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ABSTRACT: The boronyl anion (BO™) is isoelectronic to CO
and CN7, but its metal complexes are rare. Here we report the
observation of a boronyl complex with an early transition metal
(TaBO~) produced by a laser vaporization supersonic cluster
source. Its electronic structure and chemical bonding are
investigated by photoelectron imaging and theoretical calculations.
Vibrationally resolved photoelectron spectra of TaBO™ are
obtained for several low-lying electronic states of neutral TaBO
and the electron affinity of TaBO is measured to be 1.729(2) eV.
Theoretical calculations show that the ground states of TaBO™
(*A) and TaBO (°A) are both linear with high spin multiplicities.
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Natural atomic orbital analyses reveal that z-backbonding is present in both TaBO™ and TaBO. This study presents the first
observation of z-backbonding to a boronyl ligand and suggests that early transition metals may be good candidates to form boronyl

complexes.

1. INTRODUCTION

The boronyl anion (BO™) is isoelectronic to CN~ and CO."
While CN™ and CO are important inorganic ligands, the
chemistry of boronyl and BO™ is much less known. In addition
to its strong polarity and high chemical reactivity, BO™ is not a
good @ acceptor compared to the well-known CN~ and CO
ligands," because its 7% lowest unoccupied molecular orbital
(LUMO) is much higher in energy. Thus, even though it is a
strong ¢ donor, boronyl metal complexes have lower
thermodynamic stability relative to those of the well-known
CN™ and CO ligands. Boronyl as a ligand is much more stable
in the gas phase than in solution and has been observed in a
number of gaseous molecules and clusters. The H;C—BO
molecule was first characterized expenmentally in the gas
phase by photoelectron spectroscopy (PES).” Since then,
many compounds with BO units have been studied
experimentally and theoretically, as reviewed briefly in a recent
account.’

The BO units were first observed as distinct structural
features in small boron-rich oxide clusters.*”” The high
stability of the BO unit was also found in larger boron-rich
oxide clusters, where BO units were observed to be bonded to
the periphery of planar boron cluster cores”™"* or form bridged
bonds analogous to boranes."* However, much less is known
about metal complexes with BO ligands. The Au,(BO)™ (n =
1-3) clusters were produced and investigated by PES and
theoretical calculations'* and they represented the first gaseous
metal-BO complexes to be characterized. The Au—B bonding
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was found to be similar to the H-B bonding, and the AuBO~
cluster was shown to have a covalent Au—B bond with no z-
backbonding. A subsequent theoretical study on Au(BO),”
shows that it is isoelectronic to the well-known Au(CN),”
anion.'”” More recently, two main group metal boronyl
complexes, BiBO™ and BiB,0O7, have been observed and
investigated.'"” A lanthanide diboronyl complex, Ce(BO),",
has also been reported.'® Very recently, several transition metal
boronyl complexes have been reported.”*® In RhB,0™," the
boronyl ligand is found to be coordinated to Rh, which forms a
terminal quadruple bond with B. However, in ReB,O~ the
boronyl unit is found to be bonded to the second B atom,”
which forms a terminal triple bond with Re, similar to that in
BiB,0~."” The chemical reactivities of the BO radical with
organic molecules have also been investigated in crossed
molecular beam experiments under single collision condi-
tions.”' ~** The first boronyl metal complex to be synthesized
in the bulk involved a BO ligand coordinated to a Pt atom,
which was also protected by other bulky ligands.”* This
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landmark work has stimulated significant further interests in
boronyl chemistry.”>~>*

In the current study, we report the observation of a gaseous
transition metal boronyl species, TaBO™, which is charac-
terized by photoelectron imaging (PEI) and theoretical
calculations. The electron affinity (EA) of TaBO is measured
to be 1.729 eV. The bending and Ta—B stretching frequencies
of the linear TaBO in its >A, ground state are measured to be
250 and 320 cm™, respectively. The frequency of the Ta—B
stretching mode in the *A, excited state of TaBO is also
measured (310 cm™!). Theoretical calculations show z-
backbonding is present from Ta to BO despite the high
energy of the 7* orbital, indicating that tantalum and other
early transition metals may be well suited for the syntheses of
boronyl complexes.

