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Gold is known to be the noblest of all metals because of the relativistic stabilization of its outer
6s orbital. The relativistic effects also lead to destabilization of the 5d orbitals, reducing the 6s-5d
energy gap and enhancing s-d hybridization. Therefore, in contrast to its lighter congeners, gold
exhibits significant covalent bonding characters and a remarkable repertoire of chemistry, which
are increasingly being exploited in catalysis and nanotechnology. This Perspective presents a brief
account of recent experimental efforts in the author’s laboratory using photoelectron spectroscopy
that lead to direct observations of covalent bonding in several relatively simple Au compounds:
Au oxides (AuO~ and AuO, "), sulfides (AuS™ and AuS,"), and the well-known Au(CN),™
complex. In a series of Au—Si and Au—B mixed clusters, it has also been found that gold atoms
behave like H atoms, forming auro-silicon and auro-boron clusters with strong covalent bonding,
analogous to the corresponding silicon and boron hydrides, such as the tetrahedral auro-silane

(SiAuy) versus silane (SiHy).

1. Introduction

Gold possesses a valence electron configuration of 5d'°6s!
with a filled 5d shell and a 6s shell similar to the alkali atoms.
However, gold displays a “relativistic maximum”' that results
in some unusual physical and chemical properties for the
noblest of all metals. The relativistic effects significantly
stabilize the 6s orbital, resulting in an anomalously high
ionization potential (9.225 eV) and an extremely high electron
affinity (2.309 eV) for the gold atom. On the Pauling scale, the
electronegativity of gold, the highest among the metallic
elements, is 2.4, which is the same as Se and close to that of
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S (2.5) and I (2.5). Thus, even ionic compounds, in which gold
acts as an electron acceptor, are known, such as in CsAu
(CsTAu™). The relativistic effects also destabilize the 5d
orbitals, leading to a reduction of the s-d energy gap, and
thus endow gold with its enchanting color, which has
fascinated humankind since the ancient. Hence, despite the
fact that gold is known to be the noblest of all metals, it
exhibits strong covalent bonding characters due to s-d
hybridization and displays a remarkable repertoire of chemistry.

The chemistry of gold is undergoing a renaissance because
of the increasingly important roles gold plays in catalysis and
nanotechnology. The covalent bonding nature of gold is at the
core of ligand-protected gold nanoparticles and homogeneous
catalyses of organogold. Numerous reviews have appeared on
various aspects of gold chemistry.”> The extensive theoretical
and experimental literature on gold up to 2007 has been
summarized comprehensively by Pyykké in a trilogy of
reviews.’® The relativistic effects in gas-phase ion chemistry
were reviewed by Schwarz.” The interactions between thiolate
ligands and gold are critical to self-assembled monolayers and
ligand-protected gold nanoparticles. Both experimental and
theoretical studies have shown that the ligands adsorb on atop
positions with significant covalent bonding between the
thiolate and the substrate.'®'* Even the highly electronegative
Cl atoms on Au surfaces have been found to exhibit significant
covalent bonding with the substrate.!® In the past decade,
homogeneous Au catalysis for efficient and selective activation
of C—C © bonds has undergone rapid development and has
been widely reviewed.*> The nature of the Au-C bond has
received particular attention.!®2° The discovery of hetero-
geneous catalysis by supported gold nanoparticles?' has
stimulated a flurry of activities both in catalysis and in
cluster science to elucidate the nature of the catalytic
mechanisms.>?>2* Novel structures of gold clusters, as a result
of the s-d hybridization, have been observed.* 2’

This Perspective focuses on recent experimental efforts in
the author’s laboratory using photoelectron spectroscopy
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(PES) to investigate the electronic structures and chemical
bonding of several relatively simple Au-containing molecules
and binary Au alloy clusters, in which significant covalent
bond characters of Au have been observed. Specifically, three
classes of species will be discussed: (i) gold oxides (AuO™~ and
AuO, ") and sulfides (AuS™ and AuS,"); (ii) gold as hydrogen
in Au-Si and Au-B binary clusters; and (iii) Au(CN), . PES
involves electron removals from valence molecular orbitals
and provides direct information about the nature of the
chemical bonding. The covalent nature of the Au-O and
Au—-CN bonding is directly revealed in the PES spectra. In
conjunction with theoretical calculations, the structures and
chemical bonding can be investigated in great detail. In a series
of Au-Si and Au-B clusters, we have found that Au behaves
like H, forming strong auride covalent bonds and yielding
cluster structures analogous to the corresponding hydrides.

