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Bridging 11°>-BO in B,(BO); and B,(BO); Clusters: Boronyl Analogs of

Boranes

Hua-Jin Zhai,® Jin-Chang Guo,™ Si-Dian Li,*® and Lai-Sheng Wang*®

Anion photoelectron spectroscopy and theoretical calculations
are combined to probe the structures and chemical bonding
of two boron-rich oxide clusters, B;O;~ and B,O;~, which are
shown to be appropriately formulated as B,(BO);- and
B;(BO);~, respectively. The anion clusters are found to each

The structure and bonding of boranes and their derivatives are
fascinating in chemistry due to the electron deficiency of
boron that gives rise to multicenter chemical bonds.!" The con-
cept of three-center two-electron (3c—2e) bonds involving a
bridging hydrogen represents a cornerstone in modern chemi-
cal bonding theory beyond the classical Lewis electron-pair de-
scription.”? The B,H, and B;H; molecules and their anions are
among the smallest boranes that possess a 3c—2e BHB bond.
Although a number of theoretical studies have been devoted
to these species,®™ they have remained elusive experimental-
ly.*® The B,H,™ anion was observed in the gas phase and its
reactivities studied, but its structure was not characterized.”’ A
preliminary claim of B;H; was later disputed to be more prop-
erly classed as “borohydrates”, which contain boron, hydrogen,
and oxygen.!” Herein we report the observation and characteri-
zation of two boron boronyl clusters, B;O;™ [i.e. B,(BO);7] and
BsO;~ [i.e. B5(BO);7]. Using anion photoelectron spectroscopy
(PES) and ab initio calculations, we show that B;O;~ and B,O;~,
each feature a bridging (7% and two terminal boronyl (BO)
groups bonded to a B, and B; unit, which are exact analogs of
B,H;~ and B;H;~, respectively. Boronyl as a monovalent o
ligand is known” and has been observed in a number of BO-
containing clusters and compounds.®® Bridging BO has been
hinted to in recent theoretical calculations of some small
boron oxide clusters,"” but it has not been characterized ex-
perimentally. The current study provides further examples of
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possess a bridging #°-BO group, as well as two terminal BO
groups and are analogs of B,H;™ and B;H; ™. This finding advan-
ces the boronyl chemistry and helps establish the isolobal
analogy between boron-rich oxide clusters and boranes.

the isolobal analogy between boronyl and H and between
boron-rich oxide clusters and boranes.

The B;O;~ and B¢O;™ clusters were produced in a laser va-
porization supersonic cluster source and mass-selected for
photodetachment PES experiment.""! The photoelectron spec-
tra are shown in Figure 1 at 193 and 157 nm. Both clusters are
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Figure 1. Photoelectron spectra of B;O;~ (left column) and B,O;™ (right
column). The spectra are taken at 193 nm (6.424 eV) and 157 nm (7.866 eV).

found to possess extremely high electron binding energies.
The measured adiabatic (ADEs) and vertical (VDEs) detachment
energies are given in Table 1, where they are also compared
with theoretical data (vide infra). The ground-state band X of
B;O;~ (VDE: 4.34 eV) exhibits a well-resolved vibrational pro-
gression with a spacing of 1980450 cm™', whose 0+0 transi-
tion defines the electron affinity of the B;O; neutral cluster
(4.34+0.03 eV). The next detachment channel (band A) is lo-
cated at 6.33 eV, separated from band X by ~2 eV. The photo-
electron spectra of B0, (Figure 1, right column) are more
congested. Four relatively broad bands (X, A, B, C) are ob-
served between 4 and 6.5 eV binding energies. The VDE of the
ground-state transition for B,O;~ measured from the peak
maximum of band X is 4.45 eV, whereas the electron affinity of
the B;O; neutral cluster is estimated from the reasonably well-
defined onset of band X to be 4.224+0.03 eV. Bands A and B
are closely spaced and their relative intensities exhibit strong
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Table 1. Experimental adiabatic (ADEs) and vertical (VDEs) detachment
energies for B;O;~ and B,O;~, compared with theoretical values. All ener-
gies are given in eV.

