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In the last decades, polymer matrix nanocomposites (PMN)
have been studied extensively to exploit the properties of
nanofillers for transforming the nature of practical house-
hold materials, in particular for mechanical properties [1].
Despite the early successes [2], the massive interest in
nanocomposites started in 1990s, when Toyota proved that
adding mica to nylon produced a fivefold increase in the
yield and tensile strength of the matrix material [3, 4].
Subsequent developments further contributed to the
surging interest in polymer—nanoparticle composites. In
particular, the growing availability of nanoparticles of
monodispersed size and shape, such as fullerenes, carbon
nanotubes, inorganic nanoparticles, dendrimers, and bio-
nanoparticles, and the refining of instrumentation to probe
nano-objects, such as scanning force, laser scanning fluo-
rescence, and electron microscopes, have spurred research
aimed at probing the influence of particle size and shape on
the properties of PMN also for functional applications:
optics, photonics, catalysis, electronic devices, and
Microsystems [5, 6]. A sub-class of PMN is represented by
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the metal-polymer nanocomposites (hereinafter MPN)
which directly harness the fundamental properties of metal
nanoparticles when embedded in a polymer matrix. There
is a widespread interest in this material class especially for
the optical and photonic fields uses including: eye and
sensor protection [7], optical communications [8], optical
information processing [9], Raman enhancement materials
[10], optical switching [11, 12], plasmon waveguides
[13, 14], light stable colour filters [15, 16], polarisers [17],
and modified refractive index materials [18]. Particularly,
for all the applications mentioned above, the spectroscopy
properties of silver nanoparticles are extremely useful;
therefore, Ag-nanoparticles have been extensively mod-
elled [19] and characterized when suspended in liquid
media [20, 21]. Depending on the particle diameters and
the surrounding medium the Ag-based colloids exhibit
narrow and intense surface plasmon resonance (SPR) dis-
playing selective absorption of visible radiation which are
found suitable to develop a novel class of optical limiters
and filters. In fact, it is generally acknowledged that the
optical excitation of plasmon resonances in nanosized Ag
particles is the most efficient mechanism by which light
interacts with matter—a single Ag nanoparticle interacts
with light more efficiently than a particle of the same size
of any known chromophore. Silver is also the only material
whose plasmon resonance can be tailored to any wave-
length in the visible spectrum [22]. For all these reasons, in
this study, silver was chosen as a nanofiller to develop a
novel class of SPR material to be employed in a number of
automotive components such as optical filtering glasses
and micro-optical-electro-mechanical systems (MOEMS).

