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Photoelectron spectroscopy of boron-gold alloy clusters and boron boronyl
clusters: BzAu,~ and B3(BO),~ (n=1, 2)
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Photoelectron spectroscopy and density-functional theory are combined to study the structures
and chemical bonding in boron-gold alloy clusters and boron boronyl clusters: B3Au,” and
B3(BO),~ (n = 1, 2). Vibrationally resolved photoelectron spectra are obtained for all four species
and the B—Au and B—BO clusters exhibit similar spectral patterns, with the latter species having
higher electron binding energies. The electron affinities of B;Au, BsAu,, B3(BO), and B3(BO), are
determined to be 2.29 + 0.02, 3.17 £ 0.03, 2.71 £ 0.02, and 4.44 + 0.02 eV, respectively. The anion
and neutral clusters turn out to be isostructural and isovalent to the B3H,,"/B3H,, (n = 1, 2) species,
which are similar in bonding owing to the fact that Au, BO, and H are monovalent ¢ ligands. All
B3Au,” and B3(BO),” (n = 1, 2) clusters are aromatic with 27 electrons. The current results pro-
vide new examples for the Au/H and BO/H isolobal analogy and enrich the chemistry of boronyl and
gold. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816010]

. INTRODUCTION

Due to its intrinsic electron deficiency, boron possesses
unique chemical bonding properties, featuring three-center
two-electron (3c—2e) bonds in boranes' and aromaticity in
synthetic boron compounds.” Similarly, the bonding in ele-
mentary boron clusters is recently shown to be dominated by
aromaticity and antiaromaticity as well,>*'> which lead to pla-
nar or quasi-planar cluster structures up to large sizes that are
unparalleled in any other element in the periodic table. The
concepts of aromaticity and antiaromaticity are applicable for
both the 7 and o frameworks in the boron clusters. There-
fore, species with double aromaticity, double antiaromaticity,
or conflicting aromaticity have been observed.’ Boron alloy
clusters and ligated boron complexes offer further opportuni-
ties to tune the electronic and bonding properties of elemental
boron clusters. 320

The boron trimer anion, B3~ (D3, 'A(’), is the sim-
plest species with double (7w and o) aromaticity,® which
possesses 2w and 20 delocalized electrons and obeys the
(4n + 2) Hiickel rule. Neutral B (D3, 2A;’) cluster is also
7 aromatic, but it only has one delocalized o electron, that is,
a three-center one-electron (3c—1le) bond. Interestingly, fully
hydrogenating B3~ leads to the C,, BsHg™ borane, which
has been shown to be a 2-electron ¢ aromatic system.”'?>
The ammonia derivative of this borane, NH3;B3H;, was re-
cently synthesized via iodine oxidation and was considered as
a potential hydrogen storage material.”* Ligated boron trimer
clusters are interesting molecular models to elucidate how the
ligands successively change the structures and aromaticity of
boron clusters, and how the delocalized multicenter bonds
are transformed to localized two-center two-electron (2c—2e)
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bonds. The structures of BsH and B;H, were studied com-
putationally previously,>* in which the H atoms were shown
to prefer terminal positions of the Bs triangle. Isovalent Al;H
and AlzH, clusters were computed subsequently and similar
structures were found.?>2° However, the isovalent BsLi was
shown to be a charge transfer complex and possess C3, sym-
metry with the Li atom sitting above the B3 unit.”’ The B;H
cluster was recently studied at the multireference configura-
tion interaction (MRCI) and coupled-cluster with single, dou-
ble, and perturbative triple excitations (CCSD(T)) levels.?®
Furthermore, a relevant boronyl B3(BO); complex and its an-
ion and dianion were computationally studied.”® These clus-
ters are isostructural to the B3H3 species owing to the recent
discovery of boronyl (BO) as a robust monovalent o ligand*
and the BO/H isolobal analogy.*'~*! However, there has been
little experimental information available for the ligated B;
compounds. For higher coordinated complexes, C3, B3Hg™
was computed to be a 27 aromatic species,”> a boron ana-
log of cyclopropenium cation. An extensive series of neutral
and charged B3H, (n = 3-9) clusters were also computed,
with an emphasis on their aromatic properties.*> Global min-
imum searches were performed for BsH, (n = 4-7) clusters
and their anions, which all maintain the B; motif.**

