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Abstract: We have produced and investigated an unique boron oxide cluster, B,O,~, using photoelectron
spectroscopy and ab initio calculations. Relatively simple and highly vibrationally resolved PES spectra
were obtained at two photon energies (355 and 193 nm). The electron affinity of neutral B,O, was measured
to be 3.160 + 0.015 eV. Two excited states were observed for B,O; at excitation energies of 0.48 and 0.83
eV above the ground state. Three vibrational modes were resolved in the 355 nm spectrum for the ground
state of B4O, with frequencies of 350 + 40, 1530 + 30, and 2040 + 30 cm™?. Ab initio calculations showed
that neutral B4O2 (Dwn, 3%¢~) and anionic B4sO,~ (Dwn, Ily) both possess highly stable linear structures
(0=B—B=B—B=0), which can be viewed as a B, dimer bonded to two terminal boronyl groups. The
lowest nonlinear structures are at least 1.5 eV higher in energy. The calculated electron detachment energies
from the linear B,O,~ and the vibrational frequencies agree well with the experimental results. The three
observed vibrational modes are due to the B—B, B=B, and B=0O symmetric stretching vibrations,
respectively, in the linear B,(BO),. Chemical bonding analyses revealed that the HOMO of B,(BO),, which
is half-filled, is a bonding s orbital in the central B, unit. Thus, adding two electrons to B,(BO) leads to a
B=B triple bond in [0O=B—B=B—B=0]?". Possibilities for stabilizing B2(BO).?" in the form of B(BO).Li.
are considered computationally and compared with other valent isoelectronic, triple bonded species, BH,-
Liz, BoH,?7, and C,H,. The high stability of B,(BO),?>~ suggests that it may exist as a viable building block
in the condensed phase.

1. Introduction antiaromaticity. Bororrboron multiple bonds are rare due to
boron’s electron deficiency but have been studied both
experimentally~13 and theoretically*~17 Partial BBz-bonding
was induced through one-electron reduction of,®Bprecur-
sor/8 Further reduction led to aJRs*>~ dianion with the first
reported B=B double bond (1.621.64 A) in 1992 The

diborene BH; is probably the simplest molecule with =B

Boron is an electron-deficient element and possesses interest-
ing chemical bonding propertié2. The chemical bonding in
boranes and, more recently, in elemental boron clustetss
dominated by three-center two-electron bonds and aromaticity/
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double bond, and it was characterized via ESR spectroscopy inlaser vaporization and obtained its PES spectra at 355 nm (3.496

inert matrices 84 K in 1995}2 constituting the simplest
tetraatomic radical with a tripleB%y ) ground state. A boron
boron triple bond is extremely rare, which was first reported
by Zhou et al. in 2002318 They observed a linear molecule
OCBBCO in an argon matrix® K and showed that it possesses
some boror-boron triple bond character.

Boron does form a strong triple bond with oxygen in the
diatomic BO molecule (boronyl), which is isoelectronic with
CN. Boronyl is known as a-radicat® 2! and was speculated
to exist as network terminals in liquid,Bs at high tempera-
tures?? However, the chemistry of boronyl is relatively un-
known, in contrast to CN, which is an important inorganic

eV) and 193 nm (6.424 eV) photon energies. The 355 nm
spectrum was vibrationally resolved, revealing three vibrational
modes with frequencies of 358 40, 1530+ 30, and 204Gt

30 cnTl. An accurate electron affinity of 3.16& 0.015 eV
was obtained for the ®, neutral. Extensive DFT arab initio
calculations were performed for,8, and BO,~, which were
found to possess highly stable linear structuresB3-B=B—
B=O0 for B4O (Den,°Zy~) and [(=B—B=B—B=0] "~ (De:n,’I1y)

for B4O,~. These structures are confirmed by the excellent
agreement between the calculated electron detachment energies
and vibrational frequencies and the experimental results. Mo-
lecular orbital (MO) and bond order analyses showed that the

ligand. The electronic structure and bond strength of BO are B=B bond in BO,™ is of the order 2.5. Addition of one more

similar to those of CN?21 suggesting that it may be a robust
chemical unit and may maintain its structural integrity in certain

electron to BO, ™ leads to a unprecedented closed-shell, triple
bonded B species, [&EB—B=B—B=0]>" (D.n'Zg"), i.e.,

chemical compounds. Boron oxide clusters are important speciesdiboronyl diborene.

