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T
he favorable interaction between
thiolate and gold manifests in two
famous examples: self-assembled

monolayers (SAMs) of thiolate on gold1

and thiolate-protected gold (Au:SR)

nanoparticles.2�4 The former typifies a two-

dimensional system, while the latter zero-

dimensional. Both systems have enjoyed

tremendous attention since their discover-

ies in 1980s and 1990s, respectively.

Research of SAMs and Au:SR nanoparti-

cles has advanced greatly in the past sev-

eral years. In the area of SAMs, the observa-

tion of RS�Au�SR motifs on Au(111) by

low-temperature scanning tunneling

microscopy5 called for a re-interpretation

of previous experimental data.6,7 The total-

structure determination of Au102(SR)44 (1)8,9

and Au25(SR)18
� (2)10,11 demonstrated the

structural characteristics of stable Au:SR

clusters: a high-symmetry Au core pro-

tected by the linear RS�Au�SR (short) and

the V-shaped RS�Au�SR�Au�SR (long)

motifs. The short motif is a common struc-

tural feature shared by both the SAMs on

Au and Au:SR nanoparticles. Recently, the

long motif has also been computationally

explored on Au(111).12 Moreover, the super-

atom concept has been successfully ap-

plied to explain the exceptional stability of

1 and 2.13,14

Despite the tremendous research efforts

on SAMs and Au:SR nanoparticles, there has

been no report, experimental or computa-

tional, on the thiolated gold one-dimensional

nanosystems. One-dimensional metallic

nanowires often display unique electron-

transport properties that can be exploited

for sensing.15 Introducing organic ligands

on the nanowire surface provides a means

to further tune the properties of the one-

dimensional nanosystem. In this paper, we

seek to computationally explore thiolated
Au nanowires, by capitalizing on the recent
advances in understanding the Au�thiolate
interface and the electronic structure of
the ligand-protected Au nanoclusters. We
show that a thiolated gold nanowire can be
made semiconducting, even though gold it-
self is an excellent conductor.

RESULTS
We envision a gold nanowire formed by

a linear chain of vertex- or face-sharing
icosahedra, which is then ligated on the
outside by thiolate groups (in this paper,
methylthiolate is chosen for convenience).
This idea is reminiscent of Teo and co-
workers’ idea of clusters of clusters16�18

that transition-metal icosahedral clusters as-
semble into bigger clusters by vertex shar-
ing. Our model of the vertex-sharing thio-
lated gold nanowire is also motivated by
the fact that a vertex-sharing biicosahedral
gold cluster has been synthesized.19 In this
cluster, five thiolate groups are found to
bridge two icosahedra. On the other hand,
the face-sharing model is motivated by
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ABSTRACT Tremendous research efforts have been spent on thiolated gold nanoparticles and self-assembled

monolayers of thiolate (RS�) on gold, but thiolated gold nanowires have received almost no attention. Here we

computationally design two such one-dimensional nanosystems by creating a linear chain of Au icosahedra, fused

together by either vertex sharing or face sharing. Then neighboring Au icosahedra are bridged by five thiolate

groups for the vertex-sharing model and three RS�Au�SR motifs for the face-sharing model. We show that the

vertex-sharing thiolated gold nanowire can be made either semiconducting or metallic by tuning the charge, while

the face-sharing one is always metallic. We explain this difference between the two nanowires by examining

their band structures and invoking a previously proposed electron-count rule. Implications of our findings for

previous experimentation of gold nanowires are discussed, and a potential way to make thiolated gold nanowires

is proposed.
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the proposed face-sharing biicosahedral structure for
Au38(SR)24,20 which has been shown to be more stable
than all previous models.21�24 In this biicosahedral
structure, three RS�Au�SR motifs are found to bridge
two icosahedra.

From the previous work on biicosahedral Au clus-
ters described above, it is natural for us to create a
vertex-sharing icosahedral gold nanowire bridged
by five thiolate groups and a face-sharing one
bridged by three RS�Au�SR motifs. We examine
the geometry, band structure, and density of states
first of the vertex-sharing thiolated gold nanowire
and then of the face-sharing one. For comparison,
we also study the bare Au wires without the thiolate
or RS�Au�SR ligands.

