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Quantum Clusters

Au25@SiO2: Quantum Clusters of Gold Embedded
in Silica
M. A. Habeeb Muhammed and T. Pradeep*
Quantum clusters (QC) or subnanoclusters of noble metals
constitute a relatively new class of nanomaterials with molecular cores composed of a few atoms. Their electronic structure and physicochemical properties are totally different from
metallic nanoparticles of the same element. They possess discrete electronic energy levels and show ‘molecule-like’ optical
transitions in absorption and emission. Even though they are
relatively new, several methods have been developed to synthesize both aqueous[1–7] and organic[9–11] soluble QCs. Several of their properties, especially photoluminescence, have
been exploited. Two-photon-induced emission,[3a] photon
antibunching,[1b] room-temperature electroluminescence,[3b]
and fluorescence resonance energy transfer (FRET)[3c] have
been reported in them. They find applications in areas such
as cancer-cell imaging,[2] catalysis,[11] and the creation of fluorescent patterns,[6] amongst others. Among the various QCs
synthesized so far, Au25 is widely explored due to its extraordinary stability.[4] Various methods have been developed for
the synthesis of Au25.[4,5,7,8d,13] However, the main drawbacks
of the synthetic methods, especially for water-soluble Au25,
are low yield and long reaction times. The clusters are also
reactive[5a] and unstable in diverse media. Confinement of
QCs in oxides such as silica may provide them with additional
stability. At the same time, such protection imparts additional
functionality and hence additional properties. Silica protection of various nanostructures, such as nanoparticles, nanorods, and so on, has been studied extensively[15] and such a
possibility will provide new attributes to QCs, as in the case
of nanoparticles.[16]
In this Communication, we present a rapid method to
synthesize monodisperse water-soluble Au25 from polydisperse glutathione (GSH, bound to gold in the thiolate
form, SG)-protected gold QCs (AumSGn) by reaction with
(3-mercaptopropyl)trimethoxysilane (MPTS). It is known
that only certain ligands result in the formation of QCs. The
reason for this selectivity is unknown owing to the limited
knowledge of QC growth. Until now, only GSH has been
known to assist the synthesis of water-soluble Au25 with characteristic optical absorption features.[4,5] Even the synthesis
of Au25 with N-acetyl/N-formyl derivatives of glutathione
was unsuccessful.[5b] The advantages of MPTS-mediated Au25
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synthesis over GSH-mediated synthesis are shorter reaction
times. the absence of Au(I)thiolate by-product, and hence
high yield, and room-temperature reaction. Subsequent
hydrolysis and condensation resulted in the formation of
Au25@SiO2, where the QCs are embedded in a layer of silica.
Water-soluble AumSGn QCs were prepared by the reduction of Au3+ ions in presence of GSH at 0 °C. This method
produced a highly polydisperse solution containing QCs of
different chemical compositions, ranging from Au10SG10 to
Au39SG24.[4a,c] To start the synthesis of Au25 QCs, MPTS was
added to the aqueous solution of AumSGn having a pH of
6–7. The solution was stirred at room temperature and the
progress of the reaction was monitored by measuring the
optical-absorption spectrum of the solution at regular intervals. The formation of Au25 took only 1–10 min. The QC produced by this method is referred to as Au25@MPS hereafter,
where MPS corresponds to (3-mercaptopropyl)trisilanol (the
reason for this name will be described later). In contrast,
GSH-mediated Au25 (Au25SG18) synthesis from AumSGn took
3–12 h.[4c,5,6] Once Au25@MPS is formed, it is possible to grow
a thin silica layer on the QC surface since the cluster has
silanol protection. The monolayers were subjected to hydrolysis and condensation at basic pH. The pH of the aqueous
solution of QC was adjusted to 12 and the solution was
heated at 65 °C for 30 min. On the other hand, during acidmediated hydrolysis, the QCs settled down immediately due
to aggregation. Au25@MPS after hydrolysis and condensation
will be designated as Au25@SiO2 hereafter.