Here we report a combined photoelectron spectroscopy
(PES) and density-functional theory (DFT) study on two
boron-gold alloy clusters B3Au~ and BsAu,” and their
corresponding BO clusters, B3(BO)™ (that is, B4O™) and
B3(BO), ™ (thatis, BsO,7). A gold atom has been found lately
to be isolobal to a H atom when bonding to the Si and B
clusters.'>»*~* Thus, the current B-Au and B—(BO) clusters
are expected to display structures similar to the B3H™ and
B3H, ™ species. We found that these B-Au and B—(BO) clus-
ters show similar experimental PES patterns. Using the com-
bined experimental and computational data, we confirmed
that the B3Au,,~ and B3(BO),,~ (n = 1, 2) clusters and their

© 2013 AIP Publishing LLC
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neutrals are indeed isostructural and isovalent to the corre-
sponding B;H, /B3;H, (n = 1, 2) species. This study pro-
vides new examples for the isolobal analogy of Au, BO, and
H, which are all monovalent ¢ radical ligands.

Il. EXPERIMENTAL AND THEORETICAL METHODS
A. Photoelectron spectroscopy

The experiments were carried out using a magnetic-
bottle-type PES apparatus equipped with a laser vaporization
cluster source, details of which were published in Ref. 49.
Briefly, the BsAu™ and B3;Au, ™ clusters were produced by
laser vaporization of an Au/B mixed target (\°B enriched) in
the presence of a pure helium carrier gas, whereas the B4O~
and B5O,~ clusters were produced using a '°B-enriched disk
target in the presence of a helium carrier gas seeded with
0.01% O;. The cluster anions were analyzed using a time-
of-flight mass spectrometer and the cluster species of interest
were each mass-selected and decelerated before being pho-
todetached. Photodetachment experiments were conducted
at three photon energies: 355 nm (3.496 eV) and 266 nm
(4.661 eV) from a Nd: YAG laser and 193 nm (6.424 eV) from
an ArF excimer laser. Effort was made to choose colder clus-
ters (that is, those with long resident times in the nozzle) for
photodetachment, which was shown previously to be critical
for obtaining high quality PES data.’® 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 Rh™ and Au~, and
the energy resolution of the apparatus was AE/Ex ~ 2.5%,
that is, ~25 meV for 1 eV kinetic energy electrons.

B. Computational methods

The DFT structural searches for the anion clusters were
performed using the Coalescence Kick (CK) global mini-
mum search program,'®>' initially at the B3LYP/Lanl2dz
and B3LYP/3-21G levels for B—Au and B-O systems,
respectively.”>>> The top low-lying candidate structures
were then fully optimized at the B3LYP/B,O/aug-cc-
pVTZ/Au/Stuttgart_rsc_1997_ecp+2flg level,”* which the
term “B3LYP” stands for throughout the text, unless stated
specifically otherwise. Frequency calculations were done to
confirm that the reported structures are true minima unless
otherwise stated. Excitation energies of the neutral clusters
were calculated using the generalized Koopmans’ theorem
(GKT)*® and time-dependent B3LYP (TD-B3LYP) methods™°
at the anion ground-state geometries. Single-point CCSD(T)
calculations®’ were done at the B3LYP geometries to further
evaluate the relative energies of the low-lying structures and
to refine the adiabatic (ADE) and vertical (VDE) detachment
energies. All calculations were done using the GAUSSIAN 09
package.’®

lll. EXPERIMENTAL RESULTS
A. B;Au~

The PES spectra of B;Au™ at three photon energies are
shown in Fig. 1. The 355 nm spectrum (Fig. 1(a)) reveals a
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FIG. 1. Photoelectron spectra of B3Au~ at (a) 355 nm (3.496 eV),
(b) 266 nm (4.661 eV), and (c) 193 nm (6.424 eV). The vertical lines rep-
resent resolved vibrational structures.

sharp ground-state band X with a short vibrational progres-
sion and a frequency of 1040 4= 50 cm™'. The 0-0 transition at
2.29 £ 0.02 eV (Table I) represents the ground-state ADE and
VDE, which is also the EA of the neutral cluster. Following a
~1 eV energy gap, band A (VDE: 3.28 eV) is well-resolved
at 266 nm (Fig. 1(b)) with a more extensive vibrational pro-
gression and a frequency of 1170 cm~'. Band B at a VDE of
3.70 eV is also vibrationally resolved at 266 nm with an esti-
mated vibrational spacing of 1200 cm™!. A pair of bands, C
(VDE: 3.94 ¢V) and D (VDE: 4.34 eV), are broader with no
vibrational features, where band C is intense and band D is
much weaker. At 193 nm (Fig. 1(c)), a number of bands are
observed at the high binding energy side: E, F, G, and H at the
VDEs of 4.57, 5.34, 5.60, and ~6.1 eV, respectively.

