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Observation of the Highest Coordination Number in Planar Species:
Decacoordinated Ta©B,, and NbOB,, Anions**
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Alexander I. Boldyrev*

Coordination number is one of the most fundamental
characteristics of molecular structures. Molecules with high
coordination numbers often violate the octet and the
18 electron rules and push the boundary of our understanding
of chemical bonding and structures. We have been searching
for the highest possible coordination number in a planar
species with equal distances between the central atom and all
peripheral atoms. To successfully design planar chemical
species with such high coordination one must take into
account both mechanical and electronic factors. The mechan-
ical factor requires the right size of the central atom to fit 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. Boron is known to
form highly symmetric planar structures owing to its ability to
participate simultaneously in localized and delocalized bond-
ing.””! The planar boron clusters consist of a peripheral ring
featuring strong two-center-two-electron (2c-2¢) B-B ¢ bonds
and one or more central atoms bonded to the outer ring
through delocalized o and & bonds. The starting point for the
present work is that the bare eight-atom and nine-atom planar
boron clusters were found to reach coordination number
seven in the Dy, Bg neutral or B¢’ as a part of the LiBg~
cluster! or eight in the Dy, By~ molecular wheel.l!

The CB¢*, C;B,, and CB;” wheel-type structures with
hexa- and heptacoordinated carbon atom were first consid-
ered computationally by Schleyer and co-workers.”! The
high symmetry hypercoordinated structures were found to be
local minima because they “fulfill both the electronic and
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geometrical requirements for good bonding”.[**) In particular,
Schleyer and co-workers pointed out that the wheel structures
are maromatic with 6 wt electrons. In joint photoelectron
spectroscopy (PES) and theoretical studies it was shown that
carbon occupies the peripheral position in such clusters rather
than the center, because C is more electronegative than B and
thus prefers to participate in localized 2c-2e ¢ bonding, which
is possible only at the circumference of the wheel struc-
tures.'!"l A series of planar wheel-type boron rings with
a main group atom in the center and coordination numbers 6—
10 have been probed theoretically.">'*! So far the joint PES
and abinitio studies of aluminum-doped boron clusters
showed that the aluminum atom avoids the central position
in the AIB¢s~, AIB,”, AlBy~, AIB,~, AlB,,”, and AlB;~
systems.[>7]

Recently, a transition-metal-doped boron cluster,
Ru©B,~, with the highest coordination number known to
date was reported.'®! We developed a chemical bonding
model, which allows the design of planar molecules with high
coordination numbers.'®! According to the model, 2n elec-
trons in the MOB, species form n 2c-2e peripheral B-B
o bonds. The remaining valence electrons form two types of
delocalized bonding, in-plane o and out-of-plane 7 bonding,
and therefore, should satisfy the (4N+2) Hiickel rule
separately for o and it aromaticity to attain highly symmetric
structures with high electronic stability. In pure wheel-type
boron clusters 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.
Thus, out of 26 valence electrons in Bg*~ or 28 in By~ 14 or 16
valence electrons form peripheral covalent 2c-2e o bonds,
leaving six ¢ and six 7 electrons (N =1 for the 4N + 2 rule) for
double (0 and m) aromaticity. However, pure planar boron
clusters cannot go beyond coordination number eight because
of the mechanical factor (the small size of the central boron
atom). For example, the By, cluster does not contain a nine-
coordinated boron atom, because the boron atom is too small
to fit in the central position of a B, ring.”! Since the central
atom participates only in delocalized bonding, atoms more
electronegative than boron such as carbon avoid the central
position.'” % Transition-metal atoms, on the other hand, are
well-suited for the central position in MOB,, species. To satisfy
the peripheral B—B bonding and the o and =& Hiickel
aromaticity for N=1, the electronic requirement for the
central atom in high-symmetry species, such as MOB, ", is x =
12—n—k, where x is the valence of the transition-metal atom
M. Ru©B, satisfies the formula and is the first example of an

SWILEY i

ONLINE LIBRARY

Chemie

2143



Angewandte

2144

Zuschriften

experimentally observed planar species with coordination
number nine."*!

