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anoparticles with their unusual

properties have ushered in a new

era in materials science. The re-
duced size, coordination, and dimensional-
ity of these nanoparticles allow the synthe-
sis of a new class of materials with tailored
properties. Because of the minimization of
the surface tension energy, the nanoparti-
cles are typically spherical in shape with iso-
tropic distribution of charge densities. Re-
cently, a great deal of interest has been
given to the shape-controlled synthesis'~
of nanostructures with anisotropies that
possess certain advantages over their
spherical counterparts. These include mo-
lecular recognition, self-assembly, and gen-
eration of highly ordered lattices such as
photonic crystals. In 1992 De Gennes used
the term Janus’ after the Roman God Janus,
to describe these particles. Like the God, Ja-
nus who is described as having two heads,
the two hemispheres of the Janus particles
have different chemical character and
hence can be dually functionalized for po-
tential applications in medical therapeutics,
wavelength-sensitive window coatings,
and biodiagnostic chemistry. While several
techniques®™'* such as electrochemical and
photochemical reduction, templating of po-
rous membranes and nanotubes, and
surfactant-aided growth are available for
the fabrication of these anisotropic par-
ticles, due to the complicated nucleation
and growth process it is difficult to control
their size and morphology. In this article we
prescribe a technique where Janus nano-
particles with atomic precision and mor-
phology can be synthesized in the gas
phase. We demonstrate this route by con-
sidering tungsten-doped gold clusters.

The current interest in gold

nanostructures'>~2° stems from their exten-
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ABSTRACT Janus nanoparticles, characterized by their anisotropic structure and interactions, have added a

new dimension to nanoscience because of their potential applications in biomedicine, sensors, catalysis, and

assembled materials. The technological applications of these nanoparticles, however, have been limited as the

current chemical, physical, and biosynthetic methods lack sufficient size and shape selectivity. We report a

technique where gold clusters doped with tungsten can serve as a seed that facilitates the natural growth of

anisotropic nanostructures whose size and shape can be controlled with atomic precision. Using ab initio simulated

annealing and molecular dynamics calculations on Au,W (n > 12) clusters, we discovered that the W@Au,, cage

cluster forms a very stable core with the remaining Au atoms forming patchy structures on its surface. The

anisotropic geometry gives rise to anisotropies in vibrational spectra, charge distributions, electronic structures,

and reactivity, thus making it useful to have dual functionalities. In particular, the core—patch structure is shown

to possess a hydrophilic head and a hydrophobic tail. The W@Au,, clusters can also be used as building blocks of

a nanoring with novel properties.

KEYWORDS: nanoanisotropy - multifunction - Janus structure - magic
cluster - stability

sive potential applications in catalysis, mi-
croelectronics, and biomedicine. It is highly
desirable to introduce Janus anisotropy into
gold nanostructures, so that they can have
dual functionality for some new applica-
tions, such as carrying two different or
complementary medicines, sensing two dif-
ferent molecules, or simultaneously cata-
lyzing two different reactions. Tungsten,
with its high melting point and high ten-
sile strength, is widely used as a doping
agent to change or improve the functions
and performance of materials such as sin-
tering, microstructure, dielectric properties,
and ferroelectric properties. In particular,
tungsten doping and alloying have been
widely used in the gold jewelry industry for
modulating malleability and ductility.
Gold—tungsten composite materials are
also used for microwave power transistors.
The large surface area of gold nanostruc-
tures offers the added flexibility that dop-
ing with W can have a bigger impact on
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Figure 1. Geometry evolution of Au;(W — (Au,,W)Au,. The Au atoms
forming a patch are plotted in gray in the final structure (c).

their structure and properties than those in bulk Au.
The open questions are: How does the geometry of the
Au nanoclusters change upon doping? Is there a gen-
eral pattern that could describe this change? How does
doping affect the electronic properties? To answer
these questions, we have concentrated on three differ-
ent clusters, Au,,, Au,,, and Aus,for the following rea-
sons: (1) Au, 4 is one of the few metal clusters that has
been experimentally verified to form a cage structure.'”
With a diameter of about 5 A, this cage is large enough
to accommodate an endohedral atom. A fascinating ap-
plication of this cage is that it can be used as a nanocar-
rier of drugs. (2) Au,, is well-known for its pyramidal ge-
ometry,'® large HOMO-LUMO gap (1.770 eV)
comparable to that of C,,, and packing consistent with
the Au(111) surface. It is interesting to know how dop-
ing of W would affect this stable structure. (3) The cage
structure of Aus, has recently been shown to be un-
stable.’” Can it be stabilized by doping with W? Note
that W@Au, , has been known to be a magic cluster
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Figure 2. Vibrational spectra of (Au,,W)Au,.
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where W atom resides inside the icosahedral cage of
Au,,, and the extraordinary stability arises due to the
18-electron rule (12 electrons from 12 Au atoms and 6
electrons from W).30-33

