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Icosahedral WAu12: A Predicted Closed-Shell
Species, Stabilized by Aurophilic Attraction
and Relativity and in Accord with the
18-Electron Rule**
Pekka Pyykkˆ* and Nino Runeberg

Stable metal clusters are interesting for their own sake and
as potential building blocks for nanostructures. This is
especially true for gold due to the recently discovered
catalytical properties of small or electronically tuned gold
clusters.[1, 2] We here predict the existence of a series of
isoelectronic clusters that may be particularly stable for three
complementary reasons: 1) particularly efficient radial bond-
ing, 2) the aurophilic attraction in the periphery, and 3) rel-
ativistic effects:
1) Consider an Au12 icosahedron. Its twelve 6s orbitals will

span the irreducible representations of point group Ih ag�
t1u� hg� t2u. The first three are spanned by the 6s, 6p, and
5d atomic orbitals of an atom at the center of the
icosahedron, respectively. These three levels can hold 18
electrons. This is the number of valence electrons in WAu12

or in the isoelectronic ions [TaAu12]� and [ReAu12]� .
2) As pointed out in ref. [3], covalent bonding and the

van der Waals (vdW) bonding behind the metallophilic

Figure 4. MALDI-TOF spectra of cleaved and labeled GPRT: a) GPRT:
expected 17074, observed 17069; b) biotin-labeled GPRT: expected 17300,
observed 17300; c) fluorescein-labeled GPRT: expected 17432, observed
17427.

apply to a large number of proteins. Synthesis of water-soluble
thioester labels can be accomplished using tert-butyl mercap-
toacetate, and proteins can be cleaved and labeled with these
reagents in a two-step cleavage/labeling reaction under non-
denaturing conditions. The affinity-tagged fusion proteins
described herein are not significantly different from affinity-
tagged fusion proteins produced in expression systems that
have already been used to express and purify nearly all of the
proteins of yeast for construction of functional protein arrays
and microarrays.[24, 25] The combination of those types of
expression strategies with removal of the affinity-tag and
subsequent labeling with synthetic molecules should prove
useful for many in vitro biochemical and proteomic applica-
tions. We hope that TEV protease generation of proteins with
N-terminal cysteines will be of use in future protein labeling
and semi-synthesis applications, and are currently investigat-
ing its application to a broader variety of proteins and
glycoproteins, including their micro- and nano-fabrication to
produce arrays with uniform orientation.
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attraction may be comparable in systems such as Au4
2�. It

turns out that the optimized peripheral Au�Au distances
here are short, about 280 pm. At this distance, two AuI

centers would feel a mutual vdW attraction of roughly up
to 100 kJmol�1 per pair,[4] and the icosahedron has 20 such
pairs.

3) Both the radial W�Au bonds and the covalent Au�Au
bonds among peripheral atoms are substantially strength-
ened by relativistic effects.[5]

The valence-isoelectronic Au13
5� has been discussed earlier

at the Extended H¸ckel level by Mingos.[6] A compound
containing this cluster, [Au13(PMe2Ph)10Cl2](PF6)3, was syn-
thesized in 1981.[7] Its icosahedron is comparable with the one
studied here, but distorted. Moreover there are earlier
calculations on the icosahedral, neutral clusters Au13

[8, 9] and
Au12Pd.[8]

Sun et al. have studied the lighter homologs MCu12
[10] and

MAg12[11] (M� Sc ±Ni,Y±Ag) at the density functional theory
(DFT) level with emphasis on magnetic properties and did
find maximum stability around M�Vor Nb (Group 5). Also
the calculated sizes for the systems are comparable with the
ones we present here. It must be added that DFT is not
reliable for describing the dispersion or vdW part of these
bonds.

We have performed ab initio calculations on the neutral
icosahedral WAu12 cluster and the isoelectronic Ta and Re
ions. In order to compare the results for the WAu12 cluster
with a gold-only case, we have also calculated the Au13

5�

cluster. It was checked using lower-level calculations (B3LYP/
LANL1DZ) that the icosahedral WAu12 represents a local
minimum; all vibrational frequencies were real and ranged
from one of symmetry h at 30 cm�1 to one of symmetry t1u at
190 cm�1. This implies thermal excitation of vibrational modes
at room temperature, but no danger to the chemical stability.
The totally symmetrical Raman-active ag frequencies are
given in Table 2.