The quest for higher coordination numbers was limited
primarily to theoretical calculations.'>?*?!! The highest coor-
dination number considered computationally was ten for
a broad range of metal atoms: CB,,*", SiB,;*", GeB,,*",
SnB,,>*, PbB,>*,'" AuB,,”, AgB,,”, CdB,, HgB,, InB,",
TIB,,*,? and ScB,>, TiB,>, VB, , FeB,’*, NiB,>",
CuB,,**, CuB,,~, ZnB,,.?"! Though some of these proposed
species satisfy our electronic design principle, none was
known to be the global minimum. Among these species, only
AuB,,” has been experimentally observed,” but its global
minimum was shown to be an Au atom interacting with a B~
cluster on the outside: the wheel-type structure is a high-
energy isomer, around 45 kcalmol™' above the ground
state.’”) The instability of the Au©B,,” wheel isomer is
caused by the fact that only the 6s valence electron
participates in the delocalized bonding in this species while
the 5d orbitals of the central Au atom are completely filled
and have little interaction with the peripheral B, ring. Our
recent finding of the nonacoordinated Ru©B, complex
shows that the interactions of the 4d orbitals with the B, ring
play an important role in stabilizing the wheel structure. Early
4d and 5d transition metals have larger atomic sizes and more
diffused d orbitals, conducive to participation in bonding with
the peripheral boron rings. Thus, our search for higher
coordination metal-doped boron clusters has been focused
on the early 4d or 5d transition metals.

Here we show that Nb and Ta fit into the B,, decagonal
ring and the resulting singly charged wheel-type anions
Nb©OB,, and Ta©B,, are closed-shell and doubly aromatic
systems. Furthermore, all five valence electrons of Nb and Ta
participate in the delocalized bonding, providing considerable
stability to the wheel structures, which were found to be the
lowest energy isomers by unbiased global minimum searches
(alternative structures found for TaB,,” and NbB,,” are
presented in Figures S1 and S2 in the Supporting Informa-
tion). The theoretical results are in excellent agreement with
the experimental photoelectron data, confirming the first
decacoordinated 2D chemical species.

The TaB,,” and NbB,,™ clusters were produced in a laser-
vaporization supersonic molecular beam cluster source and
probed using photoelectron spectroscopy (see the Experi-
mental Section). The photoelectron spectra of TaB;,~ and
NbB,,” at two different photon energies are shown in
Figure 1. The spectrum of TaB,,~ at 193 nm (Figure 1a)
shows a fairly simple spectral pattern with three strong peaks
(X, A, B) between 3.9-4.7 eV and two weak bands (C, D)
between 5.2-5.6eV. At 266 nm (Figure 1b), an additional
peak was resolved between the X and A band. This peak is
due to a vibrational feature of the X band, yielding a vibra-
tional spacing of (1050 4 50) cm™". The first adiabatic detach-
ment energy (ADE) and the vertical detachment energy
(VDE) for TaB,,~, both defined by the 0-0 transition of the X
band, are (4.04 +0.03) eV, which also represents the electron
affinity of neutral Ta©B;,. The spectra of NbB,,~ (Figure 1¢
and 1d) are very similar to those of TaB,,~ except for the
weak low binding energy features labeled as X', A’, B, and C'.
This observation suggests the presence of a higher energy
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Figure 1. Photoelectron spectra of TaB,,™ at a) 193 nm and b) 266 nm.
Photoelectron spectra of NbB,,™ at ¢) 193 nm and d) 266 nm. The
vertical lines in (b) and (d) are vibrational structures.

isomer in the beam of NbB,,~, whereas the main isomer of
NbB,,” should be similar to that of TaB,,". The X, A, B
features in the NbB,,” spectra are more congested and fine
features are also resolved at 266 nm (Figure 1d), yielding
a vibrational frequency for the ground state of NbB,, as
(600 4 50) cm ™. The vibrationally resolved X band yields an
accurate ADE for NbB,,™ as (4.10+0.03) eV, very close to
that for TaB,,”. The observed VDE:s for all spectral features
for TaB,,” and NbB,,” are given in Table 1, where they are
compared with the computational data.

According to the highest level of theory we used, the
wheel-type structures (D;,,MOB;,”) are the global minima
for both anions (Figure 2). The second lowest isomers of both
species involve the metal atom interacting with the B, cluster
from above (C,,). This C,, isomer is close in energy to the
global minimum for NbB,,” and is likely to be present in the
experiment.

