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Abstract: Sepiolite (Sep)–styrene butadiene rubber (SBR) nanocomposites were prepared by using
nano-sized sepiolite (NS-SepS9) fibers, obtained by applying a controlled surface acid treatment,
also in the presence of a silane coupling agent (NS-SilSepS9). Sep/SBR nanocomposites were used as
a model to study the influence of the modified sepiolite filler on the formation of immobilized rubber
at the clay-rubber interface and the role of a self-assembled nanostructure in tuning the mechanical
properties. A detailed investigation at the macro and nanoscale of such self-assembled structures was
performed in terms of the organization and networking of Sep fibers in the rubber matrix, the nature
of both the filler–filler and filler–rubber interactions, and the impact of these features on the reduced
dissipative phenomena. An integrated multi-technique approach, based on dynamic measurements,
nuclear magnetic resonance analysis, and morphological investigation, assessed that the macroscopic
mechanical properties of clay nanocomposites can be remarkably enhanced by self-assembled filler
structures, whose formation can be favored by manipulating the chemistry at the hybrid interfaces
between the clay particles and the polymers.
Keywords: sepiolite; nanocomposite; rubber; rolling resistance; filler reinforcement

1. Introduction
Over the last decades, research on nanocomposites (NCs) has stimulated enormous efforts in
the development of improved functional properties [1–3]. Among NCs, the production of high
performance polymeric NCs (PNCs) by incorporation in the rubber matrix of different nanoparticles,
such as carbon black, carbon nanotubes, nanosilica, clays, layered silicates, and layered double
hydroxides, strongly depends on their good dispersion in rubber [4,5], due to the interfacial
nanofiller/polymer interactions and to the formation of a filler percolating network [6–8], which
enable the material to support large dynamic loads over millions of load cycles [9,10].
On the other hand, the formation of a filler percolating network is considered to affect the total
modulus together with the polymer network [6–8]. Indeed, the filler nanoparticles form interconnected
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structures, due to both direct particle interactions and their bridging by polymer chains, which
enable the material to support large dynamic loads over millions of load cycles. Naturally occurring
and readily available clays have been widely employed as environmentally friendly fillers for the
production of high performance elastomeric NCs [5,11–13], owing to their structure and physical
properties associated with two-dimensional confinement. However, the clay’s dispersion, distribution,
and interfacial compatibility with the polymer still represent critical issues to be addressed in order to
succeed in the successful development of high-quality clay-based PNCs.
Until now, clay fillers embedded in rubber composites are generally modified by organic molecules
(typically cationic surfactants) via an ion exchange reaction or by a grafting reaction with silane-based
coupling agents. These surface treatments improve the dispersion of clays in the polymer as they
favor the partial exfoliation of clay particles, forming tactoids of few layers (∼10) dispersed in the
rubber through physical intermolecular interactions and mutually separated by thick rubber layers
(∼10–50 nm), without the formation of any percolating filler framework [14]. In these conditions,
the reinforcement is in charge of the hydrodynamic effect [15], depending on the shape factor and
the filler volume fraction of the particles [16]. In fact, only at high loading organoclay fillers form
particle aggregates, which substantially boost the modulus of the composite. However, the absence of
stronger chemical bonds between clay and rubber chains precludes their homogeneous distribution
and organization in the matrix in an effective filler network, causing a severe increase of the dissipative
effects [17]. This has important technical implications in many elastomer applications involving
dynamic loading as tire materials, especially for the reduction of rolling resistance (the mechanical
energy converted into heat by tire moving on the roadway) directly linked to fuel efficiency and
emission reduction [18]. Thus, in order to provide clay-based rubber materials suitable for tire
applications, the reinforcement effect should go hand in hand with the formation of an extended
percolative network, a good filler dispersion and distribution, and an effective interaction of clay
particles with rubber.
In this frame, we succeeded in the preparation of PNCs based on nano-sized sepiolite (NS-SepS9)
fibers, obtained by applying a controlled surface acid treatment, also in the presence of a silane coupling
agent (NS-SilSepS9 fibers) [19]. The reduced particle size and the improved density of the surface
silanol groups of Sep fibers allowed a better balance between the reinforcing and hysteretic properties
of the rubber materials to be obtained, in comparison with the untreated bare Sep and silica particles
conventionally used to reinforce rubber composites, leading to remarkable mechanical performances.
