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ABSTRACT: Small boron clusters are known to be planar, and may be used as ligands to form novel
coordination complexes with transition metals. Here we report a combined photoelectron spectroscopy
and ab initio study of CoB,,” and RhB,,”. Photoelectron spectra of the two doped-B,, clusters show
similar spectral patterns, suggesting they have similar structures. Global minimum searches reveal that
both CoB;,~ and RhB;,” possess half-sandwich-type structures with the quasi-planar B, moiety
coordinating to the metal atom. The B, ligand is found to have similar structure as the bare B, cluster with C;, symmetry.
Structures with Co or Rh inserted into the quasi-planar boron framework are found to be much higher in energy. Chemical
bonding analyses of the two B, half sandwiches reveal two sets of 6 bonds on the boron unit: nine classical two-center—two-
electron (2c—2e) o bonds on the periphery of the B, unit and four 3c—2e ¢ bonds within the boron unit. Both ¢ and 7 bonds
are found between the metal and the B,, ligand: three M—B single o bonds and one delocalized 4c—2e 7 bond. The exposed

88—
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(M = Rh, Co)

metal sites in these complexes can be further coordinated by other ligands or become reaction centers as model catalysts.

I. INTRODUCTION

Boron has one electron less than its valence orbitals; this
electron deficiency results in very different chemistries for
boron relative to carbon. While small carbon clusters are chains
or rings,l small boron clusters (B,) have been found to be
planar or quasi-planar (2D) up to at least 24 atoms as
anions”~ "% or up to 16 atoms as cations.'" Direct experimental
studies of neutral boron clusters have been challenging, and the
2D—3D transition has not been experimentally confirmed.
Even though neutral B,, was found computationally to have a
3D double ring global minimum,'®'? recent infrared experi-
ment failed to detect this structure.”” Similarly, the proposed
3D structure for By, (ref 14) runs counter to the recent infrared
experiment that neutral B;;, B;;, and B, are planar.13 In
addition to their interesting chemical bonding, small planar
boron clusters may be used as novel ligands or building blocks
for new nanostructures. Among the small boron clusters, the
closed-shell B;~, By*~, By~, By, Bj;, and B,, have been
suggested to be the best candidates as new inorganic ligands or
building blocks," because they are all aromatic according to
the Hiickel’s rule with 4N + 2 7 electrons.

Theoretical studies suggested that the doubly aromatic By~
may form stable M*[B;~] (M = Li—Cs) ionic complexes.'”
Anionic complexes of Li'[Bs>"] and Li*[Bg*"] have been
observed experimentally and studied by photoelectron spec-
troscopy (PES) and theoretical calculations.'®'® The boron
cluster motifs in these ionic complexes have almost the same
structures and electronic properties as the corresponding bare
clusters. Aluminum-doped B, and By clusters, AIB,~ and AlBg~,
were found to have umbrella-type AI**[B,*"] and Al'[Bg*"]
structures in a combined PES and theoretical study.'® The
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stability of these clusters was attributed to the double
aromaticity of B,’~ and Bg>". More interestingly, transition-
metal-doped By, By, and B, clusters have been discovered to
form a series of novel borometallic molecular wheels:*°
Co©Bg~ and Ru©B,~,>' MOB, and MOB,~ (M = Rh, Ir),*
Ta©B,,” and NbOB,,~,**> and Fe©B,~ and Fe©B,".>* The ©
symbol was proposed to designate the central position of the
doped atom in the planar monocyclic structures of the new
borometallic complexes.”' Geometric and electronic factors in
the rational design of the novel borometallic molecular wheels
have been investigated.”*® Very recently,* the structures and
chemical bonding of a series of TaB,” (n = 3—8) clusters were
studied to probe the formation mechanisms of the Ta©B,,~
molecular wheel, which holds the highest coordination number
for a metal complex in planar geometry.”>”” Theoretical
investigations on X©B,H, (X = B, Be; n = 5—8) and MOB,H,
(M = V7, Cr, Mn") have also been reported recently.”**’
Interestingly, triple-decker complexes containing planar B, H,,
units, such as (Cp*Re),B,X, (n = 5-7; X = Cl or H), were
synthesized previously and characterized structurally;>**! the
two metal atoms were thought to contribute six electrons to the
BeXs or BX; (X = H or Cl) motifs. Bare planar By rings
embedded in one-dimensional Ti, wheels were found in the
crystal structure of a solid-state phase of Ti,Rh,Ir,Bg.>> Very
recently, the planar By ring has been found to be sandwiched
between two Ta atoms in the Ta,Bg cluster.>® Thus, planar
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boron-based fragments can indeed be viable ligands in different
sandwich complexes and may play an important role in the
further development of boron chemistry.

