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By bonding gold atoms to the magic number cluster (SiO2)4O2H4, two groups of Au-adsorbed shell-like clusters
Aun(SiO2)4O2H4-n (n ) 1-4) and Aun(SiO2)4O2 (n ) 5-8) were obtained, and their spectral properties were
studied. The ground-state structures of these clusters were optimized by density functional theory, and the
results show that in despite of the different numbers and types of the adsorbed Au atoms, the cluster core
(SiO2)4O2 of Td point-group symmetry keeps almost unchanged. The absorption spectra were obtained by
time-dependent density functional theory. From one group to the other, an extension of absorption wavelength
from the UV-visible to the NIR region was observed, and in each group the absorption strengths vary linearly
with the number of Au atoms. These features indicate their advantages for exploring novel materials with
easily controlled tunable optical properties. Furthermore, due to the weak electronic charge transfer between
the Au atoms, the clusters containing Au2 dimers, especially Au8(SiO2)4O2, absorb strongly NIR light at
900∼1200 nm. Such strong absorption suggests potential applications of these shell-like clusters in tumor
cells thermal therapy, like the gold-coated silica nanoshells with larger sizes.

Introduction

Nanomaterials have always attracted scientists’ interest due
to their unique physical and chemical properties compared with
their bulk counterparts and have induced many novel applica-
tions in a wide range of fields. Gold, one of the noble metals,
has been extensively studied not only in chemistry and physics
but also in biology and medicine, because of the noncytotoxicity
and biocompatibility of its nanoparticles.1,2 In particular, gold
nanoparticles, such as nanospheres and nanorods, show great
potential in cancer diagnosis and therapy, because they have
strong surface-plasmon-resonance (SPR) enhanced light scat-
tering and absorption.1,3-5 Recently, the gold-coated silica
nanoshells became particularly attractive for the photothermal
therapy of cancer cells and have been demonstrated effective
agents experimentally in vitro and in vivo with mice.6,7 For in
vivo therapy application, the nanomaterials are required to
intensively absorb the near-infrared (NIR, 600∼1300 nm) light,
since light in this region has the highest transmissivity in human
tissues.8,9 By varying the ratio of the shell thickness with respect
to the diameter of the core, it is easy to tune the optical
resonance wavelength of silica-gold nanoshells within a broad
range extended from the visible to the NIR region.10 The
tunability originates from the interaction of the plasmons on
the inner and outer surfaces of the gold shells.11

However, nanoshells are usually so large (about 100∼400
nm in diameter) that their transvascular transport may be limited
in some tumors.12 Smaller size particles can be transferred more
easily in the live tissues and be delivered more effectively to
target cells. Therefore, clusters in molecular scale (of the order

of 1 nm) will be more promising if they also behave like the
nano ones in the NIR region. Recently, as such small-size
materials, Au-adsorbed (SiO2)3 and Ag-adsorbed (SiO2)n (n )
1-7) clusters were considered theoretically by Sun et al.13 and
Zhao et al.,14 respectively. On the other hand, magic number
clusters, owing to their highly symmetric geometries and
outstanding stabilities, are also of great interest for exploring
novel materials with tunable optical properties by doping or
decorating, such as C60 and Au20.15,16 In the present work, based
on the magic number cluster (SiO2)4O2H4 discovered in our
previous works,17,18 two groups of small shell-like clusters in
molecular scale Aun(SiO2)4O2H4-n (n ) 1-4) and Aun(SiO2)4O2

(n ) 5-8) as the counterparts of the large gold-coated
semicontinuous nanoshells were constructed and studied theo-
retically, including their ground-state structures and optical
properties. The cluster structures constructed here are similar
to those of the gold adsorbed defect model Au-(Si5O9H7) and
Au2-(Si5O9H7) discussed recently in the experiments of gold
atoms adsorbing on silica surface.19,20 In the following sections,
we will describe the cluster models and the computational
approaches employed in this work, as well as the detailed results
and discussions. It is shown that owing to the outstanding
stability of the core of the shell-like clusters, the optical
absorption spectra of these clusters can be tuned effectively and
definitely by changing the types and the number of the gold
adsorbates.

