1u
4 5.27 5.15

Ru�B9
� (D9h,

1 A1’)
X[f ] 3.85 (1) 2A1’ … 2a1’

2 1e1’’
4 2e2’

4 1a2’’
2 2e1’

4 3a1’
1 3.68 3.70 3.80

A[g] 4.15 (1) 2E1’ … 2a1’
2 1e1’’

4 2e2’
4 1a2’’

2 2e1’
3 3a1’

2 4.17 4.05 4.28
B 5.11 (3) 2E2’ … 2a1’

2 1e1’’
4 2e2’

3 1a2’’
2 2e1’

4 3a1’
2 5.22 5.12 5.30

C 5.29 (3) 2A2“ … 2a1’
2 1e1’’

4 2e2’
4 1a2’’

1 2e1’
4 3a1’

2 5.30 5.16 5.45

[a] Numbers in parentheses represent the uncertainty in the last digit. [b] VDEs for Co�B8
� were

calculated at ROPBE1PBE/6-311 + G(2df)//PBE1PBE/6-311 + G*; VDEs for Ru�B9
� were calculated at

ROPBE1PBE/Ru/Stuttgart/B/aug-cc-pvTZ. [c] VDEs for Co�B8
� were calculated at ROB3LYP/6-

311+ G(2df)//B3LYP/6-311+ G*; VDEs for Ru�B9
� were calculated at ROB3LYP/Ru/Stuttgart/B/aug-

cc-pvTZ. [d] VDEs for Co�B8
� were calculated at ROCCSD(T)/6-311 + G(2df)//PBE1PBE/6-311+ G*.

VDEs for Ru�B9
� were calculated at ROCCSD(T)/Ru/Stuttgart/B/aug-cc-pvTZ//PBE1PBE/Ru/Stutt-

gart/B/aug-cc-pvTZ. [e] Measured adiabatic detachment energy (ADE) is the same as the VDE.
Calculated ADE at ROCCSD(T)/6-311 + G(2df)//PBE1PBE/6-311 + G* with ZPE correction is 3.78 eV.
[f ] Measured ADE= (3.83�0.02) eV. Calculated ADE at ROCCSD(T)/Ru/Stuttgart/B/aug-cc-pvTZ//
PBE1PBE/Ru/Stuttgart/B/aug-cc-pvTZ with ZPE correction= 3.75 eV. [g] Observed vibrational frequen-
cies: (550�50), (1240�50), and (1560�50) cm�1.
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ADE of Ru�B9
� is also in good agreement with the

experimental value (Table 1). Overall, the theoretical results
and the experimental observations are in excellent agree-
ment, thus confirming unequivocally that the D8h Co�B8

� and
D9h Ru�B9

� structures are highly stable and should be the
global minima on their respective potential energy surfaces.

The valence MOs for the D8h Co�B8
� and D9h Ru�B9

�

are shown in Figure S2. The MOs responsible for the B�B
bonding in the circumference, the delocalized p bonding
(HOMO-2 (1a2u) and HOMO-4 (1e1g) for Co�B8

� ; HOMO-2
(1a2’’) and HOMO-4 (1 e1’’) for Ru�B9

�), and the delocalized
s bonding (HOMO (2e1u) and HOMO-6 (2a1g) for Co�B8

� ;
HOMO-1 (2e1’) and HOMO-5 (2a1’) for Ru�B9

�) can be
readily recognized. Each complex contains six delocalized p

and six delocalized s electrons, thus resulting in double
aromaticity and high electronic stability. Each complex also
has three primarily d-based orbitals (dz2, dxy, and dx2�y2), which
can also be readily recognized. The adaptive natural density
partitioning (AdNDP) analyses[24] show the bonding situa-
tions in the two complexes more clearly (Figure 3). These
results show the lone pairs of electrons in the d orbitals, the
B�B peripheral bonds, and the double aromaticity in both
clusters. The occupation numbers for the localized and
delocalized MOs are all close to 2. However, the two d-
based MOs (dxy and dx2�y2) have occupation numbers signifi-
cantly less than 2 (1.81 j e j in CoB8

� and 1.65 j e j in RuB9
�),

thus suggesting that these MOs are involved in covalent
interactions between the monocyclic ligands and the central
metal atoms with the contribution of the 4d element (Ru)
being higher than that of the 3d element (Co). Co is formally
trivalent in Co�B8