2. EXPERIMENTAL METHODS

The experiments were performed with a high-resolution PEI
apparatus, which has been described previously.”” Anions were
generated by laser vaporization of a mixed target made of Ta,
isotopically enriched ''B, and Ag. Clusters formed in the
source were cooled through supersonic expansion with a He
carrier gas seeded with 10% Ar. Anions in the cluster beam
were analyzed by time-of-flight mass spectrometry. We found
that residual oxygen on the surface of the target was sufficient
to produce the TaBO™ anion, which was selected and allowed
to enter the imaging lens for photodetachment. Two laser
systems were used for the PEI experiment in the current study:
a Nd:YAG laser at 532.0 nm and an OPO system tuned to
647.67 nm. Photoelectrons were focused onto a microchannel
plate coupled to a phosphorus screen and charged-coupled
device (CCD) camera. The repeller voltages used on the
imaging lens for the 532.0 and 647.67 nm experiments were
—800 and —300 V, respectively. Each spectrum required
approximately one million laser shots to achieve a satisfactory
signal-to-noise ratio due to the relatively weak mass intensity.
The spectra were calibrated using Au~ at several photon
energies. The photoelectron images were processed using the
Maximum Entropgr Velocity Legendre Reconstruction (MEV-
ELER) program.”

3. THEORETICAL METHODS

Calculations were performed using the Gaussian 09 program
suite”' to assist spectral interpretation. Previous studies
showed that the ordering of the electronic states for TaCO,
which is isoelectronic to TaBO™ and TaCN™, depends on the
methods and basis sets used.”””*° Therefore, we have done
calculations using multiple levels of DFT (B3LYP,***
PBEIPBE," ™ PW91PW91,”" and BP86°>*?) using the 6-
31++g(d,p)**** and aug-cc-pVTZ’® basis sets for boron and
oxygen and LANL2DZ’”*® and Stuttgart™ basis sets including
effective core potentials and full relativistic effects for Ta. We
included two additional f-type polarization functions and one
g-type polarization function for the Stuttgart basis set as
recommended by Martin and Sundermann,®” which previous?r
produced good results for boron—doéped tantalum clusters.®' ~®*
We also performed CCSD(T)**™®° single-point calculations
using the optimized structures from the optimized PW91PW91
and BP86 geometries with the same basis sets. ADEs were
determined by taking the difference of the zero-point corrected
energies of the optimized neutral and anion states for the DFT
results. No zero-point corrections were applied to the

CCSD(T) calculations because only single-point calculations
were done. The zero-point corrections were similar for the
neutral and anion structures, so they should not have a large
effect on the CCSD(T) calculations.

4. EXPERIMENTAL RESULTS

The reconstructed images and spectra of TaBO™ at 647.67 and
532.0 nm are displayed in Figure 1. The spectrum in Figure la

a) 647.67 nm

1.80 2.00
Binding Energy (eV)

Figure 1. Photoelectron spectra of TaBO™ at (a) 647.67 nm (1.9143
€V) and (b) 532.0 nm (2.331 eV). Vertical lines show the assigned
vibrational progressions.

shows three strong peaks (X, A, and B), each followed by a
short vibrational progression. Peaks X, A, and B represent the
0—0 transitions of three spin—orbit states derived from the A
ground state of TaBO (vide infra) and their electron binding
energies are given in Table 1. The vibrational features from
peaks A and B have clearly defined doublet splitting, while
those for peak X are not well resolved. Three more transitions
(C—E) are observed in the 532.0 nm spectrum (Figure 1b),
where short vibrational progressions are also assigned for D
and E. Two weak features, X’ and A’, are observed in both
spectra below 1.71 eV due to vibrational hot bands. A full
summary of the peak positions and assignments is given in
Figure S1 and Table S1 of the Supporting Information.

