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a b s t r a c t

Filler-polymer interactions in reinforced rubbers are mainly governed by a thin layer of polymer around
the filler particles. The dynamics of this layer has long been a matter of intense investigation. Some
researchers suggest that this “interacting layer” is immobilized and possesses slower dynamics
compared to the bulk, whereas some others consider it equally mobile. In this work, we address this
problem by studying the macroscopic characteristics of reinforced rubber using Broadband Dielectric
Spectroscopy (BDS) and by measuring its local dielectric behavior using a new AFM based approach:
nano-dielectric spectroscopy. This new approach enables us to study the dielectric response of the
interacting polymer layer and the bulk dynamics locally, with a spatial resolution of about 20e30 nm.
The total amount of interacting polymer within the compounds was also obtained by analyzing the local
mechanical properties. Both macro- and nano-measurements show no differences in the polymer local
dynamics for the compounds here analyzed. We propose that, for our particular system, the interacting
polymer layer shares the same local relaxation dynamics with the bulk rubber due to the presence of a
flexible link between the polymer chains and the nanoparticles.

! 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Styreneebutadieneerubber (SBR) has been developed in the
1930s as a good replacement for natural rubber (NR), and rapidly
became the most produced synthetic rubber. In particular, SBR for
automobile tyres is usually reinforced by vulcanization and by the
addition of fillers such as carbon black or silica particles. The
reinforcement by activated silica filler plays an important role in
improving the mechanical properties of the SBR [1e4]. One of the
key factors which determine the final properties of the filled
compounds is the fillerepolymer interaction at the interface.
Therefore, understanding the behavior of the polymer chains at this
interface becomes of utmost importance in improving both, the
bulk properties and the processability of these materials.

In nano-particles reinforced rubbers the existence of an
immobilized polymer layer around the fillers has been a matter of
debate since a long time. However, despite the intense research in
this area, the polymerefiller interaction is not yet fully understood,
and contradictory interpretations can be found in the literature.
The problem has been mainly addressed by probing the dielectric
response of reinforced rubber using Broadband Dielectric Spec-
troscopy (BDS) [1,5e9] along with other techniques like: Nuclear
Magnetic Resonance [2,10e13] and/or Thermogravimetric Analysis
(TGA) [2,14] to name a few. BDS measurements for the unfilled SBR
[15] show the existence of two relaxation processes; one corre-
sponding to the segmental (a) relaxation and the other to the
secondary (b) relaxation. For nano-particles reinforced SBR an
additional process is usually observed at lower frequencies. Some
researchers [7e9] suggest that this relaxation is related to the
immobilized polymer layer around the particles, while others
[16,17] attribute this process to a MaxwelleWagnereSillars (MWS)
polarization, arising due to the presence of trapped charges at the
boundaries of the filler particles. The classical techniques so far
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employed to address this problem only access the macroscopic
average properties, and no information about the local behavior can
be obtained.

Recent advances in atomic force microscopy allow probing
locally the structural and dynamic properties of reinforced rubber.
Due to its exceptionally high spatial resolution and sensitivity to
mechanical forces, AFM has been widely used to study the
morphology and distribution of filler within the rubber [18e21]
and to probe the local mechanical properties of reinforced rubber
[22,23]. In addition to the standard AFM techniques, a new
approach has been recently proposed to access the local dielectric
behavior: nano-dielectric spectroscopy (nDS) [24].

In this paper we probe the relaxation dynamics of the polymer
layer in close proximity to the filler (the so called “interacting
polymer layer”) using both macroscopic and microscopic tech-
niques. We first study the macroscopic characteristics of reinforced
rubber by using Differential Scanning Calorimetry (DSC) and stan-
dardBDS. In addition, the local dielectric andmechanical behaviorof
the interacting polymer layer has been also studied by using nano-
dielectric spectroscopy (nDS) and HarmoniX" [25], respectively.

