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ABSTRACT: We present in this work a systematic study to analyze the influence of water and filler content on the dielectric
response of silica-filled rubber compounds. For nanoparticle-filled polymers an additional dielectric process is usually observed in
the loss dielectric spectra at frequencies lower than the alpha (α) or segmental relaxation. This process has generated some
controversy in the literature due to the different (sometimes contradictory) interpretations given to explain its physical origin.
We demonstrate, by means of dielectric spectroscopy in combination with thermal analysis, that this low-frequency process is
compatible with a MWS process enhanced by the presence of water molecules at the silica surface. We show that the frequency of
the maximum for this process is strongly affected by the amount of water attached to the silica particles. The dielectric response
of the MWS process is rationalized by means of a simple interlayer model (IL). In addition, we also study the influence of water
and filler content on the segmental dynamics and discuss possible mechanisms for the filler−polymer interaction.

1. INTRODUCTION
Reinforcement of polymers by nanoparticles plays an important
role in improving the mechanical properties of polymeric
compounds. In particular, styrene−butadiene rubber (SBR)
filled with silica particles is widely used in numerous
applicationsthe most important being the tire compounds.1

This is because silica reduces the rolling resistance leading to
lower fuel consumption and provides greater wear resistance
and superior wet traction.2,3 One of the key factors that
determine the final properties of the filled compounds is the
filler−polymer interaction, which strongly depends on several
factors like polymer and filler type, filler surface treatment,
chemical additives, and mixing procedure, among others.
Several works have been published during the past years
concerning the polymer dynamics of unfilled4−7 and filled
rubber compounds8−11 and especially on the polymer−filler

interaction.12−15 However, despite the big effort done in this
area, this interaction is far from being well understood, and
contradictory interpretations can be found in the literature.
A powerful tool for investigating the polymer dynamics as

well as the polymer−filler interaction in nanoparticles filled
compounds is broadband dielectric spectroscopy (BDS).16 This
technique allows measuring the dielectric response over a broad
frequency and temperature range, giving valuable information
about both the molecular dynamics of the polymer chains and
the polymer−filler interface. For unfilled SBR two relaxation
processes are usually observed in the dielectric spectra:7 the α-
relaxation, involving cooperative motions, and the secondary
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(or β-) relaxation, concerning the local motions (in polymers,
the β-process can be usually related with the movement of
lateral groups). However, when nanoparticles are added to
SBR, an additional dielectric process is observed at frequencies
lower than the α-relaxation. According to some authors, this
process is caused by blocking of charge carriers at internal
surfaces of different phases (interfaces) having different values
of the dielectric permittivity and/or conductivity.17,18 It is well-
known that heterogeneous systems including interfaces (such
as particle suspensions,19,20 semicrystalline polymers,21

blends,22,23 and nanocomposite materials24−28) usually show a
dielectric process attributed to the Maxwell−Wagner−Sillars
(MWS) polarization. This process has been observed for rubber
systems filled with carbon black,29 graphite,30 and silica.11,31

On the other hand, some researchers attribute this process to
a second α-relaxation process associated with the polymer
fraction attached to the filler particles.32,33 For polymeric
nanocomposites, a significant fraction of the polymer is within a
distance of a few nanometers from the particle surface.
According to these works, this interfacial polymer should
have different structural and dynamics properties. It is argued
that this thin layer of interfacial polymer has a restricted
mobility due to the strong interaction between filler and
polymer, being the origin of this second α-relaxation process.
The main purpose of this work is to establish that the origin

of the low-frequency process observed for silica-filled SBR
compounds in BDS is the MWS polarization. In addition, we
will show that this process is enhanced by the presence of water
molecules at the silica surface. The experimental data are well
described by a simple model, which considers the water layer
around the silica particles dispersed in the SBR matrix. In
addition, we will analyze how water molecules affect the
dielectric properties of silica SBR nanocomposites by studying
the effect of drying and rehydrating. Finally, we will also discuss
how the filler and water content affects the α-relaxation process.

2. EXPERIMENTAL SECTION
2.1. Materials. The polymer used in this work was solution

styrene−butadiene rubber (S-SBR) BUNA VSL 5025. S-SBR has 25%
styrene, 50% 1−2 vinyl, 15.4% 1−4 trans, and 9.6% 1−4 cis
comonomer distribution. The filler used was precipitated amorphous
silica (Z1165 MP-Rhodia) with a specific surface area of 165.8 m2/g.
Compounds with three different volume fraction of filler (0, 30, and 90
phr, where phr = per hundred rubber (parts in weight per 100 parts of
rubber)) were prepared (see Table 1 for the composition of each
sample). An internal mixer was used for mixing the rubber, the filler,

and the rest of the additives. Once the compounds were mixed, square
sheets were obtained by compression-molding vulcanization at 170 °C
for 10 min in a mold yielding samples of 15 × 15 cm and thickness of
about 0.7 mm. The samples from this batch were called “as-received”
(AR) samples. Finally, different drying protocols were applied to the
AR samples as explained in the next sections.