In our studies of the MO©B,” molecular wheels, the position
of the metal atom has been found to depend on two factors: the
electronic requirement to fulfill double aromaticity and the
geometrical factor depending on the size of the metal atom.”*>*
The geometrical factor requires that the central atom fits into
the cavity of a monocyclic ring. The electronic factor requires
the right number of valence electrons to achieve electronic
stability of the high-symmetry structure. It was shown that a
systematic destabilization of the M©OB,,” molecular wheel
going up the periodic table from Ta to V is due to the
decreasing metal atom size.** The smaller atomic size and the
more contracted 3d orbitals make the V atom energetically
unfavorable to fit inside a B, ring to form a stable VOB,,~
molecular wheel. Hence, VB,,” has a boat-like structure with
the V bonded above a B,, unit, which resembles the structure of
the bare By, cluster. This is the largest boron cluster, observed
thus far to act as a ligand.

On the basis of these ideas, one would expect to find similar
clusters with a transition metal atom coordinated in the same
manner with respect to a quasiplanar boron framework. The
boron cluster should maintain a similar planar geometry to that
of the undoped boron cluster of the same stoichiometry. Then,
the question is: what is the largest planar boron ligand that will
maintain its structure in a half-sandwich-type complex with a
metal atom? A good candidate is the highly stable quasiplanar
B,,, an aromatic cluster with a large HOMO—-LUMO gap, as
revealed from the photoelectron spectra of Bj,™.> It has a very
interesting bowl structure: a nine-membered outer ring and an
inner B; triangle that is slightly out of plane. Theoretical
calculations suggested that monometal doped B, clusters could
form the half-sandwich clusters.>*>*® The B, fragment in such
doped clusters has the C;, symmetry as the bare B, cluster, but
is more curved. However, there has been no experimental
evidence of such structures.

In the current study, we report two transition-metal-doped
B,, clusters, i.e, RhB;,” and CoB,,”, which are characterized by
photoelectron spectroscopy and ab initio calculations. The
photoelectron spectra of both clusters show relatively simple
spectral patterns, suggesting they may have similar high
symmetry structures. Extensive structural searches found that
the half sandwich structures are indeed the global minima for
both clusters. Chemical bonding analyses showed that the B,
motif maintains similar structures as the bare cluster, but
becomes slightly more curved toward to the metal atoms. Both
o and 7 bonds are found between the B;, motif and the metal
atom.

Il. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental Method. The experiment was carried out
using a magnetic-bottle PES apparatus equipped with a laser
vaporization cluster source, the details of which have been
described elsewhere.’” Briefly, the MB,,” clusters were
generated by laser ablation of a cold-pressed target composed
of Co (or Rh) and isotopically enriched '°B, balanced by Bi,
which acted as a binder and also provided a convenient
calibrant (Bi~) for the photoelectron spectra. Clusters formed
in the nozzle were entrained in a He carrier gas and underwent
a supersonic expansion to form a collimated cluster beam. The
He carrier gas was seeded with 5% Ar, which was found to
provide better cooling for the entrained clusters.*®** The
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anionic clusters were extracted from the collimated cluster
beam and analyzed by a time-of-fight mass spectrometer. The
MB;,” clusters of current interest were mass-selected and
decelerated before photodetached by a laser beam operated at
193 nm (6.424 eV) from an ArF excimer laser and 266 nm
(4.661 eV) from a Nd:YAG laser. Photoelectrons were
collected at nearly 100% efficiency by the magnetic bottle
and analyzed in a 3.5 m long flight tube. The resolution of the
apparatus, AE,/E,, was better than 2.5%, i.e., ~25 meV for 1 eV
electrons.