The most common approach to have PMN synthesized is
based on the dispersion of pre-synthesized nanoparticles
into a polymer matrix, namely: ex-situ nanoparticle syn-
thesis followed by mixing into the matrix. The greatest
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stumbling block to the large-scale production and com-
mercialization of these materials is the dearth of cost-
effective methods for controlling the dispersion of the
nanoparticles in the polymeric hosts. The nanoscale parti-
cles typically aggregate, which then removes any benefits
associated with the nanoscopic dimension. There is a critical
need for establishing processing techniques that are effec-
tive on the nanoscale yet are applicable to macroscopic
processing. The interactions of nanoparticles with polymers
are mediated by ligands attached to the nanoparticles; thus,
the ligands markedly influence particle behaviour and spa-
tial distribution. The surface chemistry of nanoparticle
functionalization representing, in all cases, an additional
production cost could only partly solve the aforementioned
problems and today only a very small concentration (about
0.1 wt%) of nanofillers can be fully dispersed within a
polymer matrix without aggregating. As for all PMN types,
at the beginning, metal-polymer and ceramic—polymer
nanocomposites were developed by an ex-situ approach
[23]. By these methods, to prevent the nanoparticles from
oxidation, colloidal chemistry techniques were used to
synthesize aqueous nanoparticle suspensions, which
required surface modification by silanization or similar
treatments (thiol absorption, etc.), followed by drying and
re-dispersion in a molten thermoplastic polymer or a liquid
monomer to be successively polymerized. This approach
had the disadvantage of leaving aggregated nanoparticle
systems which resulted in being inadequate for practical
applications. An effective alternative to the ex-situ approach
is the in situ preparation of PMN consisting of the formation
of separate nanoparticles inside a polymer matrix. This
approach presents three main advantages compared to the
ex-situ one: (i) particle nucleation takes place in a molten
polymeric phase and therefore at very high temperatures
(200-300 °C), consequently extremely small clusters are
generated owing to the involved high nucleation rate; (ii) the
nanoparticle diffusivity is low in a viscous molten polymer
and consequently Brownian motion is limited and nano-
particle aggregation is negligible; (iii) usually, thermoplas-
tic polymer processing is based on the material being heated
and the in situ preparation of metal nanoparticles is based on
thermal decomposition of organic salts or organometallic
complexes and therefore a scaling up of the process can be
easily done. The first class of thermolytic precursors for the
in situ generation of metal nanoparticles was based on metal
carbonyl species (i.e., Me,(CO),); subsequently, mercap-
tides (that is, salts of thiols, Me(SR),) were used as precur-
sors for noble-metals and semimetal nanoparticles [23] as
they are soluble in non-polar polymer matrices and
decompose at temperatures compatible with polymer ther-
mal stability (100-200 °C). Other organometallic species
have been occasionally used like cupferronates, acetilides,
etc. [23]. For the specific case of Ag—PN the potentials of the
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technique have not been harnessed in depth, the precursors
investigated include silver alkanoates [24, 25], silver acetate
[26, 27], silver perfluorocarboxylates [28], silver oxalate
[29], Ag(hfa)tetraglyme [30], silver nitrate [31], and silver
carboxylates [32-35]. The reported methods often require
high temperatures (120-250 °C), long reaction times
(sometimes 8—24 h), inert atmosphere or special chemicals
such as a catalyst or toxic chemicals such as phenyl hydra-
zine [36]. Nevertheless, the synthesis sometimes involves
complicated precursor, for example, synthesis of Ag
(RCOO) from AgNO3z and RCOOH [32]. All these reasons
hamper the penetration of the technology in industrial pro-
duction, particularly for the development of material sys-
tems employing a large numerical density of embedded
contact-free nanoparticles. To overcome the aforemen-
tioned problems, precursors of metal silver, presenting fast
thermolysis kinetics when dissolved in amorphous poly-
styrene, were searched for. The need for fast thermolysis
kinetics is motivated by the fact that nanoparticles, by virtue
of their large surface energy, tend to aggregate in low vis-
cosity systems—the polystyrene matrix is fluid at the pro-
cess temperature. The nanoparticle coalescence causes the
splitting of the absorption peak into multiple SPR and light
scattering phenomena if coagulation forms larger size
nanoparticles [29]. The acetylacetonate (hereinafter acac) of
silver was found to be an optimum precursor for this pur-
pose—this study proves for the first time the complete
thermal reaction of Ag-acac dissolved in concentrations as
large as 1.2 wt% in molten PS to form contact-free silver
nanoparticle in only 30 s at 200 °C. As a main result, in this
communication, a nanocomposite material consisting of
contact-free Ag-nanoparticles embedded in PS, character-
ized by a numerical particle density larger than 1074,
resulting in an intense SPR absorption band is presented. In
particular, the measured optical absorption exhibits a SPR
resonance as narrow as 100 nm (FWHM) centred at 430 nm
wavelength and an optimal transparency over the remnant
part of the visible spectrum. The spectral photometric
absorption curve shows unequivocally the presence of a very
large density of contact-free Ag-nanoparticles which, to the
best of our knowledge, has not previously been fabricated
with either ex-situ or in situ methods. That the single narrow
SPR absorption peak is directly linked to well separated, not
coagulated, perfectly spherical silver nanoparticles has been
corroborated here by microscopy analysis and quantitative
topological analysis. Importantly, the negligible scattering
indicates the presence of nanoparticles with diameter well
below 50 nm. The optical properties of the material that has
been developed, the simplicity (one-pot synthesis), cost-
effectiveness, repeatability and scalability of the fabrication
technology here developed, as well as its flexibility in being
able to tailor the density of nanoparticles (from zero up to
more than 10™'* nanoparticles per cm®) make the in situ
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thermolysis of Ag-acac in PS matrix a very promising
technique for the development of high quality SPR optical
limiters and filters.