Species  Feature ADE VDE Channel  ADE VDE
[exptl]®!  [exptl]® [theor] [theor]

BsO;~ X 434 (3)9 434 (3) B,—'A, 427 435
A 633 (3) A, —'A 6.28

BsO; X 422(3) 445(3) AN 405 432
A 516 (2) CA"A 5.23

B 550 (3) CAA 5.24

AN 5.69

C ~63 AN 6.44

[a] Numbers in parentheses represent the experimental uncertainties in
the last digit. [b] Electron affinity of the neutral cluster. [c] Detachment
energies for the ground-state transition are calculated at B3LYP/aug-cc-
pVTZ level, whereas those for the excited states are at the time-depen-
dent DFT level. [d] Ground-state vibrational frequency for the BsO; neutral
cluster is measured to be 1980+50 cm™' (Figure 1a).

photon-energy dependence. Band C around 6.3 eV is relatively
weak, beyond which no PES transitions are observed. The ob-
served PES features serve as electronic fingerprints of BsO;~
and B,O;", facilitating structural assignments for these clusters
via comparison with electronic structure calculations.

We performed initial searches for the global minima of
B;O;~ and B,O;~, using the gradient embedded genetic algo-
rithm (GEGA)'? at the B3LYP/3-21G level of theory. The low-
lying structures of B;O;~ (1-4) and B,O;~ (9-13) and their neu-
trals (5-8 and 14-18), as shown in Figures ST and S2 in the
Supporting Information, were then re-optimized at the B3LYP
level™ ™ using the augmented Dunning’s all-electron basis set
(aug-cc-pVTZ)."™ Their relative energies were further evaluated
using the coupled-cluster CCSD(T)"® method at the B3LYP geo-
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Figure 2. Optimized cluster structures for B,(BO);™ (1), Bs(BO);™ (9), B,H;™ (19), and B;H;~

(20) at the B3LYP/aug-cc-pVTZ level. Bond distances are shown in A.
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metries. The B;O;~ (1) and B4,O;~ (9) isomers (Figure2) are
among the lowest-lying anion structures at all levels of theory.

The global minimum (isomer 1) of B;O;™ has G, ('A;) sym-
metry,"” closely followed by isomers 2 and 3 (Figure S1, Sup-
porting Information). Isomer 4, which consists of a B; triangle
with two terminal BO units and a bridging O atom is 0.71 eV
higher in energy. However, this structure becomes the global
minimum in neutral B;O,;, in agreement with a previous
study;"% whereas the C, structure corresponding to the
global minimum of the anion is 0.26 eV higher in energy (Fig-
ure S1, Supporting Information). The calculated VDEs for the
top four anionic isomers are given in Table S1, Supporting In-
formation. The ground-state VDE was calculated at B3LYP/aug-
cc-pVTZ level as the energy difference between the anionic
ground state and the neutral cluster at the anion geometry,
whereas the higher VDEs were obtained using the time-depen-
dent DFT procedure.™ Comparison of the computational data
with the PES results rules out the low-lying isomers 3 and 4.
Isomer 2 with C; symmetry is only 0.01 eV higher in energy
than the global minimum G,, isomer at CCSD(T) level, and it
has very similar structural parameters as the global minimum
G,, isomer and gives very similar computed VDEs as well. The
structural distortion may be a computational artifact of the
B3LYP functional."” As shown in Table 1, the computational re-
sults for the global minimum structure 1 are in excellent agree-
ment with the experimental data. The HOMO of B;O;™ involves
1t bonding of the central B; unit with relatively strong anti-
bonding interactions with the O atom on the bridging BO unit
(Figure S3, Supporting Information). The calculated symmetric
stretching frequencies for the corresponding neutral B;O; clus-
ter (isomer5) are 1917 cm™' (for the bridging B=0) and
2016 cm™" (for the terminal B=0) at B3LYP/aug-cc-pVTZ level.
The mode involving the bridging B=0 is expected to be active
in photodetachment and the observed frequency (1980+
50 cm™) is in reasonable agreement with the calcu-
lated result. The excellent agreement between the
theoretical results and the PES data provides consid-
erable credence for the C,, global minimum struc-
ture of B;O,™ (1).