relevant to the development of highly energetic boron-based

propellants? But our knowledge about these species is surpris-
ingly limited beyond the BO molecuké.We are interested in

2. Experimental and Computational Methods

2.1. Photoelectron Spectroscopylhe experiment was carried out

characterizing the electronic structure and chemical bonding of USiNg @ magnetic-bottle-type PES apparatus equipped with a laser

boron oxide clusters using photoelectron spectroscopy (PES)

and theoretical calculatior’$:2°In a recent communication, we
reported a PES and density-functional theory (DFT) study of
two boron oxide clusters, 8, and BO;~. They are found
surprisingly to possess a linear B(BO)D..n,>%g) and triangular
B(BO);~ (Dsn, 2A2"") structure, which can be viewed as two
and three boronyls bonded to a single B atom. A few previous
studies relevant to BO chemistry are available in the litera-
ture1826-29 \We showed previously that in ABO~ (n = 1-3)
clusters BO behaves like a monovalent structural unit in its
bonding to Au?® Theoretical calculations by one of us suggested
that carbon boronyls (CB@)Yn = 3—7) are stable speciés.
Schwarz and co-workers observedBO (n = 2, 4) in gas-
phase mass spectrometric experiméhhou et al*® observed
two boronyl species OBBCCO and OBCCBO in a low-
temperature matrix upon photolysis of the OCBBCO moleé&tile.
In the current contribution, we report a combined PES and
theoretical investigation of a new boron oxide clustejOB,
which exhibits both bororboron multiple bonding and struc-
tural features of boronyls. We produced thgB~ cluster using
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193.
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Phys. Chem. 2003 107, 1181. (b) McAnoy, A. M.; Dua, S.; Schroder,
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vaporization supersonic cluster source, details of which have been
described previousl§P.%! Briefly, the boron oxide cluster anions were
produced by laser vaporization of a pure disk target made of enriched
1B isotope (99.75%) in the presence of a helium carrier gas seeded
with 0.01% Q. The resulting BO,~ clusters were analyzed using a
time-of-flight mass spectrometer. The@® cluster of current interest
was mass-selected and decelerated before being photodetached. Two
detachment photon energies were used in the current experiment: 355
nm (3.496 eV) and 193 nm (6.424 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 spectra of Cuand Au, and the energy resolution of the
apparatus wadEKEk ~2.5%, i.e.,~25 meV for 1 eV electrons.

2.2. Computational Methods. Structural optimizations were ac-
complished at three theoretical levels, DFT-B3L¥MFT-B3PW933
and MP2(full$* with the augmented Dunning’s all-electron basis (aug-
cc-pvtz) implemented in the Gaussian 03 progfam variety of initial
structures were optimized in search of the ground state structures of
B4O,, B4sO;™, B4O2", and B(BO),Li,. Frequency calculations were
done to confirm that all obtained ground state structures are true minima.
Vertical one-electron detachment energies were calculated at the OVGF-
(full) level*® using the aug-cc-pvtz basis set at the anion ground state
geometries for BO,~. All calculations were carried out using Gaussian
0335

We also calculated the electron detachment energies using the
CASPT2 method (complete active-space second-order perturbation
theory}’ using the aug-cc-pvtz basis set, based on the optimized
structures at the B3LYP/aug-cc-pvtz level. The CASPT2(5, 6) (with
five electrons and six orbitals forming the active space) and CASPT2-

(30) Wang, L. S.; Cheng, H. S.; Fan,J.Chem. Phys1995 102 9480.

(31) Wang, L. S.; Wu, H. IPAdvances in Metal and Semiconductor Clusters
Vol. 4 Cluster MaterialsDuncan, M. A., Ed.; JAI Press: Greenwich, CT,
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E. S., Eds.; Kluwer Academic: Dordrecht, 1997; pp 4638. (c) Ortiz,
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X cluster and its neutral may have relatively high symmetry.
(@) Finally, the neutral BO> cluster possesses an even number of
355 nm electrons. However, the PES spectra did not reveal a HOMO

LUMO gap, suggesting that it does not have a closed-shell
electron configuration; i.e., thesB, cluster may possess a triplet
ground state.