2. Nano-dielectric spectroscopy background

At local scale the dielectric behavior of a material can be char-
acterized by using Electric Force Microscopy (EFM) [26e28]. In
EFM, the tipesample interaction is probed by applying an electric
field to the tip. The dielectric behavior can be probed by applying
either DC [29e33] or AC [34,35] electric fields. In the latter, the
dielectric response of insulating films at local scale is studied by
either frequency modulation (FM mode) [35,36] or amplitude
modulation (AM mode) [24]. Here we use AM nDS by applying an
AC signal (V ¼ V0 sin(ut)) to the tip and scanning the sample using
the so-called double pass method. The 2u component of the elec-
tric force on the tip, given by F ¼ ð1=4ÞðvC=vZÞv20⁡cos⁡2 ut,
contains information about the dielectric behavior of the sample
through the tipesample interaction. The tipesample force can be
related to the motion of the cantilever detected in the photodiode
through the equation [24] F ¼ Ackc, where A is the amplitude of the
photodiode signal, c is a proportionality constant expressed in nm/
V and kc the cantilever stiffness. A Lock-In Amplifier (LIA) is used to
provide the required AC signal and to filter the 2u component of the
electric force from the cantilever response. Hence, both amplitude
(R) and phase (q) of the filtered signal contain information about
the local dielectric behavior of the sample. With a sharp enough tip,
the lateral spatial resolution obtained with this technique is a few
tens of nano-meters [37]. More details of this technique can be
found elsewhere [24].

3. Experimental

3.1. Sample preparation

Samples based on commercial solution styrene-butadiene rub-
ber BUNA VSL 5025 (SBR) were prepared. Silica nano-particles and
bis(3-triethoxysilylpropyl) disulfide (TESPD) were added during
the mixing process, as filler and linking agent respectively. The
TESPD chemically links the nanoparticles to the rubber, thus facil-
itating their dispersion in the polymeric matrix. In particular,
TESPD have disulfide and ethoxy reactive groups: disulfide forms a
covalent bond in unsaturated rubbers like SBR, while ethoxy reacts
with the silanol groups present on the surface of nanoparticles. As a
result, stable covalent fillereTESPD-SBR bonds are obtained.

Two series of materials were prepared by using different silica
fillers, i.e. precipitated amorphous silica 1200 MP (A) and 1165 MP
(B) (Rhodia, specific surface areas of 213.1 m2/g and 165.8 m2/g,

respectively). In both series, filler concentrations of 30 and 90 phr
(parts in weight per hundred parts of rubber) were employed. Once
the compounds were mixed, square sheets were obtained by
compression-moldingvulcanizationat170 %Cduring10mininamold,
yielding samples of 15 & 15 cm and thickness of about 0.7 mm. From
these sheets samples for DSC and BDS were obtained. Samples
required for AFMmeasurements were cut using a cryomicrotome. In
thiswaywe ensure that at thefiller surface only those polymer layers
which are strongly attached to the nanoparticles, interacting layer,
remains and the rest is peeled off. Sample thickness thus obtained
was ca 200 nm.

3.2. Differential Scanning Calorimetry (DSC)

DSCmeasurements were performed using a DSC Q2000 from TA
Instruments. Samples of about 10 mg were sealed in hermetic
aluminum pans. Heatingecooling cycles were performed under
nitrogen flow in the temperature range from '125 to 50 %C, with a
heating/cooling rate of 10 %C/min. The annealing time between
cooling and heating runs was 5 min. Glass transition temperature
(Tg) was determined at the inflection point of the curves and the
heat capacity increment (DCp) was estimated from the difference in
height of the extrapolation of the heat capacity curve after and
before the Tg at the inflection point.

3.3. Standard Broadband Dielectric Spectroscopy (BDS)

Broadband dielectric spectroscopic measurements were per-
formed on disc shaped samples with a diameter of 40 mm and a
thickness of about 0.7 mm. The samples were placed in between
two parallel plate electrodes. For parallel-plate configuration, the
sample capacitance is expressed as C ¼ ε ε0 A/d, where ε is the
relative dielectric permittivity of the sample, ε0 is the vacuum
permittivity, A is the section of the sample, and d its thickness. The
material properties are characterized by the complex dielectric
permittivity, ε*, which is defined as ε*(u) ¼ C*(u)/C0 ¼ ε0(u) ' i
ε00(u), where C0 is the capacitance of the empty capacitor and
u ¼ 2pf. Broadband high-resolution dielectric spectrometer
(Novocontrol Alpha analyser) was used to measure the complex
dielectric permittivity in the frequency range from 10'2e106 Hz.
Isothermal frequency scans were performed every third degree
over the temperature range 253e353 K. The sample temperature
was controlled by a nitrogen gas flow that provides temperature
stability of about (0.1 K.

