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ABSTRACT: In situ synthetized silver-photocurable ep-
oxy resin nanocomposites were analyzed by dielectric
spectroscopy to study the local dynamics at temperatures
well below the glass-transition temperature and the effect
of silver nanoparticles on them. Two secondary processes,
b and c, were detected both for the neat matrix and nano-
composites. Relaxation times of the b secondary relaxation,
obtained by fitting to Havriliak-Negami equation, were
lower in the nanocomposites, as well as the activation
energies calculated from the Arrhenius temperature de-
pendence of relaxation times, due to the plasticization

effect of the trapped solvent. The electric modulus formal-
ism was used to detect the interfacial or MWS polariza-
tion, present both in the neat matrix and in the
nanocomposites due to heterogeneities and interfaces. The
activation energy of this relaxation increased with nano-
particle content, thus indicating an increase of the hetero-
geneities due to the nanoparticles. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 120: 2361–2367, 2011
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INTRODUCTION

Nanocomposites based on polymers and nanopar-
ticles continue to receive tremendous attention for
application such as microelectronics, organic bat-
teries, optics, and catalysis and also for conventional
engineering purposes.1 Irrespective of the type of
base polymer material (thermoplastic or thermoset),
significant enhancements in several physical proper-
ties, like thermal conductivity (with conducting fill-
ers) or dielectric properties like resistivity, permittiv-
ity, dielectric strength, tracking, and partial
discharge resistant characteristics (with insulating
fillers), tensile properties, thermal stability, flame
retardance, etc., are observed when compared with
similar properties in traditional polymer microcom-

posites.2–7 These observations are mainly attributed
to the unique properties of nanoparticles and the
large interfacial area in polymer nanocomposites.8–10

Epoxy resins have been widely used as matrices
in advanced composites for aerospace applications,
and also in insulation such as electrical machinery,
in power electronic devices, and packing of inte-
grated circuits. They have also been employed as
coatings and adhesives. For some interesting appli-
cations, the improvement of their electrical conduc-
tivity is needed; so, the dispersion of conductive me-
tallic nanoparticles allows to reach higher electrical
conductivity, forming consequently conductive or
semiconductive nanocomposites. Their performances
depend on many factors such as electrical properties
of constituents, volume fraction of the filler, and its
spatial distribution within the polymeric matrix.11–15

Among several conductive metallic nanoparticles,
silver ones have been found to be very important for
their excellent electrical conductivity,16 antimicrobial
effect,17 and optical properties.18

The main challenge in this area is to overcome
nanoparticle agglomeration; because of their high
surface area, metal nanoparticles have a strong tend-
ency to agglomerate. Many different approaches
have been successfully reported in literature.19–22 In
particular, Sangermano et al.23 proposed an elegant
in situ synthesis of silver-epoxy nanocomposite,
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which was achieved by simultaneous photoinduced
electron transfer and cationic polymerization proc-
esses. The results established a novel approach for
the preparation of nanocomposites by which nano-
particle formation and crosslinking processes can be
accomplished in one pot by simply irradiating
appropriate formulations.

In the other hand, dielectric spectroscopy has been
found to be a suitable technique for the study of the
relaxational behavior and dielectric properties of
thermosetting matrices and nanocomposites based
on them. Several authors have used dielectric spec-
troscopy to study dielectric properties of nanocom-
posites based on metallic nanoparticles.24–29 Dielec-
tric and conductivity relaxations that are present in
these nanocomposites can be investigated. However,
due to the presence of conductive nanoparticles,
dielectric or conductivity relaxations may be
obscured, as for example in the case of interfacial
polarization.30 It is then more convenient to use the
formalism ‘‘electric modulus’’ first introduced by
McGram et al.31 to monitor the evolution of all the
relaxation processes and the effect of the filler
amount on them.

In our previous paper,32 in situ synthetized silver-
epoxy nanocomposites were characterized in terms
of thermal and dielectric properties. The Tg of the
nanocomposites was found to be lower as the silver
precursor salt amount increased (as it can be seen in
Table I, where Tg values for all the systems studied
are presented) due to the plasticization effect of the
solvent. On the other hand, all the nanocomposites
analyzed were found to be below the percolation
threshold, as indicated by the evolution of dielectric
properties with nanoparticle amount.

In this article, local dynamics of those silver-epoxy
nanocomposites has been characterized in terms of
dielectric spectroscopy at low temperatures, below
their Tg. Both permittivity and modulus formalisms
have been used to follow the evolution of sencon-
dary, interfacial and conductivity relaxations, analyz-
ing the effect on the filler and its amount on them.

