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One Step Synthesis of the Smallest
Photoluminescent and Paramagnetic
PVP-Protected Gold Atomic Clusters
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ABSTRACT Gold atomic clusters of only two and three atoms were prepared by a simple electrochemical technique based on the
anodic dissolution of a gold electrode in the presence of PVP, and subsequent electroreduction of the Au-PVP complexes. These clusters
show stable photoluminescent and magnetic properties, which make them the smallest and most elemental gold (0) building blocks
in nature (after atoms) bringing new possibilities to construct novel nano/microstructures with large potential interest in biomedicine,

catalysis, and so forth.
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etal atomic clusters consist of groups of atoms

between 2 and around 100—200 atoms, which

have defined compositions and one or very few
stable geometric structures.' An important aspect of these
atomic clusters is related to their properties, which are
usually very different from the bulk ones, offering exciting
possibilities for their use in novel materials or devices.
Although the synthesis and the study of the properties of
clusters is more difficult than that of the usual larger nano-
particles,” their unique electronic and chemical properties
have already drawn attention in many scientific areas.
Applications in different fields, such as sensors,” photogra-
phy,* catalysis,” biological labeling,® and electronics’ have
already been proposed.

The development of new methods for the production of
small quantum dots (QDots) with nontoxic materials is of
great importance, because semiconductors used at the
moment for the preparation of QDots are based on toxic
heavy metals, have large physical size comparable to pro-
teins, and tend to photoblink.® The discovery of the fact that
nanoparticles of less-toxic metals, like Au or Ag, become
semiconductors when their dimensions are below ~2—3 nm
(atomic clusters), offers a novel strategy to search for a new
kind of highly fluorescent and nontoxic QDots.”

Catalysis using small gold clusters is of extensive interest
not only in simulations studies but also in practical applica-
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tions.'® Tsunoyama et al.'' have studied the effect of
electronic structures of Au-PVP clusters on aerobic oxidation
catalysis obtaining higher catalytic activity with decreasing
the core size.

On the other hand, small clusters can be thought as the
most elemental gold building blocks in nature (after atoms)
bringing new possibilities to construct novel nano/micro-
structures.'? Although very small Au clusters with similar
photoluminiscent properties have been reported before by
Jin et al.,'” this was achieved by a two-step top-down
approach consisting of thiol-etching of nanoparticles. The
bottom-up strategic approach shown here is a simple one-
step electrochemical process using a biocompatible polymer
(PVP) as a capping-stabilizing agent.

Au clusters were synthesized in acetonitrile by a modifi-
cation of the electrochemical technique used before for the
production of nanoparticles'* and large and relative poly-
disperse gold clusters.'”

For this particular synthesis, we employed poly(N-vi-
nylpyrrolidone) (PVP), which acts as stabilizer of the gold
clusters. PVP is a homopolymer, which contains an amide
group in its monomer and it is known to be a good stabilizing
agent for transition metal particles'® and, at the same time,
is biocompatible.'” The new electrochemical method of
producing PVP-protected gold atomic clusters presented
here has several advantages, such as its simplicity, repro-
ducibility, and effectiveness, having at the same time a good
control of the cluster size.

Gold clusters were synthesized in an Autolab PGSTAT 20
potentiostat with a constant temperature of 25.0 £ 0.1 °C.
Experiments were carried out in a standard Metrohm elec-
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FIGURE 1. UV—vis spectra at different concentrations of PVP in
acetonitrile: 1 mg/mL (sample A), 0.5 mg/mL (sample B), and 0.1
mg/mL (sample C). The spectra were registered using the appropriate
amount of PVP in acetonitrile as blank in each sample.