3.4. Nano-dielectric spectroscopy (nDS)

Topography and mechanical phase images of the samples were
recorded simultaneously using standard tapping mode, in order to
identify the nano-particle clusters and the bulk-like areas. nDS was
then performed by applying a sinusoidal voltage to the tip in lift
mode (double pass method), and analyzing the cantilever motion
signal with an external LIA (Stanford Research SR830). The
conductive cantilevers used for the measurements were Antimony
(Sb) doped Si, coated with Pt/Ir (SCM e PIT tips, Bruker). The
nominal values for the natural frequency, tip radius, and cantilever
spring constant were 75 kHz, 20 nm and 1.5e3 N/m respectively.
With this configuration, the lateral spatial resolution of the tech-
nique is about 20e30 nm [37]. For each electrical excitation fre-
quency applied to the tip, the phase of the cantilever response at 2u
is recorded. Additionally, before measuring the sample response, a
reference experiment is performed on a gold substrate. Therefore,
the dielectric spectra are obtained by plotting the difference be-
tween sample and reference as a function of frequency [24]. The
measurements were performed for temperatures ranging
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from '10e100 %C, by using a Peltier cooler/heater with a silicone
cap used as sealing. The temperature was set and controlled by
using a Thermal Applications Controller (TAC, Bruker).

3.5. Single pass EFM (SP-EFM) imaging

In single pass EFM imaging, both the topography and dielectric
contrast response of the sample are obtained during the main scan
itself [38]. The phase of the cantilever signal obtained from the LIA
(at a frequency double than the electric excitation frequency) is
mapped along with the topography and the mechanical phase. In
this way we simultaneously image the topographical features and
dielectric contrast map of the sample.

3.6. HarmoniX"

Mechanical characterization of the samples at nano-scale was
performed using HarmoniX" AFM imaging [25,39,40]. HarmoniX"
measurements were conducted in air under ambient condition
using a Multimode 8 AFM (Bruker). HarmoniX" can provide
simultaneous information about various mechanical properties of
the sample like: modulus, surface adhesion or elasticity, to name a
few. For HarmoniX"measurements, specifically designed torsional
harmonic cantilevers were employed (HMXe10, Bruker). The
nominal values for the natural frequency, tip radius and cantilever
spring constant for these probeswere 70 kHz,10 nm and 1.5e6 N/m
respectively. The measurements were performed in moderate/hard
tapping mode (Asp/A0 ¼ 0.6/0.5, where Asp is the set point ampli-
tude and A0 is the free oscillation amplitude).

4. Results and discussion

4.1. Macroscopic characterization

DSC and BDS were employed for the macroscopic character-
ization of the materials. While calorimetric data renders informa-
tion about temperatures and heat flows associated with thermal
transitions within the whole sample, dielectric data yields infor-
mation of those polymer segments having a dielectric response
within a given frequency/temperature range.

4.1.1. DSC measurements
Fig. 1 shows heat flow plotted as a function of temperature for

the unfilled, 30 phr silica B and 90 phr silica B samples. The figure

shows the same glass transition temperature (252 ( 0.2 K for the
unfilled, 252.4( 0.3 K for 30 phr and 252.4( 0.4 K for 90 phr) for all
the samples, independent of their filler content. Furthermore,
neither a second glass transition nor significant broadening was
detected. Nevertheless, a decrease in the heat capacity increment
(DCp) at Tg is observed as the filler content increases. DCp values of
the unfilled, 30 phr and 90 phr silica filled samples are
0.394 ( 0.012 J g'1 %C'1, 0.301 ( 0.016 J g'1 %C'1, and
0.192 ( 0.016 J g'1 %C'1, respectively. This decrease in DCp arises
from the lower amount of polymer in the samples as the filler
content increases. The obtained results are the same for both ma-
terial series (silica A and B), and are also consistent with earlier
studies [5,41] performed on similar systems.