EXPERIMENTAL

Materials

Epoxy resin, 3,4-epoxycyclohexylmethyl-30,40-epoxy-
cyclohexanecarboxylate (CE, Cytec, Brussels, Belgium),
silver hexafluoroantimonate (AgSbF6, Aldrich, Milan,
Italy), propylene carbonate (Aldrich), and the radical
photoiniatitor, 2-2 dimethoxy-2-phenyl acetophenone
(DMPA, Irgacur 651, Ciba, Marcon (Venezia), Italy
were used as received.

Sample preparation

The silver precursor was dissolved in propylene car-
bonate (1 : 1 weight ratio). The CE resin formula-
tions containing actual AgSbF6 content ranging from
5 to 15 wt % (the nanoparticle content for each sam-
ple, as calculated from thermogravimetric analysis,
is presented in Table I), and DMPA (2 wt %) were
spread onto glass substrates using a wire-wound ap-
plicator, and then, the films were exposed to UV
light by using a Fusion Lamp with a light intensity
on the surface of the sample of about 150 mW/cm2

(measured by EIT photometer) and a belt speed of 6
m/min. Cured tack-free films of about 100 lm were
obtained. Further details of the sample preparation
can be found in previous publications.20,32

Instrumentation

Dielectric spectroscopy measurements were carried
out in a Novocontrol Alpha high resolution dielec-
tric analyzer over a frequency range between 0.1 Hz
and 10 MHz at several temperatures below glass
transition temperature. The instrument was inter-
faced to a computer and equipped with a Novo-
control Novocool cryogenic system for temperature
control. Circular sheets obtained by photopolymeri-
zation were placed between the gold-platted electro-
des in a sandwich configuration.

RESULTS AND DISCUSSION

Figure 1 shows the loss factor (e00) versus frequency
curves at several temperatures between �60 and
70�C for the neat epoxy matrix. Data have been fit-
ted to Havriliak-Negami (HN), by using a HN term
for each dipolar relaxation. The Havriliak-Negami
formalism is based on an analytical expression for
the complex dielectric permittivity:

e� xð Þ � e1 ¼ e0 � e1

1þ ixs0ð Þb
h ic (1)

where e0 � e1 ¼ De is the dielectric strength, s0 is
the central relaxation time, and b and c are parame-
ters which describe the shape of the relaxation time
distribution function (symmetric and asymmetric

TABLE I
Nanoparticle Content and Tg Values for Each

Nanocomposite

Cured sample

Experimental
char content

(wt %)

Approximate
NP content

(wt %) Tg (
�C)

Neat epoxy 0.7 0 185
5 wt % AgSbF6 1.8 1.1 180
10 wt % AgSbF6 3.2 2.5 170
15 wt % AgSbF6 4.8 4.1 164

Nanoparticle content has been calculated from thermo-
gravimetric analysis while Tg values have been obtained
by the maximum of tand peak from dynamic mechanical
thermal analysis.
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broadening). The following conductivity term (which
takes into account the polarization of ions or charge
carriers) has been added to HN terms for the tem-
peratures at which the conductivity contributes to
the spectra:

e00c ¼
r
e0x

� �
(2)

As it was pointed out in our previous work, tem-
peratures at which measurements were carried out
are well below the calorimetric Tg

32 of the samples,
so the main a process related with segmental dy-
namics is not observed. Two local dipolar relaxation
processes are observed as follows: b and c, in the
order of increasing frequency at a constant tempera-
ture. c relaxation is observed only at low tempera-
tures and high frequencies, moving out of the ana-
lyzed frequency window, thus making a further
analysis impossible. The analysis of relaxation times

and activation energies of b relaxation will be com-
mented below, compared with those corresponding
to nanocomposites. The origin of the b process in ep-
oxy matrices has been a matter of discussion in the
literature33–37 and was analyzed in our previous
work.25 First studies36,37 related b and c relaxations
in epoxy networks to motions of hydroxyl groups
and ether linkage of the glycidyl moiety, respec-
tively. Other authors have associate b relaxation
with the motion of hydroxypropylether group or
other groups formed during the curing reaction.38,39

For fotocurable epoxy resins like these used in this
study, Uragawa et al.40 related the b relaxation with
motions of the cyclohexyl rings. Several authors
have related the c relaxation with motions of
unreacted epoxide rings.38,39,41

Figures 2–4 show the loss factor (e00) versus fre-
quency curves at several temperatures between �60
and 70�C for the nanocomposites with 1.1, 2.5, and

Figure 1 Evolution of dielectric loss with frequency at
two temperature ranges: (a) from �60 to 0�C and (b) from
0 to 70�C for the neat epoxy matrix. Solid lines indicate fit-
ting to Havriliak-Negami equation.

