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Electronic structure of dendrimer-encapsulated Au nanocluster
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Abstract. We have carried out optical and X-ray photoemission studies of the dendrimer-encapsulated
Au nanoclusters. The dendrimer-encapsulated Au nanoclusters are prepared by the chemical reduction
of Au ions loaded within the dendrimer templates. Photoluminescence spectrum of the dendrimer-
encapsulated Au nanoclusters with diameter of about 1.0 nm shows the visible luminescence centered
at about 2.8 eV. In addition, we have measured the nanocluster-size dependent photoemission spectra in
the valence-band region. From line shape analysis of Au 4f X-ray photoemission spectra, Au 4f core-
level spectra of the dendrimer-encapsulated Au nanoclusters reflect the size dependent chemical-states.
From these results, we discuss electronic structures and chemical states of the dendrimer-encapsulated
Au nanoclusters.

PACS. 73.22.-f Electronic structure of nanoscale materials: clusters, nanoparticles, nanotubes, and

nanocrystals — 81.07.Pr Organic-inorganic hybrid nanostructures

1 Introduction

Metal-organic hybrid nanoclusters are attracted much at-
tention, since they exhibit distinct optical and electronic
properties found in neither bulk nor molecule/atom [1,2].
Recently, the synthesis of the highly monodispersed metal-
lic nanoclusters encapsulated within the dendrimer has
been reported by several groups [3-5]. The diameters
of these dendrimer-encapsulated metallic nanoclusters
are uniform and very small, since the diameters of the
dendrimer-encapsulated Au nanoclusters are defined by
a size of the internal space of the dendrimer template.
Furthermore, these nanoclusters can be easily controlled
their solubility, reactivity, and nanocluster-substrate in-
teraction through exchanging the molecule structure and
terminal groups on the dendrimer periphery. Therefore,
these properties are expected to be suitable for the fu-
ture applications such as drug delivery, biosensing, and
catalysis. In order to elucidate their intriguing proper-
ties and to develop the future applications, it is neces-
sary to characterize their detailed electronic structures.
In this article, we synthesized the Au nanoclusters en-
capsulated within 1.5th generation sodium calboxylate-
(G1.5-COONa-) terminated polyamidamine (PAMAM)
dendrimers, and have performed the optical and photoe-
mission spectroscopic studies of dendrimer-encapsulated
Au nanoclusters. From these results, we discuss the elec-
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tronic structures and chemical states of the dendrimer-
encapsulated Au nanoclusters.

2 Experiment

Dendrimer-encapsulated Au nanoclusters were prepared
by loading Au ions into dendrimers and subsequent chem-
ical reduction.Gold chloride was mixed with methanol
solution of G1.5-COONa-PAMAM dendrimer with vig-
orously stirring for 1 hour in order to sequester the
Au ion into dendrimers. Equivalent sodium borohydride
was added into the reaction vial as a reduction agent with
another 1 hour stirring. The obtained nanocluster solu-
tion was dried, and dissolved into an aqueous solution.
The nanocluster solution was ultrafilterated with a cen-
trifugation for several times in order to remove the base
and to improve the size distribution. Finally, we obtained
two kinds of Au nanocluster samples with different size
distributions.

We performed the optical spectroscopic measure-
ments and the X-ray photoemission (XPS) measurements.
For the XPS measurements, the synthesized dendrimer-
encapsulated Au nanoclusters aqueous solution were
dried, and dissolved into the methanol solvent. After that,
these obtained nanoclusters were supported on the HOPG
substrates by evaporating the solvent (methanol) from the
solution of the dendrimer-encapsulated Au nanoclusters
on the single-crystalline highly oriented pyrolytic graphite
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Fig. 1. Photoluminescence spectra of the dendrimer-
encapsulated Au nanoclusters in aqueous solution, measured
with excitation energy of 3.2 eV.

cleaved surface in a nitrogen-filled glove bag directly con-
nected to the ultrahigh-vacuum photoelectron spectrom-
eter. Then the Au nanocluster samples were transferred
into the photoemission analysis chamber without exposure
to air. The XPS measurements were performed using the
angle-integrated photoelectron spectrometer with MgK «
line (hv = 1253.6 ¢V) as the excitation source at room
temperature.