The optical absorption spectrum of AumSGn was almost
featureless (trace ‘a’ of Figure 1) due to the polydispersity
as well as the subnanometer core size of the QCs. However,
the spectrum of Au25 is molecule-like with distinct features
assigned to molecular transitions,[9e] in sharp contrast to that
of metallic gold nanoparticles, and it is possible to identify this
QC from these features alone. A typical absorption spectrum of Au25 has several distinct absorption peaks, three of
them appear pronounced around 670–690, 450, and 400 nm;
the spectrum of Au25SG18 is shown in Figure S1 of the Supporting Information (SI).[9e,4,5] The first absorption peak
(labeled as ‘peak 1’ in Figure S1 of the SI) corresponds to
a highest occupied molecular orbital (HOMO)–lowest occupied molecular orbital (LUMO) transition, which is otherwise referred to as an intraband (sp to sp) transition. The
second peak (peak 2) arises from mixed intraband (sp to sp)
and interband (d to sp) transitions. The third peak (peak 3)
arises from an interband transition (d to sp). For Au25@MPS,
these features appeared at 700, 455, and 400 nm, respectively,
which are indicated in Figure 1. Au25SG18 exhibited peak 1 at
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Figure 1. Optical absorption spectra of a) AumSGn, b) Au25@MPS, and
c) Au25@SiO2. The features of the QCs are indicated with lines (see the
text for explanation).

of ≈1 nm (inset of Figure S2 of the SI). Thus, TEM supports
the existence of Au25 clusters within the aggregates. These
aggregates exhibit an average hydrodynamic diameter of
35 nm in solution (Figure S3). There were no other peaks in
the dynamic light-scattering (DLS) data, which confirm that
the solution contains uniformly sized spherical aggregates
of Au25@MPS. Thus, the 30-nm shift in peak 1 is due to the
change in the ligand nature and aggregate formation. TEM
analysis of Au25@SiO2 showed the growth of a silica layer. A
representative large-area image is shown in Figure 3A. An
expanded image (Figure 3B) further shows that the QCs are
embedded in a layer of silica. A layer projecting out of the
grid with embedded clusters is shown in the inset of Figure 3B.
The aggregates of Au25@SiO2 are larger than Au25@MPS
and contain more clusters on an average, which may be the
reason for the occurrence of the NIR feature in the UV/vis
spectrum. However, well separated Au25 with silica shell was
not observed.
To prove the MPS protection of Au25, Fourier-transform
infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and energy-dispersive analysis of X-rays
(EDAX) were performed. The FTIR spectrum of Au25@
MPS was compared with that of MPTS used for reaction
(Figure S4A of the SI). The band at 2565 cm−1 due to the
–S–H stretching of MPTS was absent in Au25@MPS (Figure
S4B of the SI) suggesting Au–S covalent bonding between the
Au25 core and MPTS ligand.[12] While the spectrum of MPTS
showed bands that are typical for methoxysilane groups (Si–
O–CH3) at 2966, 2942, and 2840 cm−1, all these peaks were
absent in the Au25@MPS spectrum (Figure S4C of the SI).
There is a band of Si–OH at 947 cm−1 in the Au25@MPS spectrum and this band was absent for MPTS (Figure S4D of the
SI). The last two observations suggest the hydrolysis of silane
ligands on the Au25 surface to silanol and hence the resulting
cluster is described as Au25@MPS. Bands typical of extended
Si–O–Si bonds are absent. The peaks due to –CH2 stretching
were present both in MPTS and Au25@MPS (Figure S4C of
the SI). In order to understand the chemical composition,
AumSGn and Au25@MPS were analyzed by XPS (Figure S5 of
the SI). XPS of AumSGn showed the presence of Au, C, O, N,
and S. As AumSGn was protected with GSH (C10H17N3O6S),

670 nm (Figure S1 of the SI). On the other hand, peak 1 of
Au25@MPS showed a redshift of ≈30 nm. A redshift in peak 1
is observed when the ligand chemistry and/or refractive index
of the medium changes. For example, peak 1 showed a redshift of 10 nm when some of the GSH ligands were exchanged
with mercaptobutanol (MB).[5b] On the other hand, there was
no shift when the GSH ligand was exchanged with its acetyl
and formyl derivatives.[5b] In these cases, the chemical environment surrounding the QC is more or less the same when
compared with the parent Au25SG18. These studies propose
that the redshift in peak 1 is likely when the chemical environment is changed. The other two prominent features of
Au25@MPS at 455 and 400 nm are close to the positions seen
in Au25SG18 (Figure S1 of the SI). There are three other features around 501, 560, and 785 nm in Au25SG18, of which the
first and third features appear around 518 and 815 nm for
Au25@MPS. The QC retained its optical absorption features
after hydrolysis and condensation also with a 7-nm shift in
peak 1. All the features of Au25 are clear in
trace ‘c’, including the feature at ≈580 nm,
which is masked in Au25@MPS. These
QCs showed a broad near-infrared (NIR)
peak centered around 1015 nm, which may
be attributed to intercluster interactions
within the aggregates.