2. Covalent bonding in Au oxide and sulfide
molecules

The Au-O and Au-S interactions are essential in nanogold
catalysis and ligand-protected gold nanoparticles, for which
mono-gold oxide and sulfide clusters can serve as the simplest
molecular models. However, except for a few theoretical and
spectroscopic studies on the diatomic AuO,*® 3 there was
limited knowledge about the AuO, or the sulfide systems.*®
Although there were early matrix studies on the Au-O,
complex,**>* we now know that Au or Au~ can only form
weakly bound van der Waals complexes with O, or the
linear dioxide molecules via the reaction of AuQO+0.3%%
A combined PES and ab initio study on AuO™ and AuO,~
and their valent isoelectronic AuS™ and AuS,™ species was
carried out to probe their electronic structure and to elucidate
the Au-O and Au-S chemical bonding.*' Vibrationally-
resolved PES spectra were obtained at different photon energies,
providing a wealth of electronic structure information for each
species. Similar spectra were observed for AuO~ and AuS™
and for the linear OAuO~ and SAuS™ species. High-level
ab initio calculations (Table 1) were conducted to aid spectral
assignments and provide insight into the chemical bonding in
the AuX™ and AuX,™ (X = O, S) molecules. Configuration
interactions and spin—orbit couplings were shown to be
important and were necessary to achieve good agreement
between theory and experiment. Strong covalent bonding
was found in both the AuX™ and the XAuX™ species with
multiple bonding characters.

2.1 Multiple bonding in AuO™~ and AuS™

Fig. 1 shows the vibrationally-resolved PES spectra of AuO™
at three different detachment photon energies.*! The spectra of
AuS™ are similar to those of AuO™. The high photon energy
spectrum at 193 nm revealed electron detachments from
5d-based molecular orbitals (MOs) and was important in
elucidating the nature of the Au—O bonding. Fig. 2 displays
the MO diagram for AuO~ and AuS™ and Fig. 3 shows the
MO pictures for AuO™~. The O p,/, orbitals and Au 5d,.,.
orbitals form the bonding 1 (HOMO-3) and antibonding ©*
HOMO, which are both fully occupied in the anionic ground
state. The O p. orbital interacts with the Au 6s and 5d..

Table 1 Summary of the ground state properties obtained at the
CCSD(T) level of theory for AuX;,” (X = O, S) and the measured
electron affinities (EA) for the corresponding neutral molecules.
All energies are given in eV and bond lengths (ra,_x) are in A

State TAu_X D.(X)* EA
AuO™ C,, =7 1882 2.082 2.378 + 0.015
OAuO™ D, %, 1.847  4.046 3.40 £ 0.03
AuS~ C,, =7 2216 2.677 2.475 + 0.015
SAuS™ D.n T, 2202 3388 3.42 £ 0.03

“ Dissociation energy for the most stable fragments regardless of spin,
defined as:. E(AuX,,") — [E(AuX,_;") + E(X)] with n = 1, 2 and
X =0,S.

orbitals to form the bonding 16 (HOMO-4), non-bonding 2c
(HOMO-1) and the unoccupied antibonding o* LUMO,
whereas the 8 MO (HOMO-2) is purely nonbonding. The X
and A bands in Fig. 1 correspond to electron detachments
from the O2p-based n* and 2o MOs, respectively, and the B
band corresponds to electron detachment from the 6 MO.
The C/D and E bands derive from detachments from the
Au5d-based m and 1o MOs, respectively. The extensive
vibrational structures associated with these bands provide
direct spectroscopic evidence that the lo and m MOs are
strongly bonding orbitals. On the other hand, the PES spectra
for CuO™ display no such vibrational activities for detach-
ments from similar MOs because they are non-bonding.*?

The nonbonding nature of the 26 and 6 MOs in AuO™ is
confirmed by the PES spectra in Fig. 1, which show very little
Franck—Condon activity upon electron removals from these
MOs. Thus, on the basis of the MO configuration (Fig. 2), the
AuX™ molecules possess a single ¢ bond derived from the 1o
bonding MO because the bonding 1n and the antibonding ©*
MOs cancel each other. However, while the strong bonding
nature of the 16 and 1t MOs are confirmed by the PES spectra
(strong Franck—Condon activities), the n* HOMO is some-
what nonbonding as evidenced by the very weak Franck—
Condon activities in the spin—orbit split X bands (Fig. 1a).
Thus, the AuX~species contain some © bonding character. If
the * HOMO were completely nonbonding, the bond in
AuX™ could be characterized as a triple bond. Indeed, the
calculated bond lengths of AuX™ (Table 1) are only slightly
smaller than the sums of the Au and X triple bond covalent
radii proposed by Pyykké et al. (1.76 A for AuO and 2.18 A
for AuS).* Since the ¥ HOMO does have some antibonding
character, the chemical bond in AuX™ is less than a triple
bond. Removing the four n* electrons would lead to a real
triply bonded AuX diatomic species, which corresponds to the
electron configuration of AuC* or AuSi*. Indeed, these
species have been predicted previously as containing a triple
bond.*