4. Computational Results

We optimized the structures foru8, in three charge states,
0, —1, and—2. Figure 2 presents the symmetries, electronic
states, relative energies (in bold), minimum vibrational frequen-
U J T T cies, and number of imaginary frequencies (in parenthesis) for
the optimized structures for all three charge states together. Note
the first symbol or number in the label in each case is DB
the second, for BD,~, and the third, for BO,2".
Extensive structural searches were done @By starting
from the well-established rhombicBluster3® We first attached
the two O atoms terminally, but optimization of this initial
structure produced a transition st&tg, (*Ag) (Figure 2 g) with
one imaginary frequency. Following this imaginary frequency,
we reached a distorted three-dimensional butterfly struc@e,
M, (*A,) (Figure 2e), which is a minimum on the potential energy
LN B R L R I B surface. By bridging the two O atoms to the rhombiccRister
0 1 2 . _3 4 5 6 with different atomic positions, we obtained three structures:
Binding Energy (V) Ca, (*A1) (Figure 2b) Can (*Ag) (Figure 2d), and; (*A) (Figure
Figure 1. Photoelectron spectra ofyB," at (a) 355 nm (3.496 eV) and  of) TheC,, andCy, structures are in fact minima, whereas the
(b) 193 nm (6.424 eV). Vertical bars represent resolved vibrational . .
structures. Three vibrational modes were resolved for the ground state in D2 Structure is a transition state. Among other structures that
the 355 nm spectrum (). we considered, the three-dimensional bicappeg (*A)
structure (Figure 2h) is a third-order stationary point; and the
(4, 6) methods were used for,®,” and BO,, respectively. The C,, (*A,) structure (Figure 2c), which involves a triangulay B
calculations were done using the MOLPRO progfém. and a linear B@(ref 21) unit, is a second-order stationary point.
The perfectly linear OBBBBOW..h, 3Z4) structure (Figure 2a)
turns out to be the clear global minimum for the@® system,
The PES spectra of 8.~ at 355 and 193 nm are shown in  which is 1.49 eV lower in energy than the closest isomer (Figure
Figure 1. Three well-resolved bands were observed at 193 nm2b). A similar structure was also reported foy@ in a recent
at VDEs of 3.16 eV (X), 3.64 eV (A), and 3.99 eV (B). At 355 DFT study2®
nm, the ground state transition (X) was resolved into five  The same sets of structures were optimized fgBB),~ and
vibronic peaks. The intense peak at 3.160 eV represents theB,(BO),2~ (Figure 2). Very surprisingly, the line@.., structure
0—0 transition and yields an accurate electron affinity for neutral (Figure 2a) represents the only true minimum on the potential
B4O,, 3.160+ 0.015 eV. The other weaker peaks represent energy surfaces for both thel and—2 charge states. All other
vibrational excitations in three vibrational modes, as shown in structures possess at least one imaginary frequency (Figtre 2b
Figure l1a, with frequencies of 350 (40), 1530 (30), and 2040 h). We further optimized the linear ground state geometries for
(30) cntt. The 2040 cm! mode for band X was also partially — B,0,%/2~ at several levels of theory (B3LYP, B3PW91, and
resolved in the 193 nm (Figure 1b). In fact, vibrational features MP2), as compared in Figure 3. Their Cartesian coordinates at
were also discernible for bands A and B in the 193 nm spectrum, the B3LYP level are given in Table S1 in the Supporting
with a frequency of-+1550 cn1? for both bands. No prominent  |nformation. At the B3LYP level, the expectation valued®t]
PES features were observed beyond band B, suggesting thafvere 2.005, 0.7523, and 0.00 fon®,%/2~, consistent with
the next higher detachment channel is probably located abovetheir triplet, doublet, and singlet spin states.
6.4 eV. The observed electron binding energies and vibrational To assess the stability of 80),2~, we also computed a
frequencies are given in Tables 1 and 2, where they are neutral ion pair, B(BO).Li, at the B3LYP level. It possesses a
compared with computational data. Dan (*Ag) structure with very little distortion to the linear
The PES spectra of B, are quite special in several aspects. By(BO),>~ core, as shown in Figure 4a, where a valent
First, the sharp €0 transition in the ground state band suggests isoelectronic BH,Li, speciesDan (*Ag) (Figure 4b) andCy,
that there are very small structural changes between the ground?A,) (Figure 4c) are also shown. Alternative valent isoelectronic
states of the anion and neutral. Second, the observation of threespecies, BH22~ (Dwh,'Zg") and GH2 (Dwh'Zg"), were also