B. Theoretical Methods. Unbiased searches for the global
minima of CoB;,” and RhB,,” with different spin states (singlet
and triplet) were performed using the Coalescence Kick (CK)
program, the details of which can be found in ref 16.
Approximately 5000 trial structures were generated for each
cluster in a particular spin state followed by §eometry
optimization at PBEO/LANL2DZ level of theory.*”~* The
low energy isomers (AE < 45 kcal/mol) were then reoptimized
at PBEQ/M/Stuttgart/B/ aug-cc-p\/"I'Z‘B_47 (M = Co, Rh).
Single-point calculations for selected isomers were further
performed using the CCSD(T)/M/Stuttgart/B/aug-cc-
pVTZ//PBE0/M/Stuttgart/B/aug-cc-pVTZ method. For
each structure, vibrational frequencies were calculated and
imaginary frequencies were followed to ensure that it
corresponded to a true minimum on the potential energy
surface. The restricted open-shell calculations were performed
for the open-shell isomers at the ROCCSD(T)/M/Stuttgart/
B/aug-cc-pVTZ//PBE0/M/Stuttgart/B/aug-cc-pVIZ level of
theory.

Vertical detachment energies (VDEs) of the global minimum
structures were calculated at the TD-DFT/M/Stuttgart/B/aug-
cc-pVTZ (DFT = PBEO for RhB,,; BP86** for CoB,,) level
of theory to compare with the experimental data. The BP86
functional was found previously to give superior results for
energetic groperties for clusters involving 3d transition
metals.****>' To be precise, all the VDEs of CoB,” were
calculated using the TD-BP86 method, which is based on the
nonhybrid BP86 functional. On the other hand, the PBEO
functional, which involved a 1:3 mixture of DFT and exact
exchange energies, was utilized to obtain the VDEs of RhB,,".
For each cluster, the first VDE was calculated as the difference
in energy between the lowest anionic state and the lowest
neutral state at the geometry of the anion. Then, vertical
excitation energies of the neutral species calculated at the TD-
DEFT levels were added to the first VDE to approximate the
second and higher VDEs. Even though we were not able to
compute VDEs for both clusters at the same level of theory, we
found good agreement between the experimental and
theoretical VDEs in each case (vide infra).

Chemical bonding analyses were done on the global minima
of CoB,,” and RhB),” using the adaptive natural density
partitioning (AAINDP) method,>* which has been successfully
used to provide insight into the chemical bonding of not only
boron clusters, but also of boron and carbon 2D materials.>*>~>°
The AANDP method analyzes the first-order reduced density
matrix in order to obtain its local block eigenfunctions with
optimal convergence properties for an electron density
description. The obtained local blocks correspond to sets of
n-atoms (n ranging from one to the total number of atoms in
the molecule) that are tested for the presence of n-electron
objects [n-center two-electron (nc—2e) bonds]. The AANDP
method initially searches for core electron pairs and lone pairs
(1c—2e), then 2c—2e, 3c—2e, ..., and finally up to nc—2e bonds.

dx.doi.org/10.1021/jp411867q | J. Phys. Chem. A 2014, 118, 8098—8105
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Figure 1. Photoelectron spectra of CoB;,” (ab) and RhB,,” (c,d) at 193 nm (6.424 eV) and 266 nm (4.661 eV). The 266 nm spectra offer better

spectral resolution than the 193 nm spectra.

Table 1. Observed VDEs of CoB,;,” and RhB;,” Compared with the Calculated Values*

Feature VDE (exp)” Final State and Electronic Configuration VDE
CoByy (Cyy, 'A1) TD(BP86)

X 3.37 (4) 2E ... 1a,73a,°4a,%3¢"4e"5a,25¢"6a,%6¢" 7e '8¢’ 3.39

A 420 (4) ’E ... 1a,%3a,%4a,"3¢*4e5a,25¢"6a,%6¢" e8¢ 4.28

’E ... la,3a,%4a,"3¢"4e*5a,°5¢"6a,%6¢° 7" 8¢ 452

B 4.58 () { A1 ... 1a,%3a,%4a,’3¢*e"5a,%5¢*6a, 66" 7¢"8¢e? 4.88

’E ... 1a,3a,%4a,"3¢"4e*5a,°5¢°6a,%6¢" 7" 8¢ 5.72

¢ 5554 { A1 ... 1a,%3a,4a,’3e*e"5a, ' 56,66 Te"8e* 5.88

D ~6.1 E .. 1a223a|24a.23e44e35a125e46e46a|27e48e4 6.21
RhBi; (Cs, 'Ar) TD(PBEO)