These have been primarily related to the enhanced interfacial chemical interaction between modified
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network domains, as shown in Scheme 1.

Scheme 1. Schematic representation of self-assembly of modified sepiolite fibers (nano-sized sepiolite
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namely1.NS-SepS9
andrepresentation
nano-sized silanized
sepiolite S9, of
namely
NS-SilSepS9)
styrene(nano-sized
butadiene
Scheme
Schematic
of self-assembly
modified
sepioliteinfibers
rubber
(SBR)
in comparison
with
randomly
dispersed
pristine
sepiolite
(SepS9).
sepiolite
S9, namely
NS-SepS9
and
nano-sized
silanized
sepiolite
S9, namely
NS-SilSepS9) in styrene
butadiene rubber (SBR) in comparison with randomly dispersed pristine sepiolite (SepS9).

2. Materials and Methods
2.1. Materials
Sep Acid treatment: Sep Pangel S9 (SepS9) was purchased from Tolsa (Madrid, Spain);
Bis(3-triethoxysilylpropyl) tetrasulfide (TESPT), ammonium hydroxide, isopropanol, and 37%
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This work aims to investigate the influence of the Sep particles and self-assembled Sep particles on
the dynamic-mechanical behavior of the styrene butadiene rubber (SBR)NCs, mainly focusing on the
formation of the nanoscale rigid rubber at the Sep/SBR interface. With this in mind, herein, we report
a detailed investigation at the macro and nanoscale of such self-assembled structures in terms of:
(i) organization and networking of the Sep filler in the rubber matrix; (ii) filler–rubber interactions and;
(iii) impact of these features on the reduced dissipative phenomena. Then, dynamic mechanical thermal
analysis (DMTA) was utilized to assess the fraction of rubber with reduced mobility, which affects
the stress/strain behavior of cured Sep/SBR PNCs. Low field 1 H nuclear magnetic resonance (NMR)
measurements were performed in order to determine the mobility of rubber chains, and, in particular,
to highlight the changes in the mobility induced by the presence of the filler particles and by the
vulcanization process [20–22]. The morphology of the PNCs and the topography of the immobilized
rubber were investigated by the integrated approach of transmission electron microscopy (TEM) with
atomic force microscopy (AFM) to visualize the nanomechanical properties in the elastomer zone at
the interface between the matrix and the Sep nanostructures.
2. Materials and Methods
2.1. Materials
Sep Acid treatment: Sep Pangel S9 (SepS9) was purchased from Tolsa (Madrid, Spain);
Bis(3-triethoxysilylpropyl) tetrasulfide (TESPT), ammonium hydroxide, isopropanol, and 37% aqueous
hydrocloric acid (Sigma-Aldrich, St. Louis, MO, USA) were used without any further purification.
Milli-Q water with a resistivity of 18.2 MΩ cm was used.
Preparation of Sep/SBR PNCs: SBR (SLR 4630 from Styron Europe GmbH) had 25% styrene,
63% vinyl, and 12% butadiene; Treated Distillate Aromatic Extract (TDAE) extender oil (37.5 parts
per hundred rubber (phr)) was obtained from Sigma-Aldrich (St. Louis, MO, USA); antioxidant
N-(1,3-dimethylbutyl)-N 0 -phenyl-p-phenylendiamine (6PPD), Santoflex-6PPD, was supplied from
Flexsys (Solutia Inc., Saint Louis, MO, USA); the curing agents were purchased as follows: Stearic
acid (Stearina TP8) from Undesa (Barcelona, Spain); sulfur from Zolfoindustria (San Cipriano Po, PV,
Italy); zinc oxide (wurtzite, specific surface area 5 m2 g−1 ) from Zincol Ossidi (Bellusco, MI, Italy;);
N-cyclohexyl-2-benzothiazole sulfenamide (CBS) Vulkacit CZ/C from Lanxess (Cologne, Germany).
2.2. Preparation of NS-SepS9 by Acid Treatment
NS-SepS9 sample was prepared according to the previously published procedure [19]. 120 g of
pristine SepS9 were dispersed in 1.2 L of isopropanol and stirred at 65 ◦ C for 30 min. After adding
480 mL of 37% aqueous HCl solution, the mixture was mixed at 65 ◦ C (600 revolution per minute (rpm)).