B. B3Aux~

The 266 nm PES spectrum of B3Au,~ exhibits three
broad bands: X, A, and B at VDEs of 3.22, 3.80, and ~4.2 eV,
respectively (Fig. 2(a)). Band X is partially vibrationally re-
solved with an estimated vibrational spacing of ~1150 cm~".
The first vibrational peak of band X is still quite broad,
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TABLE I. Experimental adiabatic and vertical detachment energies (ADEs and VDEs; in eV) from the photoelectron spectra of B3Au™ and B3Au, ™ clusters,
as compared with those calculated using the generalized Koopmans’ theorem and the time-dependent B3LYP (TD-B3LYP) methods.

Expt. Theor. (GKT) Theor. (TD-B3LYP)
Species Feature ADE/VDE®" MO*¢ ADE/VDE"¢ Final state ADE/VDE
B3Au~ X 2.29 (2)/2.29 (2)¢ a) (o) 2451247 (S)® TA, 2.4512.47
A 3.28 (2) bi (B) 3.31(T) 3By 3.12
B 3.70 (2) by (@) 3.42(S) 3A 3.48
c 3.94 (3) a1 (B) 3.87(T) 3B, 3.68
D 434 (3) ay (o) 4.10 (S) B, 3.79
E 4.57 (3) by (B) 4.43(T) TA, 4.58
F 5.34 (3) by (@) 5.13(S) 3A 5.11
a; (B) 5.18 (T) 1A, 5.75
G 5.60 (3) ar (@) 5.26 (S) B, 5.78
H ~6.1 a; (B) 5.85(T) 3A, 6.02
a (B) 5.85(T) 3A 6.02
a (@) 5.86 (S) 1A, 6.15
a) (a) 5.86 (S) A 6.15
B3Au; ™ X 3.17 (3)3.22 (3)¢ by () 3.04/3.21 (D)® 2B, 3.04/3.21
A 3.80 (3) by (@) 3.56 (D) 2A, 3.54
B ~4.2 a) (@) 3.80 (D) 2B, 3.79
C 4.89 (2) ar (o) 5.05 (D) 2B, 5.09
D 5.42(2) by (@) 5.31 (D) 2A, 5.38
E 5.70 (2) b (@) 5.94 (D) 2A, 6.05
a (o) 5.94 (D) B, 6.05
F 6.15 (5) b (@) 5.96 (D) 2A, 6.07
ay (o) 5.96 (D) 2B, 6.07

“Numbers in the parentheses represent experimental uncertainties in the last digit.

bShown in italic is the ground-state ADE, that is, the electron affinity of the neutral cluster.

I

“Molecular orbital from which the electron is detached. Labels “o’” and “B’’ denote majority and minority spins, respectively; whereas labels “S,” “D,” and “T” denote singlet,

doublet, and triplet final states, respectively.

d0bserved symmetric vibrational frequencies for B3 Au neutral cluster are 1040 £ 50, 1170 + 30, 1200 £ 50 cm™~! for bands X, A, and B, respectively; whereas those observed for

B3 Au; neutral cluster are ~1150, ~900, ~950 cm~! for bands X, D, and E, respectively.

¢Calculated ground-state ADE/VDE at CCSD(T)//B3LYP/B/aug-cc-pVTZ/Au/Stuttgart_rsc_ 1997_ecp+2flg level are 2.03/2.09 for B;Au™ and 2.97/3.25 for Bz Au, ™.

suggesting that it may contain unresolved low frequency vi-
brations. Thus, the ground-state ADE is estimated by drawing
a straight line along the leading edge of the first peak of the
X band and then adding the instrumental resolution to the in-
tersection with the binding energy axis. The ADE thus evalu-
ated is 3.17 £ 0.03 eV, which is the EA of neutral B;Au,. At
193 nm (Fig. 2(b)), four more bands are resolved: C, D, E,
and F at the VDEs of 4.89, 5.42, 5.70, and 6.15 eV, respec-
tively. Band C, D, and E are sharp, whereas band F is rela-
tively broad. Vibrational structures are observed for bands D
and E, with vibrational frequencies of ~900 and ~950 cm™ !,
respectively.