(b)
193 nm

3. Experimental Results

vibrational modes is remarkable, indicating that thgOB optimized at the same level of theory, as shown in Figure 4d
and e, respectively.
(37) () Wemer, H.-J.; Knowles, P. J. Chem. Phys1985 82, 5053. (b) The ADE and VDE for the global minimumJBO),™ anion
Knowles, P. J.; Werner, H.-Chem. Phys. Letf.985 115 259. (c) Werner,
HI:]-?]\_IVI\/?SI, phys,lgeé’éeég, 645.em ys. Lett98s 115 (€) Wemet were calculated at B3LYP, B3PW91, MP2, CCSD(T)/aug-cc-

(38) MOLPRQ version 2006.1, a package of ab initio programs, Werner, H.-
J.; Knowles, P. J.; Lindh, R.; Manby, F. R.; SthuM., and others; see (39) Zhai, H. J.; Wang, L. S.; Alexandrova, A. N.; Boldyrev, A. |.; Zakrzewski,
http://www.molpro.net. V. G. J. Phys. Chem. 2003 107, 9319.
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Table 1. Observed Ground State Adiabatic and Vertical Detachment Energies (ADE and VDE; in eV) and Vibrational Frequencies from the
Photoelectron Spectra of B;O,~, Compared to the Corresponding Calculated Values at Several Levels of Theory

transitiond/mode® expte B3LYP B3PW91 MP2 CCSD(T) CASPT2
ADE (eV) STy 2L, 3.160 (159 3.119 3.066 3.082 3.088 3.034
VDE (eV) 3.160 (15) 3.169 3.116 3.120 3.131 3.061
ve-s (cm1 gy 350 (40) 399 398 408
ve=g (cm™?) g 1530 (30) 1480 1478 1508
vg=o (cM™1) [o 2040 (30) 2001 2010 1982

aRefer to the detachment transition from the ground state of the anion to

that of the rfeRetdr to the totally symmetric vibrational modes;) of

neutral BO,. ¢ Numbers in parentheses represent experimental uncertainties in the lastdditgtstron affinity of the BO, neutral.

Table 2. Experimental Electron Detachment Energies (in eV) of the B4O,~ Anion, Compared with the Corresponding Theoretical Values at

the OVGF(full) and CASPT2 Levels

OVGF(full)®
transition exp? B3LYP B3PW91 MP2 CASPT2
X 329’ ~— 11, 3.160 (15) 3.054 (0.895) 3.047 (0.895) 3.069 (0.895) 3.061
A Ag—2I1, 3.64 (3) 3.322(0.895) 3.315 (0.895) 3.336 (0.895) 3.521
B gt — 1y 3.99 (3) 3.872 (0.900) 3.865 (0.900) 3.885 (0.899) 3.929

aNumbers in parentheses represent experimental uncertainties in the lasPdigiésaumbers in parentheses indicate the pole strength, which characterizes
the validity of the one-electron detachment pictifr&he next detachment channel is calculated with a VDE (in eV) of 8.651 (0.843), 8.660 (0.843), and

8.610 (0.842) at B3LYP, B3PW91, and MP2 geometries, respectively. Pole

strength is shown in parentheses.

(@)
022900

D, (323-‘211“ 1 %"
0.00,0.00,0.00
+78(0),+78(0),+74(0)

(e

(b)

C,, ('A17By A
+1.49,4+348,+439
+255(0),-913(1),-453(1)

®

>a4 Pl ‘0
&
C,,(ALZAL A D,('A%B,.'A)

+230,+147,+1.71
+87(0),-264(1),-293(2)

+2.68,+3.77,+4.64
-377(1),-403(1),-406(1)

(©

2o0se

Gy, ('AL2AL A

+197,+2.28,+290
-73(2),-124(3),-78(2)

(g)& Jff/f.

