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Silver nanoparticles or nanoclusters are quite sensitive to light exposure. In particular, irradiation in the localized surface plasmon
resonance (LSPR) region brings about a drastic modification of their optical properties due to growth and reshaping of the
nanoparticles. In order to obtain luminescent colloids, small silver colloidal nanoparticles were prepared in chloroform using
vinylpyrrolidone oligomers as capping agent and their luminescence properties were used to control their stability upon prolonged
exposure to visible light.The polymeric shell around themetal clusters was hardened through photo-cross-linking byUV light.This
process did not alter themorphology and the optical properties of the nanoparticles but greatly improved the particle photostability
as confirmed also by confocal laser scanning microscopy measurements. The data clearly show that UV curing of the stabilizing
layer could be a simple postsynthetic procedure to obtain materials with stable properties.

1. Introduction

Noble metal nanoparticles have attracted much attention in
the last decades because they can be prepared through simple
and versatile methods resulting in nm sized nanostructures
whose dimension and shape finely tune their optical and
electronic properties [1–3]. The nm sized particles show an
intense optical response determined by the surface plasmon
resonance (SPR), whose frequency and spectral broadening
can be controlled by the shape, composition, and concen-
tration of the colloidal nanomaterial [4, 5]. It has been
demonstrated that metal nanocrystals having subnanometer
to 2 nm size (metal nanoclusters, NCs) show bright pho-
toluminescence upon excitation with visible light of their
colloidal samples.The energy and the efficiency of this radia-
tive recombination process are strongly dependent on the
size, shape, and environment of the NCs [6–9]. These optical
properties together with their low toxicity, compared to other
nanomaterials, make noble metal nanoparticles particularly
challenging nanomaterials for biological applications such as
colorimetric labelling or sensing [10, 11] and bioimaging in
high resolution luminescence or surface-enhanced Raman
scattering (SERS) spectroscopy [12–15]. However, it has been
already reported that metal NCs show a strong tendency to

growth and/or reshape upon prolonged irradiation due to
their high surface energy [16, 17].Themorphological changes
induced by light generally result in alterations of their optical
properties such as the luminescence or the LSPR useful to
achieve the enhancement of Raman signals (the SERS effect).
Hence, limitations may arise in the use of the silver NCs
for optical and photonic applications due to their limited
photostability in colloidal form.

Size-controlled templates such as dendrimers [18], DNA
[19, 20], or zeolites [9, 21] have been exploited in the prepa-
ration of metal NCs in order to control their growth and sta-
bility. However, this approach might bring about additional
issues concerning the postsynthesis processing of the metal
cluster surfaces. Photoinduced polymerization (UV curing)
of monomers or oligomers is one of the most efficient ways to
prepare cross-linked polymer networks. In short times and
selectively on the irradiated area, monomeric or oligomeric
units can be transformed into viscous polymers which might
be very resistant to environment conditions [22–24]. Consid-
ering the ability of some oligomers to undergo cross-linking
reactions, a robust capping shell for the nanoparticles can
be created by UV curing. Thus, this procedure has been
successfully used to improve the stability and the optical
properties of organic nanoparticles [25, 26].

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2016, Article ID 7510563, 7 pages
http://dx.doi.org/10.1155/2016/7510563



2 Journal of Nanomaterials

(a)

0.0 2.5 5.0 7.5
0

10

20

30

40

50

60

70

Diameter (nm)
N

i
(b)

(c)

N
i

10 20 30 40 50
0

20

40

60

80

Height (nm)

(d)

Figure 1: (a, b) TEM image and relative size distribution histogram of Ag-NCs (scale bar = 100 nm; inset is 20 × 20 nm zoom of (a)); (c, d)
AFM image (scale bar = 500 nm) of Ag-NCs and relative height distribution histograms.

In this work, we prepared luminescent silver nanoclus-
ters (Ag-NCs) in an organic solvent by a fast and reliable
reduction method and we demonstrated that photo-cross-
linking of their polymeric stabilizing shell assures the photo-
stabilization of the colloids and hence of their luminescence
properties under prolonged light exposure. In this frame-
work, UV curing of the nanoparticles surface resulted in an
efficientmethod to obtain stable emittingmaterials for optical
imaging applications.

2. Materials and Methods

2.1. Reagents. AgNO
3
(Sigma-Aldrich,ACS reagent,≥99.0%),

polyvinylpyrrolidone (PVP, Mw = 10KDa, Sigma-Aldrich),
and CHCl

3
(99.4% GC-grade) were used as received.

2.2. Synthesis of Silver Nanoparticles. AgNO
3
(0.017 g) was

added to 100mL of CHCl
3
boiling solution containing 0.75 g

of PVP.The solution was kept boiling at reflux for 30 minutes
under vigorous stirring and then the resulting colloidal
solution was cooled in an ice bath.