i ;:59((:))(, } B ... 3e%e"5e"5a,%6¢6a,27¢"8€} 3.42

z :2:((:; B .. 3ss"4e“5¢:45a126e46a127e38e4 4.59

2B ... 3e*4e*5¢%5a,%6e%6a,2 7 8¢e* 5.26

b -3 { 2A; ... 3e*4e*5e'5a,%6¢6a, 1 7e 8¢ 5.41

E ~6.2 ’E ... 3e'4e"5¢’5a,°6¢"6a, e *8e? 6.34

“All energies are in eV. “Numbers in parentheses represent the uncertainty in the last digit. “The VDEs were calculated at TD-BP86/Co/ Stuttgart/
B/aug-cc-pVTZ//BP86/Co/Stuttgart/B/aug-cc-pVTZ. “The VDEs were calculated at TD-PBEO/Rh/Stuttgart/B/aug-cc-pVTZ//PBE0/Rh/
Stuttgart/B/aug-cc-pVTZ. “This feature is assigned to the second spin—orbit component of the “E ground state. “This is assigned to the Jahn—

Teller or spin—orbit splitting of the 2E excited state.

At every step, the density matrix is depleted of the density
corresponding to the appropriate bonding elements. The user-
directed form of the AANDP analysis can be applied to
specified molecular fragments and is analogous to the directed
search option of the standard natural bond orbital (NBO)
code.**>” AANDP accepts only those bonding elements whose
occupation numbers (ONs) exceed a specified threshold value,
which is usually chosen to be close to 2.00 lel. We used the
PBEO/LANL2DZ level of theory for the AANDP calculations.

To estimate the spin—orbit splitting expected for each
electronic transition for the MB;,” clusters single point
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calculations were conducted with the PBEO/ QZ4P58 functional
and basis set combination using the zero-order relativistic
approximation (ZORA) as implemented in the ADF program
package.sg_61 All geometry optimization, TD-DFT, RCCSD-
(T), and ROCSSD(T) were performed using the GAUSSIAN
09 program.®> Molecular structure visualization was done using
the MOLDEN 3.4% and Chemcraft programs.®* Molecular
orbital (MO) visualization was performed using MOLEKEL
5.4.08.%

dx.doi.org/10.1021/jp411867q | J. Phys. Chem. A 2014, 118, 8098—8105
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lll. EXPERIMENTAL RESULTS

The photoelectron spectra of CoB;,” and RhB;,” at two
different photon energies are shown in Figure 1. The spectra
measured at 193 nm reveal more detachment features, while
those obtained at 266 nm provide slightly better spectral
resolution. The PES bands are labeled with letters (X, A, B, ...)
and the VDEs for all observed bands are given in Table 1,
where they are compared with the calculated VDEs.

A. CoB;,™. The 193 nm spectrum (Figure la) exhibits a
relatively simple spectral pattern with five resolved bands,
labeled as X and A—D. All the PES bands are quite broad,
suggesting significant geometry changes between the anion and
the neutral states or overlapping of multiple detachment
transitions. The X band represents the detachment transition
from the ground state of CoB;,” to that of neutral CoB,,. The
VDE of the X band is measured as 3.37 eV from the peak
maximum in the 266 nm spectrum (Figure 1b). The ADE is
evaluated to be 3.23 eV by drawing a straight line along the
leading edge of band X and then adding the instrumental
resolution to the intersection with the binding energy axis. The
VDE of band A is measured as 420 eV from the 266 nm
spectrum, whereas the VDEs of band B, C, and D are obtained
from the 193 nm spectrum as 4.58 eV, 5.55 eV, and ~6.1 eV,
respectively. The band D is tentatively assigned due to the low
signal-to-noise ratio in the high binding energy side of the 193
spectrum.

B. RhB,,”. The spectra of RhB;,” are similar to those of
CoBy,” except the relative intensities and splittings of certain
spectral bands. For example, the lowest binding energy band of
RhB,,” at 193 nm (Figure 1c) is the most intense band and it is
resolved into two relatively sharp features (X and A) in the 266
nm spectrum (Figure 1d). This splitting could be due to either
the Jahn—Teller or spin—orbit (SO) effects. The VDE of the
lowest binding energy band X is measured to be 3.49 eV and its
ADE is measured to be 3.45 eV from the 266 nm spectrum.
Feature A is split from band X by 0.16 eV with a VDE of 3.65
eV. The VDEs of the next two bands B and C are measured to
be 4.39 and 4.64 eV, respectively. Band D at ~5.5 eV is fairly
broad and likely consists of several overlapping detachment
channels. Similar to the 193 nm spectrum of CoB,~, the signal-
to-noise ratio of the high binding energy side of the 193 nm
spectrum of RhB,,” is also poor and the sharp peak at 6.13 eV
cannot be assigned as a single vibronic transition. A VDE of
~6.2 eV is tentatively identified for the band E, similar to the
band D in the CoB;,” case.