2.2 Covalent bonding in AuO,  and AuS,~

The Au™ atomic anion does not react with O, and they can
only form a weakly bonded van der Waals complex, Au™ (O,),
which has been recently reported.*>** On the other hand, Au~
forms a relatively strongly bonded Au(S,) complex with a
substantial binding energy (1.4 eV), which was observed in
our laser vaporization cluster source as a minor isomer.*'
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Fig. 1 Photoelectron spectra of AuO™ at (a) 355 nm (3.496 eV),
(b) 266 nm (4.661 eV), and (c) 193 nm (6.424 eV). The vertical lines
represent the resolved vibrational structures. The detailed assignments
are given in ref. 41.
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Fig. 2 Molecular orbital diagram for AuO™ and AuS"™.

However, Au can form stable linear dioxide and disulfide
molecules (XAuX™) by reactions of AuX™ with the atomic
species (X). Vibrationally resolved PES spectra at different
photon energies were obtained for AuX,™ and their structures
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Fig. 3 Molecular orbital pictures for AuO™.

and chemical bonding were analyzed by comparing with
ab initio calculations.

Fig. 4 shows the MO diagram of AuO,™ and AuS,; and
Fig. 5 displays the MO pictures of AuO, . The bonding in
SAuS™ is very similar to that in OAuO™ with nearly identical
MO pictures. The O(S) p,), orbitals interact with the
Au(5d,.,5d,.) orbitals to form the strongly bonding In,
HOMO-5, the non-bonding 17, HOMO-1, and the antibonding
21, HOMO. The 2n, HOMO is half-occupied, resulting in the
triplet ground state for AuX,™ (325;, Table 1). The inter-
actions of O(S) p. with Au 6s and 5d.: yield the strong bonding
lo,, the bonding 2c,, the weakly bonding lo,, and the
antibonding c,* LUMO. The antibonding character of the
2n, HOMO was confirmed by observation of substantial
Franck—Condon activities in the PES spectra of AuX,™ and
the increased Au—X stretching vibrational frequency in the
neutrals compared to the anions. The 1n,, 20,4, and 15, MOs
are basically nonbonding according to the PES spectra since
there is very little Franck—Condon activity upon electron
removals from these orbitals. Thus, the Au—X bonding in
AuX,™ should also have substantial multiple bonding
characters.

Interestingly, the Au—X bond is significantly strengthened in
AuX,~ compared to that in the AuX™ diatomics, as seen in
Table 1. In particular, the dissociation energy of 4.046 eV for
AuO,” - AuO™ +O0O is almost twice as large as the AuO™
dissociation energy (2.082 eV for AuO~ — Au~ + O). This
enhanced Au-X bonding in AuX, ™ is also reflected in their
shortened Au—X distances (Table 1). The enhanced Au—X
bonding in AuX, "~ is most likely due to the partially occupied
2m, antibonding orbitals, as well as from the strong covalent
bonding interactions between the Au 5d and O(S) p atomic
orbitals embodied in the 1o, and In, MOs (Fig. 5). Overall,
the Au—O and Au-S bonds in the AuX™ and AuX, ™ molecules
are strongly covalent with multiple bond characters due to the
s—d hybridization.

3. Au as H in Au-Si and Au-B alloy clusters

The isolobal analogy between a gold phosphine unit (AuPR3)
and a hydrogen atom have been well recognized in
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organometallic chemistry,

The Au™
in a number of gas phase ion-molecule complexes.’
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Fig. 4 Molecular orbital diagram for AuO,™ and AuS,".
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Fig. 5 Molecular orbital pictures for AuO, .

45-47

such as in the tetra- and hyper-
coordinate compounds, C(AuPR;), and C(AuPRj)s"
cation has been found to act like a “‘big proton”
In a PES

and boron form binary clusters, in which Au also behaves
like H. Based on this finding, a series of deltahedral closo-
auroboranes (B,Au,>”, n = 5-12) in analogy to the
well-known deltahedral closoboranes (B,H,”) have been
predicted, which may be viable for chemical syntheses.

