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We produced the B7Au2
- mixed cluster and studied its electronic structure and chemical bonding using

photoelectron spectroscopy and ab initio calculations. The photoelectron spectra of B7Au2
- were observed to

be relatively simple with vibrational resolution, in contrast to the complicated spectra observed for pure B7
-,

which had contributions from three isomers (Alexandrova et al.J. Phys. Chem. A2004, 108, 3509). Theoretical
calculations show that B7Au2

- possesses an extremely stable planar structure, identical to that of B7H2
-,

demonstrating that Au mimics H in its bonding to boron, analogous to the Au-Si bonding. The ground-state
structure of B7Au2

- (B7H2
-) can be viewed as adding two Au (H) atoms to the terminal B atoms of a higher-

lying planar isomer of B7-. The bonding and stability in the planar B7Au2
- (B7H2

-) clusters are elucidated
on the basis of the strong covalent B-Au (H) bonding and the concepts of aromaticity/antiaromaticity in
these systems.

Pure boron clusters have received limited experimental
attention in the literature over the past couple of decades (see
refs 1-7 and references therein). A major breakthrough has
resulted from a series of recent joint experimental and theoretical
studies that have established that all the small boron clusters
are planar or quasi-planar.8-15 These studies have shown that
photoelectron spectroscopy in conjunction with accurate ab initio
calculations is a powerful approach to elucidate the complex
structures of atomic clusters. Furthermore, the theoretical
analysis has yielded detailed information about the chemical
bonding in the clusters and allowed the planarity of the boron
clusters to be understood on the basis ofπ andσ aromaticity/
antiaromaticity.

Among the small boron clusters, the B7
- cluster is a

particularly interesting and complex system, because we ob-
served the presence of three quite different isomers in its
photoelectron spectra:12 (1) a wheel-type quasi-planar doubly
(σ andπ) aromatic tripletC6V (3A1) global minimum (structure
I in Figure 1), (2) aσ-aromatic andπ-antiaromatic singletC2V
(1A1) isomer (structureII in Figure 1) with a quasi-planar shape
(only 0.7 kcal/mol above the global minimum), and (3) an
elongated planar doubly (σ andπ) antiaromaticC2V (1A1) isomer
(structure III in Figure 1) (7.8 kcal/mol above the global
minimum). Upon addition of two hydrogen atoms to the B7

-

cluster, it is found very recently using ab initio calculations that
an inversion in stability occurs.16 The planar B7H2

- (C2V, 1A1)
isomer (structureIV in Figure 1), formed by the addition of
two hydrogen atoms to the doubly antiaromaticC2V (1A1) B7

-

isomerIII , is overwhelmingly favored as the global minimum
structure. It is 27 kcal/mol more stable than the lowest high-
energy isomerV of B7H2

-, originated from the addition of two
hydrogen atoms to the global minimum of B7

-.
Wang and co-workers have recently discovered that gold

atoms exhibit chemistry similar to that of hydrogen in Au-Si
clusters, forming SiAux and Si2Aux clusters similar to the
corresponding silicon hydrides, SiHx and Si2Hx, respectively.17,18

Because of the similar electronegativity between B and Si, we
conjecture that Au may also form Au-B clusters similar to the
corresponding valence isoelectronic H-B clusters. If that is true,
we hypothesized that the B7Au2

- cluster would behave similarly
to the B7H2

- system, thus yielding a predominantly stable cluster
similar to the global minimum of B7H2

- (IV in Figure 1). In
this case, we would expect to obtain a somewhat simpler
photoelectron spectrum for B7Au2

-, because only the global
minimum structure is expected to be present in the experiment
due to its overwhelming stability.

We produced the B7Au2
- anions using a laser vaporization

cluster source and obtained its photoelectron spectra using a
magnetic bottle-type photoelectron spectrometer.19-21 The pho-
toelectron spectra of B7Au2

- at 266 and 193 nm photon energies
are shown in Figure 2, compared with that of B7

-. Indeed, the
photoelectron spectra of B7Au2

- are substantially simpler and
better resolved than those of B7

-, despite its larger size. Most
surprisingly, despite the addition of two heavy atoms, the
ground-state transition (X) of B7Au2