In this study, commercial Ag-acac (Aldrich, 98% purity,
M,, = 206.98), previously purified, was used to synthesize
silver nanoparticles in molten PS. As the solubility of Ag-
acac is modest in PS, to prepare the Ag-acac/PS blends, the
silver precursor, available in crystalline powder form, was
first dissolved in chloroform (Aldrich) and then the amor-
phous polystyrene (Aldrich, M,, = 230,000) was added in
pellets to the solution. The resulting blends were then
homogenized by constant stirring for 15 s in the case of
diluted blends (0.08 wt% Ag-acac) and 60 s for the largest
concentration experimented (1.2 wt% Ag-acac). The sus-
pensions obtained in this way were then cast into petri
dishes to form films of the same thickness (50 pm) and
dried in air at 25 °C for several hours to let the solvent
fully evaporate. Then, all the samples were thermally
annealed on a hot-plate at a constant temperature of
200 °C. For all the concentrations investigated, the ther-
molysis of the precursor was always accompanied by a
sudden colour change—Ilight grey typical of Ag-acac/PS
systems (see Fig. 1) to a transparent yellow typical of
colloidal nanoscopic silver. Before annealing the samples,
the thermolysis reaction of the precursor was studied in the
presence of air and within the PS matrix to identify the
optimal process temperature and duration. To this end,
thermogravimetric analysis (TGA, TA instruments Q500)
and dynamic-scanning calorimetry (DSC, TA instruments
2920) were performed by varying temperature at a rate of
0.16 °C/s. The Fig. 2a reports a DSC curve which shows
that the thermolysis reaction of Ag-acac, in the presence of
air, occurs suddenly in a burst when the material reaches a
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Fig. 1 Photography images of polystyrene (PS), silver-acetylaceto-
nate (Ag-acac) precursor, Ag-acac/PS blend and Ag/PS nanocom-
posite synthesized from 1.2 wt% Ag-acac

temperature of 140 °C; at this temperature the precursor
material exchanges the whole reaction heat in a few sec-
onds with the environment. Nevertheless, over the
150-300 °C temperature range the sample did not swap
heat with the environment but, at the same time, it lost
weight—apparent from the TGA measurement—the vola-
tile by-products needed a few minutes to evaporate. The
Fig. 2b reports the reaction heat exchanged during the
thermolysis of Ag-acac dissolved in PS (1.2 wt%). The
chemical reaction takes place approximately at the same
temperature, but heat is released slower by the sample—
considering that the PS releases heat slower than air, with a
certain confidence, that the thermolysis of 1.2 wt% of Ag-
acac in PS lasts less than 5 min at 140 °C can be assumed.
Therefore, in order to precipitate very small silver nano-
particles, a high nucleation rate is required and the thermal
annealing of Ag-acac/PS blends has been carried out iso-
thermally at 200 °C. The samples fabricated were first
analyzed by X-ray diffraction to evaluate the completion of
the thermolysis reaction. In addition, transmission electron
microscopy (TEM) was carried out. The Fig. 3a is a low
magnification bright-field TEM image of the nanocom-
posite developed from 1.2 wt% of Ag-acac showing the
homogeneity of the spatial distribution of nanoparticles
within the PS matrix.

All samples were characterized by X-ray diffraction
(XRD) using Cu-Ko radiation in the 20 range 5-70°. Data
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Fig. 2 DSC-TGA curves of pure Ag-acac sample in air (a) and DSC
curve of the nanocomposite from 1.2 wt% Ag-acac (b)
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were recorded with a PANalytical X’PertPRO diffractom-
eter running in Bragg—Brentano geometry. Bright and dark
field TEM (BF- and DF-TEM, respectively) imaging has
been carried out to relate the optical behaviour of the
nanocomposites to the spatial distribution of the embedded
nanoparticles. Ultra-thin (70 & 5 nm) film sections were
microtomed at room temperature from the bulk nanocom-
posites using a Leica Ultracut UCT microtome. An FEI
Tecnai T20 transmission electron microscope equipped
with a LaB6 filament operating at 200 kV was used for BF
imaging. An FEI Titan Analytical transmission electron
microscope operating at 300 kV was used for DF imaging
using a high angle annular dark field (HAADF) detector in
scanning-transmission electron microscopy (STEM) mode.
Microchemical analysis of the nanoparticles was carried
out using energy dispersive X-ray spectroscopy (EDXS) in
STEM mode. The Fig. 3b shows the XRD pattern of the
Ag-PS nanocomposite developed from 1.2 wt% Ag-acac.
The broad peak centred at 20 ~ 18 is typical of polysty-
rene. The other narrow and intense peaks correspond to
nanosilver diffraction pattern. No traces of non-reacted
precursor are present. The XRD data are in accordance
with the EDXS line scans performed on single nanoparti-
cles (see Fig. 3c) with a spatial resolution of 5 A as
apparent from Fig. 3d. Specifically, the Fig. 3d shows the