3.1 SiAu, and SiAu, (n = 2-4)

The PES spectra of SiAu,,” (n = 2-4) are given in Fig. 6 at two
detachment photon energies.”® The most interesting observa-
tion was the extremely large energy gap between the X and A
bands observed in the spectra of SiAu, (Fig. 6e and f),
suggesting a highly stable neutral SiAuy species with a large
HOMO-LUMO gap. The ground state transition of SiAuy ™
was vibrationally resolved, consisting of a single vibrational
progression with a spacing of 140 &+ 30 cm ™' (inset, Fig. 6f).
This observation indicated that the SiAu,  anion and SiAuy
neutral must possess relatively high symmetries. Theoretical
calculations showed that the most stable structures of SiAuy~
and SiAuy are both tetrahedral, as shown in Fig. 7e. The
simulated PES spectrum of the tetrahedral SiAu,~ agrees well
with the experimental spectra, lending strong support for the
global minimum structures found for the SiAu,~ anion and its
neutral. The tetrahedral structure, in which there is no Au-Au
bonding, is much more stable than the square-pyramidal
structure (Fig. 7f). Further calculations showed that the most
stable structures of SiAus~ and SiAu,” and their neutrals
are Cz, and C,,, respectively, which can be viewed simply
as removing one and two Au atoms from the Ty SiAuy ™
(Fig. 7a and c), respectively.

Remarkably, the global minimum structures of the mono-
silicon aurides, SiAu,, (n = 2-4), are all similar to those of the
silicon hydrides, SiH,, (n = 2-4). As shown in Fig. 8§, MO
analyses revealed that the chemical bonding in SiAu, are also
similar to the corresponding SiH, molecules, suggesting
that Au behaves like a H in the auride clusters by forming a
single Si—Au covalent bond. To evaluate the stability of
the new silicon auride molecules, their atomization energies
[at CCSD(T) level] were calculated and compared to the
corresponding silicon hydrides:*

SiAu, (Cay, 'A}) = Si CP) + 2Au (3S) AE
= 5.82 ¢V (134.2 kcal/mol)

SiH, (Cay, 'A}) — Si °P) + 2H (*S) AE
= 6.52 eV (150.4 kcal/mol)

SiAu; (Csy, A1) — Si CP) + 3Au (S) AE

study of mono-silicon gold alloy clusters (SiAu,,~, n = 2-4),%
we found serendipitously that the Au atoms behave like H
atoms in the mixed clusters, resulting in structures analogous
to silicon hydrides (SiH,,, n = 2-4). The silicon tetraauride
(SiAuy), which was considered in a prior computational
study,’! is found to be particularly stable with a large
HOMO-LUMO gap similar to silane SiH4. Molecular orbital
analyses showed that Si and Au form strong single covalent
bonds in these clusters with bonding energies very close to the
corresponding Si—-H bonds. Both PES and theoretical studies
revealed that larger Si—Au alloy clusters are also similar to the
corresponding silicon hydrides. It was further found that Au

= 7.89 eV (181.9 kcal/mol)

SiH; (Cay, 2A1) — Si CP) + 3H (S) AE
= 9.68 eV (223.2 kcal/mol)

SiAuy (Tg, 'A}) = Si CP) + 4Au (°S) AE
= 10.87 eV (250.7 kcal/mol)

SiH, (Tg, 'A}) — Si CP) + 4H (°S) AE
= 13.80 eV (318.2 kcal/mol)

This journal is © the Owner Societies 2010
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Fig. 6 Photoelectron Spectra of SiAu,  (n = 2-4). (a) SiAu, at
193 nm. (b) SiAu,  at 266 nm. (c) SiAu;~ at 193 nm. (d) SiAu;~ at
266 nm. (e) SiAuy at 193 nm. (f) SiAuy~ at 266 nm; the inset shows
the spectrum of SiAu,~ taken at 532 nm (2.331 eV).
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Fig. 7 Optimized structures for the global minimum and low-lying
isomers of SiAu,,” and SiAu,. All bond lengths are given in angstroms
and angles in degrees. The relative energies (in bold) are in eV for the
higher energy isomer. The values in the parentheses correspond to the
neutral structures. See ref. 50 for computational details.
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Fig. 8 Comparison of the relevant frontier molecular orbitals
between SiH,, and SiAu, (n = 2-4). (A) The LUMO (b;) of SiH,.
(B) The HOMO (a;) of SiH,. (C) The LUMO (b,) of SiAu,. (D) The
HOMO (a;) of SiAu,. (E) The HOMO (a,) of SiH;. (F) The HOMO
(a;) of SiAu;. (G) The LUMO (a;) of SiH4. (H) The LUMO (a;) of
SiAuy. (I) one of the three Si—H bonding orbitals of SiHy (t,). (J) one
of the three Si—Au bonding orbitals of SiAuy (t,).