In this article, we not only provide answers to these
questions for the first time but also introduce an en-
tirely new class of lowest energy structures where all
the Au,W (n = 16, 20, and 32) clusters exhibit anisotro-
pic shape and charge densities consistent with Janus
structures. The anisotropy results because the W@Au,,
cluster is unusually stable due to the 18-electron rule. In
the growth of WAu,, clusters with n > 12, W@Au,,
forms a stable core while the extra Au atoms segre-
gate on one side of the cluster forming a patchy struc-
ture. These results suggest a novel technique for the
synthesis of Janus nanoparticles whose composition
and shape can be controlled at the atomic level. Equally
important, these particles can have dual functionalities.

Au, W Cluster. We begin with the Au, 4 cage structure
shown in Figure 1a. Optimization was carried out by
first putting the W atom inside the Au, cage. The re-
sulting geometry is shown in Figure 1b where the W
atom is found to shift to an off-center position. The to-
tal binding energy of this complex is 45.8929 eV with an
energy gap of 0.1 eV between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). To further study the stability
of this off-center configuration, we carried out simu-
lated annealing. After 15 ps the structure in Figure 1b
transformed to that in Figure 1c. This structure is com-
posed of a Au,,W core with the W atom embedded in-
side the Au,, icosahedric cage. The reamining four Au
atoms (indicated in gray) form a patchy structure at-
tached to the core surface. The total binding energy of
Au, W in Figure 1c is 47.503 eV and the HOMO-LUMO
gap increased from 0.1 eV in Figure 1b to 0.81 eV. The
stability of this patchy structure suggests that the magic
W@Au,, cluster serves as the building block for the
growth of larger W-doped Au clusters.

An interesting question now arises: How does the
W atom enter into the cage once the Au,4 cluster is
formed? Note that the cage surface of Au, is com-
posed of 28 triangles. We started the optimization pro-
cess by placing the W atom on one of the triangular
faces (Figure 1d). The surface modified by opening a
pentagon through which the W atom entered into the
cage (Figure 1e). Compared to the structure in Figure
1b, this distorted structure is more stable in energy by
about 1.05 eV. Starting with this structure, we per-
formed a simulated annealing. After 15 ps simulation
the geometry was found to converge to the patchy
structure shown in (Figure 1c). Thus, we confirmed that
the structural transition of W@Au,¢ — (Au,,W)Au, is
due to the unusual stability of the Au,,W cluster. To fur-
ther check the stability of (Au,,W)Au,, frequency calcu-
lations were carried out. All the 45 vibrational modes
have no imaginary components, suggesting that this
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(a) HOMO
Figure 3. HOMO and LUMO obitals of Au,W.

core—patch structure is dynamically stable. The vibra-
tional spectrum is given in Figure 2, where three modes
with high peaks in intensity are labeled as A, B, and C,
respectively. The modes of A and C are mainly contrib-
uted by the motions of the W atom, while the mode B
with the greatest intensity is mainly derived from the vi-
brations of Au atoms in the patch. So this core—patch
structure is anisotropic not only in geometry but also in
vibrational properties.

To demonstrate the anisotropy in electronic struc-
ture, we have plotted the HOMO-LUMO orbitals of Fig-
ure 1c in Figure 3. The LUMO is mainly derived from
the endohedral W atom, while the major contribution
to HOMO comes from the W atom as well as the Au at-
oms in the patch. This suggests that the Au atoms in
the patch can be more reactive than the other Au at-
oms forming the core of W@Au,,. Consequently W dop-
ing also introduces anisotropy in chemical reactivity of
Au, W allowing the possibility that this nanostructure
can have dual functionalities. On the basis of the
anisotropies exhibited in geometry, vibration, and elec-
tronic structure, we can identify this core—patch struc-
ture (Au,,W)Au, as a Janus equivalent.