5. THEORETICAL RESULTS

The possible geometries for the triatomic system include the
linear or bent TaBO, TaOB, and BTaO structures and their
anions, which were all calculated with different spin multi-
plicities. The boronyl-related structures, TaBO™ and TaOB~,
and a bent isomer were found to be stable minima, but we
could not locate a minimum for the Ta-insertion species
BTaO. The linear TaBO™ with a quartet spin state (*A) was
found to be the lowest in energy from all of the methods used,
although certain levels of theory showed a sextet state (°X*)
could be competitive. The TaOB™ and bent structures were
found to be much higher in energy (>20 kcal/mol) and were
excluded from consideration. Single-point CCSD(T) calcu-
lations indicated that the *A state of TaBO™ is more stable
than the °T* state by 14.9 kcal/mol (Table 2). The relative
energies for the different electronic states of TaBO™ and TaBO
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Table 1. Summary of Experimental Results and Calculated ADEs”

peak transition BE (eV) ADE (eV)b
X' SN « Ay 1.646(4) -
A SAL < *A5), 1.707(3) -
X SAg < Ay, 1.729(2) 1.65[1.64]
A SAL < *Ay ), 1.795(2) -
B SA, < *Ay), 1.856(2) -
C TN, 1.947(4) 2.26[1.86]
3 < *Ay), 1.987(3) 2.62[2.28]
E AL« *Ay ), 2.041(3) -

frequencies (cm™)

AE (ecm™) v, 78 B
—670(30) - - -
—180(20) - - -
0 250(30) 320(40) 1.4[0.7]
$30(20) 240(20) 320(30) 1.3[0.9]
1020(20) 240(20) 320(20) 0.8[0.5]
1760(30) - - 0.5
2080(20) - 310(30) 0.6
2520(20) - 330(20) 0.5

“Peak labels correspond to Figure 1, AE is the energy relative to peak X, and f is the anisotropy parameter. Numbers in parentheses represent the
experimental uncertainty. ®These values are calculated using BP86 with the Stuttgart basis set for Ta and aug-cc-pVTZ basis set for B and O. The
values in the brackets are calculated using CCSD(T) with the same basis sets using the optimized geometries from the BP86 calculations. See Table
S$4 for all calculated ADEs. “The values in the brackets are the anisotropy parameters from the spectrum in Figure 1a; all others are from Figure 1b.

Table 2. Calculated Molecular Properties for Low-Lying Electronic States of TaBO™ and TaBO“

molecule state R(Ta—B/C) (A) R(B—O/C-N) (A)
TaBO™ 11 2212 1.250
‘A 2223 1.248
D 2244 1.249
TaBO 3yr 2.167 1.232
A 2.196 1.232
SA 2.110 1.232
= 2.281 1.241
TaCN~ ‘A 2.101 1.189
TaCN SA 2.073 1.182
BO™ D - 1.247
BO X - 1.216
CN™ Iz* - 1.183
CN 2 - 1.175

($%) AE" (kcal/mol) calculated freq (cm™) (vy, v,, v3)
0.946° 111 (11.5) 1667, 267, 336
3.750 0.0 (0.0) 1683, 266, 329
8.750 42 (14.9) 1674, 264, 325
2.000 14.0 (5.0) 1774, 254, 360
2011 223 (14.8) 1770, 257, 350
6.000 0.0 (0.0) 1776, 254, 351
12.00 77.3 (84.6) 1659, 149, 262
3.750 . 1946, 275, 374
6.000 - 2007, 246, 410
0.000 - 1675

0.750 - 1839

0.000 - 2046

0.750 - 2080

“R is the bond length, (S?) is the final spin from BP86 calculations, and AE is the energy relative to the lowest state. The isoelectronic tantalum
cyanide and free BO™/* and CN° are also calculated to compare with the boronyl cluster. These values are calculated using BP86 with the
Stuttgart basis set for Ta and aug-cc-pVTZ basis set for B and O. The values in parentheses are calculated using CCSD(T) with the same basis sets
using the optimized geometries from the BP86 calculations. “This state has significant spin contamination, so there may be larger errors for the

calculated values.

computed using different methods are summarized in Tables
S2 and S3, respectively.