The low-lying structures for B;O;~ (9-13) and B,O;
(14-18) are shown in Figure S2. Isomers 9-11 are
nearly degenerate and are competing for the global
minimum. In the neutral cluster, isomer 18 is the
global minimum, while the corresponding anion (13)
is 1.08 eV higher in energy than isomer 9. A recent
computational study by Tai and Nguyen'® |ocated
the majority of these anion and neutral structures
(10-14 and 16-18). In addition, they also studied
the D, B3(BO);*~ dianion and compared it to B;H;>".
However, the B;O,™ (9) isomer (Figure 2) was not re-
ported by Tai and Nguyen."® As shown in Table S2,
Supporting Information, isomers 12 and 13 can be
ruled out on the bases of the energetics and the dis-
agreement of the computed VDEs for these isomers
with the experimental PES pattern. On the other
hand, both isomers 10 and 11 seriously underesti-
mate the observed X-A energy gap (0.24 eV for 10
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and 0.10 eV for 11 versus ~0.7 eV for experiment; see Table S2,
Supporting Information), despite the fact that they are predict-
ed to be slightly lower in energy than 9 at both B3LYP and
CCSD(T) levels. Overall, the calculated VDEs for structure 9 best
fit the experimental data (Table 1). Hence, structure 9 with C,
(A’) symmetry is assigned to the true global minimum for
BsO;~, considering the energetic uncertainty of the computa-
tional methods.

Both B,(BO);™ (1) and B,(BO);~ (9) contain one 5>-BO bridge
bonded to the B, or B, core, respectively, reminiscent of the
BHB 3c—2e bond (tr bond) in boranes, or more specifically
those in C,, B,H;™ (19)%% and C, B;H;™ (20)."' The structures of
1 and 9 are dictated by the BO groups and they have little
structural resemblance to the corresponding bare B;~ and By~
clusters."” To understand the chemical bonding in these clus-
ters, we performed adaptive natural density partitioning
(AANDP) analyses for B,(BO);~ (1) and B;(BO); (14).%” As an ex-
tension of natural bond orbital (NBO) analysis, AANDP repre-
sents the electronic structure in terms of n-center two-electron
(nc—2e) bonds, where the values of n range from one to the
total number of atoms in the cluster. AANDP thus recovers the
classical Lewis bonding elements (lone pairs and 2c—2e
bonds), and the delocalized nc—2e bonds as well. The AANDP
results for B,(BO);~ (1) are shown in Figure 3. Of the 34 valence

o2

3x1c-2e
ON=1.98|e|
2c-2e 0-B-B 2x2c-2e 0-B-B
ON=1.90/e| ON=1.97|e|
3x2c¢-2e 0-B-O 3x2c-2e n-B-0O 3x2c-2e 1-B-O
ON=2.00|e| ON=1.94-1.98e| ON=1.99-2.00]e|

o

3c-2e 0-B(BO)B
ON=1.97e|

3c-2e 1-B(BO)B
ON=1.82le|

Figure 3. AANDP bonding analysis of B,(BO);™ (1) at the B3LYP/6-31G(d)
level. Occupation numbers (ONs) are indicated for all bonds, which are very
close to the ideal value of 2.00|e|.

electrons, 24 are localized in the three BO groups (three
1c—2e O 2s lone-pairs and three sets of B=0 triple bonds) and
six are responsible for three 2c—2e B—B single bonds. The dis-
tances for the B=0O triple and B—B single bonds (1 and 9;
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Figure 2), ~1.22 and ~1.62 A, respectively, are typical in boron
oxide clusters,® and the structural and chemical integrity of
the #'-BO and #?-BO groups is well maintained relative to the
gas-phase BO radical.”?" The remaining four electrons in 1 are
delocalized as one 3c—2e m bond and one bridging 3c—2e
n*-bond, respectively, the latter of which is an analog of the
3c—2e BHB bond in boranes. According to the (4n+ 2) Hiickel
rule the delocalized 3c—2e © and ¢ bonds render double (x
and o) aromaticity for B,(BO);~ (1), demonstrating the bonding
capabilities of the 77°-BO bridge as both a o radical and a & rad-
ical. A similar t system does not exist in C,, B,H;™ (19).

