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Because of the strong relativistic effects, the chemistry of gold
differs substantially from the rest of the coinage metals.[1–6]

The relativistic stabilization of the 6s orbital in gold gives rise
to an anomalously high electron affinity of Au, which has
been compared to the halogens,[5, 7,8] such as in the recently
predicted tetraaurides [MAu4] (M=Ti, Zr, Th).[9] The most
remarkable chemistry of gold is the isolobal analogy between
a gold phosphane unit {AuPR3} and a hydrogen atom,[10–12]

which has been exploited to bring out tetra- and hyper-
coordination in compounds, such as [C(AuPR3)4]and
[C(AuPR3)5]

+.[13–17] Herein we show that a single gold atom
can also exhibit chemistry analogous to the hydrogen atom.
We report experimental and theoretical evidence that a series
of Si–Au clusters, [SiAun] (n= 2–4), are structurally and
electronically similar to SiHn. Photoelectron spectroscopy
(PES) of the corresponding [SiAun]

� anions reveals that
[SiAu4] has a large energy gap of 2.4 eV, thus indicating an
extremely chemically stable molecule. Ab initio calculations
show that [SiAu4] has an ideal tetrahedral structure and the
nature of the chemical bonding in [SiAun] has a one-to-one
correspondence to that in SiHn. The chemical stability of the
aurosilane, [SiAu4], suggests that it may be synthesized as an
isolated compound. The current finding is also relevant to
understanding the chemical interactions in the technologi-
cally important silicon–gold interface.

The silicon–gold clusters were produced by laser vapor-
ization of a mixed Au–Si target and their electronic structures
were studied by PES (see Experimental Section). Figure 1
shows the PES spectra of [SiAun]

� (n= 2–4) at two different

photon energies. Numerous transitions were observed for
each species. The spectra of [SiAu3]

� were very broad and the
first band seemed to contain two components, a sharp peak
overlapping with a more diffused band (Figure 1d). The most
interesting observation was the extremely large energy gap
observed in the spectra of [SiAu4]

� (Figure 1e,f). This
observation suggested that SiAu4 is a highly stable neutral
molecule with a large gap between its highest occupied
molecular orbital (HOMO) and its lowest unoccupied
molecular orbital (LUMO), 2.36 eV as measured by the
binding energy difference between the X and A bands
(Figure 1 f). The inset of Figure 1 f shows a high resolution
spectrum of the X band of SiAu4

� at 532 nm, revealing a
partially resolved vibrational progression with an average
spacing of 140� 30 cm�1. This observation suggested that
both [SiAu4] and [SiAu4]

� must be highly symmetric and there
is little geometry change between their ground states. The
spectra of [SiAu2]

� also showed a sizable energy gap
(1.76 eV), indicating that SiAu2 is a closed-shell molecule.
However, we found that the numerous sharp peaks (labeled
X’) in the higher binding-energy side (Figure 1a) were due to
contamination of [Si8Au]

� , as a result of a near mass
degeneracy between seven Si atoms (mass 196) and one Au
atom (mass 197). The adiabatic detachment energies (ADEs)
and vertical detachment energies (VDEs) for the first two
bands (X and A) for each species are given in Table 1. The
sharp X band in the spectra of [SiAu2]

� and [SiAu4]
� allowed

accurate ADEs to be determined. However, we were only
able to estimate a detachment threshold for the X band of
[SiAu3]

� due to its diffused nature.
It has been demonstrated previously that PES combined

with ab initio calculations is a powerful tool for elucidating

Figure 1. Photoelectron Spectra of [SiAun]
� (n=2–4). a) [SiAu2]

� at
193 nm (6.424 eV). b) [SiAu2]

� at 266 nm (4.661 eV). c) [SiAu3]
� at

193 nm. d) [SiAu3]
� at 266 nm. e) [SiAu4]

� at 193 nm. f) [SiAu4]
� at

266 nm. The inset shows the spectrum taken at 532 nm.
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the electronic structure and chemical bonding of novel
clusters. Inclusion of relativistic and correlation effects are
essential to produce accurate structures and energies for gold-
containing molecules. We studied the Si–Au clusters by using
hybrid density functional theory (DFT) method with effective
core potentials, which has been shown previously to be
suitable for clusters that involve Au.[18,19] Further refinement
was obtained at the coupled-cluster level [CCSD(T)], which
incorporates dispersion effects omitted by the DFT methods
(see Experimental Section). The two lowest-energy structures
for [SiAun] and [SiAun]

� (n= 2–4) are given in Figure 2, along
with important geometrical parameters.