Cluster Models and Computational Details

In our previous XeCl excimer laser (308 nm) ablation
experiments of porous siliceous materials, a series of SiO2-based
clusters have been generated efficiently, and what attracted our
particular attention is the observation of the magic number
clusters [(SiO2)4O2H3]- and [(SiO2)8O2H3]- in the mass spectra.
For clusters, as we know, “magic” means high natural abun-
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dance, structural stability, and mass-preparation possibility. An
attractive potential application of magic number clusters is the
use as building blocks for new cluster materials. Combining
genetic algorithm and density functional theory (DFT), we found
that the ground state of the neutral (SiO2)4O2H4 cluster has a
pseudotetrahedral structure of S4 point-group symmetry,18 in
which the skeleton (SiO2)4O2 is an oxy-silica cluster of
tetrahedral Td symmetry (Figure 1). Moreover, this oxy-silica
cluster plays a key role in the magic behavior of (SiO2)4O2H4,
while the terminal hydrogen atoms are just for saturating the
dangling oxygen atoms. These features motivated our interest
in substituting gold atoms for hydrogen ones in the magic
number cluster for constructing small shell-like clusters with
tunable optical properties. Through a sequence of replacement,
gold monatomic and diatomic adsorptions to the oxygen atoms
of (SiO2)4O2 were considered sequentially as shown in Figures
2 and 5, which would perform as a process of gold growing on
(SiO2)4O2 as well. These gold-substituted models could be
supported by the recent experiments of gold atoms depositing
on amorphous silica surface, where clusters Au-(Si5O9H7) and
Au2-(Si5O9H7) similar to our clusters were used to model the
gold adsorbed defects.19,20 Furthermore, it was concluded in
those studies that single gold atoms or gold dimers are
preferentially bound to the dangling oxygen defects, providing
reliability for our constructed clusters with gold atoms or dimers

adhering to oxygen atoms. From the structures shown in Figures
2 and 5, it is natural that we can draw analogies between the
cluster skeleton (SiO2)4O2 and the nanosize silica core, as well
as between the gold atoms adsorbed outside (SiO2)4O2 and the
semicontinuous gold shell, respectively.

To study the optical properties of these shell-like clusters,
we used the static DFT method to determine their ground-state
structures and the time-dependent DFT (TD-DFT) approach to
calculate the vertical excitation energies. TD-DFT is one of the
powerful methods to study the photoabsorption properties of
small systems, including gold clusters and gold compounds.13,21-23

All of our calculations were performed with the Gaussian 03
program.24 When a series of vertical excitation energies and
corresponding oscillator strengths are determined, the molar
absorbance related to photon energy can be obtained with the
following expression

ε(ω)) c∑
I

fI

∆1⁄2,I
exp(-2.773

(ω-ωI)
2

∆1⁄2,I
2 )

where fI is the oscillator strength corresponding to the vertical
excitation energy ωI, ∆1/2,I is the half-bandwidth, and c is a
constant. These spectra calculations were implemented by the
SWizard program.25

In this work, the structural optimizations and excitation
calculations were implemented in the same theoretical level. It
is well known that TD-DFT results are usually sensitive to the
choice of the exchange-correlation functionals. Thus, it is
necessary to make comparisons of different theoretical models
and choose a relatively more accurate one. For this purpose,
we calculated the vertical excitation energies of the AuO cluster
with different exchange-correlation functionals and basis sets,
and then compared these results with others’ work.26 The reason
is that AuO radicals are the terminals of our first group clusters
and play important roles in the absorption spectra, which will
be illustrated below. In the comparisons, we found that the basis
sets just made negligible influences on the spectra but the general
gradient approximate (GGA) functional and the hybrid func-
tional produced different results. With the same mixed basis
sets (6-311++G(3df,3pd) for Si, O, and H atoms and a
relativistic effective core potential (ECP) basis set for Au
atoms27), we optimized the structure and calculated the excitation
energies of AuO cluster using PW91PW91 and B3PW91
functionals, respectively. We got the excitation energy of the
second dipole-allowed transition X2ΠfA2∑+ of 1.271 eV with
the first model and 1.545 eV with the second. Compared to the