Au,,W Cluster. Next we studied the interaction of Au,,
with a W atom. The surface of Au,, consists of 40 tri-
angles.'® We introduced a W atom on one of these tri-
angles, as shown in Figure 4, panel a. After optimization,
the original face-centered cubic (fcc)(111)-like surface
of Au,, reconstructed with a hexagonal opening
around the W atom (Figure 4b). The corresponding to-
tal binding energy of Au,,W in Figure 4b is 56.7731 eV
with a small HOMO-LUMO gap of 0.03 eV. Starting with
this structure, simulated annealing was carried out. Af-
ter 15 ps the geometry relaxed to that given in Figure
4c. Once again the core—patch type structure appears
with W@Au,, as the core. The remaining eight Au at-
oms (shown in gray) form a patch capped onto the core
surface. Compared to the structure in Figure 4b, the to-
tal binding energy of Figure 4c is lowered by 1.334 eV,
and the HOMO-LUMO gap is increased to 1.02 eV. The
corresponding HOMO and LUMO orbitals are given in
panels a and b of Figure 5, respectively. Note that these
orbitals share similar features with that of Au, W in Fig-
ure 3. Thus, Au atoms forming the patchy structure are
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(b) LUMO

expected to show different
chemical activity than those
forming the core structure.

Au;,W Cluster. The last ex-
ample of a W-doped Au clus-
ter we have considered is
Au;,W. This choice was
made for the following rea-
son. We recall that W@Au,,,
due to the 18-electron rule,
is a very stable cluster and,
as we have seen in the last
two examples, it forms the
building block for the larger Au clusters (Au, W
and Au,,W). We further note that the icosahedric
W@®@Au,, cluster has 20 triangular faces on its sur-
face and capping this surface with 20 additional Au
atoms would form a cluster of Au;,W. This structure
is shown in Figure 6a where the Au atoms in the sec-
ond shell are marked in gray. Intuitively, this struc-
ture should be stable as it constitutes a stable
W®@Au,, core and the 20 Au atoms on its surface
can add further stability by contributing 20 elec-
trons, enough to close electronic shells. Note that
the unusual stability of simple metal clusters con-
taining enough electrons (2, 8, 20, 40, ...) to close
electronic shells was demonstrated by Knight and
co-workers** in terms of a jellium model. Thus, by
coating the W@Au,, magic cluster with 20 Au atoms,
one could arrive at a doubly magic cluster. This is
analogous to doubly magic nuclei whose existence
has been known for quite some time.>® It is also in-
teresting to note that the cage structure of Aus, has
been recently found to be unstable.”” Now the ques-
tion is: Can W@Au,, act as an endohedral core to sta-
bilize a cagelike structure of gold?

Following the similar procedure of simulated an-
nealing described earlier, we found that the struc-

=\ E=56.7731 eV
/ Gap=0.03 eV

E=58.1073 eV
Gap=1.02 eV

Figure 4. Geometry evolution of WAu,, — (Au,,W)Aug. The atoms
forming in the patch are plotted in gray.
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(a) HOMO (b) LUMO

Figure 5. HOMO and LUMO obitals of WAu,,.

ture of Au;,W is that of a W@Au,, core with the re-
maining 20 Au atoms segregating on the outer shell
to form a patchy structure. We show two views of
this structure in Figure 6, panels b and c. The pack-
ing pattern in the patch can be clearly seen to re-
semble the fcc-(111) structure. So the stable W@Au,,
core together with the closed-packing patch makes
this geometry stable. The HOMO-LUMO gap of this
structure is of 0.57 eV. The core—patch structure in
Au;,W is consistent with what we found in Au, W
and Au,,W. At this size, the anisotropy in geometry
results in increasing anisotropy of the electronic
structure. This can be seen from the HOMO and

(c)

E=91.1355 eV
Gap=0.57 eV

Figure 6. Geometry evolution of WAu;, — (Au,,W)Au,,. The initial geometry is shown in
panel a and the side and top views of the final optimized geometry are shown in panels b
and c, respectively. The atoms in the patch are in gray.
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LUMO orbitals plotted in Figure 7. Espe-
cially from the LUMO we can find that the
patch is more reactive than the core. This
would provide a very unique way to selec-
tively functionalize this nanostructure with
dual functionality that is the hallmark of
Janus nanoparticles.