At all levels of theory, the most stable
[SiAu2]

� structure has C2v symmetry with a
doublet 2B1 state (Figure 2a). A quasi-linear
Cs isomer (Figure 2b) is much higher in
energy. The most stable neutral [SiAu2] is
1A1 of C2v symmetry with a very similar
structure as the anion. The most stable
structure of [SiAu3]

� has C3v symmetry
(Figure 2c). The second-lowest isomer (Fig-
ure 2d) is 0.78 eV higher in energy. The D3h

isomer, which is a transition state (a first-
order saddle point) for the umbrella inver-
sion of the C3v [SiAu3]

� , is 0.96 eV higher in
energy. The ground state of [SiAu3] has the
same C3v symmetry as the anion, but there is

a large geometry change upon electron detachment. The Si�
Au bond length is decreased by 0.07 C and theaSiAuSi bond
angle increased considerably by 188 in [SiAu3] relative to
[SiAu3]

� (Figure 2c). For [SiAu4]
� , we calculated several

isomers and found the most stable structure is tetrahedral
(Figure 2e) with a pyramidal low-lying isomer (Figure 2 f) at
both the DFT and CCSD(T) levels of theory. Neutral [SiAu4]
is found to be a closed-shell singlet also with Td symmetry and
there is only a slight shortening of the Si�Au bond length
(0.05 C) compared to the anion. The relative energy differ-
ence between the two isomers is 0.47 eV for the neutral and
0.66 eV for the anion at the DFT level, and 0.39 eV for the
neutral and 1.13 eV for the anion at the CCSD(T) level.
Clearly, at the CCSD(T) level, the tetrahedral [SiAu4]

� is
much more stable than the pyramidal isomer.

The geometry changes between the ground states of
[SiAun]

� and [SiAun] (Figure 2) are consistent with the nature
of the first PES band (X, Figure 1). The sharp threshold peaks
in [SiAu2]

� and [SiAu4]
� and the broad band in [SiAu3]

� were
all born out in the calculated structural changes from the
anions to the neutrals. We further calculated the ADEs and
VDEs for the ground state structures of [SiAun]

� at both DFT
and CCSD(T) levels of theory (Table 1). At the CCSD(T)
level, the ADE of [SiAu2]

� and the VDEs of [SiAu2]
� and

[SiAu3]
� are in quantitative agreement with the experimental

values. The calculated ADE for [SiAu3]
� (2.93 eV) is much

smaller than the experimentally estimated threshold value
(3.22 eV). This difference is due to the large geometry change
between the ground states of [SiAu3]

� and [SiAu3] such that
there is negligible Franck–Condon factor for the 0–0 tran-
sition. In this case, the detachment threshold estimated from
the PES spectra can only be viewed as an upper limit for the
true ADE. For [SiAu4]

� , the calculated VDE and ADE at
both DFT and CCSD(T) agree well with the experimental
values, but are off by about 0.16 eV in different directions at
the two levels of theory (Table 1). We also calculated the
vibrational frequencies for [SiAu4] at the B3LYP level and
obtained an unscaled value of 127 cm�1 for the totally
symmetric mode (see Supporting Information), in excellent
agreement with the experimental value of 140� 30 cm�1. To
facilitate better comparison with the experiments we also
simulated the PES spectra by using the time-dependent DFT
method (Figure 3). Excellent overall agreement between the
simulated spectra and the experimental data was observed,

Table 1: Experimental adiabatic (ADE) and vertical (VDE) detachment energies of SiAun
� (n=2–4)

compared to those calculated from the lowest energy isomers. All energies are in eV.