4.1.2. BDS measurements
Fig. 2.1 shows dielectric loss spectra (ε00 vs. frequency) obtained

by standard BDS for silica (A) filled SBR with 0, 30 and 90 phr at
298 K. At this temperature, the a-relaxation of the polymer appears
at around 105 Hz and the conductivity contribution is detected as
an increase in the signal at low frequencies (see unfilled sample). In
addition, a third process appears at intermediate frequencies for
the filled samples. Although the origin of this process is still under
debate, recent studies show that this relaxation is compatible with
an MWS relaxation [16]. This process arises from the movement of
trapped charges at the polymerenanoparticle interface and
therefore, its contribution increases as the filler content increases.
The MWS process disappears from the experimental window after
drying the samples under vacuum, as shown in Fig. 2.2. The ob-
tained results agree with earlier studies performed on similar

Fig. 1. DSC of unfilled, 30 and 90 phr silica (B) filled SBR samples measured at a heating
rate of 10 %C/min (for clarity purposes a vertical shift was applied to the curves).

Fig. 2. Dielectric loss spectra at a fixed temperature (298 K) for unfilled SBR (C),
30 phr filled SBR ( ) and 90 phr filled SBR ( ) (Silica A). 1) As received samples. 2)
Vacuum dried samples (inset shows a zoomed view of a process).
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systems [41]. A more detailed analysis about the MWS process
dependence on the drying and rehydrating processes can be found
in reference 14.

Concerning the a-relaxation, we could not observe any shift in
the position of the peak maximum for this process with varying
filler contents (see inset in Fig. 2.2). The fact that there is no sig-
nificant change in the a-relaxation dynamics between unfilled,
30 phr and 90 phr samples suggests that either the interacting
polymer layers exhibit similar segmental relaxation dynamics as
that of the bulk rubber, or that the contributions to themacroscopic
signal of this polymer layer is negligible. In order to elucidate this
point we performed a local characterization of the interacting layer
by means of AFM based methods.

4.2. Local characterization

4.2.1. nDS measurements
As it was explained above, nDS measurements are based on a

double pass AFM method: in the first pass the standard tapping
imaging is performed while in the second one (performed at a
constant height over the sample surface) the frequency dependent
electrical response is detected through the analysis of the cantilever
oscillation. The measurements were performed at specific locations
selected from previously obtained AFM topography images, using
very small tipesample distances (of about 5 nm).

Given the possibility of having different segmental dynamics
close to the silica nanoparticles, nano-dielectric spectroscopy could
provide some insight into this issue. By measuring in 1) a
nanoparticle-rich location of the material and 2) a nanoparticle-
free location (bulk like polymer), differences in the interacting
layer contribution to the response signal could be detected. In this
way, both MWS and a-relaxation processes could reveal informa-
tion of the local dynamics of the polymer.

4.2.2. Unfilled rubber
As a first step, the local dielectric response of the bulk polymer

was obtained from the unfilled sample. In this case, AFM imageswere
completely homogenous due to the absence of nanoparticles (images
not shown). In this sample, any detected dielectric response should
come entirely from bulk polymer chains. Furthermore, as no in-
terfaces are present, a-relaxation should be the only detectable
process in our experimental frequency window. nDS measurements
were performed at different points of the samples, at temperatures
ranging from '10e27 %C. The obtained peaks are closely related to
the macroscopic dielectric losses and, as expected, no interfacial
polarization effects were observed, as shown in Fig. 3.

The inset in Fig. 3 shows the relaxation times (calculated as the
reciprocal of the angular frequency at the peakmaximum) obtained
by both nDS and standard BDS techniques. As expected, nDS data
follows the macroscopic behavior [42].

4.2.3. Filled rubber
As a second step, we studied the local dielectric response of the

filled samples. Fig. 4 shows AFM (mechanical) phase images for
30 phr silica (A) filled SBR sample. The gray circles denote typical
locations at which nano-dielectric measurements were performed.

In order to gain some insight into the dielectric properties of the
interacting layer, both MWS and a-relaxation processes were
studied at different locations. Therefore, observed differences in
their local dielectric response will be related with changes in the
local dielectric properties of the materials.

