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Abstract The optical properties of silver nanoparticles
embedded in poly(methylmethacrylate) (PMMA) was in-
vestigated as well as the influence of silver nanoparticles on
the thermal properties of polymer matrix. The average size
and particle size distribution of silver nanoparticles was
determined using transmission electron microscopy. The
obtained transparent nanocomposite films were optically
characterized using UV-Vis and FTIR spectroscopy. Ther-
mal stability of polymer matrix was improved upon
incorporation of small amount of silver nanoparticles. Also,
silver nanoparticles have pronounced effect on thermo-
oxidative stability of PMMA matrix. The glass transition
temperatures of nanocomposites are lower compared to the
pure polymer.

Keywords Silver nanoparticles - PMMA - Nanocomposite -
Thermal stability - Glass transition temperature

Introduction

Incorporation of inorganic nanoparticles in a polymer
matrix can significantly affect the properties of the matrix
[1, 2]. The obtained nanocomposites might exhibit im-
proved optical, thermal, mechanical, electrical, magnetic,
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and flammability properties. The properties of polymer
composites depend on type of incorporated nanoparticles,
their size and shape, their concentration and interaction
with polymer matrix.

Noble metal particles such as silver and gold are of great
significance due to their size-dependent optical properties
[3-5]. Moreover, it was confirmed that antibacterial
performance of silver nanoparticles encapsulated in poly-
mer matrix are still preserved according to efficiently
suppress bacteria’s growth including Salmonella, Staphylo-
coccus, and Escherichia coli [6-8].

Many different synthetic procedures for preparation of
Ag/PMMA composites are presented in literature: “core
shell” synthesis [9, 10], ion implantation [11, 12], vapor
phase co-deposition in vacuum [13], and suspension
polymerization [14]. The main problem in polymer nano-
composite technology is the prevention of particle aggre-
gation. This problem can be overcome by modification of
the surface of the particles. The modification improves the
interfacial interaction between the inorganic particles and
the polymer matrix [1, 15, 16]. In this study, we used
simple procedure for preparation of Ag/PMMA nano-
composites with homogeneous distribution of metal nano-
particles in the polymer matrix. Highly uniform Ag
nanoparticles synthesized in water were surface-modified
and by phase transfer process extracted into nonpolar
organic solvent. In the second step, Ag nanoparticles were
combined with commercial PMMA polymer dissolved in
chloroform and, finally, after solvent evaporation transpar-
ent nanocomposite films were obtained. Microstructural
characterization of Ag nanoparticles was performed by
transmission electron microscopy. On the other hand,
influence of Ag nanoparticles on the glass transition
temperature, as well as on the thermal and thermooxidative
stability of the PMMA matrix was studied in detail using
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differential scanning calorimetry (DSC) and thermogravim-
etry (TG).

Experimental
Materials

Silver nitrate (AgNOj3), sodium borohydride (NaBH,),
oleylamine, and chloroform were purchased from Merck.
PMMA DIAKON™ CMG 314V, synthesized via radical
polymerization (My=9,0000 g/mol, M,/M,=2.195), was
obtained from Lucite International. All the reagents were
of analytical grade and used as received, without further
purification. Milli-Q deionized water was used for
synthesis.

Preparation of Ag/PMMA Nanocomposites

Silver hydrosols were prepared using NaBH, as a
reducing agent, as described elsewhere [17]. Silver nano-
particles were transferred into organic solvent (chloro-
form) using oleylamine as transfer agent. Typically,
250 ml of aqueous colloidal solution of silver nano-
particles (5% 10*M) was mixed with 25 ml of chloroform
containing 1.52x1072M oleylamine. Almost instanta-
neous phase transfer was indicated with dark yellow color
of organic phase divided from colorless aqueous phase. In
order to prepare Ag/PMMA nanocomposites, silver nano-
particles dispersed in chloroform were mixed in an
appropriate ratio with PMMA dissolved in chloroform.
After evaporation of the solvent in vacuum oven at room
temperature, yellow-colored transparent films with thick-
ness of about 25 um were obtained.

Apparatus

UV-Vis absorption spectra of silver nanoparticles in water
and chloroform, as well as Ag/PMMA nanocomposite
films were measured using Perkin-Elmer Lambda 5
spectrophotometer.

The size distribution of silver nanoparticles was deter-
mined using a PHILIPS EM-400 transmission electron
microscope (TEM) operating at 100 kV. Samples for TEM
measurements were prepared by placing a droplet of silver
colloid onto a C-coated Cu grid and evaporating solvent.

IR measurements of pure PMMA and Ag/PMMA nano-
composites were carried out on a Bruker Vector 22
Spectrometer (Opus 2.2 Software).