2.2. Vacuum Drying (VD). The “as-received” (AR) samples were
dried at 100 °C in a vacuum oven for 3 days. At this temperature most
of the water was evaporated.

2.3. Rehydration Process (R). After vacuum drying, the samples
were transferred to a hydration chamber where both the relative
humidity (RH) and the temperature can be controlled. Rubber
compounds were rehydrated by exposing them to different relative
humidity levels (from 10RH to 70RH) at a temperature of 22 °C. The
samples were maintained at constant relative humidity for 4 days in
order to achieve the equilibrium for each hydration level. Once the
samples were rehydrated to the desired level, they were immediately
measured by BDS and TGA.

2.4. BDS Drying (BDSD). The samples were also dried inside the
BDS cryostat (under a nitrogen atmosphere) according to the
following procedure: first, we measured the dielectric signal at 295 K in
the frequency range from 10−2 to 106 Hz. After that, the sample was
dried by heating it at 100 °C for 40 or 90 min depending on the filler
content. The dielectric spectrum was then measured again at 295 K,
completing one measurement cycle. This procedure was repeated for
800 and 2130 min for 30 and 90 phr, respectively. At the end of the
dielectric measurement, TGA were carried out to obtain the
corresponding water content.

2.5. Differential Scanning Calorimetry (DSC). DSC measure-
ments were performed by using a DSC Q2000 from TA Instruments
in the standard mode. A cooling−heating cycle between −125 and 50
°C with a rate of 10 °C/min was performed using nitrogen as transfer
gas. The annealing time between cooling and heating runs was 5 min.
Hermetic aluminum pans were used. The glass transition temperature
(Tg) was determined at the inflection point of the endotherm curve.

2.6. Thermogravimetry Analysis (TGA). Thermogravimetry
measurements were performed for the three “as-received” SBR
compounds (unfilled, 30 phr, and 90 phr) focusing on the water
evaporation. The measurements were performed using a TGA-Q500
(TA Instruments). All the measurements were conducted under high-
purity nitrogen flow over the temperature range 30−1000 °C with a
ramp rate of 5 °C/min. In TGA experiments, the sample weight loss
was recorded while the temperature was increased. The weight loss
and its derivative with respect to the temperature give us valuable
information about decomposition of the different components of the
sample. In particular, this method is appropriate to determine the
amount of water in the compounds.

2.7. TGA Method Used To Obtain the Water Content. Figure
1 shows typical thermographs for unfilled (a) and silica filled SBR
compounds (b). In these curves, up to three different weight drops (or
three peaks in the derivative plot) are observed. In the case of unfilled
SBR (see Figure 1a) two peaks are visible; one around 200 °C
(associated with oil evaporation34) and the other one between 300 and
450 °C (due to rubber decomposition34). For filled compounds (see
Figure 1b), an extra weight loss can be observed at low temperatures.
The first rapid initial drop of the mass (from room temperature up to
∼200 °C) corresponds to the loss of water adsorbed on the surface of
silica.35,36 In the weight derivative plot this mass drop is seen as a peak,
herein namely “water peak”. Defining T1 as the onset of the oil peak in
the weight derivative plot (where most of the water has been
evaporated) and using the weight percentage m(T1), we can obtain an
estimation of the water content (cw) in our compounds. This
percentage is about 2 wt % for AR90phr and about 1 wt % for
AR30phr (see Table 2). The water content normalized to the silica
content in the compounds (cw/cSi × 100) can be calculated dividing
the total water content by the silica content after subtracting the final
weight obtained for the unfilled SBR (m1000 °C) related with the
nonvolatile components (ZnO) (see last column in Tables 2−4).