Fig. 5 shows nDS spectra acquired at different locations on the
sample. The signals obtained above locations with elevated con-
centration of nanoparticles presented higher intensity than the
ones obtained above bulk like locations. After drying the samples

24 h at 100 %C under vacuum, this process is shifted to lower fre-
quencies (see Fig. 4 in Ref. [16]). Furthermore, as the sample is
progressively rehydrated, it recovers the previous frequency
dependence (see inset in Fig. 5), in agreement with recent macro-
scopic studies [16,43]. According to all these results, it is most likely
that the observed process corresponds to the MWS relaxation
observed by BDS (see Fig. 2). As stated before, the MWS arises from
the motion of trapped charges at the filler-polymer interface;
therefore, the observed small tendency (a systematic higher in-
tensity in the more concentrated locations) might originate from
the increasing amount of interface within the probe volume.

Concerning the a-relaxation process, no detectable changes in
the nDS spectra of the samples were observed (not shown).
Therefore, the possible existence of differences in the a-relaxation
was further studied by using single pass EFM imaging. This method
provides an enhanced dielectric contrast image compared to dou-
ble pass imaging [43]. In this case, the polymer dynamics was
mapped simultaneously with sample topography. Both frequency
and temperature were selected so as to match the a-relaxation
timescale of the bulk polymer, obtained from unfilled experiments
(see Fig. 3), within the experimental window. Therefore, any dif-
ference in the dynamics should be reflected as a change in the

Fig. 3. nDS dielectric response spectra for unfilled SBR at different temperatures (from
left to right: '5, '3, 0, 5, 10, 15 and 27 %C). Inset: nDS and BDS obtained relaxation map.

Fig. 4. Tapping phase image for the 30 phr silica (A) filled SBR sample (1 mm & 1 mm).
The gray circles denote typical points at which nano-dielectric measurements were
performed.
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image contrast [44]. Fig. 6 shows topography, R and q images at
25 %C and different excitation frequencies. The oscillation ampli-
tude signal (R) reveals the presence of the nanoparticles as dark
locations dispersed in a brighter polymer matrix. This contrast
arises from differences between the dielectric permittivity of the
silica and the rubber. The dielectric phase (q) signal, which reflects
the dielectric losses of the material, does not show significant
contrast near nor far from the nanoparticles in the analyzed fre-
quency range (slightly darker areas are related to the influence of
large topography features on dielectric measurements). Further-
more, by comparing the images at 5 and 10 kHz it is possible to
conclude that no appreciable changes in the behavior of polymer-
rich/nanoparticle-rich locations are observed. These results sug-
gest that either the dielectric losses along the different locations are
the same, or that the signal coming from the interacting layer is
negligible.

4.2.4. Interacting rubber
In order to gain some insight on the relevance of the interacting

rubber contribution to the overall dielectric signal, a calculation of
the interacting/bulk polymer ratio becomes necessary. Therefore,
we employed local mechanical measurements to estimate the
interacting rubber thickness, and consequently, its concentration.

AFM operating in HarmoniX" mode provides information
about different mechanical properties of the sample with high
lateral resolution in a single scan. Four different signals viz.
topography, phase, modulus and energy dissipation of 30 phr silica
(A) filled SBR are shown in Fig. 7. The size of these aggregates varies
between 80 and 120 nm. In Fig. 7, brighter regions in the phase
image correspond to silica particles richer areas. Since these areas
are stiffer (due to the substrate effect) in comparison to the bulk-
like rubber, they have higher modulus (as is evident from the
modulus image). Dissipation corresponds to the energy loss of the
probe due to tipesample interactions, and therefore stiff regions
are expected to have lower dissipation than soft ones. The mea-
surements are in agreement with earlier studies for other nano-
particle reinforced rubbers analyzed using HarmoniX" [22].