IV. THEORETICAL RESULTS

A. Global Minimum Searches for CoB;,” and RhB,,".
The 10 energetically lowest lying isomers of MB;,” at PBE0/
M/ Stuttgart/B/aug-cc-pVTZ are presented in the Supporting
Information: all the isomers found within 30 kcal/mol with
respect to the global minimum for CoB,,” (Figure S1), and
within 45 kcal/mol for RhB,,” (Figure S2). All these structures
represent minima on the potential energy surfaces. The (S*)
values were found to be in the range of 2.02—2.20 for all the
DFT calculations. Subsequently, more accurate single-point
calculations were performed at CCSD (T)/M/ Stuttgart/B/aug-
cc-pVTZ//PBE0/M/Stuttgart/B/aug-cc-pVIZ (M = Co, Rh).
The restricted open-shell formalism was used to give the proper
(S?) value for the open-shell species at the CCSD(T) level of
theory. In the case of RhB,,”, the second isomer (C,, 'A’, Il in
Figure S2) turned out to be 18.0 and 15.4 kcal/mol higher in
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energy than the global minimum isomer I (Cy, 'A;) at the
PBEO and CCSD(T) levels of theory, respectively. Thus,
isomer II was not expected to be present experimentally. All the
other isomers found by the CK searches for RhB;,” represent
high-energy structures (Figure S2). For CoBy,”, the second
isomer (C, *A”, 1 in Figure S1) is 4.8 kcal/mol higher in
energy than the global minimum isomer I (Cy,, 'A;) at PBEO
level. We do not present results at the CCSD(T) level for the
CoB,,” clusters, because we found the values of the T,
diagnostic (T, 0.39)%7% and NORM(A) (1.70) were
quite large for CoB,,” in comparison to those for RhB,,” [T, =
0.12 and NORM(A) = 1.34]. Hence, the coupled cluster
relative energy ordering should be treated with caution for
CoB,,". These results suggested that the true wave functions
for the structures of CoB;,” might be more accurately
described by multiconfigurational reference states. Never-
theless, on the basis of the results for RhB;,”, the PBEO
energies for CoB;,” should be reasonably reliable and the
second isomer should be negligible experimentally.

B. The Global Minima for CoB;,” and RhB,;,”. The
global minimum structures of CoB,” and RhB;,” are similar,
as shown in Figure 2. Both anions possess C;, symmetry with a

A,)

COB12- (C3v’ 1A1)

2.55 2.46 25

2.35 5

Figure 2. Two views of the global minimum structures of (a) RhB,,”
and (b) CoB,,”. Their point group symmetries and spectroscopic
states are shown in parentheses. Bond lengths are given in A.

half sandwich structure, in which the B, moiety is similar to the
bare By, cluster. The B, framework is slightly puckered to
achieve optimal interactions with the metal atoms. In RhB;,”,
the distance between Rh and the three inner boron atoms is
slightly larger (2.09 A) than for Co (1.97 A), consistent with
the atomic radii of the two metal atoms. All B—B bond
distances in RhB,,” and CoB,™ are similar to those in the bare
By, cluster (Figure 3a). The only significant difference comes
from the curvature of the B, framework: the peripheral atoms
bend out of the plane of the inner triangle by 0.70 A and 0.88 A
in RhB,,”, by 0.74 A and 0.94 A in CoB,,”, whereas in pure B,
these distances are 0.22 A and 0.35 A, respectively.