- is completely vibrationally
resolved at 266 nm (Figure 2a) with the excitation of two
vibrational modes, a low-frequency mode of 790( 40 cm-1

and a high-frequency mode of 1380( 40 cm-1. The vibra-
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tionally resolved ground-state transition yielded an accurate
electron affinity (EA) of 3.52( 0.02 eV for B7Au2. Interest-
ingly, the EA of B7Au2 is very close to that of isomerIII for
B7 (3.44 ( 0.02) corresponding to feature X′ in the spectrum

of B7
- (Figure 2c).12 Clearly, only one dominant isomer was

present in the spectra of B7Au2
-. The observed detachment

energies for the various detachment channels are summarized
in Table 1. The observed B7Au2

- cluster is likely to correspond
to the isomerIII of B7

- by adding two Au atoms to its two
terminal B atoms similar to the ground-state structure of B7H2

-,
as we expected.

To prove our hypothesis and confirm the observed B7Au2
-

structure, we performed quantum chemical calculations22 for a
variety of B7Au2

- structures (VII -XII , Figure 3), which were
derived from the low-lying structures of B7H2

-.16 We initially
optimized geometries at the B3LYP/B/cc-pvDZ/Au/LANL2DZ
level of theory and found that the structureVII of B7Au2

- (C2V,
1A1) (Figure 3), nearly identical to the ground state of B7H2

-,
is indeed substantially more stable than the other structures.
We then reoptimized the geometry of the B7Au2

- global
minimum structureVII at the B3LYP/B/aug-cc-pvTZ/Au/
Stuttgart_rsc_1997_ecp+ 2f1g (R(f) ) 0.448,R(f) ) 1.464,
R(g) ) 1.218) additional functions on Au level of theory and
found that the two levels of theory gave nearly identical
structures (see Table S1 in the Supporting Information). We
also optimized the geometry for the neutral B7Au2 cluster and
obtained its ground-state structure similar to that of the anion
as summarized in Table S1. The vertical detachment energies

Figure 1. (a) Low-energy isomers of the B7
- cluster at the B3LYP/6-311+G* level of theory (relative energies computed at the CCSD(T)/6-

311+G(2df) level are shown in square brackets).12 (b) The global minimum and two low-lying isomers of B7H2
- at the B3LYP/6-311+G* level

of theory.16

Figure 2. Photoelectron spectra of Au2B7
- at (a) 266 nm (4.661 eV)

and (b) 193 nm (6.424 eV). The 193 nm spectrum of B7
- (c) is also

included for comparison.12

TABLE 1: Experimental Vertical Detachment Energies
(VDEs) of B7Au2

- from the Photoelectron Spectra,
Compared with Theoretical Calculations

feature
VDE (expt)a

eV MO
VDE (theor)b

eV

Xc,d 3.52 (2) 3a2 3.46
A 4.27 (2) 9a1 4.21
B 4.38 (3) 8a1 4.36
C 4.90 (2) 7b2 4.92
D 5.08 (3) 6b2 5.19
E 5.58 (2) 7a1 5.31
F 5.93 (2) 3b1 5.75

a Numbers in parentheses represent experimental uncertainties in
the last digit.b At TD-B3LYP/B/aug-cc-pvTZ/Au/ Stuttgart_rsc_1997_
ecp+2f1 g on Au level of theory.c Electron affinity of B7Au2 is 3.52
( 0.02 eV.d Ground-state vibrational frequencies for the B7Au2 neutral
are measured to be 790( 40 and 1380( 40 cm-1.
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(VDEs) of the B7Au2
- global minimum structure were

computed using the TD-B3LYP/aug-cc-pvTZ/Au/Stuttgart_
rsc_1997_ecp+2f1g on Au level of theory, and they are
compared with the experimental data in Table 1. All valence
molecular orbitals of the global minimum structure of B7Au2

-

are depicted in Figure 4.
The ground-state transition in the spectra of B7Au2

- (X,
Figure 2) involves electron detachment from the 3a2-HOMO,
which is aπ bonding/antibonding orbital over the B7 moiety
with some small contributions from the Au 5d orbitals (Figure
4). The calculated VDE of 3.46 eV agrees well with the
experimental VDE (3.52 eV) of the X band (Table 1). Because
both B7Au2