trolysis beaker containing a sacrificial gold sheet as the
anode (counter electrode), and a copper sheet of the same
size as a cathode (working electrode). These two electrodes
were placed vertically, face-to-face, inside the cell. An Ag/
AgCl electrode was used as reference electrode. The conduc-
tive solution, consisting of PVP at different concentrations
dissolved in acetonitrile, was deaerated by bubbling nitrogen
for about 15 min, keeping an inert atmosphere during the
whole process. Strong magnetic stirring was maintained
during the galvanostatic electrolysis, which consists of the
application of a current density of 100 mA cm™ for 300 s.
PVP is stable at the low potentials (~ —0.2 V vs Ag/AgCl) used
in the galvanostatic synthesis. PVP concentrations (with a
weight-average molecular weight of 10 000) used in the
experiments were 0.1, 0.5, and 1 mg/mL. During the
process, gold-cations, continuously generated in low con-
centrations in the anode, were complexed by the PVP.
Electroreduction of these complexes generate Au(0) atoms
along the PVP chains giving rise to the formation of very
stable clusters.

It is known that particles below 1.5 nm do not show
surface plasmon band and the spectrum consists of a
continuous increase in absorbance with decreasing wave-
length, because of the presence of a bandgap at the Fermi
level.'® For very small clusters (Au,, where n < 2—20 atoms),
discrete, molecule-like bands, similar to those observed in
Figure 1 for the synthesized clusters, are expected.'”

The absence of surface plasmon resonance is a charac-
teristic for the samples obtained by the electrochemical
synthesis here reported, which shows only three discrete
bands centered at 240 nm (5.17 eV), 270 nm (4.59 eV), and
350 nm (3.54 eV), being the intensity of the absorption
bands larger for higher concentrations of PVP. Almost no
changes in the UV—vis spectra are observed after more than
two years (see Supporting Information), which indicates the
great stability of the synthesized clusters.

Clusters obtained show three fluorescence emission bands
(Figure 2): 315 nm (3.94 eV), 335 nm (3.70 eV), and 350
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FIGURE 2. Excitation (dash lines)/emission (solid lines) scans of PVP-
protected Au cluster samples A, B, and C in acetonitrile.
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FIGURE 3. LDI-TOF mass spectrum of gold clusters.

nm (3.54 eV) by photoexcitation at 240 nm (5.17 eV) and
300 nm (4.13 eV). Quantum yield of the samples is ® =
12.5% (sample B) using as reference a 0.1 M solution of
quinine sulfate dehydrate in H,SO, ® = 0.546 as standard.
It has to be mention that solutions containing PVP with gold
salt do not show fluorescence. Therefore, fluorescence has
to be associated with the formation of reduced Au clusters
(the absence of Au ions in the samples has been checked as
it will be described below). Almost no fluorescence changes
are observed after more than 2 years for samples stored in
air.

Mass spectra were performed with an Autoflex Spectrom-
eter using a laser wavelength of 337 nm and a repetition
frequency of 50 Hz. The spectra were acquired in the
Reflection mode between 0—4 kDa of mass range. The
samples were deposited on a steel plate and were analyzed
after drying. LDI-TOF spectrum show three major peaks: m/z
= 197, 394, and 591 corresponding to Au,, Au,, and Aus,
respectively (see Figure 3 and Supporting Information). No
other peaks at higher mass were detected. The presence of
only naked Au, clusters in the mass spectra indicates the
weakly coordination of PVP to metal clusters.

It has been shown that the spherical Jellium model can
provide an approximate description of the dependence of
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TABLE 1. Luminescence Lifetimes (LT) and Their Relative
Amplitudes (RA) for the Three PVP-Protected Au Cluster Samples
sample A sample B sample C
LT (ns) RA (%) LT (ns) RA (%) LT (ns) RA (%)
1.14 13.4 1.12 8.6 1.06 6.6
3.44 28.1 4.11 38.5 4.07 38.6
10.4 58.5 10.6 53.0 11.0 54.7

the emission energy with the number of atoms, N, in gold
clusters by the simple relation Eq = Epermi/N'", where Epermi
is the Fermi energy of bulk gold, and Eg is the band gap
energy of the cluster assumed to be identical to the fluores-
cence emission energy.”® On the basis of this model, the
emission of Au, and Aus clusters should be observed at 4.22
and 3.68 eV, respectively, which approximately agrees with
the observed emission energies, taken into account that this
model does not consider the influence of the capping (PVP)
on the cluster emission energies. These results also agree
with the mass spectra and with the fact that the synthesized
clusters are too small to be observed by TEM (results not
shown).