D,, (A, %A, 'Ay)
+2.62,+1.69,+1.90
-152(1),-260(2),-310(3)

Pty

Cyp ("Ag. 7By, ' Ay)
+2.06,+340,+4.16
+114(0),-169(1),-138(1)

(h)

Dy ("Ag.*Byg, ' Arp)
+10.19,+9.97,+995
-330(3),-655(4),-306(3)

Figure 2. Optimized structures of ,, B4O,~, and BO,2~ at the B3LYP level. Labeled below each structure are the symmetries and electronic states,
relative energies in eV (bold), and the lowest vibrational frequencies (if)dior the neutral, anion, and dianion, respectively. The number in the parentheses

of the lowest vibrational frequency is the imaginary frequencies.

pvtz, and CASPT2 levels and are compared with the experi-
mental results in Table 1. The five levels of theory gave
consistent values: ADE (3.68.12 eV) and VDE (3.123.17

eV). Vibrational frequencies of the totally symmetric modes of
the By(BO), neutral, at B3LYP, B3PW91, and MP2 levels, are
also given in Table 1. Nearly identical frequencies were obtained
at the three levels of theory. Vertical one-electron detachment
energies of B(BO),~ were also calculated at the OVGF(full)
level using the anion structures at B3LYP, B3PW91, MP2, and
also at the CASPT2 level, as shown in Table 2.

5. Comparison Between Experiment and Theory

5.1. Interpretation and Assignments of the PES Spectra.
The global minimum linear structure of,8, possesses a triplet
ground state3gq "), which is consistent with the PES pattern
(no HOMO-LUMO gap). The computed structural changes
between the neutral and anion are also very small (Figure 3),

in agreement with the rather sharp ground state PES transition. '
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1.621
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@ 1:317)
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JI IO
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(1.223) (1.6100 (1.486)
224 1.607 1.482

e

B,(BO),” (D, *Tly)

11.499

(b)

[1.257] [1.611] [1.504]

(1.245) (1.605) (1.484)
1.244 1.601 1.481

)50

B,(BO),” (D, 'Zg")

(©

Figure 3. Optimized ground state structures of (g(BO),, (b) BA(BO),,

As shown in Tables 1 and 2, the calculated detachment energiesing (c) B(BO)2. The bond lengths (in A) are labeled as B3LYP,
and vibrational frequencies are all in excellent agreement with (B3PW91), and [MP2] levels, respectively.
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&
2I8 I 1.605 1.455
; (b) B,H,Li, (D,,. 'Ay) (©) BHyLi, (C,,, 'A))
AE = +0.002 eV .&E = 0.000 eV
@ B,(BOLLi, (D, 'Ag) 1185 1493 1.061 I 1196
@ B,H,” (D, "%, (@ C,H, (D, %)

Figure 4. (a) Optimized ground state structure of{BO),Li»; (b and c) Two low-lying structures of Bl,Li, with their relative energies; (d) Ground state
structure of BH,2~; and (e) Ground state structure ofHG. All data are at the B3LYP level. Bond lengths are shown in A

the experimental results, lending considerable credence to theinformation for structural characterization. The vibrational

linear global minimum structure for®, and B,O,. frequencies of all the modes for the lineaf(BO), cluster are
The linear B(BO), has an electronic configuration of given in Table S2 at the B3LYP level of theory. Among the
1o¢?10\2204220,?301m Ml *2m? (324 ”), where the 2, HOMO nine vibrational modes, there are three totally symmetric ones,
is half-filled, resulting in a triplet ground state. In@O),™, which can be viewed as the-8, B=B, and B=O symmetric
the extra electron enters the half-fillede2ZHOMO, yielding stretching in the linear @B—B=B—B=O0 structure. Since only
an electronic configuration ofd?10,?204°20, 2301, L g* 2, totally symmetric vibrational modes are allowed in photode-
(4IT,). One-electron detachment from the,2HOMO will result tachment transitions, the number of allowed vibrational modes
in three closely lying electronic statés;, 'Ag, and'Z4", which in the linear BO; cluster is consistent with the observed number