The inner atoms in the planar B,;" cluster with a 9-atom
periphery®”® have been shown previously to be fluxional with
an internal rotation barrier of only 0.1 kcal/ mol,71 similar to
that in the planar B ™ cluster.%”> The facile internal rotation in
By, and B,y is akin to “molecular Wankel motors”.”"”* Figure
3 shows results of the internal rotation in the pure B, cluster,
compared with that in MB,”. In both cases, the 60° rotation of
the inner Bj; triangle results in a transition state, corresponding
to a saddle point with an imaginary frequency. It seems that

dx.doi.org/10.1021/jp411867q | J. Phys. Chem. A 2014, 118, 8098—8105
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AE=19.4 kcal/mol

b) MB,, (M=Rh, Co)
@ )
I.C,, ('A) I.C,, ('A,)
NIF=0 NIF=1

AE=8.7-8.9 kcal/mol

Figure 3. Rotational barriers of the inner boron triangle with respect to the outer ring for B;, and MB,,” obtained at the PBEO/aug-cc-pVTZ and
PBE0O/M/Stuttgart/B/aug-cc-pVTZ (M=Rh, Co) levels of theory, respectively. NIF denotes number of imaginary frequencies.
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Figure 4. AANDP analysis for RhB,,”. ON denotes the occupation number and is equal to 2.00 lel in the ideal case.

complexion of B}, with a metal atom significantly reduces the
barrier of the internal rotation.

V. COMPARISON BETWEEN EXPERIMENT AND
THEORY

A. CoB;,". The global minimum of CoB,,” is closed shell
with a 'A; ground state and thus only doublet final states are
expected upon one electron detachment. The HOMO (8e) of
CoB,,” is doubly degenerate, resulting in a *E final state upon
one electron detachment (Table 1). This doubly degenerate
final state is unstable against Jahn—Teller distortion and it can
also be split by spin—orbit effects, consistent with the broad
width of the X band (Figure 1b). The calculated first VDE of
3.39 eV agrees well with the 3.37 eV VDE measured for the X
band (Table 1). The calculated ADE of 3.22 eV is also in good
agreement with the measured value of 3.23 eV. The next three
detachment channels from HOMO-1 (7e), HOMO-2 (6e), and
HOMO-3 (6a,) give rise to calculated VDEs of 4.28, 4.52, and
4.88 eV, respectively, which are fairly close to each other and
are in good agreement with the VDEs for the broad and
overlapping bands (4 to S €V) labeled A and B (Figure 1a).
Following a large energy gap, the next two detachment
channels from the Se and Sa; orbitals yield VDEs very close
to each other and are assigned to band C. The detachment
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from the 4e orbital has a calculated VDE of 6.21 eV, in good
agreement with that of band D at ~6.1 eV. Overall, the
calculated VDEs and spectral pattern are in excellent agreement
with the experimental PES data, lending considerable credence
to the C;, global minimum of CoB},".

B. RhB;,". The electronic structure and MO configuration
of RhB,,” (Table 1) are similar to those of CoB,, . Electron
detachment from the doubly degenerate HOMO (8e) produces
the 2E neutral ground state with a calculated VDE of 3.42 eV,
which agrees well with that of band X at 3.49 eV. However, the
second detachment channel from HOMO-1 (7e) yielded a
calculated VDE of 4.59 eV and cannot be responsible for band
A. Comparison of the spectra of RhB;,” with that of CoB,,”
suggests that band A in RhB;,” must come from the SO
splitting of the *E neutral ground state. Spin—orbit calculations
show a SO splitting of 0.1 eV, consistent with the energy
difference of bands X and A (0.16 ¢V). The VDE of electron
detachment from HOMO-2 (7e) is calculated at 4.59 eV with
negligible SO splitting (<0.01 eV). This VDE agrees well with
the VDEs of bands B (4.39 eV) and C (4.64 eV), which are
tentatively assigned to the Jahn—Teller splitting of the excited
°E final state (Table 1). Similar Jahn—Teller splitting from
detachment of an electron from the 7e orbital was expected to
occur in the CoB;,” case. However, as shown above, the 6e and

dx.doi.org/10.1021/jp411867q | J. Phys. Chem. A 2014, 118, 8098—8105
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Sa; detachment channels have very close VDEs, overlapping
with that of the 7e orbital and preventing a clear observation of
the Jahn—Teller splitting in the CoB;,” spectrum. In the case of
RhB,,, detachments from the 6e and Sa, orbitals yield much
higher VDEs (5.26 and 5.41 eV, respectively), compared with
those in the CoB,” case, corresponding to the broad D band at
~5.5 eV (Figure lc and Table 1). Finally, detachment from the
Se orbital results in a calculated VDE of 6.34 eV, consistent
with band D at ~6.2 eV. Even though the Jahn—Teller splitting
cannot be treated in the current calculations, the overall
agreement between the theoretical results and the experimental
data is quite good, in particular, by comparing the results
between RhB,,” and CoB;,”, confirming the C;, global
minimum of RhB;,™.