Experimental Theoretical: DFT (CCSD(T))[a]

ADE VDE ADE VDE

[SiAu2]
� X 1.68�0.03 1.72�0.03 1.77 (1.67) 1.81(1.71)

A 3.48�0.05 3.19
[SiAu3]

� X 3.22�0.03[b] 3.48�0.02 2.74 (2.93) 3.22 (3.46)
A 3.67�0.06 3.66

[SiAu4]
� X 1.96�0.02 2.00�0.01 2.08 (1.79) 2.15 (1.84)

A 4.36�0.02 4.23

[a] DFT calculations by using hybrid B3-LYP functional and CCSD(T) values are given in parentheses.
Aug-cc-pVTZ basis set for Si and Stuttgart 19-electron effective core potentials augmented with two f
(0.498 and 1.461) polarization functions were used for both R(U)B3-LYP and R(U)CCSD(T) calculations.
[b] Estimated detachment threshold.

Figure 2. Optimized structures at B3-LYP level for the two low-lying
isomers of [SiAun]

� and [SiAun] . All bond lengths are given in ang-
stroms and angles in degrees. The relative energies (in bold) are in eV
for the higher energy isomer. The values and the symmetry labels
given in the parentheses correspond to the neutral structures.
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thus confirming the ground state structures for the [SiAun]
�

and [SiAun] clusters.
We noted that the structures of the [SiAun] clusters are

nearly identical to the silicon hydride (SiHn) molecules.[20] The
geometry changes between the [SiAun]

� ions and the [SiAun]
neutrals also exactly parallel those between SiHn

� and SiHn,
that is, very little geometry change exists between SiH2

� and
SiH2, and between SiH4

� and SiH4, whereas a large bond
angle change occurs between SiH3

� and SiH3.
[20] To further

understand the chemical bonding in the Si–Au clusters, we
analyzed the molecular orbitals (MOs) of [SiAun] and
compared them to those of the SiHn counterparts (Figure 4
and Supporting Information). Except the sd hybridization in
Au, the valence MOs that involve the Si–Au bonding in SiAun
(n= 2–4) are nearly identical to those of the corresponding
SiHn species. Like silylene, the HOMO of SiAu2 (aurosily-
lene) is mainly a Si lone-pair (Figure 4d) and its LUMO is a
pure silicon p orbital (Figure 4b). The HOMO of both
[SiAu3]

� and SiH3
� is a Si lone pair, which is one of the Si sp3

hybrid MOs. Removal of an electron from this MO produces
the doublet ground state for both SiAu3 and SiH3 and
significantly flattens the neutral molecules in both cases.
Similarly, the silane counterpart, [SiAu4], brings out sp3

hybridization in silicon, analogous to that in SiH4. The
LUMO and the four Si�Au bonding orbitals are very similar
to those in SiH4 (Figure 4 and Supporting Information).
Charge analysis by using the natural-bond-orbital theory
revealed that the interaction between Si and Au in all [SiAun]
species is covalent with negligible charge transfer. This
conclusion is consistent with a previous suggestion for a
series of main-group XAun

m+ (X=B–N, Al–S) species at the
Hartree–Fock level.[21] Thus we observe a complete isolobal
analogy between Au and H in the [SiAun] series of molecules.

This analogy is further supported by the similar electro-
negativity of gold (2.4) and hydrogen (2.2).

To evaluate the stability of the new SiAun molecules, we
calculated their atomization energies (at CCSD(T) level) and
compared to the corresponding silicon hydrides:

[SiAu2] (C2v,
1A1) + 2Au (2S)!Si (3P) DE= 5.82 eV

(134.2 kcalmol�1)
[SiAu3] (C3v,

2A1) + 3Au (2S)!Si (3P) DE= 7.89 eV
(181.9 kcalmol�1)

[SiAu4] (Td,
1A1) + 4Au (2S)!Si (3P) DE= 10.87 eV

(250.7 kcalmol�1)
[SiH2] (C2v,

1A1) + 2H (2S)!Si (3P) DE= 6.52 eV
(150.4 kcalmol�1)

[SiH3] (C3v,
2A1) + 3H (2S)!Si (3P) DE= 9.68 eV

(223.2 kcalmol�1)
[SiH4] (Td,

1A1) + 4H (2S)!Si (3P) DE= 13.80 eV
(318.2 kcalmol�1)

Figure 3. Simulated spectra of [SiAun]
� (n=2–4) by using TD-DFT.

a) [SiAu2]
� . b) [SiAu3]

� . c) [SiAu4]
� .