Looking along the vertex-sharing thiolated gold
nanowire (Figure 1a), one can see that the wire has
a C5 symmetry. The side view (Figure 1b) displays
two unit cells of the wire, each of which consists of
two vertex-sharing icosahedra with a formula of
Au24(SR)10. The biicosahedral Au24S10 framework in
the unit cell has a point group of D5h approximately,
and the two neighboring Au icosahedra are bridged
together by five thiolate groups.

We optimized the repeating length for the wire
for different charge states of the unit cell and found
that the neutral and �2 states have a similar opti-
mal length of 11.3 Å, while the �2 state has 11.5 Å.
We plot the neutral state’s band structure near the
Fermi level in Figure 2. The Fermi level crosses both
bands 5 and 6, so the neutral wire is metallic, and
analysis of the two bands shows that they are domi-

nated by the Au states (for example, see Figure 3 for

band 5). Interestingly, we found that a gap separates

bands 6 and 7 and another gap separates degenerate

bands (3,4) and band 5, indicating that both the �2 and

�2 states are semiconducting. We confirmed that this

is indeed the case by examining the band structures for

both charge states at their respective optimal repeat-

ing length. The band structure in Figure 2 also shows an

interesting feature that bands (5,6) have a degenerate

point at k � �/a. This is also the case for bands (1,2),

(3,4), and (7,8). What this implies is that each pair of

bands originates from a single band that folds back into

the Brillouin zone because of doubling the unit cell.

This explanation agrees well with the fact that the unit

cell of the wire contains two icosahedra, and there is

perfect inversion symmetry at the center of each icosa-

hedron and perfect mirror symmetry between adjacent

icosahedra. So the single-band origin can be viewed as

resulting from a single icosahedron repeating unit.

The total density of states (DOS) of the vertex-

sharing wire (Figure 4) again confirms that the neutral

state is metallic, and there is a gap around �0.3 and

0.5 eV that corresponds to the �2 and �2 states,

respectively. On the contrary, the bare vertex-sharing

Au wire at the same repeating length is metallic for a

wide range of energy around the Fermi level (Figure 5).

This contrast clearly illustrates how ligands affect the

electronic structure of the gold nanowire, a basis for uti-

lizing gold nanowires for sensing.

We now turn to the facing-sharing icosahedral thio-

lated Au wire (Figure 6). This structure is derived from

the proposed face-sharing biicosahedral structure for

Au38(SR)24 whose two neighboring icosahedra are

bridged by three RS�Au�SR motifs.20 The face-sharing

nanowire has a C3 symmetry along the repeating axis

(Figure 6a), and the side view (Figure 6b) displays two

repeating unit cells. Each unit cell has a formula of

Au26(SR)12. Compared with the vertex-sharing thiolated

Au wire, the face-sharing wire is more closely packed in

Figure 1. Vertex-sharing icosahedral thiolated gold nano-
wire: (a) viewed along the wire; (b) side view. Au, green; S,
blue; C, red; H, orange.

Figure 2. Band structure of the vertex-sharing icosahedral thio-
lated gold nanowire.
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the center, as evidenced by the smaller optimal repeat-

ing length (at 8.74 Å for the neutral state) and greater

one-dimensional density (2.3 versus 2.1 Au/Å for the

vertex-sharing structure). This closer packing also re-

sults in stronger interaction among Au atoms along the

chain, leading to greater dispersion of bands near the

Fermi level (Figure 7). One can see that bands 3, 4, and

5 show relatively greater dispersion. Analysis of band 3

shows that it is also dominated by the Au states (Figure

8). As a result, this face-sharing Au:SR wire is metallic

for a wide range of energy around the Fermi level (Fig-
ure 9), though the DOS varies greatly with energy
around the Fermi level, which has to do with the band
structure in that energy range (Figure 7).