� and Ru is formally divalent in Ru�B9
� ,

consistent with our electronic design principle.
According to this design principle, the smaller the Bn ring,

the higher the required valence of the central atom M. For
example, for a B6 ring, a hexavalent atom is required for
M�B6 or a pentavalent atom for an M�B6

� ion. The C-

centered CB6
2� and CB7

� , which were studied computation-
ally,[13] are consistent with our design principle, even though
they are not the global minima.[16,17] Geometrical effects, that
is, the size of the central atom has to be appropriate for
optimal stability of the M�Bn clusters, dictate that the B6 or
even the B7 ring is too small to host a transition-metal atom in
the center. Thus, the B8 and B9 rings are optimal for hosting a
central transition-metal atom. The B10 ring is most likely too
large to host a divalent (for M�B10) or monovalent atom (for
M�B10

�). For example, the global minimum of AuB10
� has

been shown to be an Au atom that interacts with a B10 cluster
on its periphery, whilst the D10h Au�B10

� , albeit a local
minimum, is much higher in energy.[25]

The first transition-metal atom centered in a planar
monocyclic ring appears to be Fe�Sn5

+ and Fe�Bi5
+,

although these structures are not the global minima on their
respective potential energy surfaces.[26] The Co�B8

� and
Ru�B9

� clusters reported here are unprecedented in chemis-
try with coordination numbers of 8 and 9 in perfect planar
environments. The M�Bn

� systems are unique because of the
ability of boron to form multicenter bonds and the ensuring
multiple aromaticity. Because of the central position of the
transition-metal atom in M�Bn

� , appropriate ligands may be
conceived for coordination above and below the molecular
plane, thus rendering chemical protection and allowing
syntheses of this new class of novel boron-based metal
complexes with unexpected chemical properties.

Experimental Section
Photoelectron spectroscopy: Mixed boron (enriched in 11B) and
transition metal (M) targets were ablated by a pulsed laser. Clusters
formed from the laser-induced plasma were entrained into a helium
carrier gas and underwent a supersonic expansion. Anions in the cold
cluster beam were analyzed using a time-of-flight mass spectrometer.
Clusters of interest were selected by a mass gate and decelerated
before being intercepted by a laser beam. Two detachment photon
energies were used: 193 nm (6.424 eV) from an ArF excimer laser and
266 nm (4.661 eV) from a Nd:YAG laser. Photoelectrons were
analyzed by a magnetic-bottle-type analyzer and calibrated by the
known spectrum of Bi� . The electron binding energy spectra
presented in Figure 1 were obtained by subtracting the kinetic
energy spectra from the respective photon energies. The electron
kinetic energy resolution of the apparatus was DEk/Ek� 2.5%, that is,
about 25 meV for 1 eV electrons.[27]

Theoretical calculations: Geometry optimizations and frequency
analyses for Co�B8

� and Co�B8 were performed using the
PBE1PBE and B3LYP hybrid density functionals with the 6–311 +
G* basis set. VDE and ADE calculations were performed at three
levels of theory: ROCCSD(T)/6–311 + G(2df) and ROPBE1PBE/6–
311 + G(2df) (both at PBE1PBE/6–311 + G* geometries) and
ROB3LYP/6–311 + G(2df)//B3LYP/6–311 + G*. ROPBE1PBE/Ru/
Stuttgart/B/aug-cc-pvTZ and ROB3LYP/Ru/Stuttgart/B/aug-cc-
pvTZ were used for similar calculations on Ru�B9

� and Ru�B9.
VDE and ADE values were also calculated at ROCCSD(T)/Ru/
Stuttgart/B/aug-cc-pvTZ (at PBE1PBE/Ru/Stuttgart/B/aug-cc-pvTZ
geometries). Chemical bonding analyses (PBE1PBE/LANL2DZ) of
both clusters were performed using the AdNDP method.[24] All
calculations were carried out using Gaussian 03 and Gaussian 09.[28]

Molekel 5.4.0.8 was used for MO visualization.[29]
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Figure 3. a) AdNDP analysis for Co�B8
� . b) AdNDP analysis for

Ru�B9
� . The 2c-2e s-bonds are superimposed on the circumference

B�B framework. Note the double aromaticity derived from the three
delocalized s and p bonds in each cluster.
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