Our results are shown in Table 1. The trends in bond length
along the isoelectronic series for the central atom M being

Ta�, W, Re�, Au5� are given in Table 2 and suggest a minimum
near tungsten. The calculated radial W�Au distance of WAu12

is about 268 pm at the highest TZVP�P level. It is clearly
shorter than the interatomic distance in metallic gold
(288 pm). It is also seen that the present isoelectronic species
have shorter bonds and larger force constants than the
(idealized theoretical or experimental) species Au13

5� of
Mingos. This suggests that judicious use of tungsten or its
neighbors would strongly fortify gold clusters.

The role of electron correlation is seen in the comparison
between the SCF and RIMP2 level results in Table 2. The
W�Au distance is shortened from 287 to 270 or by 17 pm. The

concomitant increase of the breathing vibration is from 116 to
147 cm�1. For relativistic effects on gold, see ref. [5].

One possible synthetic route to WAu12 could go through
atomic vapors of W and Au. Note that W vapor is being used
in organometallic synthesis. Another pathway could involve
normal chemical reactions of for example WCl6. In liquid
alloys, the binary W�Au phase diagram shows no signs of
solubility or stoichiometric compounds.[12] A likely reason is
that the W�W bonding is even stronger than the W�Au one.
Due to the difficulty of finding thermochemical reference
states for W, no stability estimates are given here.

The closed-shell electronic structure and the compact
geometry of WAu12 should help in isolating it. Its bulk
stability could be improved for example by a thiolate or xenon
monolayer on the surface. The isoelectronic ions [TaAu12]�

and [ReAu12]� could form interesting Zintl-type structures
including the stoichiometric salt, possibly with covered
surfaces.

In the orbital energy spectrum (Figure 1) the positions of
the bonding ag, t1u, and hg orbitals are of special interest.
These three orbitals have to be occupied to fulfil the 18-
electron rule. The bonding ag orbital overlaps with the gold 5d
band. The HOMO±LUMO gap is 3.0 eV at the B3LYP/
LANL1DZ level. This large gap was already noted for
the 3d and 4d analogs by Sun et al.[10] It is interesting
that both electron- and hole-type superconductors based on
the icosahedral carbon fuller-
enes have recently been re-
ported.[13] The degenerate hg

symmetric HOMO and
LUMO apparently play a role
there. The high level of degen-
eration raises the density of
states, which in turn raises the
critical temperature. This
feature of C60 (highly degener-
ate frontier orbitals) is shared
by WAu12. Electrochemically,
the hg HOMO could be
oxidized to a maximum loss
of ten electrons, and the empty
hg orbital could be reduced
to a maximum gain of ten
electrons.

Table 1. Calculated distances R [pm] for W�Au and the shortest Au�Au
contacts in WAu12.

Method Basis set R(W�Au) R(Au�Au)

RIMP2 TZVP 279.8 294.2
RIMP2 TZVPP 270.2 284.2
SCF TZVPP 286.8 301.6
RIMP2 TZVPP� f(Au) 268.0 281.7

Table 2. Calculated distances R [pm] for M�Au (M� central atom) and
the nearest-neighbor Au�Au contacts, as well as the force constant
k [atomic units] and Raman frequency �e [cm�1] for the symmetric stretch
of the isoelectronic MAu12 series (M�Ta�, W, Re�, Au5�). All calculations
were done using the TZVPP basis sets.