C. B4O‘

The 355 nm spectrum of B4,O~ (Fig. 3(a)) reveals the
ground state band X with well-resloved vibrational structures.
The 0-0 transition at 2.71 £ 0.02 eV defines the first ADE,
as well as the first VDE, which is also the EA of B4O. The
resolved vibrational structures indicate that two vibrational
modes are activated for the neutral ground state with frequen-
cies of 1020 + 50 cm~! and 730 %+ 50 cm™', whose combi-
nation generates the vibrational peak at 2.93 eV. At 266 nm
(Fig. 3(b)), three more bands are observed: A, B, and C at
VDE:s of 3.88, 4.03, and 4.43 eV, respectively. Band A is in-

tense and relatively sharp, band B is weak, and band C is very
broad. The high binding energy portion of the 193 nm spec-
trum (Fig. 3(c)) shows weak electron signals with poor statis-
tics. Three bands are tentatively labeled: D, E, and F at 4.85,
~5.2, and 5.80 e V.

D. B50,~

The 266 nm spectrum of BsO,~ shows a well-resolved
vibrational progression for the ground-state band X with a
frequency of 370 + 30 cm~! (Fig. 4(a)). A higher frequency
mode (1280 £ 50 cm™') is also revealed at 193 nm (Fig. 4(b)).
The 0-0 transition at 4.44 £ 0.02 eV represents the ground-
state ADE and VDE, which is also the EA of B5sO,. Two broad
excited-state bands are also observed at 193 nm: A (VDE:
4.90 eV) and B (~5.2 eV).

IV. THEORETICAL RESULTS

The optimized global-minimum structures of B;Au~,
B3Au,”, B4O7, and BsO,~ and their corresponding neu-
tral clusters are depicted in Fig. 5. Alternative low-lying an-
ion structures are summarized in Figs. S1-S4 in the sup-
plementary material,”® along with their relative energies.
Zero-point energy (ZPE) corrections were not considered,
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FIG. 2. Photoelectron spectra of B3Auy ™ at (a) 266 nm and (b) 193 nm. The
vertical lines represent resolved vibrational structures.

unless stated otherwise. All cluster structures presented
were obtained initially via the CK structural searches
and subsequently optimized at the B3LYP/B,O/aug-cc-
pVTZ/Au/Stuttgart_rsc_1997_ecp+2flg level. Relative ener-
gies for the low-lying anion structures within 20 kcal/mol
were further refined at the single-point CCSD(T) level.

A. B3Au~ and B3Au

Only a handful of structures, 1-5, are located for the
B3Au~ anion cluster, as shown in Fig. S1 in the supple-
mentary material.’> The global minimum is 1 (Ca,, 2A;)
(Fig. 5), in which Au is attached to an apex of the triangu-
lar B; core. Alternative structures based on a B3 motif, ei-
ther triangular or linear, are located ~17 and ~25 kcal/mol
above the global minimum at the B3LYP level: 2 (C5,, ZA))
and 3 (Coop, 2). Structure 2 involves a bridging Au, which
is a first-order saddle point and converts to 1 upon optimiza-
tion, whereas the structure 3 has a terminal Au ligand. At the
single-point CCSD(T) level, 2 is ~7 kcal/mol above 1. Struc-
tures with a By unit, 4 (Coop, 2X) and 5 (Cy,, 2A;), appear
at significantly higher energies. The neutral B;Au structure, 6
(Cay, 'A)), is similar to the corresponding anion global mini-
mum (1).

B. B3Au,™ and B;Au,

The optimized structures for B3 Au, ™ (7-20) are shown in
Fig. S2 in the supplementary material.>® The global minimum
7 (Cay, 'A}) (Fig. 5) is built by attaching two Au atoms to two

J. Chem. Phys. 139, 044308 (2013)

(a) X
355 nm ﬂ

{ -
(b)

266 nm

[T R M [ S R B R NN TN N T R S AN N S LS R A S LA

1 2 3 4 5 6
Binding Energy (eV)

FIG. 3. Photoelectron spectra of B4O™ at (a) 355 nm, (b) 266 nm, and (c)
193 nm. The vertical lines represent resolved vibrational structures.

apex sites of the Bj triangle, which is more stable than the
nearest isomer by at least 16 kcal/mol at the B3LYP level. All
other structures (8-20) are much higher in energy. The neu-
tral B3Au, structure 21 (Cs,, °B;) (Fig. 5) closely resembles
the anion global minimum (7), except that the quasi-linear
/BBAu bond angle is more bent by ~4° in the anion (168°),
as compared to 172° in the neutral.