It has to be mentioned that Jin et al."~ also reported the
synthesis of Au, and Aus clusters by a two step top-down
approach, via thiol etching, with similar absorption and
photoluminiscent properties. They assigned the absorption
and photoluminiscence bands to the Aus cluster assuming
that the detection of Au; and Au, clusters by mass spec-
trometry could be due to the laser-induced dissociation of
the parent trimers. However, in our case we have observed
that the relative intensities of the absorption bands change
with the amount of PVP (see Figure 1), which clearly in-
dicates that the absorption bands should correspond to two
different species instead of being two bands of the same
species. We can then assume that Au, and Aus are the main
species in the samples with absorption bands located at 270
nm (5.17 eV) and 350 nm (4.59 eV), respectively, being both
species much more abundant in sample A than in samples
B and C. The band at 240 nm can be associated with a
charge transfer band from the metal to the PVP.

Photoluminescence decay curves of PVP-protected Au
clusters excited at 280 nm require a sum of three exponen-
tials to be adequately fitted (see Supporting Information)
with time constants given in Table 1 for the different
samples. Relaxation times of the order of nanoseconds
indicate that photoluminescence takes place through an
allowed-spin process.

Photoluminiscence results can be explained assuming
that the shorter decay time (~1 ns) comes from the emission
of the charge transfer state (see later). The lifetime about 10
ns can be associated with the emission of the Aus clusters
and the lifetime of ~4 ns from the Au, clusters. Upon
excitation, the three states are populated and, in the case of
clusters, a very fast ICT (internal charge transfer) process (not
visible in the nanosecond time scale) occurs before emission.
The small lifetime of 3.4 ns in sample A, in comparison to
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FIGURE 4. EPR curves for PVP-protected Au clusters. From top to
bottom curves correspond to samples B, A, and C.

samples B and C, continues to be associated to the Au,
cluster emission but now is quenched by energy transfer to
the Aus cluster, present in a high concentration in this
sample.

According to the Jellium model, Aus clusters should have
the following electronic structure (1S?2P'), and therefore
they should exhibit some kind of paramagnetic behavior,
contrary to Au, clusters (15?), which should display a dia-
magnetic behavior. Figure 4 shows the results of electron
paramagnetic resonance (EPR) measurements carried out
at 9 GHz and 120 K. The presence of a paramagnetic-like
behavior is clearly observed only for sample A, which should
contain a major proportion of the trimer cluster. However,
samples B and C containing mainly dimers are diamagnetic.

These results agree with recent rigorous theoretical calcula-
tions®' showing that indeed gold dimers have zero magnetic
anisotropy energy (MAE) whereas Aus is weakly magnetic with
a MAE of only 8 meV. Therefore, this paramagnetic behavior
can only be detected at high concentrations, like those provided
in sample A.

Different conditions of the electrochemical synthesis
were used to see how the experimental parameters affect
the cluster size. It was observed®® that temperature and
synthesis time are crucial to obtain clusters with 2 and 3
atoms. As an example, raising the temperature to 50 °C
samples obtained are composed of a mixture of larger
clusters (from Au, to Au;). In this case samples are still
photoluminiscent, but emission is now centered in the range
from 350 to 520 nm upon electronic excitation at different
wavelengths. The variation of the emission spectrum with
the excitation wavelength clearly indicates the presence of
a large gold cluster mixture in the sample as it is found by
mass spectrometry (see Supporting Information). When not
only the temperature but also the time of the synthesis is
increased to 600 s, one can finally observe the formation of
gold nanoparticles, which are easily detected by the appear-
ance of the typical pink-purple color. UV—vis spectra of such
samples show the characteristic plasmon band at 550 nm,
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FIGURE 5. UV—vis absorption spectra of the original PVP-protected
Au clusters in acetonitrile (black line), the resulting hexane solution
after thiol exposuring (green line), and the acetonitrile solution after
thiol exposure (red line).

and the formation of gold nanoparticles of approximately 6
nm is now clearly seen by TEM (see Supporting Information).