Figure 1. Ground-state structures of the magic number cluster
(SiO2)4O2H4 (left) and its core (SiO2)4O2 (right). The cluster (SiO2)4O2H4

is of S4 point-group symmetry and the core (SiO2)4O2 is of Td symmetry.

Figure 2. Ground-state structures of Au1-adsorbed clusters
Aun(SiO2)4O2H4-n (n ) 1-4). Calculated bond lengths are given in
angstroms.

Figure 3. Absorption spectra of clusters Aun(SiO2)4O2H4-n (n ) 1-4)
calculated with TDDFT/B3PW91 method. The spectra are broadened
with a Guassian type of width 0.1 eV.

4890 J. Phys. Chem. A, Vol. 113, No. 17, 2009 Cai et al.



value of 1.785 eV calculated by O’Brien,26 the hybrid functional
gives a more accurate result than the GGA method for our
system. Thus, the hybrid B3PW91 functional with the mixed
basis sets referred above was adopted in our whole calculations.
In addition, the magic number cluster (SiO2)4O2H4 is a reason-
able model for hydroxylated silica surface,28 and the cluster core
(SiO2)4O2 behaves as an oxygen defect model of silica surface
like Si5O9H7. It is then reasonable to compare our calculated
spectra of the clusters with the experimental measurements of
silica surface. In the following sections, we will see the
accordance between our calculations and the measurements by
Antonietti et al.,19,20 which indicates that our calculations with
the functional and basis sets selected above are reliable.

In our studies, we considered two steps in the process of gold
atom growth on the core (SiO2)4O2, first single Au atoms being
substituted for hydrogen atoms and then continuing to form Au2

dimers. According to this process, we classified our concerned
shell-like clusters into two groups: one is Au1-adsorbed group
whose members contain only single Au atoms in the terminal
sites, and the other is Au2-adsorbed group which includes those
clusters with Au2 dimers combined to the dangling O atoms.
Since this is a gold-substituted process, the geometry optimiza-
tions of these clusters were carried out starting from the
configuration of (SiO2)4O2H4 in the selected theoretical level
and the vibrational frequencies of the optimized clusters were
calculated to confirm that they have reached the local minima
of the potential energy surfaces. In the optimizations, no
symmetric constraints were used in the optimization processes,
so it is reasonable to consider these optimized structures as the
natural results of gold growth. Finally, a series of vertical
excitation energies of each cluster were computed with TD-
DFT method and the corresponding absorption spectrum was
obtained.

Results and Discussions

1. Clusters with Single Au Atoms at Terminals (n ) 1-4).
The Au1-adsorbed cluster group in which only single Au atoms
are coordinated with the dangling O atoms is considered first.
In this case, when the substituted number of gold atoms n is
less than 4, there still exist hydroxyl radicals where the hydrogen
atoms perform a role in saturating the oxygen ones like in the
original cluster (SiO2)4O2H4. Thus, for this group we use
Aun(SiO2)4O2H4-n (n ) 1-4) to represent the clusters, and Figure
2 shows their equilibrium structures in the ground states.
Because the Au atom has an unpaired 6s electron, it can be
coordinated to O atom just like H atom. Therefore, in this group
all atoms are fully coordinated and all electrons must be spin
paired so the spin multiplicities of these Au1-adsorbed clusters
are singlet in their ground states. According to the optimized
results, in each cluster with different number n, the cluster core
(SiO2)4O2 always approximately maintains Td point-group
symmetry with trivial changes in its bond lengths and bond

angles. This result indicates a corelike behavior and is within
our expectation because of the outstanding structural stability
of the magic number cluster. The clusters Aun(SiO2)4O2H4-n