C. B4O~ and B4,O

We found two closely lying structures for B,O™: 22
(Cay, 2A}) and 23 (C, 2A’) (Fig. 5), which are within ~1
kcal/mol at both the B3LYP and single-point CCSD(T) levels
(Fig. $3)* and have similar bond distances with each other.
The higher symmetry C», structure is a first order saddle point
with an imaginary frequency of —383 cm™! at the B3LYP
level. However, with ZPE corrections included, this structure
lies 0.10 kcal/mol lower than the C; at the B3LYP level, and
thus the vibrationally averaged structure of B4O~ should be
C»,. Additional calculations are performed for the C,, struc-
ture at the BP86/aug-cc-pVTZ and CCSD/6-311+G(d) lev-
els, both giving a first-order saddle point with an imaginary
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FIG. 5. Optimized structures of B3Au,~ and B3(BO),” (n = 1, 2) clus-
ters and their neutrals at the B3LYP/B,O/aug-cc-pVTZ/Au/Stuttgart_rsc_
1997_ecp+2flg level.
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frequency of —285 and —238 cm™!, respectively. With ZPE
corrections, the C,, structure is 0.33 and 0.06 kcal/mol more
stable than the C; structure at the BP86 and CCSD levels, re-
spectively. Both structures can be viewed as a BO unit inter-
acting with a B3 motif, similar to that of B3Au™. Alternative
structures (24-31 in Fig. $3)* are at least 16 kcal/mol higher
in energy.

D. B50,~ and B50,

The global minimum of B5s0,~, 33 (C»,, 'A}) (Fig. 5),
also involves a B3 core bonded to two BO groups terminally.
The closest-lying isomer is a linear cluster, 34 (Do, 1Eg),
which is higher in energy by ~11 kcal/mol at B3LYP level
(Fig. $4).°° Other structures (35-48; Fig. S4) are at least ~20
kcal/mol above the global minimum, which contain a B3, By,
or Bs core with terminal BO or bridging O ligands. The neu-
tral structure 49 (C,,, 2B;) (Fig. 5) is similar to the corre-
sponding anion (33): the quasi-linear /BB(BO) bond angle
is slightly less bent by ~2° in the neutral (176°) than that in
the anion (174°). Note again that the global minima of BsO,™
and B3 Au, ™ exhibit the Au/BO isolobal analogy, even though
they have very different potential energy surfaces.

V. COMPARISON BETWEEN EXPERIMENT
AND THEORY

A. B3Au~ and B,O~ [B3(BO)~]

The PES spectra of the B3Au™ and B4O~ clusters are
remarkably similar, except for a blue shift in binding en-
ergies in the latter. This spectral similarity is borne out
by their structural similarity, because B;O~ should be for-
mulated as B3(BO)~ (22, Fig. 5). The calculated ground-
state ADEs/VDEs at the B3LYP level are 2.45/2.47 and
2.87/2.89 eV for BsAu™ 1 (Cyy, *A;) and B4O~ 22 (Cay,
2A)), respectively (Tables I and IT). Compared to the exper-
imental data, the calculated ADEs/VDEs appear to be over-
estimated by ~0.2 eV. Note that at all the B3LYP, BP86, and
CCSD levels, the B4O~ 22 (C,, 2A;) structure is a first-order
saddle point on the potential energy surface. The true mini-
mum 23 (Cy, 2A’) structure yields the predicted ADE/VDE of
2.90/3.12 eV (Table SI),>® which deviate substantially from
the experimental data by +0.19/4-0.41 eV, suggesting that it
is unlikely the carrier for the observed PES spectra. This ob-
servation can be understood on the ground that the energy dif-
ference between 22 (Cay, 2A,) and 23 (Cj, 2A’) structures is
smaller than their ZPEs. Thus, the B4O™ cluster is structurally
fluxional with respect to an in-plane distortion of the B3 unit,
resulting in the vibrationally averaged structure 22 (C»,, 2A})
as observed.