The total atomization energies, as well as the single Si-Au
bond energies in SiAu, (67.1 kcal/mol), SiAu; (60.6 kcal/mol),
and SiAuy (62.7 kcal/mol), are quite high and they are

SisAuy” X
(a) 355 nm

(b) 266 nm A

(c) 193 nm

0 1 2 3 4 5 6
Binding Energy (eV)

Fig. 9 Photoelectron spectra of Si;Au,™ at (a) 355 nm, (b) 266 nm,
and (c) 193 nm.
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close to those in the corresponding Si-H molecules,
SiH, (75.2 kcal/mol), SiH; (74.4 kcal/mol), and SiH4
(79.6 kcal/mol).>? These relatively high atomization energies
and strong Si—Au bonds reflect both the covalent nature of the
Si—Au bonds and the high stability of the SiAu, silicon auride
molecules.

3.2 SiAu, and SiAu, (n =
and Si3All37

2 and 4), and Si3All3+, Si3All3,

To test the generality of the Au-H analogy, several larger
Si—-Au binary clusters have been produced and investi-
gated.”>* Fig. 9 and 10 display the PES spectra of Si,Au,~
and Si,Au,~ at various photon energies, which were used to
compare with theoretical calculations to determine the most
stable structures of Si>Au,” and Si,Au, (n = 2 and 4).>° It is
well known that the acetylene and ethylene analogues of
silicon do not possess the classical configurations. Instead,
they prefer to form hydrogen-bridged or other distorted
nonclassical structures.™>* We found that the di-silicon
aurides also prefer nonclassical structures analogous to the
corresponding hydrides. Similar to Si;H, the most stable
structure for SiAu, has a dibridged configuration. For
Si,Auy, the most stable isomer corresponds to a mono-bridged
structure. More interestingly, we found that the potential
energy surfaces of the di-silicon-gold systems are also very
similar to those of the corresponding hydrides with similar

SisAuyg” A
(a) 355 nm

{c) 193 nm

Binding Energy (eV)

Fig. 10 Photoelectron spectra of Si,Au, ™ at (a) 355 nm, (b) 266 nm,
and (c) 193 nm.

low-lying isomeric structures. In Fig. 11, the MOs of SiAu,
and Si,Auy are compared to their hydride counterparts. The
similarity in both structure and bonding between the aurides
and hydrides of the di-silicon systems are clearly shown.

We have also measured the PES of Si;Au;™ and investigated
the Au—H analogy in the tri-silicon gold clusters.>* PES and
density functional calculations were combined to examine the
geometric and electronic structure of SizAu;™. It was found
that there are three isomers competing for the ground state of
SisAus~, as is the case for SisH;~.>° Extensive structural
searches showed that the potential energy surfaces of the
tri-silicon gold clusters (SizAus™ . SizAus, and SizAust) are
similar to those of the corresponding silicon hydrides. The
lowest energy isomers for SizAu;~ and SizAuj are structurally
similar with a Si;Au four-membered ring serving as a common
structural motif. The Si;Au; ™ cation is interesting because its
hydride analog, the cyclotrisilenylium ion (D3, SisH; ") is a 2n
aromatic species, which has been extensively studied.®®** An
aromatic cyclotrisilenylium ion with bulky substituents,

TN moh

Si2Auz Siz2H2

SizAus SizHa

& § 46 J .

13a, Ta, 52a 16a

12a, 6a, 5la

8b, 2b, 50a 14a
# @ r &’

3b3 sz 49a 13a

8a, Sa; 28a

27a 1la

Fig. 11 (a) Comparisons of the five bonding molecular orbitals of the
global minimum dibridged structure of Si;Au, with the corresponding
structure and molecular orbitals of Si,H,. (b) Comparison of the six
bonding molecular orbital pictures of the global minimum mono-
bridged structure of SiAuy and the corresponding structure and
molecular orbitals of Si,Hy.
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which bears similarities with SisH; ", has been successfully
synthesized.®> Our structural search indeed showed that the
lowest energy isomer for SizAu;* (D3, 'A,) is identical to
SisH;". A comparison of the valence MO’s between the
aromatic cyclotrisilenylium ion Si;H;" and the auride ion
SisAu; " is shown in Fig. 12. As anticipated, there is a
one-to-one correspondence in bonding between SizAu; "
and SizH;". The HOMO in both species is the m bond,
which is responsible for their aromaticity. The remaining
MO’s are responsible for the Si-Au(H) and Si-Si o
bonding. Thus, SizAu; " is a 2 aromatic molecule, analogous
to the well established 2m aromatic cyclotrisilenylium
ion Si;H3;™ and extending the Au—H analogy to an aromatic
Si—Au cluster.