(n ) 1-4) also display slight differences in Au-O bond lengths
and Au-O-Si bond angles. As gold atoms increase, the Au-O
bond lengths only decrease from 2.003 to 1.989 Å and the
Au-O-Si bond angles vary in the range from 114 to 118°.
We also carried out the geometry optimization of the gold
monoxide AuO in the same theoretical level and found the bond
distance about 1.909 Å, which is in good agreement with the
other theoretical result of 1.907 Å29 and experimental finding
of 1.849 Å.30 Therefore, the bond lengths of the AuO radicals
in these clusters are about 0.1 Å larger than that of its diatomic
compound. These extensions of bond lengths, reflecting the
weakening of interactions between Au and O atoms, result from
the decrement of electron-cloud densities of Au-O bonds in
the Au1-adsorbed clusters, because partial electrons of the O
atoms should shift toward the Si atoms to form the O-Si
covalent bonds.

On the basis of the optimized configurations of these clusters,
we calculated their vertical excitation energies and analyzed the
absorption spectra. In order to study how the Au atoms modify
the optical properties of the clusters, the absorption properties
of the original cluster (SiO2)4O2H4 was also calculated and
compared with the Au1-adsorbed ones. The results of our
calculations show that the cluster (SiO2)4O2H4 has a large optical
gap at 160 nm wavelength (7.75 eV) in the ultraviolet (UV)
region, but after introducing Au atoms the optical gaps of
clusters Aun(SiO2)4O2H4-n (n ) 1-4) reduce to 463∼485 nm
(around 2.6 eV) in the visible region as illustrated in Table 1.
It is obvious that the introduction of Au atoms significantly
modifies the optical properties of the original cluster. More
details on the absorption properties of these Au1-adsorbed
clusters are listed in Table 1 and depicted in Figure 3. For all
these clusters, the lowest two absorption bands are located in
the visible region 400∼500 nm (2.5∼3.1 eV), which are
approximate to the experimental results of Au atoms deposited
on amorphous silica (2.48 and 2.75 eV).19 The strongest photon

TABLE 1: Calculated Excitation Energies (E, eV), Wavelengths (λ, nm), and Corresponding Oscillator Strengths (f) of
Aun(SiO2)4O2H4-n (n ) 1-4) Clusters in the Visible Regiona

Au(SiO2)4O2H3 Au2(SiO2)4O2H2 Au3(SiO2)4O2H Au4(SiO2)4O2

range E λ f × 100 E λ f × 100 E λ f × 100 E λ f × 100
450-500 nm 2.68 463.1 0.56 2.63 470.8 0.56 2.59 478.5 0.57 2.56 484.5 0.49

2.64 469.6 0.54 2.60 477.6 0.45 2.56 484.5 0.49
2.61 474.9 0.53 2.56 483.8 1.02

400-450 nm 2.90 428.1 3.08 2.86 433.1 4.98 2.84 436.5 3.36 2.82 439.7 7.45
2.88 430.9 1.80 2.85 435.7 6.15 2.82 439.5 3.90

2.82 439.5 3.90

a The first row gives the optical gaps of these clusters.

Figure 4. The HOMO and LUMO orbitals of the cluster
Au(SiO2)4O2H3.
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absorptions of these clusters are observed within a narrow range
from 428 to 440 nm (second peaks of all lines in Figure 3). As
the Au atoms increase from 1 to 4, only very small red shifts
occur on the absorption maxima of clusters Aun(SiO2)4O2H4-n,
which indicates that the wavelengths are insensitive to the
number of Au atoms. However, the absorption intensities of
the visible light increase almost linearly with increasing the Au
atoms, so for Au4(SiO2)4O2 the molar absorbance of the visible
light is about four times greater than Au(SiO2)4O2H3, and the
highest absorption is at 440 nm.