For the calculated excited electronic states of B;Au™ and
B4O~, those from the GKT calculations are in good agree-
ment with experimental data, as shown in Tables I and II.
However, the TD-B3LYP results appear to show larger errors
for certain detachment channels, failing to reproduce the cor-
rect spectral patterns. For instance, the X—A gaps (B3Au™:
0.99eV; B4O7: 1.17 eV), which represent the energy gaps be-
tween the highest occupied molecular orbitals (HOMOs) and
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TABLE II. Experimental adiabatic and vertical detachment energies (ADEs and VDEs; in eV) from the photoelectron spectra of B4O™ and B5O;, ™ clusters,
as compared with those calculated using the generalized Koopmans’ theorem and the time-dependent B3LYP (TD-B3LYP) methods.

Expt. Theor. (GKT)* Theor. (TD-B3LYP)*
Species Feature ADE/VDE"¢ Mo! ADE/VDE®¢ Final state ADE/VDE®
B4,O~ X 2.71 )2.71 (2)° ay () 2.87/2.89 (S)f N 2.87/2.89
A 3.88 (3) by (B) 3.90 (T) 3By 3.71
B 4.03 (3) by () 4.00 (S) 3A; 4.03
C 4.43 (5) ay (B) 4.41(T) 3B, 4.18
D 4.85(3) ar (@) 470 (S) By 4.40
E ~52 ba (B) 4.98 (T) N 5.28
F 5.80 (2) by (@) 5.79 (S) B, 6.45
BsO2~ X 4.44 (2)/4.44 (2)° by () 4.31/4.45 (D) 2By 4.31/4.45
A 4.90 (5) ay () 4.86 (D) 2B, 4.87
B ~5.2 by (@) 5.01 (D) 2A2 5.14

#Calculated on the basis of structure 22 (Cy,, 2A4 ), which is a first-order saddle point. Those calculated from the true minimum 23 (Cy, 2A’) structure are listed in Table SI in the

supplementary material. With the inclusion of the zero-point energy, it is expected that 22 is the vibrationally averaged structure being observed; see text for details.

YNumbers in the parentheses represent experimental uncertainties in the last digit.

¢Shown in italic is the ground-state ADE, that is, the electron affinity of the neutral cluster.

w0

dMolecular orbital from which the electron is detached. Labels “a” and “8” denote majority and minority spins, respectively; whereas labels “S,” “D,” and “T” denote singlet, doublet,

and triplet final states, respectively.

¢Observed symmetric ground-state vibrational frequencies for B4O neutral cluster are 730 + 50 and 1020 #+ 50 cm™!, and those for BsO, neutral cluster are 370 + 30 and

1280 £ 50 cm™'.

fCalculated ground-state ADE/VDE at CCSD(T)//B3LYP/aug-cc-pVTZ level are 2.57/2.55 for B4O~ and 4.40/4.53 for BsO, ™, where the ADE for B,O~ is artificially larger than

'VDE due to the fact that the 22 (Cy,, 2A.) anion is not a true minimum.

lowest unoccupied molecular orbitals (LUMOs) of the cor-
responding closed-shell neutrals, are significantly underesti-
mated at the TD-B3LYP level (BsAu~: 0.65 eV; B4,O™: 0.82
eV). Overall, the performance of the GKT method seems to
be more consistent and reliable for these open-shell clusters
than the TD-B3LYP method.%"¢!

B. B3Au,™ and B50,~ [B3(B0)2_]

The PES spectra of BsAu,™ (Fig. 2) and B50,~ (Fig. 4)
are also similar with a very large blue shift in the BO species,
which makes the 266 nm spectrum of B3;Au,~ remarkably
similar to the 193 nm of BsO,™. This spectral similarity is
again reflected by the structural similarity of the two clus-
ters because B5;0,~ should be formulated as B3(BO),™ (33,
Fig. 5). The calculated ground state ADEs/VDEs at the
B3LYP level are 3.04/3.21 and 4.31/4.45 eV for BsAu,™ 7
(Cay, 'A1) and B5sO,~ 33 (Cyy, 'A}), respectively, in excel-
lent agreement with the experimental values of 3.17/3.22 and
4.44/4.44 eV. The calculated VDEs for the excited states of
BsAu, and BsO, are also in good agreement with the ex-
periment (Tables I and II). In these cases, the GKT and TD-
B3LYP methods seem to perform equally well, probably be-
cause of the fact that both anions are closed-shell.