Although Au and Si do not form stable alloys, the Au/Si
interface has been studied extensively due to its importance in

SisAus’ (D3n)

K.

232"

SisH3" (D3n)

1a1' 181'

Fig. 12 Comparison of the valence molecular orbitals of SizAuz™*
and Si3H3+.

microelectronics. It has been shown that despite the fact that
Au is a very stable noble metal it is highly reactive on Si
surfaces even at room temperature.®® Several metastable
Si-Au alloys, including a SiAu, phase, have been observed
to form in the Si—Au interface.®” However, the nature of the
chemical interactions between Au and Si in the Si—Au interface
is still not well understood.®® The finding of the Au-H
analogy, the strong Si-Au covalent bonding, and the highly
stable gaseous silicon auride species are consistent with the
high reactivity of Au on Si surfaces and should provide further
insight into the nature of the chemical interactions in the Si/Au
interfaces.

3.3 The Au-H analogy in B-Au alloy clusters

Because of the similar electronegativity between B and Si, it
was expected that Au may also act like H in B-Au alloy
clusters. We have produced and obtained preliminary PES
spectra for a wide range of B Au,” clusters. The first B-Au
alloy cluster subjected to a detailed study was B,Au,”,%
because its PES spectra were relatively simple with well-
resolved vibrational structures in the ground state transition
at 266 nm (Fig. 13), in contrast to the complicated spectra
observed for pure B;~, which had contributions from three
isomers.”” We hypothesized that the B,Au,” cluster would
behave similarly as the B;H,™ system, which is a highly stable
hydride cluster with a planar C,, structure.”’ Theoretical
calculations showed indeed that B;Au,  possesses an
extremely stable planar structure (Fig. 14), identical to that
of B;H, ™, demonstrating that Au mimics H in its bonding to
boron, analogous to the Au-Si bonding. As schematically
shown in Fig. 14, the ground state structure of B;Au,”
(B7H;,7) can be viewed as adding two Au (H) atoms to the

s
(a) Au.B;

LINLILINL L L L L L L L L L L L L LB L

2 3 4 5 6
Binding Energy (eV)

Fig. 13 Photoelectron spectra of Au,B;” at (a) 266 nm and
(b) 193 nm.
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Fig. 14 Schematics showing the global minimum structure of Au,B;
and the Au-H analogy in Au,B; and H,B;.

terminal B atoms of an elongated planar isomer of B; .
Interestingly, this C,, structure of B, is a higher energy
isomer’® and it is significantly stabilized by the strong bonding
with H and Au.

HOMO-19 2a,

HOMO-20 Ib,

The bonding and stability in the planar B;Au,™ (B;H;")
cluster were understood on the basis of the strong covalent
B-Au (H) bonding and the concepts of aromaticity and
antiaromaticity.”>’* The MO pictures of B;Au, ™ are depicted
in Fig. 15. Among the twenty two occupied valence MOs, ten
are due to 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 B; backbone); seven are responsible
for the formation of seven 2c—2e (two center two electron)
peripheral B-B bonds (HOMO-2, HOMO-4, HOMO-7,
HOMO-17, and HOMO-19 to HOMO-21); two are primarily
responsible for the B-Au bonding (HOMO-3 and HOMO-5);
and two are 1 orbitals (HOMO and HOMO-6). This leaves the
HOMO-1 (9a;), which is a o-orbital delocalized mainly over
the five boron atoms that are not bonded to Au. Thus, B;Au,™
is m-antiaromatic (4n delocalized electrons) and c-aromatic
(2 delocalized o electrons) with all other MOs representing the
two 2c—2e B—Au bonds and the seven 2c—2e B—B peripheral
bonds. The planar B;Au,™ structure can then be viewed as
originating from the mixing of the Au 6s-5d hybrid orbitals
with one of the delocalized o orbitals in B; ™, thus transforming
the doubly antiaromatic B;” into a oc-aromatic but still
m-antiaromatic B;Au,” species. Essentially, a delocalized
o orbital, forming the original c-antiaromatic pair of orbitals,
is transformed to two B-Au localized bonds, gaining major
stabilization for B;Au, . The elongated structure of the C,, B;
framework in B;Au,” or B;H,  is a result of the =

HOMO-17 3a,

=

HOMO-21 Ia,

HOMO-18 2b,

Fig. 15 Molecular orbital pictures of Au,B; .
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Fig. 16 Optimized geometric structures of B,H,>~ and B,Au,>”
(x = 5-12) (see ref. 75) with selected B-B distances in A.
(Yellow—Au; Blue—B; Orange—H)

antiaromaticity. The stability of the C,, planar structure of
B,Au,  is also reinforced by the two strong B—Au covalent
bonds or B-H bonds in the case of B;H, .