Gold is the most electronegative metal,
comparable to selenium, and only slightly
more electropositive than sulfur and io-
dine. Therefore, it can form compounds
such as Au~Cs™ where gold is anionic.
When a W atom is doped into Au,, charge
transfer takes place. In the stable
core—patch structure of (Au,,W)Au,, the
transferred charges are mainly distributed in the
core part. This results in a dipole moment of 2.38 D
in (Au;,W)Au,,. The imbalance in charge distribution
in the core—patch structure brings some interest-
ing features. For example, because the Au atoms in
the core part are negatively charged, when water
molecules are introduced to this core part, the Cou-
lomb repulsion would exist between the electron
lone pairs in water molecule and negative charges
of Au atoms in the core part. This would make the
core part hydrophobic, while the patch part would
become hydrophilic. To confirm this idea, we placed
two water molecules at opposite ends in Figure 8.
Structure optimization indicates that
the water molecule at pole A flies away
from the core, while the water mol-
ecule at pole B is adsorbed at a dis-
tance of 2.22 A from the patch. The cor-
responding adsorption energy is 0.19
eV. Therefore the core—patch structure
has a hydrophobic head and a hydro-
philic tail, which represents a unique
nanoscale analogue of the conven-
tional surfactant molecules, exhibiting
hydrophobic characters on one side
and hydrophilic characters on the
other. Recently, Kumacheva and co-
workers used more complicated meth-
ods to selectively functionalize the
ends of hydrophilic gold nanorods with
hydrophobic polymers to make them
amphiphilic, resulting in two-
dimensional solvent-dependent
organization.3%3”

A Nanoring Composed of Au,,W as a Building
Block. From the structures of Au, W,
Au,oW, and Au,W, we see that W@Au,,
always forms a stable core onto which the
remaining Au atoms are grafted. This sug-
gests that W@Au,, cluster can be used a
building block for a variety of nanostruc-
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net dipole moment of the
whole ring is zero due to its
symmetric geometry, differ-
ent from the core—patch
structure discussed above.
The anisotropy also exists in
the electronic structure. The
HOMO of this nanoring mainly
originates from the W atoms,
while the LUMO is predomi-
nantly derived from W atoms
as well as the outermost part
of the ring, as shown in Figure
10. In this case, the outer ring
is much more reactive than
the inner ring. Therefore, this
stable nanoring also displays
Janus anisotropy in electronic
structure, charge distribution, and chemical activity.
Summary. Extensive simulations based on first prin-
ciples techniques have resulted in some very interest-
ing predictions: (1) Inherent stability of W@Au,, cluster

1101Ld

(b) LUMO

derived from the 18-electron rule permits this cluster to
act as a building block for larger W-doped Au clusters
and introduces anisotropy in the structures naturally. (2)
The anisotropic structures of these clusters originate
when the remaining Au atoms form a patchy structure
on the W@Au,, surface. (3) These structures are charac-
teristic of Janus nanoparticles and exhibit anisotropic
electronic structure, vibrational spectra, and reactivity.
The charges transferred from the W atom are mainly lo-
calized on the core part, making the core hydrophobic
tures, which would have some interesting and the patch hydrophilic. Thus, the nanoclusters can

Figure 8. Water molecules in (Au,,W)Au,, with the hydro-
phobic core (in yellow) and hydrophilic patch (in gray).

geometries and properties.>®3° Here we
study a nanoring composed of nine units of
W@Au,, by allowing them to share a triangle
surface with each other as shown in Figure
9, panels a and b. We carried out molecular
dynamics simulation by using Nose algo-
rithm*® at T = 300 K for 15 ps with a time
step of 1 fs. The resulting geometry, shown
in Figure 9c was found to be very stable with
the total binding energy of 293.8877 eV. In
Figure 9d we plot the charge density differ-
ence, defined as the difference between the
total electron density of the nanoring and
that of the isolated atoms. We can clearly see
that the charges accumulate on the bonds,
showing a covalent bonding feature in this
cluster assembled nanoring structure.

It is interesting to note that the charge
distribution in this nanoring is also anisotro-
pic, where the Au atoms in the outer ring —
carry more charges than those in the inner (c) E=293.8877 eV (d)

rng. Thu-s the outer.rlng be.zhaves more hy- Figure 9. W@Au,, cluster assembled nanoring: a) W@Au,, building block; b) W,Au,,
drophobic than the inner ring. However, the  and c) WyAug, nanoring; d) the charge difference isosurface plot of the nano ring.
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importantly, the electron distri-
butions of the outer and inner
ring surfaces are different and
thus this nanoring can also be
used for dual functions. There-
fore, W doping provides a
simple and effective method
for introducing Janus anisot-
ropy in the structure, charge
distribution, vibration, elec-
tronic structure, and reactivity.
By use of gas phase techniques
these Janus-like gold nano-
structures can be synthesized
with atomic precision. Such
structures can have many pos-
sible applications in technology as Au can be easily func-
tionalized. We hope that our work will stimulate synthesis
of Janus nanostructures in the gas phase.

(a) HOMO
Figure 10. HOMO and LUMO of W,Aug, nanoring.

(b) LUMO

have dual functionalities. (4) The stable W@Au,, clus-
ters can also be used to form a ring structure where
their individual structural identity is maintained. More
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