M Method R(M�Au) R(Au�Au) k �e

Ta� SCF 289.1 304.0 1.10 111
W SCF 286.8 301.5 1.21 116
Re� SCF 286.2 301.0 1.20 116
Au5� SCF 309.0 324.9 0.42 69
Ta� RIMP2 270.4 284.3 1.86 144
W RIMP2 270.2 284.2 1.93 147
Re� RIMP2 271.2 285.2 1.69 138
Au5� RIMP2 279.1[a] 293.4 1.12 112

[a] Experimental distances in [Au13(PMe2Ph)10Cl2](PF6)3 271.6 ± 278.9 pm.[7]

Figure 1. The B3LYP/
LANL1DZ orbital energies
of WAu12 in atomic units.
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Naked-Eye Sensitive Detection of
Immunoglubulin G by Enlargement of Au
Nanoparticles In Vitro**
Zhanfang Ma and Sen-Fang Sui*

Methods that enable the rapid, sensitive, accurate, and
inexpensive detection of substances in a complex sample
matrix are important tools. Immunoassays are based on the
use of an antibody that reacts specifically with an antigen to be
tested. The quantification of immunoassays is generally
achieved by measuring the specific activity of a label, that is,
its radioactivity, fluorescence, chemiluminescence, or bio-
luminescence. Because of its special properties which include
ease of preparation, high density, large dielectric constant,
and biocompatibility,[1] Au nanoparticles, as an amplification
tag, have been the subject of research directed at gene
analysis[2] and antibody or antigen detection.[3]

The observation of larger Au nanoparticles is beneficial.
However, to increase the labeling efficiency, smaller Au
nanoparticles are usually used to prepare the conjugate of the
antibody or antigen and colloidal gold.[4] Particularly in
histochemistry or cytochemistry, ultra-small Au nanoparticles
(�1.5 nm) are essential.[5]

The sensitivity of the small immunogold particles is usually
enhanced by silver staining.[6] While silver enhancement
allows the signals from immunogold targeting to be seen on
blots, their detecting concentration after silver staining can
often reach a level of approximately a picogram per microliter
(pg�L�1).[7, 8] This is still much lower than that of fluorescent,
radioactive, and enzyme-colorometric methods.[9] The lowest
detecting concentration for silver staining is generally ac-
knowledged to be 0.1 pg�L�1.[10]

Herein we use a mixture of HAuCl4 and NH2OH ¥HCl,
instead of silver staining solution, to enlarge immunogold
particles immobilized on the nitrocellulose strip, based on the
seeding method[11] of detecting human immunoglubulin G
(h-IgG) in vitro. Although silver enhancement is commonly
used to visualize protein-, antibody-, and DNA-conjugated
gold nanoparticles in histochemical electron microscopy
studies,[4, 12] it has not been used for the enlargement of Au
nanoparticles by HAuCl4 and NH2OH ¥HCl in vitro to
enhance the detection of h-IgG by the naked eye. The
detecting limit of the present method is significantly increased
to approximately 10 pgmL�1, thereby rivaling the limits of
fluorescent, radioactive, and enzyme-colorometric methods.[9]

Figure 1 shows the principle behind the method used here.
While NH2OH is thermodynamically capable of reducing
Au3� ions to bulk metal,[13] the reaction is dramatically
accelerated by Au surfaces.[14] As a result, no new particle

Finally, just as C60 fullerenes yielded fullerene tubes, WAu12

could lead to various (now filled) extended structures. Judging
from the short W�Au distances, they might have substantial
mechanical strength. The mutual coupling of such structures
by chemical bonds[14] or by the ionic interactions already
mentioned is a further possibility.

Summarizing, if these triply stabilized, icosahedral 5d metal
clusters could be made, they might provide a new structural
™principle∫ in gold chemistry.

Computational Methods

The reported calculations have been performed at the Hartree ± Fock (HF),
second-order M˘ller ± Plesset (MP2), or B3LYP DFT level. The MP2
calculations were performed within the resolution-of-identity (RI) approx-
imation.[15, 16] The core electrons were replaced with quasirelativistic
pseudopotentials[17] resulting in 14 and 19 valence electrons for W and
Au, respectively. The corresponding valence basis sets are of (7s6p5d)/
[6s3p3d] quality and labelled as TZVP. The TZVP was further extended by
one f function for both W and Au[18] (TZVPP). The largest basis set,
TZVPP� f(Au), was obtained by replacing the single f function in TZVPP
by two f functions on gold.[19] All calculations have been done with the
TURBOMOLE program package.[20]
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