From the excitation calculations, we conclude that the visible
absorption of Au1-adsorbed clusters Aun(SiO2)4O2H4-n (n ) 1-4)
originates from the Au-O interaction. Taking the case of closed-
shell system Au(SiO2)4O2H3, the maximum absorption at 428
nm is predominantly due to the electronic transition from the
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) with the transition
coefficient up to 0.64, which is accompanied by the weak
electronic charge transfer from the inner O atom to the outer
Au atom as illustrated by the molecular orbital diagram in Figure
4. For other Aun(SiO2)4O2H4-n clusters, charge transfers also
occur in the AuO radicals, resulting in the strong visible light
absorptions, despite that the increased AuO radicals induce
degenerate electronic orbitals and then more complicated
electronic transitions. Therefore, electronic charge transfer
between Au and the neighboring O atoms is the main mecha-
nism to induce the visible absorption for Au1-adsorbed shell-
like clusters. It should be stated that TD-DFT will underestimate
the excitation energies for long-range charge-transfer states,
particularly in the framework of pure exchange-correlation
functionals. However, for these shell-like clusters the excited
charge transfers are weak and short-range, and the adopted
hybrid functional containing partial exact exchange potential
can lower the inaccuracy more or less. In addition, here we
focused our interest in the absorption ranges and the optical
tunabilities. As a result, it could be clearly concluded that the
AuO radicals play key roles in the visible absorptions for the

Au1-adsorbed shell-like clusters, and this also elucidates the
agreements between our calculation results and experimental
measurements on silica surface.19 Because there are only tiny
structural differences of the AuO radicals, the absorption
intensities of these clusters increase linearly with the number
of Au atoms while little red shifts of the absorption spectra take
place. For Au4(SiO2)4O2 with S4 point-group symmetry in
particular, the four equivalent AuO radicals make its absorption
the strongest among this group of clusters.

2. Clusters Containing Au Dimers at Terminals (n )
5-8). By adding more gold atoms to the terminals of the cluster
Au4(SiO2)4O2, the Au2-adsorbed group of shell-like clusters are
formed. These clusters are denoted as Aun(SiO2)4O2 (n ) 5-8)
for 1 to 4 Au2 dimers being attached, respectively. Owing to
the function of Au2 dimers, the optical properties of the clusters
are expected to be distinct from the previous group. Differently
from the first group, the terminal Au atoms of the dimers in
these clusters are not fully electronic spin-paired. As a result,
the ground-state spin multiplicities of the Au2-adsorbed clusters
are doublet, triplet, quartet, and quintet, respectively, for different
n. Figure 5 shows their ground-state structures. Similarly to the
first group, there are only small changes in the bond lengths
and bond angles of the clusters for different n, and particularly
the cluster core (SiO2)4O2 still approximately keeps Td point-
group symmetry. The similar results of both groups demonstrate
the high stability of the core (SiO2)4O2. In the Au2-adsorbed
group, the Au-Au bond lengths are about 2.594 Å, which is a
little larger than our computed bond length 2.560 Å of the
diatomic molecule Au2 in the same theoretical level. Similarly
to the Au-O bonds in the first group, the electron-cloud
densities of Au-Au bonds decrease when the inner Au atoms
offer partial electrons to form covalent bonds with O atoms,
resulting in the small extensions of Au-Au bonds in these
clusters compared with the Au2 molecule. All the Au-Au-O
bond angles are around 146°, and the corresponding Au-O-Si
bond angles are within 120∼125° which are larger than those
of the Au1-adsorbed clusters. Nevertheless, the Au-O-Si bond
angles of the other dangling AuO radicals still maintain around
115°, and the AuO bond lengths of both Au2O and Au1O types
in these clusters also keep about 2.000 Å. It means that before
all Au1-type adsorbates convert to Au2-type ones, such as for n
) 5, 6, and 7, the absorption spectra of these clusters should
also have the same maxima in some regions as the Au1-adsorbed
clusters exhibit.