Transmission electron microscopy
(TEM) of AumSGn showed polydisperse
QCs as expected due to the presence of
several clusters (Figure S2 of the SI). On
the other hand, Au25@MPS showed spherical cluster aggregates of ≈20 nm in size
throughout the TEM grid (see Figure 2A).
Each such aggregate is composed of QCs of
≈1-nm core size (Figure 2B). No individual
QCs were seen in the images. Au25SG18 Figure 2. A) Low- and B) high-magnification TEM images of Au25@MPS. A portion of (B) is
shows well separated Au25 with a core size expanded in the inset.
small 2011, 7, No. 2, 204–208
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and MPTS, separately (these concentrations gave highest yields). The absorbance
of peak 1 was measured after the QC formation to determine the concentration
of the Au25 in the solution. The absorbance of Au25@MPS was ≈7 times higher
when compared with that of Au25SG18, as
shown in Figure 4 under identical conditions. Moreover, the by-product, the insoluble Au(I)thiolate, was observed only for
GSH-mediated synthesis,[4c,5] which was
not formed during MPTS-mediated synthesis (inset of Figure 4). It is known that
when excess GSH is added to AumSGn,
selective
formation of Au25SG18 occurs.[4c]
Figure 3. A) Low- and B) high-magnification TEM images of Au25@SiO2. A portion of (B) is
Two
modes
of reaction happened. While
expanded in the inset.
the smaller QCs (m < 25) were completely oxidized to Au(I)SG thiolates, the
the presence of these elements in the spectrum is justified. bigger QCs (m > 25) were etched to form Au25 by free GSH
On the other hand, XPS of Au25@MPS showed the pres- molecules. The selective formation of Au25 happened due to
ence of Au, C, O, S, and Si, in view of the capping of MPS their extraordinary stability when compared with other QCs.
(C3H10O3SSi). The absence of N in Au25@MPS is due to However, for MPTS-mediated synthesis, we did not observe
the complete coverage of the QC by MPS and because all any Au(I)thiolate and the absorbance was also higher. This
the –SG ligands are exchanged by MPS during the course suggests that all the QCs, from Au10SG10 to Au33SG14 were
of the reaction (Figure S5E of the SI). Note that there is no converted into Au25. There are reports showing the convernitrogen in MPS. The presence of Si in the QCs also confirms sion of smaller QCs, such as Au11, into bigger QCs and vice
the MPS protection. Si 2p is absent in AumSGn, as expected versa when treated with appropriate ligand.[4b] When MPTS
(Figure S5B of the SI). In order to check the presence of gold was added to AumSGn, core etching with ligand exchange
and other elements in the entire sample, EDAX was carried occurred. Thiols have a tendency to undergo ligand exchange
out (Figure S6 of the SI). The elements present in the QC with the already existing ligand on a nanoparticle/QC surface.
were Au, C, O, S, and Si and they were mapped.
However, if thiols are added in large quantities, QCs undergo
X-ray powder diffraction (XRD) of Au25@MPS showed aggregation and dissociation resulting in the selective formaa broad diffraction peak at 2θ ≈ 35° for the QC (Figure S7 tion of extraordinarily stable QCs with ligand exchange. The
of the SI). This is similar to the (111) plane of bulk gold and selective formation of Au25 supports the earlier reports on
indicates the cubic packing of atoms in the cluster. The QCs the extraordinary stability of Au25.
are too small to possess all the peaks of bulk gold. A similar
Au25SG18 was found to be very reactive towards HAuCl4
peak was observed for Au20(CH2CH2Ph)16.[9b] Quantum clus- and underwent instantaneous decomposition with the disapters exhibit luminescence with varying quantum yield. Au25@ pearance of the characteristic absorption features due to the
MPS showed an emission maximum at 740 nm (Figure S8 of core collapse.[5a] On the other hand,Au25@MPS and Au25@SiO2
the SI) when excited at 530 nm. The emission is due to excita- were found to be at least five-fold stable in presence of
tion across the HOMO–LUMO gap. On the other hand, the
emission maximum of Au25SG18 is at 700 nm when excited
at the same wavelength.[2b,3c,5] Photoluminescence profiles
of Au25@MPS and Au25SG18 are compared in Figure S8 of
the SI. The shift in emission wavelength can be attributed
Au25
to the change in ligand chemistry as well as aggregation, as
discussed earlier. The photoluminescence profile is similar
to that of Au25SG18.[2b,3c,5] Au25@MPS is also luminescent
Au(I)thiolate
in the solid state (Figure S9 of the SI). The clusters can be
imaged using their inherent fluorescence. Fluorescence image
of Au25@MPS in powder form was recorded using a confocal
Raman spectrometer equipped with 532-nm excitation. In
the image, while there was luminescence from the red spots,
there was no luminescence from the dark areas. The red spots
are the islands of the clusters.