Figure 4. Comparison of the relevant frontier molecular orbitals
between SiHn and [SiAun] (n=2–4). a) The LUMO (b1) of SiH2. b) The
LUMO (b1) of [SiAu2]. c) The HOMO (a1) of SiH2. d) The HOMO (a1)
of [SiAu2]. e) The HOMO (a1) of SiH3. f) The HOMO (a1) of [SiAu3].
g) The LUMO (a1) of SiH4. h) The LUMO (a1) of [SiAu4]. i) one of the
three Si�H bonding orbitals of SiH4 (t2). j) one of the three Si�Au
bonding orbitals of [SiAu4] (t2).
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The total atomization energies, as well as the single Si�Au
bond energies in [SiAu2] (67.1 kcalmol�1), [SiAu3] (60.6 kcal -
mol�1), and [SiAu4] (62.7 kcalmol�1), are amazingly similar to
those in the corresponding Si�H molecules, SiH2 (75.2 kcal -
mol�1), SiH3 (74.4 kcalmol�1), and SiH4 (79.6 kcalmol�1).[22]

These relatively high atomization energies and the strong Si�
Au bonds reflect both the covalent nature of the Si�Au bonds
and the high stability of the [SiAun] silicon auride molecules.

Although Au and Si do not form any stable alloys, the Au–
Si interfaces have been studied extensively owing to their
importance in microelectronics. It has been shown that
despite the fact that Au is a very stable and unreactive
noble metal, it is very reactive on Si surfaces even at room
temperature.[23] Several metastable Si–Au alloys, including a
[SiAu4] phase, have been observed to form in the Si–Au
interface.[24] However, the nature of the chemical interactions
between Au and Si in the Si–Au interface is still not well
understood.[25] The current 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.
The new chemistry of Au in analogy to hydrogen may allow
new auro analogues of hydride molecules to be designed. The
extremely stable aurosilane, [SiAu4], may be synthesized in
solution with stabilizing PR3 ligands, opening a new area of
Si–Au chemistry.

Experimental Section
Photoelectron spectroscopy: Details of the experimental apparatus
have been published elsewhere.[26] Briefly, a compressed disk target
made with Si–Au (1:10 atomic ratio) was used as the laser vapor-
ization target with a helium carrier gas. Clusters from the source
underwent a supersonic expansion and collimated with a skimmer.
Negatively charged clusters were extracted from the cluster beam and
were analyzed by a time-of-flight mass spectrometer. The [SiAun]

�

(n= 2–4) cluster anions of interest were mass-selected before photo-
detachment with one of the four photon energies: 532 nm (2.331 eV),
355 nm (3.496 eV), 266 nm (4.661 eV), and 193 nm (6.424 eV).
Photoelectron spectra were measured by using a magnetic-bottle
time-of-flight photoelectron analyzer with an electron kinetic energy
resolution of DEk/Ek ~ 2.5%. The spectrometer was calibrated with
the known spectrum of Rh� .

Theoretical calculations: The initial search of the most stable
structures for [SiAun]

� (n= 2–4) and vibrational frequency calcula-
tions were done using analytical gradient with the aug-cc-pVTZ basis
set for silicon, and small-core pseudorelativistic Stuttgart effective
core potential (ECP) and the corresponding basis set, augmented by
two (a= 0.498 and a= 1.461) f-type polarization sets for gold.[27] All
the lowest-energy structures were found to be minima. The lowest-
energy structures were optimized by using the couple-cluster method
[CCSD(T)] with the same basis set. Vertical-electron-detachment
energies were calculated by using time-dependent density functional
theory (TD-DFT) for neutral molecules, whereas DSCF method was
used for closed-shell anions with hybrid (B3-LYP) functional at the
CCSD(T) geometries. All the DFT and TD-DFT calculations were
carried out by using Gaussian03[28] and R(U)CCSD(T) calculations
with the MOLPRO 2000.02 program.[29] Molecular orbitals were
generated with GaussView. Gaussian03 calculations were done at
Washington State University Linux cluster and MOLPRO calcula-
tions were performed by using supercomputers at EMSL, Molecular

Science Computing Facility of Pacific Northwest National Labora-
tory.
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