2.8. Broadband Dielectric Spectroscopy (BDS). Broadband
dielectric spectroscopy (BDS) was performed on disk-shaped samples

Table 1. Composition for Unfilled and Filled Compounds

components unfilled 30 phra 90 phra

rubber (BUNA VSL 5025_0) 100 100 100
silica filler (Rhodia Z1165MP) 30 90
TESPD (link agent) bis(3-triethoxysilylpropyl)
disulfide

2.4 7.2

antioxidant [N-(1,3)-dimethylbutyl-N′-phenyl-
p-phenylenediamine]

2.5 2.5 2.5

stearic acid 3 3 3
TDAE oil 15 15 15
zinc oxide 2.5 2.5 2.5
accelerator [N-cyclohexyl-2-
benzothiazolesulfeneamide]

2.3 2.3 2.3

sulfur 1.5 1.5 1.5
DPG secondary accelerator, diphenylguanidine 1 2

aphr = per hundred rubber.
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Our composites can be considered as a three-component
system where the silica particles embedded in the SBR rubber
matrix are surrounded by an interfacial layer of water. All the
assumptions described above are fulfilled for our system, and
therefore the IL model can be applied to predict the MWS
process. However, our loss peak is much broader than a Debye-
type peak. This is because in our compounds we have
aggregates and agglomerates that give a distribution of size
and distances among them. Thus, we replaced the Debye
function in the IL model (which assumes well-dispersed
spherical particles of the same size) by the Cole−Cole function
in order to take into account the size distribution of the
particles and aggregates.
The Cole−Cole shape parameter in eq 3 was taken from the

experimental fitting of the corresponding loss spectra (α = 0.4).
The dielectric constant for the polymer matrix was determined
from the low-frequency limit of the real part of the dielectric
permittivity of the unfilled SBR sample (εm = 3.4). The
dielectric permittivity of the silica particles (εp = 1.8) was taken
from the literature.52 The value of φl was calculated from the
water content obtained by TGA considering the volume
fraction in Table 1, and σl was left as a fitting parameter.
Figure 9 shows the experimental dielectric loss spectra for

different samples, after subtracting the α-relaxation and
conductivity contributions. In the same figure we show the
description (solid lines) obtained by the IL model using the
parameters as described in the previous paragraph and leaving
σl as the only fitting parameter. We can observe an excellent

agreement for the position of the dielectric loss peaks at
different hydration levels. The inset in Figure 9 shows the so-
obtained values for the conductivity of the water layer (σl) as a
function of water content. We observe that σl has an
exponential dependence with water content according to
previous findings in other systems.51 Concerning to the
intensity of the dielectric response, the model does not
precisely account for the dielectric strength observed in the
experimental data. Slightly higher values are observed for the
experimental dielectric response compared to those predicted
by the IL model. We have to take into account that this model
assumes spherical particles with homogeneous surface.
However, it is well-known that silica particles have a porous
and irregular surface40 that gives more available silica surface
(compared to spherical particles), and therefore a larger
interlayer area is present in these compounds. The presence
of the aggregates and their distribution could also have an
influence on the intensity differences observed between the
model and the experimental data. All these results allow us to
conclude that the low-frequency process observed for these
silica-filled SBR compounds is a MWS polarization process due
to the different dielectric permittivity between filler and
polymer, enhanced by the presence of water molecules around
the silica particles.

4.2. Interfacial Polymer around Silica Particles. As
already mentioned, it has been argued32 that the process
observed at frequencies lower than the α-relaxation is due to
the reduced mobility of SBR at the interface, i.e., polymer
segments which are adsorbed at the surface of the nanofillers.
Moreover, an effective dielectric glass transition temperature
associated with this slow dielectric process (more than 65 °C
higher than the bulk glass transition temperature) has been
reported.32 In principle, two glass transitions should be
observed by DSC as two separated steps or at least as a very
broad single step. However, these features were not observed
by us (see Figure 10). Instead, a single glass transition at about

252 K is seen for unfilled (Tg = 252.6 ± 0.2 K) and AR silica
filled SBR (Tg = 252.4 ± 0.3 K for 30 phr and Tg = 252.4 ± 0.4
K for 90 phr). It is also interesting to note that in these samples
the silica nanoparticles do not affect the calorimetric glass
transition temperature within the experimental error.

Figure 9. Dielectric loss spectra at fixed temperature (295 K) for
R30phr 10% RH (red ∗), AR30phr (black □), and R30phr 70% RH
(purple ◇) samples, after subtracting the α-relaxation and
conductivity contributions. Solid lines represent the interlayer model
(IL) descriptions. Inset: interlayer conductivity σl as a function of
water volume fraction φl.

Figure 10. Heat flow as a function of the temperature as obtained
from standard calorimetric measurements for unfilled SBR, AR30phr,
and AR90phr samples.
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The process observed by Vo et al.32 is similar to the low-
frequency process observed by us in this work. However, we
demonstrate in the previous section that this process is a MWS
polarization enhanced by water molecules around silica
particles. This fact does not mean there are no polymer chains
interacting with the filler surface. However, from our results it is
clear that the low-frequency process is not reflecting such
behavior.
4.3. α-Relaxation. We will now turn to the effect of both