After 2 h, the NS-SepS9 fibers were collected by centrifugation and the powders were washed
several times with deionized water and aqueous ammonium hydroxide (60%) in order to remove
chloride anions, until pH 7 ± 0.2. Finally, the obtained solid was dried in an oven at 120 ◦ C for 48 h.
2.3. Preparation of NS-SilSepS9 by Acid Treatment and Silanization
As previously reported [19], the acid treatment of pristine SepS9, performed as reported before,
in the presence of TESPT silane (64.7 g), produces the funzionalized Sep, namely NS-SilSepS9.
2.4. Preparation of Sep/SBR PNCs
In order to prepare uncured PCNs, Sep fillers were mixed by ex situ blending with SBR in a
Brabender Plasti-Corder® Lab-Station (Brabender GmbH & Co. KG, Duisburg, Germany), with a
mixing chamber of 65 mL and filling factor of 0.6. In detail, SBR polymer was plasticized into the mixer
for 30 sec at 60 rpm at 145 ◦ C. Then, the filler (pristine SepS9 or modified NS-SepS9 or NS-SilSepS9,
35 phr) and TESPT (2.8 phr) were introduced and mixed for 2 min. Vulcanization compounds were
added in two different steps. Firstly, 6PPD (2 phr), zinc oxide (3.5 phr) and stearic acid (2 phr) were
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mixed with the composites at 60 rpm for 5 min. at 145 ◦ C. Successively, CBS (3 phr) and sulfur (1 phr)
were introduced and mixed at 60 rpm at 90 ◦ C. Finally, the uncured composites were milled in a
two-rolling mill at 50 ◦ C for 3 min. to obtain sheets of a 0.3 cm thickness, suitable for the vulcanization.
Herein, uncured samples are called SepS9/SBR, NS-SepS9/SBR, and NS-SilSepS9/SBR.
Cured composites were obtained by the vulcanization performed using a hydraulic press at
◦
170 C and 100 bar for 20 min. and labelled V-SepS9/SBR, V-NS-SepS9/SBR, and V-NS-SilSepS9/SBR.
Reference materials, prepared without any filler and silane coupling agent, were called SBR-REF-0
and V-SBR-REF-0.
2.5. Dynamic Mechanical Thermal Analysis (DMTA)
A DMA Q800 apparatus (TA Instrument Inc, New Castle, DE, USA) was used to investigate the
viscoelastic properties of the Sep/SBR composites. In detail, the storage modulus (E0 ), loss modulus
(E00 ), and Tan Delta (Tan δ) of each composite sample were measured as a function of temperature, by
applying a tensile stress mode (tensile strain of 0.1%).
The dimensions of the rectangular specimens were a 3 mm width, 1.5 mm, and 15 mm length.
Specimens were tested in the flexure (dual-cantilever bending) mode, by applying a preloaded force
of 0.1 µN. All samples were heated at a constant rate of 3 ◦ C min−1 from –40 to 80 ◦ C and tested at a
frequency of 1 Hz.
Two measurements were carried out for each sample.
2.6. Solid State NMR Analysis
Low-resolution solid-state (SS) NMR experiments were carried out on a spectrometer made of a
Stelar PC-NMR console (Stelar s.r.l., Mede, PV, Italy) interfaced with a Niumag permanent magnet,
working at the 1 H Larmor frequency of 20.8 MHz. The temperature was always in the range of
24 ± 0.1 ◦ C. On-resonance 1 H Free Induction Decays (FID’s) were acquired using a Solid Echo (SE)
pulse sequence, in order to also detect fast-decaying components characterized by short spin-spin
relaxation times (T2 ). Quantitative data were obtained by acquiring solid echo FID’s at different echo
delays from 13 to 31 µs, and extrapolating signal intensities to a zero delay. The T2 of the long-decaying
components of the FID were measured by means of Carr-Purcell-Meiboom-Gill (CPMG) experiments
with an echo delay of 13 µs. The 90◦ pulse duration was 3 µs. A relaxation delay of 1 s and 200 scans
was always used. The experimental solid echo FID’s and CPMG relaxation curves were analyzed by a
discrete approach using a non-linear least square fitting procedure implemented in the Mathematica®
environment (Wolfram Research Europe Ltd, Oxfordshire, United Kingdom).