2.3. Morphological Characterization of Ag Colloids. A Philips
mod. 208 TEM microscope (operating at 80 kV of beam
acceleration) was used to analyze the size distribution of the
nanoparticles. The nanoparticles dissolved in CHCl

3
/PVP

suspensions were deposited in 400-mesh carbon-coated cop-
per support grids and left overnight in a desiccator to let the
solvent evaporate. The size distribution histograms for the
samples were obtained by analyzing 150–200 nanoparticles
for each sample. An atomic force microscope (Solver-Pro
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Figure 2: (a) Extinction and luminescence spectra (𝜆exc = 450 nm) of Ag-NCs suspension in CHCl
3
; (b) extinction spectra of Ag-NCs

suspension in CHCl
3
at increasing reaction times (30–5 h).

P47H, NT-MDT) was used to record topography images of
the Ag-NCs. The measurements were carried out in sem-
icontact conditions by the use of 190–325 kHz cantilevers. A
drop of the sample suspended in CHCl

3
was placed on amica

substrate and spin-coated in order to spread the particles
during solvent evaporation. A grain analysis was carried out
to determine the size distribution of the particles from the
images.The size distribution histograms for the samples were
obtained by analyzing 150–200 nanoparticles for each sample.

2.4. Optical Characterization of Ag Colloids. UV-Vis absorp-
tion spectra of the Ag suspensions were recorded with a
double beam Perkin-Elmer Lambda 800 spectrophotome-
ter. Corrected luminescence spectra were acquired with a
Fluorolog-2 (Spex, F112AI) fluorimeter. The luminescence
images were recorded through a Nikon PCM2000 laser scan-
ning confocalmicroscope, using a diode laser (𝜆exc =400 nm)
as light source and selecting the emission spectral region by
a band-pass filter (520 ± 30 nm). The images were obtained
with a 60x 1.4 N.A. oil immersion objective (512 × 512 pixels).

3. Results and Discussion

Silver nanocrystals (Ag-NCs) were prepared in CHCl
3
start-

ing from AgNO
3
and using polyvinylpyrrolidone oligomers

(PVP) as stabilizing agent. Although a similar preparation
method has been already developed using DMF as a solvent
[27, 28], to the best of our knowledge, this is the first report
of the formation of PVP-stabilized Ag-NCs in chloroform.
The PVP role is actually more complicated since, besides
acting as stabilizer, it interacts with the Ag+ ions producing
organic radicals, which promote the silver reduction and the
formation of the nanoclusters in the organic solvent [29]. In
our preparation, the concentration of PVP was optimized
to reach good quantitative coordination of Ag+, an efficient

nucleation process, and good control of the growth process
of Ag colloids. In particular, high PVP/Ag+ concentration
ratios were chosen to ensure efficient transfer of silver ions
into the organic solvent, thus achieving a fast nucleation rate.
Furthermore, a homogeneous shell of the stabilizing polymer
around the metal cores prevents the anisotropic growth and
the development of nonspherical nanostructures, as reported
in the literature [30, 31]. As the reaction proceeded at the
boiling temperature of CHCl

3
, the solution turned from

colorless to transparent pale yellow; after 30 minutes, the
resulting colloidal solution was cooled in an ice bath and
morphologically and optically characterized.

TEM imaging was used to determine the size and mor-
phology of the samples. Figure 1(a) shows that quasi-spherical
silver nanoparticles were obtained in the chosen experimen-
tal conditions. Size distribution histograms (Figure 1(b)) were
built from TEM images and analyzed by Gaussian functions.
The analysis showed that the nanoparticles had a mean
diameter of 2.9 ± 0.5 nm, thus indicating that a fraction of
the colloids had dimensions below 2 nm range. AFM images
(Figure 1(c)) allowed accessing size information on the entire
particles (metal core and polymer shell) thus to estimate the
dimension of the stabilizer shell. AFM-height distribution
histograms (Figure 1(d)) could be reproduced by a Gaussian
function, which was centered at 13.9 ± 5.1 nm. This broad
width suggests that the stabilizer shell might have different
arrangements around the silver cores. By comparing the
nanoparticle dimensions determined from TEM and AFM
measurements, an average PVP shell thickness of 11 nm was
estimated. This value is in agreement with literature data for
similar systems [32] in which a strong steric capping effect is
desirable to control the particle growth.

An extinction spectrum with band-edge features at
wavelength below 400 nm was recorded for the Ag-NC
suspensions (Figure 2(a)). The spectrum does not resemble
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Figure 3: Luminescence spectra of (a) untreated and (b) photo-cross-linked Ag-NCs in CHCl
3
(𝜆exc = 450 nm) together with their con-

volution with Gaussian functions.

the one reported for plasmonic silver nanoparticles [33],
which could be achieved, in the synthetic conditions used,
only by prolonging the reaction time to hours (Figure 2(b)).

The emission of the Ag-NCs colloidal suspension was
observed upon excitation at 450 nm (Figure 2(a)). The lumi-
nescence spectrum was centered at 510 nm and presented a
quite broad shape (FWHM = 7500 cm−1) likely reflecting the
size distribution histogram (Figure 1(b)).The broad emission
spectrum could be successfully fitted by the convolution of
three Gaussian curves centered at 493, 526, and 590 nm,
respectively, supporting the presence of different NC popu-
lations (Figure 3(a)).