After forming Au2 dimers, the optical gaps of these clusters
further reduce to about 1600 nm in the infrared region. Table 2
lists the optical gaps of this class of clusters as well as other
significant excited transitions, and the absorption properties are
plotted in Figure 6. Compared with the first group of clusters
(blue dotted line in Figure 6), besides the same absorption at
around 440 nm resulting from the Au1O radicals while n is less
than 8 as we expected, three additional absorption maxima
appear in the NIR region. In other words, the absorption spectra
exhibit a great extension from the visible to the NIR region
while Au2 dimers are introduced. More interestingly, red shifts
were also observed in the gold growing process of semicon-
tinuous nanoshell,10 although they may originate from a mech-
anism different to these small clusters. Among the three newly
emerging peaks, the two located within 600∼800 nm (1.7∼2.1
eV) are so weak that they are not listed in Table 2, and the
remarkable one within 900∼1200 nm is relatively stronger
which may satisfy the NIR absorption condition for tumors
thermal therapy. Although the former two are very weak in
intensity, they are in agreement with the experimental measure-

Figure 5. Ground-state structures of Au2-adsorbed clusters
Aun(SiO2)4O2 (n ) 5-8). Calculated bond lengths are given in
angstroms.
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ments of Au2 dimers deposited on amorphous silica (1.88 and
2.15 eV),20 providing the reliability of the theoretical method
used for these Au2-adsorbed clusters. The intensities of these
three peaks rise proportionally with increasing the dimers, which
indicates that the Au2 dimers make contributions to these
absorptions, while the intensity of another peak at about 440
nm weakens as expected because of the reduction of the Au1O
radicals. Similarly to the case of Au4(SiO2)4O2, the cluster
Au8(SiO2)4O2 is also with S4 point-group symmetry and the four
equivalent Au2 dimers induce significantly strong absorption of
NIR light. Furthermore, from the viewpoint of electronic
structure, the exited transitions at 900∼1200 nm of open-shell
system Au5(SiO2)4O2 mainly come from the electronic transi-
tions from �-HOMO and �-(HOMO-8) to �-LUMO with the
transition coefficients up to 0.65 and 0.59 respectively, associ-
ated with the weak charge transfer from the inner gold atom to
the neighboring outer one as shown in Figure 7. For n > 5,
charge transfer between the two Au atoms of Au2 dimers is
also the mechanism for the appearance of the intense NIR
absorption, although the electronic orbital transitions are more
complicated than Au5(SiO2)4O2. As a result, we concluded that
Au-Au interactions make the most contributions to the NIR
absorptions for these Au2-adsorbed shell-like clusters. Also,
since Au1- and Au2-adsorbed clusters could be regarded as

single-shell and two-shell coating cases, respectively, for the
latter the Au-Au interactions could consequently be considered
as the interaction between the inner shell and the outer shell,
somewhat analogous to the nanoshells.

From Au1- to Au2-adsorbed clusters, the wavelengths of
intense absorption vary obviously from the visible to the NIR
region. However, in each group the number of major contribut-
ing adsorbate, that is, Au atom in the first case or Au2 dimer in
the second one, does not affect the absorption wavelength
dramatically, but only changes the absorption intensity, as shown
in Figures 3 and 6. These features suggest effective and definite
spectra tunability could be implemented on the Au-adsorbed
shell-like clusters. In addition, the outstanding stability of the
core (SiO2)4O2 demonstrates more advantages in the preparation
of such new cluster materials.

Conclusions

In this work, by using the static and time-dependent DFT
approach, we constructed two groups of Au-adsorbed shell-like

TABLE 2: Calculated Excitation Energies (E, eV), Wavelengths (λ, nm) and Corresponding Oscillator Strengths (f) of
Aun(SiO2)4O2 (n ) 5-8) Clusters in Two Dominant Absorption Regionsa

Au5(SiO2)4O2 Au6(SiO2)4O2 Au7(SiO2)4O2 Au8(SiO2)4O2

range E λ f × 100 E λ f × 100 E λ f × 100 E λ f × 100
optical gap 0.76 1639.5 0.04 0.77 1608.7 0.08 0.78 1589.0 0.09 0.79 1578.2 0.14
1000-1100 nm 1.15 1079.0 0.95 1.14 1086.7 3.44 1.15 1080.0 3.09 1.15 1081.4 2.45