4.2.4.1. Polymer on the surface of the nanoparticles. Fig. 7 (bottom-
left) shows non-zero energy dissipation over the nanoparticles
richer areas. This implies that there is a significant amount of
polymer over these surfaces, which is responsible for the energy
dissipation. Therefore, the polymer over the particles appears in
dark-brown, while the bulk-like rubber appears in light yellow. The
contrast for the polymer layer above and around the particles is
most likely produced by the substrate effect. Fig. 8 gives a detailed
illustration of topography and dissipation of the same sample,
along with a scheme (see Fig. 8(3)) of the thickness of the polymer
layer around the nanoparticles. HMX force curves obtained at small
oscillation amplitudes yielded indentation depths of about 1e2 nm.
According to literature [46], in order to neglect substrate effects
affecting the mechanical properties, the indentation depth should
be lower than about 20% of the thickness. Therefore, as we are
detecting changes in the mechanical properties with these inden-
tation depths, the layer thickness should be smaller than 5 nm for
area A, and even thinner for B and C (see Fig. 8(3)). This result is in
close agreement with the thickness of the interacting polymer
layers previously reported in the literature [6,47].

Fig. 5. nDS spectra of 30 phr Silica (B) filled SBR. Open circles: 70 %C. Filled circles:
80 %C. Red and blue symbols represent measurements over regions with high and low
nano-particles concentration, respectively. Inset: nDS spectra acquired at different
times after drying the sample 24 h at 100 %C under vacuum. In order to observe the
rehydration effect on the spectra, the sample was maintained at 70 %C and open to the
environmental humidity (no nitrogen flow inside the silicone cap). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. Topography, R (dielectric oscillation amplitude) and q (dielectric phase) images of 30 phr silica (B) filled SBR obtained through SP-EFM imaging during the same mea-
surement. The experiments were performed at 25 %C using 5 and 10 kHz as electrical excitation frequencies. Both temperature and excitation frequencies were selected from
unfilled a-relaxation shown in Fig. 3.
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4.2.4.2. Interacting rubber concentration. Based on previous results
[6,47,48] and according to our measurements (explained above),
we can assume a thickness for the interacting rubber layer ranging
from 1 to 5 nm. Therefore, by considering a homogeneous distri-
bution of nanoparticles throughout the material it is possible to
calculate (for a 30 phr sample) a total concentration of interacting
rubber ranging from 6 to 39%, respectively. It is worth stressing that
the calculation does not consider clustering of nanoparticles,
therefore, real concentration values would be slightly lower.

Despite of this non-negligible amount of interacting rubber we
could not observe differences in the a-relaxation process (neither
by BDS nor by DSC). In addition, no local differences in the dielectric
losses were observed by nDS. These results could be rationalized by
considering that the segmental dynamics of the interacting layer is
not strongly affected by the presence of the filler and therefore it is
rather similar to that of the bulk-like rubber. The chemistry of these
materials may possibly shed some light on this matter. Fig. 9 shows
a schematic representation of the TESPD mediated filler-polymer
interaction. For silica-TESPD-SBR compounds, the interacting po-
lymer layer is chemically bounded to the particles through flexible
links, which in turn allows it to have a bulk like segmental dy-
namics. This particular kind of filler-polymer interaction does not
present significant (if any) amount of immobilized polymer at the
nanoparticles surfaces.

5. Conclusion

Silica nanoparticles filled SBR compounds with different filler
concentrationwere analyzed bymeans of DSC, BDS, Harmonix" and
nano-dielectric spectroscopy. The nano-mechanical characterization
of the filled samples revealed the presence of a thin interacting layer
over the nanoparticles, surrounded by bulk like polymer. The inter-
acting polymer layers are sometimes referred to as immobilized, and
assumed to display slower segmental relaxation than the bulk. We
probed the dielectric response of these layers both locally and ma-
croscopically. Despite the relative big amount of interacting rubber

Fig. 7. (Clock wise from top left) Topography, Phase, DMT modulus and energy dissipation for 30 phr silica (A) filled sample. Images were processed using WSxM [45].

Fig. 8. Topography (1), energy dissipation for a zoomed area (2) and scheme of a
sectional cut of the sample (3).

Fig. 9. Schematic representation of the TESPD mediated fillerepolymer interaction.
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present in the materials, no such slower segmental dynamics was
observed in any case. As a result, we consider that the interacting
polymer layer share the same segmental relaxation dynamics with
the bulk rubber, due to the presence of a flexible chain between the
matrix and the nanoparticles.
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