C. Vibrational structure analyses

It is remarkable that vibrational fine structures are ob-
served for the ground state transitions of all four species,
as well as for the A and B bands of B;Au~, hinting that
these anionic clusters and their corresponding neutrals are of
relatively high symmetry and little geometric change occurs
upon electron detachment. The calculated ground-state vibra-
tional frequencies at the B3LYP level can be used to assign

the observed vibrational structures. Notably, the observed
ground-state frequencies of 1040 and 1020 cm™! for B3Au
and B3(BO), respectively, are readily assigned to the B—B
stretching of the B, unit, calculated as 1089 and 1167 cm!.
The observed modes of ~1150 and 1280 cm™' for BsAu, and
B3(BO),, respectively, are assigned to the B3 breathing mode,
which are calculated to be 1242 and 1344 cm™!. These as-
signments are consistent with the nature of the corresponding
HOMOs of the anion clusters from which the electron is de-
tached in each case (Fig. 6): 0 MOs that are primarily local-
ized on the B, unit in B3Au™ and B3(BO)~ versus delocalized
7 MOs over the B; motif in B;Au, ™ and B3(BO), ™.

An additional vibrational peak at 2.93 eV for B3(BO)
(Fig. 3) is due to a combination band with a lower mode of
730 cm™! for the B—(BO) stretching, which is predicted to be
513 cm™!. The vibrational structures for excited-state bands
A/B of B3Au, 1170/1200 cm™! (Fig. 1), are assigned to the
Bj breathing, whose predicted value is 1251 cm™! (for the
ground state). This assignment is also consistent with the na-
ture of the delocalized = MO (Fig. 6(b)), from which the elec-
tron is detached. Lastly, a lower frequency mode (370 cm™!)
for the ground-state X of B3(BO), (Fig. 4(a)) is assigned to
BO bending (predicted value: 275 cm™!), which is consis-
tent with the slight bond angle change of the quasi-linear
/BB(BO) angle from the anion to neutral (by ~2°). In sum-
mary, the vibrational information provides further support for
the identified global-minimum structures for both the anionic
and neutral clusters.

VI. DISCUSSION
A. Cluster structures

The good agreement between the experimental and com-
putational results lends considerable credence to the identified
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FIG. 6. Selected molecular orbitals of BsAu,™ and B3(BO),” (n = 1, 2)
that are responsible for the delocalized o and 7 bonding in the B3 core, and
the B—Au and B—(BO) o single bonds.

global-minimum structures for BsAu™, BsAu, ™, B4O~, and
B50,~, which are similar to those of the BsH and BsH,
clusters.”*?® The global minima of the B—Au and B—(BO)
clusters are all highly stable, with the nearest low-lying struc-
tures being higher in energy by as much as ~17, 16, 16, and
11 kcal/mol, respectively, at the B3LYP level (Figs. S1-S4).%
The results agree well with the experimental observation that
there is no hint of any presence of low-lying isomers in the
PES spectra. The boron oxide clusters B4O~ and B;O,~, each
containing a B3 core with one or two BO groups, are found
to bear no structural relationship to the neat B,~ and Bs~
clusters, respectively.ﬁ7 The structures of B4O~ and B5O,~
clusters are completely governed by the BO groups and
can be formulated as boron boronyl complexes: B3(BO),~
(n =1, 2), similar to what we have found previously in other
B-rich boron oxide clusters.>>™*" This structural feature es-
tablishes the isostructural link between B;Au~/B3Au,™ and
B4O7/B50,~ and underlies the similarities in their PES spec-
tra. Note that the B—-Au, B—(BO), and BO bond distances
in B3Au,” and B3(BO),” (n = 1, 2) and their neutrals
fall in the ranges of 1.960-2.025, 1.628-1.636, and 1.205-
1.220 A, respectively (Fig. 5), which are typical for the
B-Au single bonds, B—(BO) single bonds, and B=O triple
bonds. 13,14,30

B. Chemical bonding: Aromaticity versus localized
core-ligand o bonds

Key MOs for B3Au,,~ and B3(BO),~ (n = 1, 2) that are
responsible for the delocalized bonding within the B; core
and for the localized 2c—2e o bonds between the B3 core and
the Au or BO ligands are depicted in Fig. 6, in comparison
with those of B;~.% The full sets of occupied valence MOs