- and B7Au2 have the same symmetry in their ground
states, only the totally symmetric modes (a1) can be active in
the detachment transition. TheC2V B7Au2 possesses eight
symmetric modes (Table S1), among which theω1 (B-B in-
plane stretching) andω3 (B-Au stretching) modes with
frequencies of 1358 and 828 cm-1 are in good agreement with
the two observed vibrational modes (1380( 40 cm-1 and 790
( 40 cm-1). The geometry changes between the anion and
neutral ground states are very small (Table S1), consistent with
the short vibrational progressions observed. Calculated adiabatic
electron detachment energy is 3.35 eV (B3LYP/aug-cc-pvTZ/
Au/Stuttgart_rsc_1997_ecp+2f1g on Au), and it agrees well
with the experimental value of 3.52( 0.02 eV. The next six
detachment channels are due to electron removal from HOMO
- 1 to HOMO- 6 (Figure 4), respectively, and the computed
VDEs for these detachment channels are in good agreement
with the experimental data (Table 1).

The good agreement between the experimental and theoretical
VDEs confirmed the theoretical prediction of the global
minimum structureVII for B7Au2

-, which is the same as that
of B7H2

-. Why the structureIV is the most stable for B7H2
-

has been discussed in the details of ref 16. The same applies to
B7Au2

- and can be understood from the MO pictures depicted
in Figure 4. Among the 22 occupied valence MOs, 10 can be
approximately assigned due the Au 5d orbitals (HOMO- 8 to

HOMO - 16 plus HOMO- 18 (although a few of the lower-
lying orbitals have significant mixing with the B7 backbone); 7
are primarily responsible for the formation of 7 2c-2e peripheral
B-B bonds (HOMO- 2, HOMO - 4, HOMO - 7; HOMO
-17, and HOMO- 19 to HOMO- 21; see ref 16 for more
details); 2 are primarily responsible for the B-Au bonding
(HOMO - 3 and HOMO- 5); and 2 areπ orbitals (HOMO
and HOMO- 6). This leaves the HOMO- 1 (9a1), which is
a σ delocalized orbital responsible for the global bonding over
the 5 boron atoms that are not bonded to Au. Thus, B7Au2

- is
π-antiaromatic (4π delocalized electrons) andσ-aromatic (2
delocalizedσ electrons) with all other MOs representing the 2
2c-2e B-Au bonds and the 7 2c-2e B-B peripheral bonds. The
planar B7Au2

- structure can then be viewed as originating from
the mixing of the Au hybrid 6s-5d orbitals with one of the
delocalizedσ orbitals in the B7- isomerIII , thus transforming
the doubly antiaromatic B7- into a σ-aromatic but stillπ-anti-
aromitc B7Au2

-. Essentially, a delocalizedσ orbital, forming
the originalσ-antiaromatic pair of orbitals in B7-, is transformed
to 2 B-Au localized bonds, gaining major stabilization to the
structureVII for B7Au2

-. The second most stable isomer for
B7Au2

-, originating from the quasi-planar doubly aromatic
isomerI of B7

-, becomes doubly (σ- andπ-) antiaromatic and
thus significantly less stable. The stability of the planar structure
VII of B7Au2

- is also reinforced by the 2 strong B-Au bonds
formed. The calculated dissociation energy for the Au2B7

- (C2V,
1A1, structureVII ) f Au2 (1Σg

+) + B7
- (C2V, 1A1, structure

III ) reaction is+119 kcal/mol at B3LYP/B/aug-cc-pvTZ/Au/
Stuttgart_rsc_1997_ecp+2f1g on Au.

The similarity in stability, structure, and bonding in the global
minima of B7Au2

- and B7H2
- is analogous to the previous

discovery of the Au/H analogy in Si-Au clusters.17,18 Similar
to the Si-Au bond, which is highly covalent, we found that
the B-Au bonds in B7Au2

- are also highly covalent with very
little charge transfer from Au to B (NBO charges at B3LYP/
B/cc-pvDZ/Au/LANL2DZ areQ(Au) ) -0.007 e andQ(B) )
-0.251 e). This is again due to the close electronegativity

Figure 3. The global minimum and low-lying isomers of B7Au2
- at B3LYP/B/cc-pvdz/Au/LANL2DZ level of theory.
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of B and Au, as a result of the strong relativistic effects in Au.25

This study demonstrates that the Au/H analogy may be a more
general phenomenon and may exist in many species involving
Au. The Au/H analogy will not only extend our understanding
of the chemistry of Au, but will also be highly valuable in
predicting the structures and bonding of many Au alloy clusters.
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