The similarity in stability, structure, and bonding in the
global minima of B;Au,  and B,H,  is analogous to the
Au-H analogy in Si-Au clusters. We found that the B-Au
bonds in B;Au,” are also highly covalent with very little
charge transfer from Au to B, similar to the Si-Au bond. This
finding inspired a computational investigation on the stability
of closo-auro-boranes, BAu,>~ (x = 5-12),” which were
found indeed to possess structures and bonding similar to the
well-known deltahedral closo-borane cages, B,H,>~, as shown
in Fig. 16. The B-B bond lengths are similar between the
auride and hydride boranes and the effective atomic charges
on Au in B,Au,>” are also very similar to those on H in
B.H.>". The results suggest that the closo-auro-borane species
are new chemical compounds that may be viable for chemical
syntheses in the bulk. The Au atoms in the closo-auro-boranes
represent highly atomically dispersed gold and may potentially
exhibit novel catalytic and chemical properties.

3.4 Covalent bonding of Au in other mixed clusters

The Au-H analogy may be a more general phenomenon and
may exist in many Au-containing molecules. In a study of the
Au,H™ hydride molecule,’® it was found that the structure of
this anion cluster is linear, [Au—Au—H]~, whereas the neutral
cluster is triangular. The structures of this simple gold hydride

are similar to the bare Au;~ anion and its neutral, respectively.
Thus, the H atom in the Au,H hydride behaves like a Au atom!

During experiment on Au-B alloy clusters, an auro-boron
oxide cluster Au,BO™ was observed to be an intense peak
dominating the Au-B mass spectra, along with weaker signals
for AuBO™ and Au;BO™. PES and computational studies
showed that Au,BO™ is a closed shell molecule with a very
high electron binding energy, whereas AuBO and Au;BO
neutrals are shown to be closed shell species with large
HOMO-LUMO gaps, resulting in relatively low electron
affinities.”” The structures of Au,BO~ (n = 1-3) were
compared with those of the corresponding H,BO™ species in
order to evaluate the analogy in bonding between gold and
hydrogen in the new Au-BO clusters. It was found that the
first gold atom does mimic hydrogen and interacts with the BO
unit to produce a linear AuBO™ structure with significant
Au-B covalent bonding. This unit preserves its identity when
interacting with additional gold atoms: a linear Au [AuBO]
complex is formed when adding one extra Au atom; two
isomers are formed for Au, [AuBO] with close energies. The
Au,,BO™ species can be alternatively viewed as Au,, interacting
with a BO™ unit,”® which contains a highly stable B= 0O triple
bond and has been observed as building blocks in B-rich
boron oxide clusters.”®® Since BO™ is isoelectronic to CO,
the structures and chemical bonding in Au,BO™ can also be

(a) Cu(CN),”

(c) Au(CN),"

LI B B B B e [ R B L B N N S L L B

4 5 6 7
Binding Energy (eV)

Fig. 17 Photoelectron spectra of M(CN),” (M = Cu, Ag, Au) at
(a) 157 nm (7.866 eV).
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Fig. 18 Photoelectron spectra of M(CN),” (M = Cu, Ag, Au) at
(a) 193 nm.

compared to those in the corresponding Au,CO complexes, in
which significant Au—-CO bonding is observed.?!#?

4. Evidence of significant covalent bonding in
Au(CN),~

The Au(CN), ™ ion is the most stable Au compound known for
centuries, yet a detailed understanding about its chemical
bonding as an isolated species was lacking until very
recently.®® Using electrospray and PES, we obtained direct
experimental evidence of significant covalent characters in
the Au-C bonds in Au(CN),” by comparison with its
lighter congeners, Ag(CN),” and Cu(CN), . Vibrational
progressions in the Au—C stretching mode were observed in
PES spectra for all detachment transitions for Au(CN),™ in
contrast to the atomic-like transitions for Cu(CN), . DFT
and high level ab initio calculations were carried out to under-
stand the PES spectra and obtain insight into the nature of the
chemical bonding in the M(CN),~ complexes. Significant
covalent characters in the Au-C bonding were shown in
Au(CN), ", consistent with the experimental observations.
Fig. 17 presents the PES spectra of M(CN),” (M =
Cu, Ag, Au) at 157 nm. Surprisingly, there is very little
similarity among the three spectra. The 157 nm spectrum of
Cu(CN),  displays some weak signals in the lower binding
energy range (X, A—D) and two sharp and intense atomic-like