However, the luminescent properties of the colloidal sus-
pension changed when it was subjected to prolonged Vis
light exposure (at 420 nm, light dose higher than 0.1 J/cm2),
since a progressive decrease of the emission intensity was
observed (Figure 4). The occurrence of these quenching
phenomena could be explained considering that the Vis light
is able to induce Ostwald ripening processes in the silver
suspensions. This is able to change dimensions and shapes
of silver colloids, as previously reported in the literature
[16, 17]. TEM images of the colloids after irradiation (inset
in Figure 4) revealed the formation of metal particles whose
size is bigger compared to the pristine ones and whose shape
markedly deviates from the spherical one. Thus, the lumi-
nescence decrease can be explained by the photoinduced
growth of the nanoparticles [16].

To improve the photostability of the as-preparedAg-NCs,
selective photo-cross-linking of the polymeric shell has been
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Figure 4: Luminescence spectra of the untreated Ag-NCs in CHCl
3

(𝜆exc = 450 nm) at different irradiation times (0–45min) at 420 nm.
Inset is a TEM image of the Ag-NCs after irradiation (scale bar =
500 nm).

induced by irradiation at 254 nm, where PVP performs
absorption efficiently. As said above, under UV light, vin-
ylpyrrolidone is able to cross-link, conferring to the environ-
ment an increased rigidity [34]. According to the literature
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Figure 5: (a) Luminescence spectra (𝜆exc = 450 nm) of the pristine Ag-NCs (black line) and of the photo-cross-linked Ag-NCs before (red
circles) and after irradiation at 420 nm for 45min (blue circles); (b) laser scanning fluorescence image (scale bar = 5 𝜇m) and (c) AFM image
(scale bar = 500 nm) of photo-cross-linked Ag-NCs with the relative (d) size distribution histogram.

information [35], the mechanism of vinylpyrrolidone pho-
topolymerization is based on radical species whose formation
can be assisted by the solvent and the metal cores. The
irradiation conditions and the oligomer concentration were
optimized in order to keep the system as a suspension,
despite the increase of the sample viscosity.The luminescence
spectrum of the UV-photo-cross-linked Ag-NCs presented
a shape similar to the one recorded before the irradiation
treatment (Figure 5(a)). Furthermore, the emission resulted
to be much more stable; indeed, intensity or shape modi-
fications were not observed under Vis irradiation over the
same time period that causes the complete quenching of

the emission of the untreated Ag-NCs (Figures 4 and 5(a)).
The luminescence of a diluted suspension of Ag-NCs after
PVP photo-cross-linking was also observed by the use of
a confocal laser scanning microscope (Figure 5(b)). The
images recorded upon excitation at 400 nm showed bright
spots of diffraction-limited size (≈0.3 𝜇m) attributed to the
emission of the silver nanoparticles. Furthermore, the data
showed that the luminescence intensity did not decrease
after up to 30min of exposure to the excitation beam (𝜆 =
400 nm), demonstrating the high photostability of the UV-
cured nanoparticles. This enhanced photostability might be
related to the increase of viscosity of the polymeric shell,
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which hardens the NCs environment making the Ostwald
ripening processes less efficient.

To investigate the effects of UV curing on the morphol-
ogy/size of the metal cores, the luminescence spectra of the
NCs were further investigated. Indeed, the convolution of
the luminescence spectrum of Ag-NCs after photo-cross-
linking of the polymeric shell could be reproduced by
three Gaussian functions (Figure 3(b)), whose center values
were the same, within the experimental errors, as the ones
used to convolute the untreated samples; only a change of
the relative weights of the replica was observed upon UV
irradiation. These observations suggested that during the
phototreatment no significant changes in size and shape of
the silver nuclei occurred, since the optical properties are
very sensitive to the morphological changes of the particles.
AFM imaging (Figure 5(c)) indicates that the phototreated
clusters maintained the spherical shape while their mean size
distribution (measured as total height) shifted toward lower
values (Figure 5(d)). This modification (in the order of 15–
20%) could be attributed to the shrinking of the polymeric
shell induced by the photo-cross-linking process, thus con-
firming that the photomanipulation of the capping shell is
responsible for the inhibition of the ripening processes.

4. Conclusions

In conclusion, Ag-NCs were prepared in CHCl
3
and their

growth was controlled by means of PVP oligomers, which
arewell-knownphoto-cross-linkable units.This latter process
was used to freeze the NCsmorphology and optical behavior;
indeed, by selective and controlled UV irradiation, the poly-
meric capping agent was successfully photo-cross-linked and
stiffened in order to slow down or reduce Ostwald ripening
processes responsible for NCs growth and morphological
changes under Vis irradiation. Luminescence measurements
together with TEM and AFM imaging allowed establishing
the fact that the UV treatment did not affect the morphology
of the metal cores. Through this low-cost and clean proce-
dure, an important enhancement in the particle stability was
reached, thus extending the usefulness of luminescent silver
nanocrystals as imaging tools.
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