Fig. 3 Bright-field TEM image
and XRD pattern of an Ag/PS
nanocomposite (a and b,
respectively). HAADF/STEM
image of silver nanoparticles
(c) and its atomic composition
(%) (d) measured by EDXS
along the line shown in ¢

——— 5 nm
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compositional variation (atom%) of Ag. As expected, a
significant increase in the Ag signal is observed when
carrying out line scans across the nanoparticles.

To detail at the nanoscale, and to quantify the size, shape
and diameter distribution of the nanoparticles, as well as
their spacing and homogeneity dispersion within the beam
sensitive matrix, special microscopy techniques have been
employed in this study. The TEM was operated in low-dose
STEM mode: imaging was carried out using the HAADF
technique to provide suitable high resolution images with
atomic number contrast at short exposure times; spectros-
copy was also achieved in STEM mode with acceptable
X-ray count rates at very short line-scan times. These
strategies of low-dose HAADF/STEM limited damage to the
polymer nanocomposite during observation and analysis.

The Fig. 4a, b and d, e are two different magnifications
of HAADF/STEM image of nanocomposites developed
from 1.2 and 0.08 wt% of Ag-acac. The atomic number
(Z) contrast results in bright spots corresponding to high
Z silver nanoparticles in a dark low Z polymeric matrix. As
shown in these micrographs, the nanoparticles are mostly
well separated and contact free, whilst only a few might be
aggregated—in fact, these few apparent aggregates (parti-
cles larger than 50 nm) may be due to image overlap of
contact-free small particles located at different depths in
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the thin foil. To relate the microscopic analysis to the
spectro-optical properties of the material fabricated, the
nanoparticles were counted and classed according to their
diameter. To this end, image analysis of over ten electron
micrographs, covering a total specimen area of 35 um
squared (a volume of approx. 2500-3500 pm cubed
assuming the foil thickness to be 70—-100 nm), was per-
formed by using the software OriginPro 8.1. The Fig. 4c, f
plot the diameter distribution of Ag-nanoparticles gener-
ated in situ in a PS matrix from 1.2 and 0.08 wt% of
precursor. The quantitative analysis shows that the nano-
particle diameters are similarly distributed independently
on the precursor concentration which has generated them,
however, a slight deviation of the relative peaks is
acknowledged—the 0.08 wt% specimen has the most fre-
quent diameter in the class ranging from 2 to 4 nm and the

Fig. 4 HAADF/STEM micrographs of the Ag/PS nanocomposites
from 0.08 wt% (a, b) and 1.2 wt% (d, e) Ag-acac. The metal
nanoparticles are bright and the polymer matrix is dark. The particle

1.2 wt% in the class from 1 to 2 nm. This difference can be
explained on the basis of the LaMer theory [37]: for diluted
blends the nucleation/growth processes dominate the
saturation/supersaturation of the polymer matrix, and vice
versa for the less diluted blends [38].

Table 1 reports that for both samples the minimum Ag
diameter is 1.4 nm, whereas the maximum diameter cor-
responds to a few nanoparticle aggregates, or the micro-
scopic projection of a large number of contact-free
nanoparticles distributed along the specimen thickness. The
particle size distribution is narrow and centred between 2
and 4 nm independently on precursor concentration, as
shown in Fig. 4c, f.