The yield of Au25 formed by MPTS-mediated synthesis is Figure 4. Comparison of the absorbance of peak 1 of Au formed by
25
≈7 times higher than that of GSH-mediated synthesis. To prove a) GSH- and b) MPTS-mediated syntheses. Inset shows photographs
this, equal amounts of AumSGn, dissolved in equal amounts of the reaction products upon reaction with A) GSH and B) MPTS, after
of water were treated with optimized concentrations of GSH centrifugation.
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HAuCl4 (measured in terms of concentration needed for complete decomposition), probably due to the silanol/silica protection (data not shown). The QCs are very sensitive towards the
electron beam and fuse together to form bigger nanoparticles
on prolonged electron-beam irradiation (Figure S10 of the
SI).[17] The silica growth greatly enhanced the stability of QCs
against electron-beam-induced aggregation.
In summary, a rapid synthesis of monodisperse, water-soluble Au25 from polydisperse AumSGn by the addition of MPTS
at pH 6 is reported. Until now, only GSH has been known to
make water-soluble Au25. The yield of MPTS-mediated Au25
synthesis was ≈7 times higher when compared with GSHmediated synthesis. Subsequent hydrolysis and condensation
resulted in the formation of Au25@SiO2, where the QCs are
embedded in a layer of silica. This method leads to the production of Au25 QCs rapidly with high yield. We believe the
silica protection will add several functionalities to the QC as
in the case of other nanostructures.

Experimental Section
Synthesis of Glutathione-Protected Gold Clusters: Glutathioneprotected gold clusters were synthesized according to a reported
method.[9] To HAuCl4·3H2O (100 mL, 5 mM) in methanol, reduced
glutathione (GSH, 614 mg) was added. The mixture was then
cooled to 0 °C in an ice bath for 30 min. An aqueous solution of
NaBH4 (25 mL, 0.2 M), cooled at 0 °C, was injected rapidly into
this mixture under vigorous stirring. The mixture was allowed to
react for another 1 h. The resulting precipitate was collected and
washed repeatedly with a methanol/water (3:1) mixture through
centrifugal precipitation and dried to obtain the AumSGn clusters
as a dark-brown powder. This product is a mixture of small nanoparticles and different clusters.
Synthesis of Au25 Clusters: Au25 clusters were synthesized from
the as-prepared AumSGn clusters by a method called preferential
population of most-stable cluster. The as-prepared AumSGn clusters
were dissolved in water (25 mL). (3-mercaptopropyl)trimethoxysilane was added (20 mM) and stirred at room temperature (28 °C).
The reaction was monitored by optical-absorption spectroscopy.
The reaction was terminated when the absorption features of Au25
clusters appeared in the UV/vis spectrum.
Instrumentation: UV/vis spectra were measured with a Perkin
Elmer Lambda 25 instrument in the range of 200–1100 nm. The
FTIR spectra were measured with a Perkin Elmer Spectrum One
instrument. KBr crystals were used as the matrix for preparing samples. XPS measurements were conducted using an Omicron ESCA
Probe spectrometer with monochromatized Mg Kα X-rays (hν =
1253.6 eV). A constant analyzer energy of 20 eV was used for the
measurements. EDAX was carried out using FEI QUANTA-200 SEM
instrument and the samples were prepared on carbon tape. Highresolution TEM measurements were carried out at 200 kV with a
JEOL 3010 instrument equipped with a ultrahigh-resolution (UHR)
polepiece. The samples were prepared by dropping the dispersion on carbon-coated copper grids and drying in ambient conditions. DLS measurements were performed with Zetasizer 3000HSA
(Malvern Instruments, UK). Fluorescence measurements were carried out on a Jobin Yvon NanoLog instrument. The band pass for
excitation and emission was set as 5 nm.
small 2011, 7, No. 2, 204–208
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