For comparison, in Figure 10, we plot the DOS of
the bare face-sharing Au wire at the same repeating
length but without the RS�Au�SR ligands. One can
see that this wire is metallic across the energy range
shown in Figure 10. Unlike the thiolated Au wire, the
bare Au wire shows less variation in DOS around the

Figure 3. Electron density isosurface (in red) of band 5 of
the vertex-sharing thiolated gold nanowire. Isovalue at 0.02
e/Å3. Au, green; S, blue; C and H, not shown.

Figure 4. Total electronic density of states of the vertex-
sharing icosahedral thiolated gold nanowire. The inset is
zoom-in of �1.25 to 1.25 eV.

Figure 5. Total electronic density of states of the bare
vertex-sharing icosahedral gold nanowire.

Figure 6. Face-sharing icosahedral thiolated gold nanowire:
(a) viewed along the wire; (b) side view. Au, green; S, blue; C,
red; H, orange.

Figure 7. Band structure of the face-sharing icosahedral thio-
lated gold nanowire.
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Fermi level, indicating greater contribution of gold 6s

electrons to the DOS at the Fermi level for the bare wire.

After complexation by RS�Au�SR ligands, some 6s

electrons from the center wire are localized, leading to

narrower dispersion of some bands (for example, band

2 and a large part of band 3 in Figure 7) and therefore

sharp peaks in the DOS around the Fermi level (for ex-

ample, the peak at �0.25 eV in Figure 9).

For both the vertex-sharing and face-sharing thio-

lated gold nanowires examined here, we have assumed

a symmetric configuration for the methylthiolate

groups which all adopt the same conformation. In real-
ity, the methyl group can choose to be on either side of
the plane determined by the Au�S�Au bond. We con-
sidered the scenario where one methyl group is flipped
to the other side for both the vertex-sharing and face-
sharing thiolated gold nanowires. We found that the
flipping changed the energetics, geometry, and elec-
tronic structure only slightly and that the qualitative na-
ture of the wire (such as the existence of the semicon-
ducting states for the vertex-sharing wire) was not
affected.

DISCUSSION
The thiolated gold nanowires examined above both

have their cluster (or oligomer) counterparts. As for
clusters, there are rules of electron count that explain
their stability. How can one relate these electron-count
rules to the one-dimensional wires? How do these
electron-count rules explain the semiconducting and
metallic behaviors we have found for the two nano-
wires? Moreover, how can we relate our findings here
to previous experiments such as gold nanowires for
sensing? We discuss these questions below.

A cluster with the icosahedral structure is quite rigid
and therefore can serve as a building block for assem-
blies of the clusters into polyicosahedra. Teo and
co-workers16�18 have pioneered this idea by synthesiz-
ing many mixed-metal vertex-sharing polyicosahedra
nanoclusters. The recently discovered
[Au25(PPh3)10(SC2H5)5Cl2]2� cluster belongs to this cat-
egory of vertex-sharing polyicosahedra.19 This cluster
has a biicosahedral structure where five thiolate groups
bridge the two icosahedra. Extending this structure to
a linear trimer, Nobusada and Iwasa25 studied the elec-
tronic structures of both the biicosahedral and triicosa-
hedral clusters with the DFT/B3LYP method. They con-
cluded that Mingos’s electron-count rule26 for vertex-
sharing clusters applies to the dimer and trimer clusters.

Here we give a brief summary of Mingos’s electron-
count rule. Mingos and co-workers26 concluded that
the vertex-sharing icosahedra of clusters of group 11
elements have a rather open structure, and therefore,
the molecular orbitals of the condensed clusters corre-
spond to the summation of the 1s and 1p orbitals of the
electron-shell model for each icosahedron. In other
words, the vertex-sharing icosahedra can be viewed as
a cluster of weakly interacting superatoms each having
a shell-closing electron count of 8;13,14 hence, the total
electron count is 8np, where np is the number of icosa-
hedra.26 This electron-count rule can be nicely extended
to our vertex-sharing thiolated Au nanowire (Figure 1),
which is just a linear chain of vertex-sharing icosahedra.
The unit cell of the vertex-sharing thiolated Au nano-
wire is a biicosahedra with a formula of Au24(SR)10,
which gives an electron count of 12, 14, and 16 per
unit cell (or per biicosahedra) for the �2, neutral, and
�2 charge states, respectively.27 The electron count 16

Figure 8. Electron density isosurface (in red) of band 3 of
the face-sharing thiolated gold nanowire. Isovalue at 0.02
e/Å3. Au, green; S, blue; C and H, not shown.