J. Chem. Phys. 139, 044308 (2013)

for the four clusters are shown in Figs. S5-S9.°° The bare
B3~ cluster possesses one completely delocalized bonding
MO (HOMO-1) and one completely delocalized bonding o
MO (HOMO) (Fig. 6(a)), rendering it doubly aromatic with
27 and 20 electrons according to the (4n + 2) Hiickel rule.
Since both Au and BO are monovalent ¢ ligands, the delo-
calized 20 electrons are used in the B3Au,~ and B3(BO),,~
(n = 1, 2) clusters to form new 2c—2e terminal o bonds
(Figs. 6(b)-6(e)), thus diminishing the o aromaticity. On the
other hand, the 7 MO retains nearly intact in BsAu,~ and
B3(BO),” (n = 1, 2), which can be viewed as w aromatic
systems in the B3 core. The nucleus independent chemical
shift (NICS)®? was calculated for the B3Au,,~ and B3(BO),,~
(n = 1, 2) clusters and their neutrals at 1.0 A above the geo-
metric center of the B unit (Table SIV).”? All NICS values
are negative, consistent with 7 aromaticity. The drop of NICS
values for the B3Au, and B3(BO), neutrals is consistent with
the fact that only one 7 electron is present in these systems.
An opposite trend is observed for B3;Au™ and B3(BO)~, for
which the anions have smaller NICS values relative to the
neutrals. This is probably due to the fact that the neutrals for
these two clusters are highly stable electronic systems with
large HOMO-LUMO gaps.

C. Beyond the BO/Au analogy: Electron affinity trends
of B3Au, and B3(BO), (n = 0-2)

The similarities between the BsAu,” and B3(BO),”
(n = 1, 2) clusters provide new examples for the BO/Au
analogy in boron compound clusters, as recently found in
BigpAu~/B;;0~ and Bj;Au~/B;30~.'*15 However, we note
some subtle differences in the trend of EAs as a function of the
number of ligands in B3Au, and B3(BO), (n = 1, 2), which is
depicted more clearly in Fig. 7. The slight drop in EA values
for B3 Au and B3(BO) is due to the distortion and destabiliza-
tion of the o MOs (Figs. 6(b) and 6(d)) upon the attachment
of the first Au/BO ligand. On the other hand, the sizeable in-
crease in EAs for B3Au, and B3(BO); is primarily attributed
to the closed-shell electron configurations of the correspond-
ing anions and to the change in nature of the frontier MOs
(from o to ; Fig. 6).

It is known that a B—(BO) cluster possesses a higher
EA than its B—Au counterpart. For example, the EAs of
B1o(BO) and B2(BO) are 0.47 and 0.42 eV higher than those
of BjgAu and B, Au, respectively.'* !> Similarly, the current
B3(BO) cluster has an EA that is 0.42 eV higher than that of
BsAu. Remarkably, the EA value of B;(BO); is substantially
higher than that of B3Au,, by as much as 1.27 eV (Fig. 7;
Tables I and II). The high EAs for the B—(BO) clusters are
due to two effects. First, the partial participation of the BO
groups in 7w conjugation leads to extended delocalization over
B4 (in B4O) or Bs (in B50,) (Figs. 6(d) and 6(e)), which helps
stabilize the 7 MOs and the systems as a whole. Second and
more importantly, the polar nature of the BO group can in-
duce substantial electrostatic stabilization to the B3(BO),~
(n = 1, 2) clusters, resulting in the very large EA for the
diboronyl B3(BO), cluster. Both the above effects appear to
be accumulative. Thus, multiple boronyl ligands are capa-
ble of generating novel species with extremely high EAs,
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FIG. 7. Evolution of electron affinities of B3Au, and B3(BO), (n = 0—-2)
clusters as a function of the number of Au/BO ligands. The electron affinity
of Bj is taken from Ref. 6.

which may warrant further experimental and computational
explorations.

VIl. CONCLUSIONS

We report a combined photoelectron spectroscopy and
density-functional theory study on the structural and elec-
tronic properties and chemical bonding in a series of com-
pound clusters between the doubly (7 and o) aromatic B;
core and the Au or BO ligands: B3Au,” and B3(BO),™
(n =1, 2). These B3—Au and B3;—(BO) complexes show sim-
ilar PES patterns with each other, due to the fact that Au
and BO are both monovalent ¢ ligands and the B3Au,~ and
B3(BO),,~ clusters can be considered to be isostructural and
isovalent. The B3 core in the clusters is shown to contain
a fully delocalized 7 orbital, rendering them m aromatic.
The combined experimental and theoretical results provide
new examples for the Au/BO isolobal analogy and enrich the
chemistry of boronyl as a novel inorganic ligand, which are
topics of current interest.
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