The ground state of TaBO~ (*A) has an electron
configuration of 16°26°17*36°46°27°15"; and the valence
molecular orbital (MO) pictures are shown in Figure 2. A
MO correlation diagram is shown in Figure 3. The electronic
structure of TaBO™ is similar to that of the isoelectronic
TaCO.*™* The relative energies of several electronic states of
neutral TaBO are given in Table 2 at the BP86 and CCSD(T)

%

-
o
16

2m 40
W - @) -
30 1 20 10

Figure 2. Molecular orbital pictures for TaBO™ plotted with an
isovalue of 0.030 e/bohr.>

levels of theory. The ground state of TaBO was found to be the
A state by removal of an electron from the 46 orbital of
TaBO™.

6. DISCUSSION

6.1. Spectral Assignments. Peak X is due to the
transition from the anion ground state (*A) to that of the
neutral (°A). The calculated ADE of 1.64 eV at the CCSD(T)
level is in reasonable agreement with the experimental value of
1.729 eV. The B3LYP, BP86, and PW91PW91 methods also
produced theoretical ADEs in good agreement with peak X for
the A « *A transition (Table S4). The separations of peaks A
and B from X cannot be explained by vibrational excitations;
they are most likely due to transitions to the excited spin—orbit
states (A and °A,, respectively) of neutral TaBO with peak X
corresponding to the *A, ground state. The transitions to the
A, and A, spin—orbit states at higher energies might be too
weak to be observed. The A < *A transition results from the
detachment of an electron from the 4¢ orbital, which is mainly
of Ta 6s character (Figures 2 and 3). The observed f values
shown in Table 1 increase above 1.0 at higher kinetic energies
and represent an outgoing p-wave, which is consistent with the
MO character.
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Figure 3. Valence molecular orbital correlation diagram for TaBO™.
The orbital energies were computed at the BP86 level of theory with
the aug-cc-pVTZ (B and O) and Stuttgart (Ta) basis sets.

The weak peaks observed between peaks X, A, and B should
be due to vibrational structures of each spin—orbit state. The
higher resolution spectrum in Figure la shows that the peaks
associated with A and B are split. Even though the peak
associated with the X peak at 1.766 eV was not resolved, it was
deconvoluted with two Gaussian peaks to yield an identical
splitting as the weak peaks associated with A and B (Table S1).
The larger vibrational frequency of 320 cm™ agrees well with
the calculated value of 351 cm™ for the Ta—B stretching mode
(v3) for the *A ground state. The observation of this mode is
consistent with the calculations and the MO picture in Figure
2: the electron is detached from the 4o orbital, which is slightly
antibonding between Ta and B, leading to a decreased Ta—B
bond length in the neutral (Table 2). The smaller frequency of
240 cm™" agrees well with the calculated bending frequency of
254 cm™ for the ground state. Due to symmetry selection
rules, only totally symmetric modes are normally observed in
PES experiments. However, vibronic coupling with nearby
electronic states can break these selection rules, making
excitation of the bending mode possible.”’ =%

The next detachment channel is from the 16 orbital,
resulting in the 5% state, which is assigned to peak C. The
calculated ADE for this detachment channel was 1.86 eV at the
CCSD(T) level and 2.26 eV at BP86 level, in good agreement
with the ADE measured for peak C at 1.947 eV (Table 1). The
relatively weak intensity of peak C is consistent with the
detachment from the high angular momentum 16 orbital.
Peaks D and E are assigned to the *A state due to detachment
from the 27 orbital. Again, spin—orbit coupling can split the *A
state into’A, *A,, and *A; and peaks D and E correspond to
the *A; and A, states, respectively. Detachment features for
the A, state could correspond to the features above 2.1 eV,
where numerous peaks were observed in the 532.0 nm
spectrum (Figure 1b). The averaged vibrational frequency of
peaks D and E is 320 + 40 cm™!, consistent with the calculated
Ta—B stretching mode of the *A state of 350 cm™'. The
calculated ADE without considering spin—orbit coupling

seems overestimated in comparison to the experimental data
for the 3A state (Table 1).