Figure 9. Total electronic density of states of the face-sharing
icosahedral thiolated gold nanowire. The inset is zoom-in
of �1.0 to 1.0 eV.

Figure 10. Total electronic density of states of the bare
face-sharing icosahedral gold nanowire.
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corresponds to the shell closing of two icosahedra,
and that is why the �2 charge state has a band gap
and is semiconducting. The electron count 14 corre-
sponds to 7 electrons per icosahedron, leading to a sin-
gly occupied 1pz orbital (the symmetry breaking causes
the degenerate 1px and 1py orbitals of the single icosa-
hedron superatom to become lower in energy than
1pz

26). When this 1pz orbital (which is parallel to the
wire) forms a band, it is half-filled, leading to a metallic
state for the neutral state. The electron count 12 per
unit cell (or 6 per icosahedron) corresponds to the shell
closing of 1s and 1px,y for each icosahedron [that is,
(1s)2(1px,y)4], so the �2 charge state also has a band
gap.

The electronic structure of the vertex-sharing wire
shows that one can switch the wire’s property be-
tween metallic and semiconducting by tuning the
charge. Experimentally, this can be accomplished by us-
ing chemical/electrochemical oxidation/reduction of
the neutral nanowire, as experimentally demonstrated
for thiolated gold nanoclusters.28,29 The other approach
is to subject the thiolated gold nanowires in an experi-
mental setup similar to field effect transistors, where the
applied gate voltage can tune the wire to be n-type or
p-type doped.

The face-sharing thiolated Au nanowire originates
from the proposed biicosahedral structure for
Au38(SR)24.20 In their paper,26 Mingos and co-workers
also analyzed orbital interactions in a face-sharing bi-
icosahedra. They concluded that the close packing in
the face-sharing mode does not allow additive treat-
ment of each icosahedron. Extending the face-sharing
biicosahedra to a linear chain, one finds strong disper-
sion of bands near the Fermi level, resulting from strong
orbital interactions. As a result, the face-sharing wire is
metallic for a wide range of energy around the Fermi
level, and no simple electron-count rule seems to ap-
ply here.

Our present computational findings can be related
to experimental work in using gold nanowires for sens-
ing applications and preparing ultrathin gold nano-
wires. Tao and co-workers have demonstrated that the
conductance of atomically thin gold nanowires can be
modulated by adsorption of molecules and solvent
anions.15,30,31 This is in agreement with our findings that
the electronic structure of the gold nanowire changes
greatly when it is complexed by thiolate or RS�Au�SR
ligands. A more direct comparison with experiment
here would require computing electronic conductance
through the thiolated gold nanowires, which is planned
for the future. Moreover, Tao and co-workers found
that the Au quantum wires elongate after adsorption
of molecules.15 This observation also agrees with our
findings. For example, we found that the optimal re-
peating length for the bare vertex-sharing icosahedral
wire is 10.5 Å, while that for the corresponding thiolated
Au wire is elongated to 11.3 Å. Furthermore, Kondo

and Takayanagi32 have synthesized helical multishell

gold nanowires in an ultrahigh vacuum. The thinnest

wire they made was 0.6 nm in diameter, correspond-

ing to a two-shell nanowire. This thinnest wire is quite

similar to the bare gold nanowires shown in our Figures

5 and 10, which also have a two-shell structure and a

similar diameter. Therefore, it would be interesting to

examine how adsorption of thiol molecules affects the

conductance of Kondo and Takayanagi’s helical gold

nanowires.