3 Results and discussion

The size distributions and shapes of the synthesized
dendrimer-encapsulated Au nanoclusters were observed
by the transmission electron microscopy (TEM). The
mean diameter and standard deviation of larger nanoclus-
ter sample are 2.4 nm. From TEM micrograh dendrimer-
encapsulated Au nanoclusters show the spherical shape,
and each nanoclusters are separates from neighboring nan-
oclusters, indicating that the synthesized nanoclusters are
well stabilized by the dendrimer templates. On the other
hand, we could not observed the another nanocluster sam-
ple due to its cluster size smaller than the spatial resolu-
tion of TEM we used. Thus, the nanocluster size of the
Au nanocluster is considered to be less than 1.0 nm.
Figure 1 shows the photoluminescence spectra of the
dendrimer-encapsulated Au nanoclusters in aqueous so-
lution, measured at room temperature. Both photolumi-
nescence spectra were measured with excitation photon
energy of 3.2 eV. As shown in Figure 1, it is found that
the dendrimer-encapsulated Au nanoclusters with the di-
ameter of 2.4 nm shows no photoluminescence, however,
the dendrimer-encapsulated Au nanoclusters with mean
diameter of about 1.0 nm show the strong visible pho-
toluminescence centered at approximately 2.8 eV photon
energy. Since the dendrimer-encapsulated Au nanoclusters
shows with the diameter of 2.4 nm that involves the den-
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Fig. 2. Valence-band X-ray photoemission spectra of
dendrimer-encapsulated Au nanoculusters supported on the
HOPG substrates measured with the MgKa line (hv =
1253.6 eV) at room temperature. The top spectrum shows
the valence-band photoemission spectrum observed for bulk
Au polycrystallite.

drimer shows no distinct photoluminescence, the contribu-
tion from the dendrimer molecules to the photolumines-
cence spectrum is considered to be negligible. Therefore,
the photoluminescence from the dendrimer-encapsulated
Au nanoclusters with diameter of about 1.0 nm is at-
tributed to that from the Au nanocluster itself. Their pho-
toluminescence of the dendrimer-encapsulated Au nan-
ocluster with diameter of about 1.0 nm might be new
visible optical transition that results from the modified
electronic-structure due to quantum confinement effect.
Figure 2 shows the XPS spectra in the valence-band re-
gion of present dendrimer-encapsulated Au nanoclusters.
The photoemission spectrum observed for bulk Au poly-
crystalline is also shown for a comparison in Figure 2.
The broad features around 3—8 eV binding energy are
assigned to Au 5d-derived states. These Au 5d-features
dominate the valence-band spectra, since their cross sec-
tions are higher than the sp electronic states of Au. As
shown in Figure 2, Au 5d-derived features of the bulk
Au crystalline and Au nanocluster with mean diameter
of 2.4 nm display the well-defined d-band doublets. How-
ever, the apparent spin-orbit splitting of Au nanocluster
with the mean diameter of 2.4 nm is narrower than that
of bulk crystallite. On the other hand, the d-band dou-
blet in the XPS spectrum of Au nanocluster with the di-
ameter less than 1.0 nm is not clearly observed. It has
been well established that the noble-metal d-d interaction
in bulk crystallite is very strong and Au 5d bandwidth
and the associated apparent spin-orbit splitting decreases
with decreasing of the coordination number of the nearest
atom [6]. The apparent spin-orbit splitting is described
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as Asq = (A2, + A2 )Y2 where Apgna is the band
broadening contribution and A ,. is the true atomic spin-
orbit splitting. The band-broadening contribution Apgng
decreases with the number of nearest neighbors. Since
the surface atoms have the smaller number of the nearest
neighbor than inner atom in bulk crystallite, and there-
fore, the surface d-derived band and the associated ap-
parent spin-orbit splitting are narrowed compared with
that of bulk crystallite. Since the relative number of sur-
face to inner atoms in nanocluster increases with decreas-
ing the nanocluster size, the apparent spin-orbit splitting
of dendrimer-encapsulated Au nanocluster decreases with
decreasing the nanocluster size.