The X’ and A’ peaks at lower binding energies were broad
and likely came from combinations of vibrational and spin—
orbit excited states of the anion. The spacing of the main X'
and A’ features (~490 cm™") is similar to the spacing of X and
A (Table 1), suggesting they should have the same final states
(°A and °A,). The ground state of TaBO™ should be *A/,
with a low-lying *A;,, spin—orbit exited state, which gives rise
to X’ and A’ (Table 1). The spacing between the X and X’
peaks (~670 cm™") should represent the separation between
the *A |/, and *A,, states.

6.2. Comparison of the Structures between TaBO™"°
and TaCN~"°. While the current results show the ground sate
of TaBO™ is the *A state, the ground state of the isoelectronic
TaCN™ is not known. We calculated the *A state (and A for
neutral TaCN) in order to make a direct comparison to
TaBO™°. One reason that the BO™ unit is not a good ligand
for metal atoms is due to the fact that its #7* LUMO is much
higher in energy compared to that of CO and CN~." This
means that the metal d,, and d,, orbitals cannot participate
effectively in z-backbonding with BO. One indication of z-
backbonding in BO (or CN) is the decrease in the BO (or
CN) stretching frequency due to the donation of electron
density to the 7* orbitals of BO or CN, weakening the ligand
bond. Although we did not experimentally observe the B—O
stretching frequency, there is a clear decrease in the calculated
frequency from 1839 cm™" for free BO to 1776 cm™ in the
ground state of TaBO (Table 2). Additionally, there is an
increase of 0.016 A for the calculated BO bond length in
TaBO. We also calculated the CN stretching frequency of 2007
cm™ in TaCN compared to 2080 cm™' for CN and a small
bond length increase of 0.007 A. This indicates there should be
m-backbonding in both TaBO and TaCN. Comparison of the
B—O frequency and bond length in TaBO™ to those of free
BO™ seems to indicate that there is no or much weaker back
bonding in TaBO™. However, other analyses shown below
suggest there is backdonation present in TaBO~, albeit weaker
than that in the TaBO neutral.

The estimated bond length for a Ta—B single bond is 2.31 A
while the Ta=B double bond is 2.04 A using Pyykkd’s
covalent radii.”’ Our calculated Ta—B bond length in neutral
TaBO is 2.110 A, which is closer to a double bond (Table 2).
Likewise, the calculated Ta—B bond in TaBO™ is 2.21 A, which
is still shorter than a single bond. The 36 and 46 are bonding
and antibonding orbitals so there must be some additional
bonding from the backdonation in the 2z orbital causing this
bond length to be shorter than a single bond. This observation
suggests that there should be backdonation from §d,, or 5d,,
orbitals of Ta to the 7 orbital of the BO, as represented by the
27 orbital (Figure 2). Similarly, the computed Ta—C bond
lengths in TaCN™® (2.101 and 2.073 A) are between the
estimated double and single Ta—C bond lengths of 1.95 and
221 A, respectively. Previous calculations on PtBO™° and
PdBO™° showed BO™/° are weak 7 acceptors relative to
CN~°* This is consistent with our results for TaBO~™°. The
calculated Pt—B and Pd—B bond lengths are also close to the
estimated Pt=B and Pd=B double bond lengths.*”

6.3. Analyses of Natural Atomic Orbitals, Bond
Orders, and Dissociation Energies. We performed a
natural atomic orbital (NAO) analysis’' on TaBO™° and
TaCN™° to provide a more quantitative measure of the 7-
backdonation. A summary of the higher energy a 27 orbitals
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Table 3. Natural Atomic Orbital Analyses for the 2z Orbitals of TaBO™ and TaBO Compared with the Isoelectronic Tantalum