should be responsible for the three PES bands (Table 2). Theof modes. The calculated frequencies for the three totally
calculated ground state ADE (Table 1) is 3.119 eV (B3LYP), symmetric modes at B3LYP and B3PW91 are compared with
3.066 eV (B3PW91), and 3.082 eV (MP2), which all agree well the experimental observations in Table 1. The predicted
with the experimental value 3.160 eV. Because of the small frequency for the low-frequency-BB mode at all three levels
geometry changes between the anion and neutral, the ADE andf theory seems to be slightly high relative to the experimental
VDE were identical (both were measured from the- value, whereas the predicted frequencies for tkeBBand B=
transition). The calculated ground state VDE (Table 1) is also O modes appear to be slightly low. The frequencies obtained
very close to the calculated ADE, again consistent with the from the PES experiments are not very accurate, in particular
experimental observation. for the B—B mode, making it difficult to compare quantitatively
OVGF calculations provide one-electron detachment energieswith the theoretical predictions. Nevertheless, the overall
for the ground and excited states g{BO),. The OVGF method agreement between the experiment and theory is satifactory,
assumes that single determinants give a qualitatively reasonableallowing us to assign the 350, 1530, and 2040 twbserved
description of the initial and final states in photodetachment frequencies to the BB, B=B, and B=O symmetric stretching
detachments. In the current case, this assumption is not validmodes, respectively. The HOMOr() of Bx(BO).™ involves
for the transition to thé=¢" final state. For the transition to  strong bonding interactions among the four central BBBB atoms
the A4 state, there are also multiconfigurational issues. How- with some slightly antibonding interactions in the terminal
ever, as shown in Table 2, the OVGF calculations at the B3LYP, borony! units (Table 3). This MO character is consistent with
B3PW91, and MP2 geometries yielded surprisingly consistent the observed vibrational activities in the PES spectrum and the
detachment energies with quite large pole strengths for all calculated bond length changes from the anion to the neutral
detachment channels (0:88.90). In particular, the VDE for ~ (Figure 3).
the next detachment channel was predicted by OVGF to be at
8.6 eV (see footnote c in Table 2), in perfect agreement with
the absence of any PES bands beyentieV in the 193 nm 6.1. Chemical Bonding in B(BO),*~/2~: Diboronyl Di-
spectrum (Figure 1b). The CASPT2 results are in quantitative borene. The BO, cluster can be viewed as & Bore bonded
agreement with the experimental values. In particular, the VDE'’s terminally with two boronyl groups. The BB bond length within
for the first and second excited states were predicted to be 3.521the B, core is 1.514 A at the B3LYP level (Figure 3a),
and 3.929 eV at CASPT2, in excellent agreement with the suggesting double bond characters, whereas the BB bond length
experimental VDE's of 3.64 and 3.99, respectively (Table 2). between the Bcore and the BO groups is 1.621 A, characteristic
5.2. Assignments of the Observed Vibrational ModesThe of B—B single bonds. The BO bond length is 1.206 A, which
resolved vibrational frequencies in the 355 nm spectrum (Figure is typical for a B=O triple bond?2539There is a systematic
la) for the ground state transition provide highly valuable change of the bond lengths with charge states: the boronyl bond

6. Discussion
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Table 3. Selected Molecular Orbitals Which Are Mainly Responsible for the BB Multiple Bond within the B, Core and the Two BB Single
Bonds between the B, Core and the Terminal BO Groups for By(BO),, B2(BO),~, and B,(BO),2~ 2

BB multiple bond BB single bonds
m, o, o, o,
. sPse P ®3069 | @9 | ‘@
B,(BO), (°Z,)
HOMO (2) HOMO-3 (2) HOMO-6 (2) HOMO-7 (2)
.v. L2 BT .' '. > @
B,(BO),” (*IL,) "' o .
HOMO (3) HOMO-3 (2) HOMO-6 (2) HOMO-7 (2)
B.(BO), (‘%)) ’e. o@D 330 | B D | @D
HOMO (4) HOMO-1 (2) HOMO-6 (2) HOMO-7 (2)

aShown initalic are the occupation numbers of the corresponding orbitals.