Figure 3 shows the Au 4f core-level XPS spectra
of dendrimer-encapsulated Au nanoclusters supported on
the HOPG substrate. The Au 4f core-level photoemis-
sion spectrum observed for bulk Au polycrystalline is also
shown for a comparison. (Fig. 3a) Au 4f core level spec-
trum of dendrimer-encapsulated Au nanoclusters with
diameter less than 1.0 nm shows similar spectral fea-
ture with that of bulk Au crystallite, while dendrimer-
encapsulated Au nanoclusters with the mean diameter of
2.4 nm shows asymmetric spectral shape in the higher
binding energy side. In order to discuss the detailed
spectral features, we carried out the line shape analy-
ses of Au 4f core-level photoemission spectra by a least-
square method. The detailed procedure of these line shape
analysis for Au 4f core-level spectra has been described
elsewhere [7,8]. As previously well established, Au 4 f core-
level photoemission spectrum of Au bulk crystallite con-
sists of two components, which originate from atoms in
the bulk (bulk component) and surface atom layer (surface
component). As shown in Figure 3a, it is found that the
present Au 4f photoemission spectrum of bulk Au crys-
tallite is also well reproduced by two components. The
components in the higher binding energy and lower bind-
ing energy are assigned to bulk component (solid line)
and surface component (dashed line), respectively, and
the observed surface core-level shift of —0.29 eV is con-
sistent with the literature values [8,9]. As shown in Fig-
ure 3b, it is found that the 4f core-level photoemission
spectrum of dendrimer-encapsulated Au nanocluster with
diameter of 2.4 nm is reproduced by the three compo-
nents. The lowest-binding-energy component is assigned
to bulk component, since the spectral feature and bind-
ing energy of the lowest-binding-energy component (solid
line) is similar to that of bulk component in the Au 4f
core-level spectrum observed for bulk Au crystallite. The
lower energy component that observed for Au 4f core-
level photoemission spectrum of bulk Au has not been ob-
served. Since the diameter of dendrimer used in this study
is about 3 nm, it is considered that Au nanocluster with
the mean diameter of 2.4 nm would not be encapsulated
within the internal spaces of the dendrimers. These clus-
ters are stabilized by terminal groups on the dendrimer
periphery. Therefore, these two higher-energy components
(dotted lines) are considered to correspond to the sur-
face components that originate from the termination with
the terminal groups on the dendrimer periphery. These
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Fig. 3. Au 4f core-level X-ray photoemission spectra and
the results of line-shape analyses of Au bulk crystallite (a)
and dendrimer-encapsulated Au nanoclusters supported on the
HOPG substrates (b and c) measured with the MgK o« line
(hv = 1253.6 eV). The observed spectra of (a) bulk Au and
(c) Au nanocluster with diameter less than 1.0 nm are de-
composed into bulk components (solid lines) and surface com-
ponents (dotted lines), and that of (b) Au nanocluster with
mean diameter of 2.4 nm are decomposed into bulk components
(solid line) and surface components (dashed line) terminated
with the dendrimer.

surface components accompany with a chemical shift to
higher binding-energy side. This means that the chemical
states in the interface Au atoms terminated with the den-
drimer is different with the inner Au atoms, and existence
of a chemical reaction (chemisorption) between Au nan-
ocluster and the carboxylate terminal groups on the den-
drimer periphery. That is, the charge transfer occur from
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Au nanocluster to carboxylate terminal groups on the
dendrimer periphery. On the other hand, as shown in
Figure 3c, it is found that the photoemission spectrum
of dendrimer-encapsulated Au nanoclusters with the di-
ameter less than 1.0 nm is reproduced by the two com-
ponents fairly well. The binding energies and spectral
features of these two components are quite similar to
those of the bulk and surface components in the Au 4f
core-level photoemission spectrum observed for the bulk
Au crystallite. Therefore, it is considered that the com-
ponents with higher binding-energy and lower binding-
energy in the Au 4f core-level photoemission spectrum of
the dendrimer-encapsulated Au nanoclusters with the di-
ameter less than 1.0 nm corresponds to the inner atoms
of Au nanoclusters (bulk component) and the surface
Au atoms of Au nanoclusters (surface component), respec-
tively. The much higher intensity of lower energy com-
ponent compared with higher energy component is at-
tributed to the higher relative number of surface to inner
atoms. The absence of the spectral feature with chemical
shift in the core-level spectra of dendrimer-encapsulated
Au nanoclusters with the diameter less than 1 nm implies
that Au nanoclusters are stabilized and isolated by the
dendrimer without chemical interaction. It is concluded
that cluster-size dependent 4f core-level photoemission
spectra reflect the difference of the chemical states among
the Au nanoclusters surface-terminated with dendrimers
and dendrimer-encapsulated ones.

4 Conclusion

We have carried out the optical spectroscopic and
XPS studies of two kinds of dendrimer-encapsulated
Au nanoclusters with different size distributions. From
the photoluminescence measurement, the synthesized
dendrimer-encapsulated Au nanocluster with diameter
less than 1.0 nm shows a strong blue photoluminescence
around 2.8 eV photon energy. The photoluminescence
from dendrimer-encapsulated Au nanocluster with diame-
ter less than 1.0 nm is attributed to the new visible optical
transition that results from the change of electronic struc-
ture due to quantum confinement. It is found that the
apparent spin-orbit splitting of Au 5d-derived band in
the valence-band photoemission spectrum decreases with
decreasing the nanocluster diameter. This originates from
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band-broadening contribution to the apparent spin-orbit
splitting decreases with decreasing the nanocluster size,
since the relative number of surface to inner atoms in nan-
ocluster increases with the decreases of the nanocluster
diameters.

Furthermore, we have observed Au 4f core-level pho-
toemission spectrum of dendrimer-encapsulated Au nan-
oclusters. From the detailed line shape analyses, the
cluster-size dependent 4 f core-level photoemission spectra
of dendrimer-encapsulated Au nanoclusters are observed.
It is concluded that these cluster-size dependent Au 4f
core-level spectra originates from the difference of chemi-
cal states among the Au nanoclusters surface-terminated
with dendrimers and dendrimer-encapsulated ones.
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