Figure 2 Evolution of dielectric loss with frequency at
two temperature ranges: (a) from �60 to 0�C and (b) from
0 to 70�C for the nanocomposites with 1.1 wt % of nano-
particles. Solid lines indicate fitting to Havriliak-Negami
equation.
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4.1 wt % of nanoparticles, respectively. e00 values
increase with nanoparticle content, probably due to
an increase in the a.c. conductivity that is produced
as the proximity between nanoparticles increases.42

In spite of the conductivity increase, it has to be
pointed out that the nanocomposites were below the
percolation threshold.32 If the percolation threshold
was achieved, there would be a much higher con-
ductivity increase (several orders of magnitude), due
to the formation of a continuous electrical path
throughout the matrix. In our previous work, we
demonstrated by morphological analysis that this
pathway was not formed for these nanoparticle con-
tent.32 Moreover, Gonon and Boudefel43 calculated a
theoretical threshold of around 15 wt %, at higher
concentrations than those used in this work. b and c
secondary relaxations are detected for nanocompo-
sites. c appears in the high frequency tail of the
spectra only at the lower temperatures, moving then

out of the frequency range. Regarding b relaxation,
one can see that it is displaced toward higher fre-
quencies with the nanoparticle content, probably
due to the plasticization effect induced by the pres-
ence of the propylene carbonate solvent which
remains trapped into the glassy polymer network
(the boiling point of propylene carbonate is 240�C).32

This plasticization effect was probed by preparing
the neat epoxy system with the same solvent content
than the nanocomposite with the highest nanopar-
ticle amount. The Tg of the so prepared system was
found to decrease, reaching a value of around
165�C, very similar to that of the nanocomposite
with the highest nanoparticle amount. Relaxation
times obtained from Havriliak-Negami fitting for
several temperatures are presented in Figure 5.
Relaxation times are lower for the nanocomposites,
decreasing with the nanoparticle content as was
explained above. The process shows an Arrhenius

Figure 3 Evolution of dielectric loss with frequency at
two temperature ranges: (a) from �60 to 0�C and (b) from
0 to 70�C for the nanocomposites with 2.5 wt % of nano-
particles. Solid lines indicate fitting to Havriliak-Negami
equation.

Figure 4 Evolution of dielectric loss with frequency at
two temperature ranges: (a) from �60 to 0�C and (b) from
0 to 70�C for the nanocomposites with 4.1 wt % of nano-
particles. Solid lines indicate fitting to Havriliak-Negami
equation.
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temperature dependence for all the systems.
Obtained activation energies were 61 kJ/mol for the
matrix (value that agree with those found in the lit-

erature for the b process of epoxy resins25,34,36), 58
kJ/mol for the nanocomposite with 1.1 wt % of
nanoparticles, 56 kJ/mol for the nanocomposite with
2.5 wt % of nanoparticles, and 50 kJ/mol for the
nanocomposite with 4.1 wt %. There is a decrease of
the activation energy with the nanoparticle content,
that could be related with the plasticization effect of
the solvent commented above.
In the case of the nanocomposites, when the

deconvolution and the fitting to Havriliak-Negami
were carried out, the presence of some other relaxa-
tion processes was noticed. Because of the presence
of conductive nanoparticles, dielectric relaxations
may be obscured, as for example in the case of inter-
facial polarization observed in heterogeneous sys-
tems.24,30 It is then more convenient to use the elec-
tric modulus formalism, which shifts the loss peaks
to the region of frequencies where the most meas-
uring equipments operate and at the same time
diminishes the values of abscissa because of the defi-
nition of electric modulus (M* ¼ 1/e*, where e* is
the complex permittivity)24,30:

Figure 5 Evolution of relaxation times obtained from HN
fit with the reciprocal of temperature for all the systems
studied. Solid lines indicate fitting to Arrhenius equation.