To verify the wheel-type structures we computed VDEs
for the two lowest isomers of each species (see the Exper-
imental Section). Theoretical VDEs calculated for the
MOB,,” structures at two non-relativistic levels of theory
predict two detachment channels in the 4.0-4.5 eV binding
energy range (Table 1), though there are more peaks in the
experimental spectra in this region. As shown in Figure S3 in
the Supporting Information, both the HOMO (e,,) and
HOMO-1 (e,,) of the MOBy,,~ clusters are doubly degenerate
involving interactions between the d orbitals and the B, ring.
Thus, spin—orbit coupling is expected to yield two photo-
electron bands from electron detachment from each orbital,
thereby resulting in four detachment bands in this energy
region. Hence, the three observed peaks could result from the
overlap of the four expected spin—orbit split peaks. Indeed,
spin—orbit calculations for Ta©B,,” revealed a splitting of
around 0.2 eV in these peaks (see Tables S1 and S2 in the
Supporting Information), in excellent agreement with the
experiment. The calculated VDEs from HOMO-2 and
HOMO-3 are also in excellent agreement with the observed
bands C and D. We also calculated the vibrational frequencies
for the neutral Ta©B,, species (see Table S3 in the Supporting
Information), the symmetry of which is reduced by the Jahn—
Teller effect. The frequency for one of the totally symmetric
mode [w,(a,) =1050 cm '] is in excellent agreement with the
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Table 1: Observed vertical electron detachment energies (VDEs) of TaB,,~ and NbB,,~ compared with the theoretically calculated values for the two

lowest isomers of TaB,,~ and NbB,, ™. All energies are in eV.

Observed VDE (exp)® Final state and electronic configuration VDE (theoretical)
features
ROPBE1PBE" ROCCSD(T)
Ta©Byo~ (Dion, 1A1g)
X 4.04(3) ’Eyg . 22 1by7 12,7 Tey 26, 26, 413 4.16
A 4.29(3) %y, .. 28057 1by7 10,7 1oyt 2¢0,° 265" 437 4.46
B 4.55(5)
C 5.36(5) ’Eyg . 22y 1by,7 13,7 Tey,’ 2e,,* 2e,,* 5.37 5.47
D 5.51(5) Ay, 2407 1by,7 1ay,! eyt 2e,,* 2e,,° 5.49 5.61
TaByo (G, 1A1)
2 2 2 2 2 2 1
A, ... 53,2 4b,% 4b,? 3a,% 6a,% 7a, 2.52 2.64
2A, ... 5a,% 4b,? 4b,% 3a,? 6a,' 7a,’ 2.70 Y
2A, ... 5a,% 4b,? 4b;? 3a,' 6a,° 7a,’ 3.34 3.42
?B, ... 5a,% 4b,” 4b,' 3a,” 6a,% 7a,’ 437 4.43
?B, ... 5a,% 4b,' 4b,? 3a,” 6a,* 7a;’ 5.00 5.06
Nb©By,~ (Drons ]A'Ig)
Xt 4.12(3) g o 10,7 22 12,7 Ty 26, 2e),] 4.16 421
A[] 4.26(3) %y, .. 1by2 2807 10,7 1oyt 2¢,, 265" 4.29 4.36
B 4.34(5)
C 5.28(5) ’Eyg . 10,7 2207 12,7 Tey,’ 2e,,f 2e,,* 5.32 5.44
D 5.41(5) Ay, . 10y 2207 1ay, eyt 2e,,* 2e,,° 5.42 5.50
NbByy™ (Cay 'AY)
X’ 2.65(4) A, ... 5a,% 4b,? 4b? 33, 6a,? 7a,' 2.48 2.57
A 2.89(4) 2A, ... 5a,% 4b,? 4b,? 3a,” 6a,' 7a;’ 2.69 2.84
B’ 3.4(1) 2A, ... 5a,% 4b,? 4b;? 3a,' 6a,? 7a,’ 3.23 3.30
’B, ... 5a,” 4b,” 4b,' 3a, 6a,” 7a,” 433 4.37
C 4.91(5) ’B, ... 5a,% 4b,' 4b,? 3a,” 6a,* 7a;* 4.95 4.99