water and filler content on the segmental dynamics of the SBR
compounds. Following Figure 8, we can observe that the
relaxation time is almost independent of water content and
slightly depends (for 90 phr) on filler content. It has been
observed for some aqueous polymeric solution that water acts
as plasticizer increasing the mobility of the polymer and
therefore decreasing the glass transition temperature. However,
for the compounds here studied, we do not observe any shift in
the calorimetric Tg or in the relaxation time. Thus, the
segmental relaxation is almost unaffected by the water
molecules. From this observation we can assume that, despite
of the fact that the structure of our composite is rather complex,
the absorbed water is only present at the filler−matrix interface,
and therefore no plasticization of the matrix is produced. The
absence of water molecules in the polymer matrix is also
supported by the TGA measurements that show no water peak
for unfilled samples.
The segmental dynamics of the polymeric matrix seems to be

slightly (or even not) affected by the presence of the filler, in
agreement with previous observations reported for SBR silica
nanoparticle compounds50 and also for other composites.51−54

At 30 phr the difference is negligible, whereas for 90 phr a small
difference is observed between unfilled and filled compounds.
However, the dielectric Tg (Tg,100s) is not affected, and it is the
same for all the compounds within the experimental error.
4.4. Polymer−Filler Interaction. Finally, we will focus on

the polymer−filler interactions which in a coarse scheme can be
divided into two groups: (1) chain segments directly bonded to
the filler surface (e.g., chemisorbed) and (2) polymer−filler
interaction mediated by coupling agents (e.g., bis(3-triethox-
ysilylpropyl) disulfide). The samples analyzed here correspond
to the second case, where the coupling agent links filler
particles to polymer chains through sulfur covalent bounds.
This provides a relative flexible link between the polymer chains
and the particles surface, and the overall effect is a slight
increment of the effective cross-link density. This kind of
interaction only slightly affects the α-relaxation of the polymer.
In the case of chain segments directly bonded to the filler, the
individual monomers are certainly immobilized at the surface,
and therefore this kind of link is less flexible than the previous
one. However, according to Robertson and Roland,15 a large
fraction of directly bonded segments are necessary to obtain an
immobilized phase. This is because the segmental dynamics
underlying the glass transition involves conformational
transitions of only a few polymeric units. According to the
Adam−Gibbs framework,54 a cooperative rearrangement region
(CRR) can be defined with a size related with the relevant
length scale where the α-relaxation takes place. The size of the
CRR has not been determined for SBR, but on the basis of
measurements performed on similar polymers by means of
mechanical,52,53 dielectric,54,55 and calorimetric methods,56,57

we can estimate its value between 1 and 2 nm. This means that
whatever is the kind of the polymer−filler interaction, it should
not affect the segmental dynamics beyond 1 or 2 nm away from

the link. Therefore, although there are some published works
that seem to unambiguously show the presence of immobilized
polymer segments at the surface of the filler particles, it is still
not clear whether this polymer−filler interaction will
significantly affect the segmental dynamics. We are currently
running some experiments to study in depth the α-relaxation of
the polymer close and far from the silica surface. These results
will be published in a future work.

5. CONCLUSIONS
In this work we have studied the dielectric response of silica-
filled SBR compounds. Two processes were observed in the
dielectric spectra for the temperature and frequency range here
analyzed. The faster process is associated with the segmental
relaxation, whereas the slower one is related to the MWS
polarization. It was found that the MWS process is directly
related with the water layer around the silica particles. The
amount of hydration water determines the position of the
maximum in the loss spectrum. For high water contents, the
MWS peak moves to higher frequencies, whereas for low water
contents the peak shifts to lower frequencies. The MWS
process can be completely removed from our experimental
frequency window for extremely low water contents. This
behavior has been rationalized by means of the IL model. With
regards to the α-relaxation it was found that the position of the
calorimetric glass transition is not affected by the addition of
the filler or by the water content. Finally, we have also
discussed possible mechanisms for the filler−polymer inter-
action and its influence on the polymer dynamics.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: schwartz@ehu.es.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors gratefully acknowledge the support of the Spanish
Ministry of Education (MAT2012-31088) and the Basque
Government (IT-436-07). The continuous outstanding collab-
oration and support by Dr. F. Petry and Dr. R. Mruk
(Goodyear Innovation Center Luxembourg) are also greatly
acknowledged. We also thank the Goodyear Tire and Rubber
Company for the permission to publish this paper.

■ REFERENCES
(1) Bergna, H. E.; Roberts, W. O. Colloidal Silica: Fundamental and
Applications; CRC Press: Boca Raton, FL, 2006.
(2) Wolff, S.; Wang, M. J. Rubber Chem. Technol. 1992, 65, 329.
(3) Wang, M. J.; Wolff, S.; Tan, E. H. Rubber Chem. Technol. 1993,
66, 178.
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