1.15 1076.1 1.28 1.15 1077.3 3.83 1.15 1078.4 4.02
1.17 1060.0 0.67 1.15 1078.4 4.02

1.23 1008.3 2.23 1.21 1027.5 0.57 1.21 1024.3 0.91 1.21 1023.2 0.63
1.22 1015.5 1.09 1.21 1022.9 1.04 1.21 1023.1 1.09

1.22 1019.9 0.35 1.21 1023.1 1.09
400-500 nmb 2.54 487.7 0.91 2.53 491.1 1.30 2.54 488.0 1.87 2.54 487.3 2.19

2.54 489.0 1.29 2.54 487.6 1.22 2.55 487.2 1.29
2.55 487.2 1.29

2.71 457.3 1.01 2.73 453.7 1.84
2.72 455.4 1.25 2.73 453.7 1.84
2.73 454.7 0.98 2.74 453.2 1.69

2.82 439.6 2.11 2.83 437.7 4.95 2.84 436.9 3.35
2.83 438.1 4.54 2.85 435.7 2.24
2.83 437.8 4.27

a The first row gives the optical gaps of these clusters. b Only significant transitions (f × 100 g 0.9) are listed for this region.

Figure 6. Absorption spectra of clusters Aun(SiO2)4O2 (n ) 5-8)
calculated with TDDFT/B3PW91 method. The spectra are broadened
with a Gaussian type of width 0.1 eV. The blue dotted line represents
the result of Au4(SiO2)4O2 for comparison.

Figure 7. The �-(HOMO-8), �-HOMO, and �-LUMO orbitals of the
cluster Au5(SiO2)4O2.
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clusters, Aun(SiO2)4O2H4-n (n ) 1-4) and Aun(SiO2)4O2 (n )
5-8), and studied how their optical properties are influenced
by the types and the number of gold fragments adsorbed to the
core (SiO2)4O2. The clusters are in molecular scale analogous
to the semicontinuous nanoshells and could be obtained in
experiment from the results that gold atoms tend to bind with
dangling oxygen defects while they are deposited on silica
surface.19,20 Our calculations show that the core (SiO2)4O2 of
all shell-like clusters keeps a stable tetrahedral configuration
with Td point-group symmetry, and for n ) 4 and 8 the structures
of entire cluster possess S4 point-group symmetry, which is the
same as the magic number cluster (SiO2)4O2H4. The structural
stability of the oxy-silica cluster (SiO2)4O2 implies possibilities
to use it as a core to build relevant compounds and cluster
materials such as these Au-adsorbed shell-like clusters we
considered.

Because of the weak electronic charge transfers within AuO
radicals or Au2 dimers, it has been observed that by adjusting
the adsorbates over the core (SiO2)4O2, we can tune the
absorption wavelengths of the clusters from the UV-visible
region to the NIR region. Among each cluster group, Au1- or
Au2-adsorbed clusters, the number of adsorbates only affects
the absorption intensities while the adsorbates type determines
the absorption wavelengths. The definite variations of spectra
related to the types and the number of adsorbates demonstrate
that the highly stable oxy-silica core (SiO2)4O2 has advantages
for preparing novel cluster materials with easily controlled
tunable optical properties.

In addition, for our target shell-like clusters, the absorption
intensities can be augmented rapidly by increasing the number
of gold atoms or dimers. As a result, Au4(SiO2)4O2 and
Au8(SiO2)4O2 exhibit the strongest absorption of visible light
at 400∼500 nm and NIR light at 900∼1200 nm respectively,
and the latter meets the requirement of being a nanobullet of
molecular size for killing tumor cells. Therefore, associated with
the continuous progress of synthesis techniques, it is promising
to consider such Au-adsorbed shell-like clusters for tumors
thermal therapy.
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