VI. CHEMICAL BONDING ANALYSES

The chemical bonding of RhB;,” was analyzed using the
AdNDP method, as shown in Figure 4. The AAINDP analysis
for CoB,,” is almost identical and thus is not shown. As given
in Figure 4, the occupation numbers of all the identified bonds
range from 1.83 to 2.00 lel.

The chemical bonding of the B, moiety is reminiscent of the
bare quasi-planar By, cluster,’ including nine 2c—2e B—B o
bonds on the outer ring and four 3c—2e ¢ bonds delocalized
over the surface of the B, moiety. All the 7 bonds in the B,
moiety are used to form bonds with the metal atom. The
metal—B,, interactions are described by three types of bonds.
First, there is one clear 4c—2e 7 bond between the metal and
the B; fragment. Second, there are four totally delocalized 13c—
2e bonds with ON = 2.00 lel. These four bonding elements are
very interesting and they can be viewed as consisting of both ¢
and 7 interactions between the metal and the entire B}, moiety.
Finally, there are three localized 2c—2e ¢ bonds between Rh
and the three nearest boron atoms (ON = 1.83 lel). These three
metal—boron covalent bonds are unique, quite different from
the primarily ionic interactions observed previously in the C,,
AlB,7, Cg, AIBg7, or Cg, LiBg~ half-sandwich complexes
between the metal atom and the quasi-planar B, or By
motif.'®'® The presented inclination to form localized bonds
between metals and boron might be explained by the difference
in the electronegativity values, which is almost negligible for Co
and Rh atoms: 0.16 and 0.24, respectively. Significantly larger
difference is seen for Al and Li atoms (0.43 and 1.06,
respectively), which is responsible for the ionic interaction. We
believe that electronegativity difference could be one of the
useful design tools for such systems. The Co—B and Rh—B
bond lengths are found to be 2.25 A and 2.35 A at the PBEO
level of theory in the CoB,,” and RhB,, clusters, respectively.
It should also be pointed out that these bonds were also
revealed using the NBO analysis, which showed that the
contribution of B to the metal—boron bonds are 12% and 14%
for Rh and Co, respectively.

It is interesting to point out that there are only two lone pairs
on the metal atom with ON = 1.92 lel. The common oxidation
states of Co and Rh are II (d”) and III (d°).”>”* The current
bonding analyses suggest that the metal atom has a rare
oxidation state of M’ (d’) in the MB;,” complexes, even
though six electrons participate in the formation of M—B
bonds. Since the contribution of B to the M—B bonds is quite
low, these six electrons might be considered primarily as lone
pairs on the atom of metal. Furthermore, these two lone pairs
provide possible sites for additional coordination by suitable
ligands, which may allow the MB;, complexes to be synthesized
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in bulk. Recently, a planar By cluster has been found to be
sandwiched by two Ta atoms in the Dy, Ta,By cluster,®® similar
to the By building blocks observed in a solid metal boride
compound.®” The current study demonstrates that larger planar
boron clusters may also be possible as ligands or solid building

blocks.

VII. CONCLUSION

We have carried out a combined experimental and theoretical
study on two transition metal and B,, complexes, CoB;,” and
RhB,,”. These two valence isoelectronic clusters have similar
photoelectron spectral patterns, suggesting similarity of their
structures. Extensive computational searches established that
both CoBj,” and RhB,,” have C;, half-sandwich global
minimum structures with the B, cluster coordinating to the
metal atom. The B, moiety in the MB;,” complexes maintains
a similar geometry as the bare quasiplanar B, cluster, except a
slightly larger out-of-planar distortion to optimize bonding with
the metal atom. Chemical bonding analyses revealed strong
interactions between the metal atom and the B, moiety via
both ¢ and 7 bonds. More significantly, the Co and Rh atoms
assume a rare oxidation state of M° (d?) in the MB;,~
complexes. The two d-electron lone pairs on the metal atom
provide possible sites for appropriate ligands for further
coordination to the metal, suggesting novel compounds with
planar boron clusters as building blocks may be viable.
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