. . _ Table 4. Natural Atomic Charges of the Central B Atoms gs(|e|)
2
length increases slightly fromfBO), to B(BO),*", whereas (gc in CzHy) and the Li Atoms gii(le|), Wiberg Bond Orders for BB

all the BB bond lengths decrease slightly from(BO), to Multiple (WBI) and Single Bonds (WBIg_g), and the Total Bond
B2(BO),>~ (Figure 3). The evolution of bond lengths and the Indices of the Central B Atoms (WBIg) or WBI. for CoHy
chemical bonding with charge states ia(BO),* /2~ can be G6llc i Wl WBls s WBIyWBIc
readily understood through MO analyses. B2(BO) 40.02 1.44 (B=B) 1.07 257
The key bonding MO’s that are responsible for the BB B2(BO) —0.37 197(B==B) 114 327
B»(BO):? -0.75 2.43 (B=B) 124  3.96

bonding within the B core and the BB bonding between the DarBABO)Li» —0.94 +0.96 2.61 (B=B) 113 397
B, core and the boronyl groups are shown in Table 3 for

B2(BO),% 2=, A full analysis of all valent MO’s is shown in Si:; J_rgjgg ;:gg Ei?E)B) g:gi
Table S3. The combination @f, (HOMO-6) andoy (HOMO- BoH*~ —-0.87 3.00 (B=B) 4.00
7) in all three species can be localized as twelBsingle bonds, Dan-BaHol iz —0.91 +0.94 2.90 (B=B) 4.00
which are responsible for the-B3 o-bonding between the B CoH2 -0.23 3.00 (&=C) 3.95

core and the BO groups. These MO'’s can be traced back to the
30 HOMO of the bare boronyl BO radical (Table S3). The single {5 1. 481 A in B(BO),2. Thus, B(BO),2 can be legitimately
B—B bond can be easily recognized by the computediond considered as containing a triply bondegd®re with the Lewis
length (1.6231.601 A). structure, [@=B—B=B—B=0]2", i.e., diborony! diborene.
Theog (HOMO-3) orbital can be considered to be responsible  6.2. On the B=B Triple Bond in B »(BO),2~: Comparison
for the BB o-bonding within the B core (Table 3). The only  with OCBBCO. BB multiple bonds are rare in chemistry. To
difference among the three@0),% />~ species is the occupa-  our knowledge, the only previous report beyond theEBdouble
tion of the HOMO, which is responsible for the BBbonding bond is that in OCBBCO prepared and identified in a low-
within the B, core. In the neutral species the HOMO is half temperature matrix by Zhou et ¥.The current study shows
filled, and thus the BB bond can be considered to besBB  that the B(BO),?>~ cluster is a novel chemical species with a
double bond, as shown by the computeetB bond distance  rare B=B triple bond. In fact, B(BO),2" is isoelectronic with
of 1.514 A, which is considerably shorter than the' B single the B,(CO), molecule by Zhou et al. However, there are some
bond. Hence, the neutral,@B0), cluster can be represented significant differences between,@0O),2~ and B(CO),. First
with the Lewis structure &B—B=B—B=O. This bonding  of all, OCBBCO was characterized as a metastable species and
picture is consistent with Wiberg bond order analysis (Table readily underwent photochemical rearrangement to form OB-
4). BCCO and OBCCBO, which are2.6 and~4.1 eV more stable,
The extra electrons successively occupy the degenatate respectively, at the B3LYP levéf. The By(BO),>~ species, on
HOMO in By(BO),~ and B(BO),>", respectively (Table 3).  the other hand, represents a true global minimum. Second and
There is a slight decrease of the BB bond distance with the BB more interestingly, the calculated Wiberg bond order in OCB-
core in B(BO),~, and this bond can be considered to have a BCO is WBIlg=s = 1.97, which is comparable to that in
bond order of 2.5. The increase of the bond order is borne outBy(BO),~ (WBlg=g = 1.97). This is because of the fact that
also in the Wiberg bond order analysis (Table 4). kD)%™, the triple bond character in OCBBCO comes from the back-
the HOMO is fully occupied, and the central BB bond can be donation from the terminal carbonyl gro&pThus, the BB bond
considered to be of the bond order 3. The central BB bond length order in OCBBCO may be more appropriately characterized as
in Bo(BO),2~ does not contract much in comparison to that in 2.5, resulting in the BBO),?~ species being the first molecule
B,(BO), . This effect is likely due to the coulomb repulsion in  with a true B=B triple bond (WBE=s = 2.43, Table 4).
the dianion, in which each B atom at the center carries a natural 6.3. On the Key Structural Role of the Boronyl Groups
atomic charge of-0.75|€e| (Table 4). The coulomb repulsion in Bx(BO),Y~2-. One of the most interesting features of small
effect is confirmed in B(BO),Li, (Figure 4a), in which the boron clusters is their multicenter bonding with aromatic and
central B=B triple bond has a bond length of 1.455 A, compared antiaromatic characteP$. The B,°~/2- clusters are known to
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be aromatic with rhombus structure® However, upon oxida-
tion the B, motif appears to be completely destroyed in
B2(BO),*~2~. The structure and bonding in@0),%/2~ seem