The optical properties of the Ag—PS nanocomposite sys-
tems addressed in this study were characterized by spectro-
photometry (UV-Vis Spectrophotometer Perkin-Elmer
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size distributions of the Ag/PS nanocomposites from 0.08 and
1.2 wt% Ag-acac are shown in ¢ and f, respectively

Table 1 Particle size analysis of the Ag-polystyrene nanocomposites fabricated from 0.08 and 1.2 wt% Ag-acac, Ag/PS-0.08 and Ag/PS-1.2,

respectively

Sample Ag-acac Wt% No. Ag-NP for PSD Min. dia. (nm) Max. dia. (nm) Stand. dev. (SD)
Ag/PS-0.08 0.08 159 1.4 195.3 18.9

Ag/PS-1.2 1.2 600 1.4 127.8 8.3

The table reports the number of particles, minimum and maximum diameter and standard deviation
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Lambda 850). Figure 5 reports the spectral absorption of
the Ag-PS nanocomposites synthesized from 0.08 and
1.2 wt% of Ag-acac. From this graph, it is apparent that the
dependence of the materials’ optical response on the shape
and size of their nanofillers supports the behaviour deduced
by Gustav Mie for the medium [39]. In fact in [40, 41],
from the Mie’s theory, it was found that for silver nano-
particles of diameter smaller than 40 nm that radiative
processes are negligible, and particles only absorb energy
at SPR; nevertheless, this material type starts scattering
light when the size of the embedded nanoparticles is equal
to 100 nm and larger. As for Fig. 5 and as corroborated by
the quantitative topological analysis carried out in this
study, only a few nanoparticles can diffuse the incident
light—also the highest numerical density Ag-PS nano-
composites of this study exhibit extremely high transpar-
ency (the scattering is negligible). Always in accordance
with the Mie’s theory the light absorption is given by a
single SPR, which is special case of spherical particles
immersed in a dielectric associated with the homogenous
displacement of the charges, yielding a dipolar charge
distribution on the surface. These charges oscillate col-
lectively giving rise to one proper resonance, which is
determined uniquely by a spherical shape of the silver
nanoparticles in situ synthesized, and their electron density.
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Fig. 5 Spectral absorbance of Ag/PS nanocomposites from 0.08 wt%
(lower curve) and 1.2 wt% (upper curve)—data interval 1.00 nm;
scan speed 266.75 nm/min
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In fact, as the particle becomes less symmetric, the induced
charge distribution on the surface can result not only on
dipolar modes with different resonant frequencies, but also
on higher multipolar charge distributions, even in the
quasi-static limit [42]. The high multipolar SPR are always
located at smaller wavelengths with respect to the dipolar
one, which, in addition, is always red shifted by the pres-
ence of the electric field generated by the higher multipolar
charge distributions. Recently, it has shown that a nano-
particle in a medium with refraction index n > 1 has SPR
always red shifted with respect to those in vacuum [19].
Nevertheless, this shift depends on the proper mode itself:
as the wavelength of the resonance increases, the red shift
is greater, and the SPR are spread out. As the refractive
index of optical polystyrene used in this study is 1.55 it
should not astonish that the SPR of the materials developed
here is located around 430 nm, red shifted by about 70,
75 nm from the peak of the same silver nanoparticles in
vacuum [19]. A slight SPR red shift is also acknowledged
for the sample of larger NP numerical density, fact which is
probably linked to an increase of the effective refractive
index due to the massive presence of particles in this
material. As previously explained by Kreibig et al. [43—45]
the SPR peak, extremely narrow for the nanocomposites
fabricated here, is clear evidence of a very limited dis-
persion of the nanoparticle diameter and of the fact that the
nanoparticles are contact free and not even coagulated as
microscopy corroborates.

Conclusions

This study illustrates the fabrication of plasmonic Ag-
nanocomposites by a high energy-transfer thermal degra-
dation of Ag-acac in situ a PS matrix, a precursor of silver
never reported so far for this purpose. This technology
proved an outstanding flexibility at tailoring the numerical
density of the embedded nanoparticles, and for all the
precursor concentrations experimented; the process condi-
tions found guarantee the synthesis of contact-free nano-
particles of size smaller than 40 nm, key element to obtain
a single and narrow SPR, and a limited scattering over the
whole visible spectrum. The technology developed, as
being compatible with the surface micromachining tech-
nology can be straightforwardly harnessed for the devel-
opment of custom, extremely thin, optical limiters or filters
for the production of optical MEMS and NEMS.
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