Another recent experimental progress is the synthe-

sis of sub-2 nm Au nanowires from wet chemistry.33,34

This progress brings up an opportunity to make one-

dimensional thiolated gold, as one has done for zero-

dimensional thiolated gold nanoclusters or two-

dimensional self-assembled monolayers of thiolate on

a flat gold surface. One obvious way is to react the syn-

thesized sub-2 nm Au nanowires with neat thiols to

see if thiolate groups can self-assemble on the nano-

wire. Here it would be desirable to know the relative

stability of the two thiolated gold nanowires examined,

so we could offer experimentalists a guide in terms of

what to expect when reacting gold nanowires with thi-

ols. Because the two thiolated gold nanowires have dif-

ferent Au/SR ratios, we cannot compare their relative

stability directly, but we can use the following reaction

to relate the two wires against a known compound

[Au4(SR)4]:35

where Au24(SR)10 and Au26(SR)12 are the unit cell for-

mula for the vertex-sharing and face-sharing wires, re-

spectively. We found that this reaction is downhill by

0.41 eV. In other words, in the presence of Au4(SR)4, the

vertex-sharing wire is not stable against the formation

of the face-sharing wire. This result is consistent with

what we and others have found on gold particle sur-

faces and on the flat Au(111) surface; namely, the

RS�Au�SR motif is preferred over the isolated adsorp-

tion of the thiolate group.6,24

CONCLUSIONS
Using density functional theory with the generalized

gradient approximation for electron exchange and corre-

lation, we have studied thiolated Au nanowires in two

configurations: a vertex-sharing icosahedral chain

bridged by five thiolate groups and a face-sharing icosa-

hedral chain bridged by three RS�Au�SR ligands. We

found that the vertex-sharing thiolated gold nanowire is

metallic for the neutral state but semiconducting for the

�2 and �2 charge states on the basis of the biicosahedral

unit cell. This electronic structure can be understood by

applying the electron-count rule introduced by Mingos

and co-workers;26 namely, the vertex-sharing thiolated

gold nanowires can be viewed as a chain of weakly inter-

Au24(SR)10+1/2 Au4(SR)4 f Au26(SR)12
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acting individual icosahedra. Each icosahedron is a super-
atom where electron counts of 6 and 8 (corresponding
to the �2 and �2 states for the biicosahedral unit cell, re-
spectively) lead to closed shells (therefore, semiconduct-
ing states for the chain), while the electron count of 7 (cor-
responding to the neutral state) gives rise to a singly
occupied orbital (therefore, metallic state for the chain).
We found that the face-sharing thiolated gold is always

metallic. This is due to the more closely packed structure
of the face-sharing mode which results in greater interac-
tion among icosahedra and hence greater dispersion of
bands near the Fermi level. Our findings have implications
for using Au nanowires for sensing, and we have sug-
gested a potential way to realize thiolated gold nano-
wires based on recent experimental progress in synthesiz-
ing sub-2 nm gold nanowires from wet chemistry.

METHODS
We used the Vienna Ab Initio Simulation Package (VASP)36,37

to perform density functional theory (DFT) calculations with
planewave bases and periodic boundary conditions. The
Perdew�Burke�Erzonhoff (PBE) form of the generalized gradi-
ent approximation (GGA) was chosen for electron exchange and
correlation.38 The electron�core interaction was described by
the projector-augmented wave (PAW) method39,40 within the
frozen-core approximation. The standard PAW potentials from
the database provided with VASP were used for Au, S, C, and H,
whose valence electron configurations in the potentials are d10s1,
s2p4, s2p2, and s1, respectively. For Au, scalar relativistic correc-
tions were included in the PAW potential. A converged kinetic
energy cutoff of 450 eV was employed. The supercell approach
was employed to model the Au:SR nanowires. The wires are re-
peated along the z-axis and separated from its periodic images in
the x- and y-axis by 10 Å vacuum. To model the charged unit
cells, a compensating homogeneous background charge was
employed.41 Atomic positions were optimized at various fixed re-
peating lengths to obtain the optimal length. Force conver-
gence criterion for geometry optimization was set at 0.05 eV/Å;
32 k-points were used to sample the one-dimensional Brillouin
zone.
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