Figure 6 Evolution of the imaginary part of electric modulus, M00, with frequency for all the systems analyzed in the
temperature range from 0 to 70�C. Solid lines indicate fitting to Havriliak-Negami equation.
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M� ¼ 1

e0 � je00
¼ M0 þ jM00 (3)

Figure 6 shows the evolution of the imaginary
part of the modulus, M00, with frequency for all the
systems studied in the temperature range at which
new relaxations appear. Solid lines indicate fitting to
Havriliak-Negami equation. Data for the fitting have
been obtained by fitting permittivity values to Hav-
riliak-Negami equation and obtaining from them
values for the modulus by using eq. (3). As it can be
seen, there is a new process present in all the sys-
tems at low frequencies, that is displaced toward
higher frequencies with temperature. The process
starts to appear in our frequency range at around
50�C for the neat matrix and the nanocomposite
with 1.1 wt %, but the temperature of appearance
decreases with the nanoparticle content, being the
process in our frequency range even at 20�C for
the nanocomposite with 4.1 wt %. So, increasing the
nanoparticle amount the process is displaced toward
higher frequencies. This is the typical behavior of
the process related to the interfacial polarization
known as Maxwell-Wagner-Sillars effect.44,45 The ori-
gin of the MWS relaxation in heterogeneous media
exhibits the presence of free charges (impurities,
ions, etc.) in the interfaces, because of the discrepan-
cies of dielectric properties (conductivity, permittiv-
ity) of these two media, producing an interfacial
polarization. Interfacial polarization in neat epoxy
systems has been found by several authors46–48 and
could be due to the presence of microspherical voids
produced during mixing process. In our case, as the
curing process is very fast, the voids produced dur-
ing mixing process could remain in the sample. In
the case of the nanocomposites, the heterogeneity is
much higher, because besides possible voids, the
trapped solvent and the presence of nanoparticles

increases considerably the interfaces and heterogene-
ity of the system. Figure 7 compares the evolution of
M00 for all the systems at 50�C, to analyze the effect
of filler amount. Besides the aforementioned dis-
placement toward higher frequencies, the magnitude
of the peak decreases with the nanoparticle amount,
as expected because of the MWS type of relaxation,
due to the higher permittivity values of those sys-
tems.24,45 On the other hand, and specially for the
nanocomposite with the highest nanoparticle
amount and high temperatures, another relaxation
can be seen at the low frequency part, as a shoulder
of the previous. This relaxation has been defined as
a conductivity relaxation24,49,50 occurring because of
the field-based diffusion of charge carriers. The fact
that appears only for the highest nanoparticle
amount at high temperatures makes impossible a
more complete study of this process.
The evolution of the frequency of the maximum in

M00 with temperature is shown in Figure 8 for all the
nanocomposites. The relaxation shows an Arrhenius-
type temperature dependence, with activation ener-
gies of 58 kJ/mol for the neat matrix (very close to
the value found by Patsidis and Psarras51 for the
MWS process in neat epoxy) and 119, 144, and 159
kJ/mol for the nanocomposites with 1.1, 2.5, and 4.1
wt % of nanoparticles, respectively. The increase in
the activation energy with nanoparticle content indi-
cates the increase in heterogeneity.51 In fact, the big
increase among the neat matrix and the nanocompo-
sites could be due to the increase of interfaces and
heterogeneity produced by the nanoparticles.
Among the nanocomposites, the heterogeneity and
number of interfaces increases with nanoparticle
content, thus increasing the activation energy values.

Figure 7 Evolution of the imaginary part of the modulus
M00 with frequency for all the systems analyzed at 50�C.

Figure 8 Evolution of the frequency of the maximum in
M00 with the reciprocal of temperature for all the systems
studied. Solid lines indicate fitting to Arrhenius equation.
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CONCLUSIONS

The following conclusions were made with regard to
the local dynamics of photocured silver-epoxy nano-
composites. There was an increase in e00 values with
nanoparticle content because of the increase in a.c.
conductivity produced by the increase in the prox-
imity among the nanoparticles. Two secondary
relaxations were detected, b and c. b relaxation
appeared at higher frequencies for the nanocompo-
sites when compared with neat matrix, with lower
activation energy values. This could be due to the
plasticization effect of the solvent, trapped in the
glassy matrix. With the use of the electric modulus
formalism, another two relaxations were detected.
The first one, related with the interfacial polarization
due to heterogeneities in the systems (voids created
during mixing or trapped solvent in the case of the
matrix and besides those the effect of interfaces cre-
ated by the nanoparticles in the nanocomposites).
This relaxation followed an Arrhenius-type temper-
ature dependence and activation energy values
increased with nanoparticles content, indicating an
increase in the heterogeneities. The other relaxation,
related to conductivity, is detected only for the
nanocomposites with the higher nanoparticle content
at high temperatures.
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