[a] Numbers in parentheses are the uncertainty in the last digit. [b] The VDEs were calculated at ROPBEO/Ta,Nb/Stuttgart/B/aug-cc-pVTZ. [c] The
VDEs were calculated at ROCCSD(T)/Ta,Nb/Stuttgart/B/aug-cc-pVTZ//PBEO/Ta,Nb/Stuttgart/B/aug-cc-pVTZ. [d] Measured ADE =4.04(3) eV.
Calculated ADE at ROCCSD(T)/Ta/Stuttgart/B/aug-cc-pVTZ//PBEO/Ta/Stuttgart/B/aug-cc-pVTZ with ZPE correction: 4.05 eV. [e] The peak is
assigned to the transition to the second spin—orbit component of the 2E,, electronic state. [f] We were not able to calculate this VDE at this level of
theory. [g] Measured ADE =4.10(3) eV. Calculated ADE at ROCCSD(T)/Nb/Stuttgart/B/aug-cc-pVTZ//PBEO/Nb/Stuttgart/B/aug-cc-pVTZ with ZPE

correction: 4.03 eV.

TaB,," (C

2y

8.6 kecalmol”’

'A) NbByy (C,, 'A))

5.4 kcal'mol”

Ta®B,y (D, 'A.g)
0.0 kcal'mol™!

Nb©B,y (D, 'Alg)
0.0 kcal'mol™

Figure 2. Structures of the two lowest energy isomers of a) TaB,,” and
b) NbB,,~, and the their point group symmetries, spectroscopic states,
and zero-point energy (ZPE) corrected relative energies (RCCSD(T)/Ta,
Nb/Stuttgart/B/aug-cc-pVTZ//PBEO/Ta, Nb/Stuttgart/B/aug-cc-pVTZ).

observed vibrational frequency for the X band. On the other
hand, the predicted VDE:s for the higher energy C,, isomer of
TaB,, totally disagree with the experimental spectra. Over-
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all, the theoretical results for the Dy, Ta©B,,” structure are in
excellent agreement with the experimental data, confirming
unequivocally that the molecular wheel is the global mini-
mum for TaB,,”. The VDE:s calculated for the D, structure
of NbOB,,~ can explain the high energy features (Table 1, X,
A-D), which are similar to those of the features in the
Ta©B,,” spectra. The smaller spin—orbit effects expected in
NbOB,, result in the more congested spectral features in the
4.0-5.4 eV energy range (Figure 1c¢ and 1d). The additional
features (X', A’, B’, C') observed for NbB,,~ are in excellent
agreement with the calculated VDEs for the C,, isomer. The
lower intensities of these features suggest that the C,, isomer
is energetically less stable than the wheel-type structure, again
confirming that the global minimum of NbB,," is also the D,
molecular wheel.

According to the design principle that we proposed
recently for stable MOB,* -type molecular wheels,'® the
valence of the central metal atom should be one for a By, ring.
However, both Ta and Nb are known to have five valence
electrons. To understand the bonding in the MOB,;,” molec-
ular wheels, we present results of the Adaptive Natural
Density Partitioning (AdNDP) analysis (see the Experimen-
tal Section) for Ta©B,,~ in Figure 3. The advantage of the
AdNDP analysis is the ability to recover simultaneously both
localized and delocalized bonding in chemical species.

www.angewandte.de
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ten 2c-2e o bonds, ON=1.97 lel

s o0

e
three 11c-2e n bonds, ON=2.00 lel

). o Y B

five 11¢-2e o bonds, ON=2.00 lel

Figure 3. Chemical bonding pattern of Ta©B,,~ shown by the AANDP
analysis. ON stands for occupation number.

The AdNDP analysis revealed ten 2c-2e peripheral
o bonds, five delocalized o bonds (satisfying the 4N + 2 rule
for aromaticity with N=2), and three delocalized st bonds
(satisfying the 4N +2 rule for aromaticity with N=1). A
similar bonding pattern was found for Nb©B,". Thus, both
clusters are doubly o and m aromatic and satisfy the con-
struction model. However, in contrast to the molecular
wheels of B&~, B,~, and Ru©B,", there are 10 delocalized
o electrons for the current MOB,,” molecular wheels owing to
the strong bonding between the 4d/5d orbitals of Nb/Ta with
the peripheral B,, ring. Therefore, in these cases, the
electronic design principle needs to be revised as x=
16—n—k to account for the 10 delocalized o electrons. This
result suggests that more delocalized bonding electrons are
required, either in the o or m framework, to build ever highly
coordinated planar molecular wheels.