transitions (E, F) in the higher binding energy range. The
binding energies of Ag(CN),™ and Au(CN), ™ are significantly
increased relative to those of Cu(CN), . The 157 nm spectrum
of Ag(CN),™ shows congested spectral features around 7 eV.
Four well-resolved bands were observed for Au(CN),™
(Fig. 17c), along with two weaker bands at around 6.5 and
7.1 eV due to multi-electron transitions.®® Interestingly,
vibrational progressions were observed in each PES band of
Au(CN),; the X and A bands were better resolved at 193 nm,
as shown in Fig. 18c. The measured vibrational frequencies
were 400 cm ™! for the X and A bands, 480 cm ™! for the B
band, and 520 cm ™' for the C band. The vibrational features
should correspond to Au-C stretching according to solution
phase data® and our calculated vibrational frequencies. In
contrast, the spectrum of Cu(CN),™~ was relatively sharp even
at 193 nm (Fig. 18a) without any vibrational structure. The
observed vibrational progressions in the PES transitions of
Au(CN),~ suggest significant bonding interactions between
Au and C, providing direct experimental evidence for the
covalency in the Au—C bonding.

High-level calculations were used to optimize structures,
compute electron binding energies to aid spectral assign-
ments, and analyze the chemical bonding in M(CN),” (M =
Cu, Ag, Au). The optimized geometries for M(CN), ™ and their
respective neutrals are all linear. The computed Au—C bond
length (1.99 1&) in Au(CN)," is significantly reduced relative to
the Ag—C bond length (2.07 A) in Ag(CN), ™ and is similar to
the Au-C bond length in the monoligated AuCN (1.91 A),SS -8
which has been suggested to possess multiple bonding
characters.?” The atomic-like PES transitions in Cu(CN),~
are consistent with the ionic bonding nature in this system,
whereas the bonding in Ag(CN),™ should be in between.

The molecular orbital pictures for Au(CN),~ are shown in
Fig. 19. The HOMO and HOMO-§ describe strong Au-C
bonding, whereas HOMO-6 is a strong © bonding orbital. The
other valence MOs are either non-bonding or weakly bonding
or antibonding. The chemical bonding in M(CN),” (M = Cu,
Ag, Au) was also investigated using population and bond
order analyses, revealing clearly less positive charge on Au and
a higher Au—C bond order in Au(CN),” than in Cu(CN),~
and Ag(CN),~. Electron localization functions (ELF)®® reflect
the probability to find electron pairs, illustrating more vividly
the increased covalency in the M—C bonding in M(CN),™ from
Cu to Au, as shown in Fig. 20. Fragment orbital analysis and
orbital interaction analysis both reveal that the covalent
character of Au—C and the remarkable stability of Au(CN),™
stem from the strong relativistic effects of gold. The s-d
hybridization significantly enhances the ability for Au to form
covalent bonds with multiple bond characters. The covalent
nature in the Au—C bonding gives the high stability of the
Au(CN),” complex.

5. Conclusions

Experimental and theoretical evidence has been obtained,
showing that multiple bonding exists between Au and O or
S in the Au mono- and di-oxide or sulfide molecules. The
Au-CN bonding in the Au(CN),” complex has also been
found to contain strong covalent characters. In a series of
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Fig. 19 Molecular orbital pictures of Au(CN), .
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Fig. 20 Electron localization functions for M(CN),” (M = Cu, Ag, Au).

binary Au clusters, it has been observed that Au behaves like
H to form strong covalent bonds with Si or B analogous to the
respective hydrides. The covalent bonding nature of gold is at
the core of ligand-protected gold nanoparticles and homo-
geneous catalyses of organogold. It has been increasingly
recognized that the Au-S covalent bonding dictates the inter-
facial structures and thus the chemical and optical properties
of self-assembled monolayers and ligand-protected gold
nanoparticles. Gold carbene complexes have also been found
to contain covalent characters, which will contribute to a
better understanding of homogeneous Au catalysis. Therefore,
gold, which is known to be the noblest of all metals, has been

found to possess a wide range of interesting chemistry. It is
conceivable that there are vast unknown chemistry and
chemical compounds of Au yet to be discovered. Various
multiply bonded species between Au and main group elements
have been predicted and observed. Photoelectron spectroscopy
in conjunction with computational chemistry is an ideal
technique to probe these species and will further contribute
to our understanding of the covalent nature of gold in many
more compounds.
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