Thermogravimetric analyses (TGA) were carried out on
a Perkin Elmer TGS-2 instrument either in air or under
nitrogen atmosphere (flow rate 25 cm®/min) with heating
rate of 10 °C/min.
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Differential scanning calorimetry (DSC) measurements
were performed using Perkin Elmer DSC-2 instrument in
the temperature range from 50 °C to 170 °C under nitrogen
atmosphere (heating rate was 20 °C/min).

Results and discussion

The absorption spectra of silver nanoparticles in water and
chloroform are shown in Fig. 1 (curves a and b). The
surface plasmon resonance band of silver nanoparticles in
chloroform (peak position 407 nm) is red shifted for about
20 nm compared to the position of plasmon band of the
initial water colloid. According to Drude model [4, 5], a red
shift of the plasmon resonance frequency is expected by
increasing the dielectric constant of the surrounding media
(refractive indexes of water and chloroform are 1.333 and
1.445, respectively). No other changes were noticed in the
absorption spectrum after phase transfer of silver nano-
particles from water to chloroform. Narrow half-width of
surface plasmon absorption band (about 60 nm) indicated
uniform size distribution of silver particles.

The average diameter and size distribution of silver
nanoparticles in chloroform were determined using TEM.
Typical TEM image and histogram of the size distribution
are shown in Fig. 2. The average diameter of spherical
silver nanoparticles was found to be 5.6 nm. Large areas of
spontaneous organization of silver nanoparticles in the
hexagonal, close-packed, 2D ordered arrangement could be
detected easily, indicating the high mono-dispersity. The
silver nanoparticles, although closely packed, are well
separated due to the presence of the oleylamine layer,
adsorbed on particle surface.
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Fig. 1 UV-Vis absorption spectra of silver nanoparticles in a water, b
chloroform, and ¢ PMMA matrix, as well as d dissolved Ag/PMMA
nanocomposite in chloroform. e Theoretical bands of silver nano-
particles in water and f chloroform, as well as of g Ag/PMMA
nanocomposite obtained according to Maxwell-Garnett theory
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Fig. 2 Typical TEM image (a) and size distribution (b) of silver
nanoparticles in chloroform

Absorption spectrum of silver nanoparticles embedded
in PMMA matrix is shown in Fig. 1 (curve c). Significant
red shift and broadening of surface plasmon absorption
band upon incorporation of silver nanoparticles into
PMMA matrix was observed compared to silver hydrosol
or organosol. In order to exclude the possibility that
observed changes are consequence of agglomeration of
silver nanoparticles upon incorporation into polymer
matrix, nanocomposite film was dissolved in chloroform,
and absorption spectrum was compared with the initial
absorption spectrum of silver nanoparticles in chloroform.
Absorption spectrum of dissolved Ag/PMMA nanocompo-
site in chloroform (Fig. 1, curve d) was almost identical to
the absorption spectrum of silver nanoparticles in chloro-
form after phase transfer from water (Fig. 1, curve b)
indicating that incorporation process of silver nanoparticles
into PMMA did not induce their agglomeration or growth.

In the Ag/PMMA nanocomposite film, the distances
between the silver nanoparticles are smaller compared to
those in the aqueous or chloroform solution. With the
decrease of separation distances, the interaction between
neighboring nanoparticles increases, and this additional
energy shifts the surface plasmon resonance. The peak
positions in the absorption spectra of the silver nano-
particles in aqueous and chloroform solution as well as
in Ag/PMMA nanocomposite were reconstructed using
well-known effective medium Maxwell-Garnett theory
[18]; the theoretical bands are presented in Fig. 1 (curves
e, f, and g, respectively). It was concluded for the Ag/
PMMA film that the main contribution to the experimental
spectrum arises for nanocomposite configuration with
filling factor /=0.3, e.g., in the case of close-packed Ag
nanoparticles, with interparticle distances of 2 nm. On the
other hand, the calculated bands corresponding to the
absorption spectra of silver in water and chloroform
obtained for vanishing filling factors (f — 0) show peak
positions very similar to those obtained experimentally.
The values for dielectric constants of water, chloroform,
and PMMA used in the calculations were 1.778, 2.088,
and 2.24, respectively.

In order to determine if chemical bonding between silver
nanoparticles and the PMMA matrix had taken place, IR
measurements were performed. No difference between the
IR spectra of the pure PMMA and Ag/PMMA nano-
composites were found (IR spectra are not shown). These
results indicate that Ag/PMMA nanocomposites resemble
solid solution with weak interaction between the polymer
matrix and nanofiller particles.