The two delocalized o bonds involving the Ta 5d orbitals
can be alternatively shown by the AANDP analysis with low
threshold values as d,, and d,._,. lone pairs on the Ta atom
with low occupation number (ON) of 1.11 | e| (compared to
the ideal value of 2.00 |e|) and therefore the estimated
contribution of the Ta 5d atomic orbitals (AOs) to the
delocalized bonding is 55%. On the contrary, the molecular
wheel structure of the above-mentioned Au©B,,” anion is not
the global minimum because the Au 5d AOs remain atom-like
and do not participate in delocalized bonding. The availability
of d AOs in Nb and Ta for participation in the o-delocalized
bonding with the peripheral ring leads to substantial stabili-
zation of the decagonal doubly aromatic structures of
Nb©OB,,” and Ta©B,,” and makes them the global minimum
structures. Thus, it is conceivable that other early 4d or 5d
elements will be able to form not only decagonal MOB,*"-
type species, but also species with even higher coordination
numbers.

Experimental Section

Photoelectron spectroscopy: The experiment was performed using
a magnetic bottle photoelectron spectroscopy apparatus equipped
with a laser vaporization cluster source that was described in detail
previously.””! Briefly, the transition metal (M)-doped boron clusters

www.angewandte.de
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were produced by laser ablation (532 nm) of a disk target made of
isotopically enriched "B (around 10%), M (around 10-15%),
balanced by Bi or Ag which acted as target binders and also provided
calibrants (Bi~ and Ag") for the photoelectron spectra. The clusters
were entrained by a He carrier gas seeded with 5 % Ar and underwent
a supersonic expansion to form a collimated and cold molecular
beam. The composition and the cooling of the clusters were
controlled by the time delay between the carrier gas pulse and the
ablation laser. The negatively charged clusters were extracted and
analyzed with a time-of-flight mass spectrometer. The species of
interest were mass-selected and decelerated before being photo-
detached by pulsed laser beams at 193 nm (6.424 eV) or 266 nm
(4.661 eV). Photoelectrons were collected at nearly 100 % efficiency
by a magnetic bottle and analyzed in a 3.5 m long electron flight tube.
The resolution of the apparatus, AE/E, was better than 2.5 %, that is,
25 meV for 1 eV electron.

Theoretical calculations: The search for the global minimum
structures of the TaB,,” and NbB,” species was performed using the
Coalescence Kick program, written by Averkiev.[" These calculations
were performed at the PBEO/LANL2DZ? level of theory. The
lowest energy isomers (AE < 50 kcalmol ") were then reoptimized at
PBEO/Ta, Nb/Stuttgart/B/aug-cc-pVTZP>! (see Figures S1 and S2 in
the Supporting Information) and single-point calculations for the four
lowest isomers were performed using the RCCSD(T)/Ta, Nb/Stutt-
gart/B/aug-cc-pVTZ level of theory.

Theoretical VDEs were calculated at the PBE(O/Ta, Nb/Stuttgart/
B/aug-cc-pVTZ and ROCCSD(T)/Ta, Nb/Stuttgart/B/aug-cc-pVTZ//
PBEO/Ta, Nb/Stuttgart/B/aug-cc-pVTZ levels of theory. To explain
the around 0.2 eV experimental splitting in the first two peaks of the
TaB,,” photoelectron spectrum we performed zero-order relativistic
approximation (ZORA) calculations®*! with PBE0/QZ4P and M06-
2X/QZAPE*®! exchange correlation potentials using the ADF
program.P®! Results presented in Tables S1 and S2 in the Supporting
Information show spin—orbit splitting of around 0.2 eV for both
peaks, in an excellent agreement with the experimental observation.
Chemical bonding analyses (PBEO/LANL2DZ) of both clusters were
performed using the AANDP method and the AANDP program
written by Zubarev.””) All non-relativistic calculations were done
using Gaussian 09.5%) Molekel 5.4.0.8 was used for MO visualiza-
tion.’)
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