The structure of B;(BO);~ (9) consists of a B; triangle with
two terminal BO groups and a bridge BO group, which is anal-
ogous to that of B;H;™ (20), as shown in Figure 2. The structure
of neutral B;(BO); (14) is similar to that of 9. Because the
AdNDP method can currently only be applied to closed-shell
systems, we focus on the neutral B;(BO); (14) cluster in our
chemical bonding analysis. The bonding in the three B=O
groups in B;(BO); (14) is identical to that in B,(BO);~ (1), as can
be readily recognized in Figure 4. Among the remaining six
pairs of electrons, three are responsible for the 2c—2e B-B ¢
bond between the terminal B=0O and the B; core and a 2c—2e
B—B o bond within the B; core. The remaining three pairs of
electrons are delocalized: one 3c—2e o bond between the

3x1c-2e
ON=1.98-1.99|e|

PNl N

3x2c-2e 0-B-B
ON=1.93-1.98|¢|

o e

3x2c-2e 0-B-O 3x2c-2e 1-B-O
ON=2.00le| ON=1.89-1.97|¢e|

. %

3c-2e 0-B(BO)B 3c-2e 0-BBB
ON=1.99|¢e| ON=1.93|¢e|

3x2c-2e 1-B-O
ON=1.98-1.99|¢e|

4c-2e n-bond
ON=1.93|e|

Figure 4. AANDP bonding analysis of B;(BO), (14) at the B3LYP/6-31G(d)
level. Occupation numbers (ONs) are indicated for all bonds, which are very
close to the ideal value of 2.00 |e|.
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B=0 bridge and the B; core, one 3c—2e o bond over the B,
core, and one 4c—2e & bond over the B; core and the B atom
of the B=0 bridge. The 4c—2e m bond further shows the =
radical characteristics of the *-BO bridge beyond that of a ¢
radical.

Boronyl chemistry to date has been limited to BO terminal
bonding.®? The observation of the 7?-BO bridge in B,(BO);"
(1) and B5(BO);™ (9) thus further establishes the isolobal analo-
gy between boron-rich oxide clusters and boranes.”? Indeed,
1 and 9 represent the exact onset of a bridging 7°-BO group
in the B,(BO),” and B,(BO),” clusters with increasing BO con-
tent, where the competition between bridging and terminal
BO groups is intriguing and a single extra charge (anion versus
neutral) is capable of changing their global minimum struc-
tures. We found that the potential energy surfaces of B,(BO);~
and B,4(BO);™ are similar to those of their borane analogs.®™ In-
terestingly, the bonding and structures of 1 and 9 are relevant
to the recently synthesized boron compounds.”? For example,
the double (7 and o) aromaticity in 1 imposes significant struc-
tural stabilization with B—B distance in its B, core reaching as
short as 1.453 A despite the fact that the localized 2c—2e B—B
bond order is one, which is close to that of B=B triple bond
(~1.46 R)* and similar to the short B—B distances in aromatic
boron compounds.”® It is expected that the boron-rich oxide
clusters will be a fertile ground to discover new boronyl spe-
cies with novel structures and bonding.

Experimental Section

The experiment was carried out using a magnetic-bottle PES appa-
ratus equipped with a laser vaporization cluster source."” Briefly,
B,O,,~ clusters were produced by laser vaporization of a target
made of enriched '°B isotope (99.75%) in the presence of a helium
carrier gas seeded with 0.01% O, and analyzed using a time-of-
flight mass spectrometer. The B;O;~ and B¢O;~ species were each
mass-selected and decelerated before being photodetached at
two photon energies: 193 nm (6.424 eV) and 157 nm (7.866 eV).
Photoelectrons were collected at nearly 100% efficiency by the
magnetic bottle and analyzed in a 3.5 m long electron flight tube.
The PES spectra were calibrated using the known spectrum of
Au~, and the energy resolution of the apparatus was AE/E,
~2.5%, that is, ~25 meV for 1 eV electrons.
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