Thermal stability in nitrogen and air atmosphere of Ag/
PMMA nanocomposite films was compared to the thermal
stability of pure PMMA. TG and DTG curves obtained in
nitrogen atmosphere for pure commercial PMMA and Ag/
PMMA nanocomposites are shown in Fig. 3. The thermal
degradation process of radically prepared PMMA has been
a subject of numerous studies [19-24] and usually involves
multiple steps assigned to: presence of relatively week
head-to-head linkage, the scission of unsaturated end
groups, and to the random scission. It is generally
considered that most PMMA thermally degrade through
depolymerization; therefore, the kinetics of mass loss are
determined by the mode of depolymerization initiation.

The DTG curve of commercial PMMA shown in Fig. 3b
have strong peak at 376 °C, suggesting that random chain
scission is the main step during the polymer degradation
process. With an increase of silver loading, the midpoint
temperature is shifted toward higher values. For example,
in the case of Ag/PMMA nanocomposite with 2 wt.% of
inorganic phase, the thermal degradation is shifted toward
higher temperatures for 26 °C indicating its better thermal
stability compared to pure PMMA.
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Fig. 3 TG (a) and DTG (b) curves of pure PMMA and Ag/PMMA
nanocomposites with different content of inorganic phase, obtained in
nitrogen atmosphere

Most likely, the initial small peak at 167 °C originates
from impurities in commercial sample of PMMA. On the
other hand, DTG curves of Ag/PMMA nanocomposite
films have one additional peak at 265 °C. The magnitude
of this peak slightly increases with the increase of the
content of inorganic phase. Marning et al. [25] have
shown that the unsaturated ends are responsible for two
weight loss stages around 180 °C and 270 °C. In this case,
the degradation would be preferentially initiated by radical
transfer to the vinyl chain end, i.e., by any reaction that
generates a radical able to degrade the polymer by chain-
transfer process. The sources of free radicals could be:
impurities, H-H bonds, scission {3 to the vinyl group at
unsaturated ends, and/or random scission. Based on these
facts, we assigned small DTG peak observed at 265 °C to
the degradation process initiated by radical transfer to
unsaturated ends. It is possible that the silver nanoparticles
itself might be a source which generates radicals.

The TG and DTG curves, obtained in air, are shown in
Fig. 4. The mechanism of thermo-oxidative degradation of
PMMA is more complex than that in nitrogen. The DTG
curve of pure PMMA has peak and shoulder at 329 °C and
370 °C, respectively. This behavior can be explained by the
dual function of oxygen in PMMA degradation. At lower
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Fig. 4 TG (a) and DTG (b) curves of pure PMMA and Ag/PMMA
nanocomposites with different content of inorganic phase, obtained in
air

temperatures, oxygen inhibits PMMA degradation by
reacting with a polymeric radical and forming a stable
peroxy radical. At higher temperatures (above 270 °C),
peroxy radical degrades and releases a more reactive radical
resulting in the acceleration of PMMA decomposition [26].
Under these conditions, the peak corresponding to the week
head-to-head linkage (100-200 °C) disappears, and the
peak that belongs to the scission of unsaturated end groups
(200-300 °C) merges with the random scission peak at
300400 °C. The thermo-oxidative stability of the PMMA
matrix was much more influenced by the presence of the
silver nanoparticles than its internal thermal stability.
Incorporation of silver nanoparticles shifted the decompo-
sition toward higher temperatures and led to the decrease of

Table 1 Glass transition temperature (T,) of Ag/PMMA nanocomposites

Content of Ag in PMMA (wt.%) T, (°C)
0 97
0.5 96
1.0 92
2.0 91




Colloid Polym Sci (2009) 287:847-851

851

the magnitude of the first DTG peak as well as to the
transformation of DTG shoulder into well-resolved intense
peak. The observed behavior is most likely a consequence
of the inhibiting effects of the silver nanoparticles on some
degradation stages of the thermo-oxidative degradation of
PMMA.

The influence of silver nanoparticles on the glass transition
behavior of polymer matrix was studied with dynamic DSC
technique. The values of 7, were taken as the midpoint of the
glass transition event and collected in Table 1. The pure
commercial PMMA has a T, value of 97 °C, while tendency
of slight decrease of 7, values by increasing silver content
was observed for Ag/PMMA nanocomposites. Generally,
acording to literature, interaction of polymer chains with
surface of nanoparticles can alter the chain kinetics decreas-
ing [27-29] or increasing [30-32] glass transition tempera-
ture of the polymer. Ash et al. [27] explained the decrease of
T, values in terms of thin film model. When the interparticle
distance is small enough (<10 nm), then the polymer
between two particles can be considered as a thin film. As
pointed out earlier in the part concerning calculation of
optical spectra based on Maxwell-Garnett theory, interparti-
cle distance was estimated to be 2 nm. Assuming that little or
no interfacial interaction between the filler and matrix exists,
the T, decreases as the film thickness, i.e., interparticle
distance decreases. This is consistent with observed influ-
ence of silver content on the 7.
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