To further examine the physicochemical properties of
gold clusters, the samples containing Au, and Aus were
mixed with a concentrated solution of dodecanethiol (1 M)
in hexane for 24 h stirring at 40 °C. During this process,
dodecanethiol is expected to replace multivalent PVP ligands
because of the higher affinity of the sulfur for gold. The
optical absorption and fluorescence spectra of the resulting
solution were compared with the previous ones. The spectra
shown in Figure 5 indicate that the PVP is successfully
replaced by dodecanethiol.

After thiol exchange, two characteristic absorption bands
at 270 and 350 nm corresponding to Au, and Aus, respec-
tively, were observed in the hexane solution proving the
successful replacement. The excitation peak at 240 nm
disappears (see Figure 6), but it has no effect on the emission
spectra. This observation provides strong evidence that the
original fluorescence emission is due to intrinsic properties
of the gold clusters and the absorption/excitation peak at 240
nm arises from metal—ligand charge transfer transitions.
Although one should expect changes in the excitation/
emission spectra after thiol exchange based on the general
different bonding properties of PVP and thiols to gold, the
very small observed changes in the position of the peaks
(<approximately 10 %) are in agreement with recent theo-
retical calculations by Day et al.?> predicting only a minor
change of about 10 % displacement of the absorption peaks
for Au dimers compared with monothiolated gold dimer
anions. The fact that the UV—vis and fluorescence spectra
of the gold clusters do not show changes after the thiol
exposure is also a proof of the stability of the synthesized
gold clusters. It has to be noticed that the photoluminescence
observed in these thiolate clusters is very different from Au(l)
thiolate complexes, in which the photoluminiscence is very
weak and they do not emit at room temperature, as it was
reported by Bardaji et al.**
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FIGURE 6. Fluorescence/excitation spectra of dodecanethiol pro-
tected gold clusters in hexane. Excitation spectrum (dash line)

recorded at Aem = 333 nm and fluorescence (solid line) by excitation
at Aexc = 290 nm.
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Next, the stability of PVP-protected Au clusters was
checked against reduction and oxidation by NaBH, and
H,O,, respectively. The addition of these agents to the cluster
solutions has no effects on their fluorescence and absorption
spectra indicating again the stability of the clusters and that
there are no gold ions in the samples.

Very recently Sakamoto et al*® have reported differences
in the photoluminescence behavior of Au, clusters embed-
ded in polyvinyl acetate films depending on the number of
atoms. Contrary to clusters with n & 19 or 20, for clusters
with n < 12 they observe fluorescence quenching by oxygen,
which they associate with the instability of the smaller
clusters. Our results show that this is not the case, and that
much small clusters, like Au, and Aus reported here, are very
stable without oxygen quenching having fluorescence life-
times comparable with those reported for larger clusters.?°

Conclusions. In summary, we have reported a new
simple one-step bottom-up method for preparing fluorescent
and paramagnetic PVP-protected gold atomic clusters. The
different fluorescent and magnetic properties suggest that
these properties are very sensitive to the cluster size,
because large changes in those properties are observed with
only one atom difference between the clusters, which can
be easily predicted by the simple spherical Jellium model.

Compared with the previous methods to obtain these
extremely small cluster sizes, the electrochemical synthesis
is much simpler and quicker, providing a good control of the
cluster size. Furthermore, the photoluminiscent gold clusters
are very stable against strong reducing and oxidizing agents,
and no changes on their optical properties are observed after
more than two years of its preparation. At the same time
Aus clusters display a paramagnetic-like behavior recently
theoretically predicted for these very small Au clusters.

The PVP-capped Au clusters here described can be con-
sidered as the smallest and the most elemental Au(0) build-
ing blocks in nature (after atoms) bringing new possibilities
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to construct novel nano/microstructures, which will be of
great interest for applications in different fields, such as
biomedicine, catalysis, and so forth.
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