were observed in the 193 nm spectrum at 3.16, 3.64, and 3.99
eV. The 355 nm spectrum revealed three vibrational modes for
the ground state of #,: 350+ 40, 1530+ 30, and 2040+

to be mainly governed by the presence of the boronyl groups 30 cnTl. Extensive theoretical calculations were performed on

with localized classical bonding. In our recent work on the
BzO,~ and B,O3;™ clusters, we showed for the first time the
major role that the boronyl groups play in oxygen-poor boron
oxide clusters, yielding a linear B(B®) (D«n) and triangular
B(BO);~ (Dspn) structure, respectivek?. A recent DFT study
on a series of oxygen-deficientB), clusters also revealed the
presence of BO grou@8.The BO bond length in EBO), is
calculated to be 1.21 A (Figure 3), which is remarkably similar
to 1.203 A in free BO radicat and 1.209/1.203 A in B(BQ)
B(BO); at the B3LYP levef? again demonstrating the structural
robustness of the boronyl groups in boron oxide clusters.
The boronyl groups act as monovalertionor ligands in
B2(BO),Y2~, as well as in B(BO)~ and B(BO} .25 Thus, the

B4O,%~, which were found to possess highly stable linear ground
state structures, OBBBBMf, °Zy~), and OBBBBO" (Deon, I 1)
Excellent agreement is obtained between the calculated electron
detachment energies and vibrational frequencies and the ex-
perimental observations, firmly establishing the linear global
minimum structures for BD,%~. Molecular orbital analyses
showed that the B, cluster can be described as==B—B=
B—B=0, i.e., a double bonded,®ore terminally coordinated
with two boronyl groups. The observed vibrational frequencies,
350, 1530, and 2040 cm, agree well with the calculated-B

B, B=B, and B=O symmetric stretching vibrations, respec-
tively. Chemical bonding analyses suggest that the bond order
within the B, core increases from 2 to 2.5 fromyBO), to

BO group can be viewed as isovalent to the H atom, suggestingB,(BO),~, culminating with a true B=B triple bond in B(BO),*",
an interesting link between the boron oxide clusters and boroni.e., [0=B—B=B—B=0]?~ (diboronyl diborene). The high

hydrides. Indeed, the neutral,O), cluster displays quite
similar bonding and electronic structure to the linear diborene
BoH,, which also has a triplefZy~ ground staté? The
B2(BO),2~ dianion is analogous toBi,%~, as shown in Figure
4d. The latter is isoelectronic to;B,, and its triple B=B bond
length (1.493 A at B3LYP) is also very similar to that in
B2(BO),%~ (Figure 3c).

The stability of B(BO),2~ suggests that it may serve as a
new building block in bulk compounds. We tested this pos-
sibility by considering the neutral complex,BO).Li,, as
shown in Figure 4a. We found that the Li atom donates its
charge to the BBO), core, with very little structural distortion.

It can be essentially viewed as f[B(BO)>"]Li* with
predominantly ionic interactions. The compensation of the
coulomb repulsion within the dianion core by the ldounterion
reduces the 8B triple bond length. Hence, we observe a perfect
correlation between the BB multiple bond order and its bond
length in the neutral EBO), — B,(BO),~ — By(BO),Li: 2
(1.514 A) — 2.5 (1.482 A)— 3 (1.455 A). If it can be
synthesized in bulk, the £80),2~ species would be the first
boron compound with a 8B triple bond.

7. Conclusions

Vibrationally resolved photoelectron spectra are reported for
B4O,™ at 355 and 193 nm, yielding an accurate electron affinity
for neutral BO, as 3.160+ 0.015 eV. Three detachment bands

electronic and structural stability of,@80),2~ suggests that it
may be synthesized in an ionic salt, such as in the form of
B2(BO),Li,, and would be the first boron compound containing
a B=B triple bond. The current work demonstrates again the
importance of the boronyl groups as a key structural unit in
boron oxide clusters and may open the way to designing many
novel boronyl compounds.
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