Cyanides”

molecule atom atomic orbital contribution (%)
TaBO™ Ta 5d,. 87.1

B 2p, 64

(6] 2p, 6.3
TaBO Ta sd,. 88.8

B 2p, 32

0 2p. 7.8

“The perpendicular orbitals (5d,, and 2p,) showed identical contributions.

molecule atom atomic orbital contribution (%)
TaCN~ Ta 5d,. 84

C 2p, 19

N 2p, 14
TaCN Ta Sd.. 84

C 2p. 02

N 2p, 15

Table 4. Calculated Bond Orders for TaBO™/° and the Isoelectronic Tantalum Cyanides Using the Fuzzy Bond Order (FBO)*

molecule bond FBO” dissociation reaction BDE” (kcal/mol) BDE® (kcal/mol)

TaBO~ Ta—B 1.29 TaBO™ (*A) — Ta (*F) + BO™ ('T%) 59.9 63.6
B-0O 2.13

TaBO Ta—B 1.20 TaBO (°A) — Ta (*F) + BO (°T) 81.2 82.7
B-0O 2.20

TaCN~ Ta—C 1.45 TaCN~ (*A) - Ta (*F) + CN™ ('Z%) 59.8 63.6
C-N 2.59

TaCN Ta—C 1.42 TaCN (°A) — Ta (*F) + CN (*Z*) 107.5 111.9
C-N 2.59

BO~ B-0O 241 - - -

BO B-0O 2.49 - - -

CN~ C-N 3.08 - - -

CN C-N 3.18 - - -

“Bond dissociation energies (BDEs) are also presented for the lowest energy Ta—B and Ta—C dissociation reactions. bCalculated using the BP86
functional with the Stuttgart (Ta) and aug-cc-pVTZ (B and O) basis sets. “Calculated from single point calculations using the BP86 optimized
geometries with CCSD(T) and the Stuttgart (Ta) and aug-cc-pVTZ (B and O) basis sets.

for TaBO™° and TaCN™° are given in Table 3. The NAO
analyses of all valence orbitals are presented in the Supporting
Information (Table SS). The composition of both 27 orbitals
in neutral and anionic TaBO clearly show that the antibonding
7* orbital of BO contributes just over 10% to the molecular
orbitals. The NAO results for the isoelectronic TaCN™ species
show that the CN™ antibonding 7* orbitals contribute 16% to
the 2 MO.

Additionally, we computed the Fuzzy bond order’” for each
molecule along with free CN™/° and BO™°. In all cases the
Ta—B and Ta—C bonds are slightly above 1 and the B—O and
C—N bond orders decrease compared to free CN™/° and
BO™°, showing a strengthening of the metal—boron or metal—
carbon bond and weakening of the ligand bond. The computed
bond dissociation energies (BDEs) in Table 4 are nearly
identical for TaBO™ and TaCN™, consistent with their similar
bonding. There is a larger difference in the BDEs of the two
neutral species, which is likely due to the degree of antibonding
in the 40 orbital. The larger BDE in TaCN indicates that the
40 orbital is more antibonding compared to TaBO. These
results show that the m-backbonding is similar in both the
boronyl and cyanide ligands, suggesting early Sd transition
metals are quite suitable to form highly stable boronyl
compounds.

7. CONCLUSIONS

We present the first observation of a boronyl ligand bonded to
an early transition metal. Photoelectron spectra at two
wavelengths were measured using photoelectron imaging.
The ground state of TaBO™ is determined to be *A,,, while
the neutral ground state is °A,. Spin—orbit splitting is observed
for the ground and second excited state of neutral TaBO and

vibrational information is observed for these states. The
calculated bond lengths, NAO analyses, and bond orders show
that there is z-backbonding to stabilize the boronyl ligand
comparable to the isoelectronic cyanide ligands. The
observation of 7-backbonding suggests that early 5d transition
metals are promising to form stable boronyl compounds.
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