2.7. Morphological Characterization of Sep/SBR PNCs
Preliminary morphological investigation was carried out on vulcanized composites by using a
Zeiss EM 900 microscope (Zeiss, Oberkochen, Germany). Specimens (about 50 nm thick) were cut at
–130 ◦ C by using a Leica EM FCS cryo-ultra microtome (Leica Microsystems, Wetzlar, Germania).
The microscopic morphology of the PNCs was also studied with scanning probe techniques.
For that purpose, the samples were freeze-fractured in liquid nitrogen to reveal their internal structure
and several complementary AFM-based techniques were employed, using a Dimension Icon (Bruker,
Billerica, MA USA) microscope: Besides ‘classical’ Tapping-Mode AFM (TM-AFM), which mostly
provides information on the morphology, Peak Force Tapping AFM (PFT) [23] and Intermodulation
AFM™ (ImAFM) [24] were used to map the nanoscale mechanical properties.
Compared to TM-AFM, PFT uses much softer cantilevers (k < 1 Nm−1 ), allowing for an optimal
combination of high force sensitivity and controlled surface deformation. In those conditions, the probe
gently makes contact with the surface in each measurement cycle with a controlled force ranging from
a few nN to a few pN (depending on the sample stiffness), which generates an indentation as modest
as 1 to 2 nm. To extract quantitative information on the mechanical properties from PFT measurements,
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sample under study.
In ImAFM, the cantilever is driven at two frequencies close to its resonance frequency. Upon
In ImAFM, the cantilever is driven at two frequencies close to its resonance frequency. Upon
interaction with the surface, frequency mixing takes place; this effect is called intermodulation [24]
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The Payne effect, calculated as the difference between the modulus at low strain (G0 0 ) and
the modulus at high strain (G0 ∞ ), is in line with these observations. The Payne effect is widely
accepted as a nonlinear trend of the modulus, as a consequence of the progressive destruction of the
filler network under shear strain. ∆(G0 ∞ –G0 0 ) values are 0.152 for V-NS-SepS9/SBR and 0.077 MPa
for V-NS-SilSepS9/SBR, significantly lower than that of the composite, V-SepS9/SBR (0.242 MPa),
containing pristine SepS9 [19]. This suggests a strong immobilization of the polymer chains close to
the nanofibers’ surfaces and within their network.
3.2. SS NMR Study of Sep/SBR PNCs
In order to investigate how the dynamics of the polymer matrix are affected by the presence of the
Sep fillers, a low-resolution SS NMR study, based on measurements of 1H spin-spin relaxation times
(T2 ), was carried out on both the unfilled SBR and Sep/SBR composites. A complete characterization
of the dynamic properties was achieved by combining the SE and CPMG experiments [28]. SE was
used to refocus the signal from the dipolar-coupled protons in rigid domains characterized by very
short T2 (typically on the order of 10–20 µs), which would otherwise decay during the instrumental
dead time. On the other hand, CPMG experiments were exploited to accurately measure the intrinsic
T2 relaxation times of the long-decaying liquid-like components of the 1 H FID, which can be artificially
shortened by non-dynamic contributions, such as the magnetic susceptibility of the sample and/or
fluctuations and inhomogeneity of the external magnetic field.
The discrete analysis of a 1 H FID recorded on resonance by SE allows domains with different
degrees of mobility to be identified and quantified. The 1 H FID is fitted to a linear combination of
functions (fi), each characterized by a spin-spin relaxation time, T2i , and a weight percentage, wi.
The value of T2i , out of the so-called rigid lattice regime, monotonically increases with the increase of
mobility, while wi is related to the percentage of protons belonging to the i-th domain [26,29,30]. Since,
in the presence of multiple 1 H–1 H dipolar interactions, the efficiency of SE progressively decreases
by increasing the echo delay (ED), quantitative values of wi can be determined by performing SE
experiments at different echo delays and extrapolating the intensity of each component fit to a zero
delay. For all the samples, the experimental 1 H FID’s were well reproduced with a linear combination
of two exponential and one Gaussian functions (as shown, as an example, in Figure 4 for sample
V-NS-SilSepS9/SBR. The Gaussian function (Gau) is characterized by a very short T2 of ∼20 µs typical
of protons located in rigid solid-like environments and could arise not only from rigid SBR domains,
but also from protons located in Sep fibers. It is worth noticing that the rigid SBR domains can include
bound immobilized rubber located at the Sep/SBR interface as well as entangled and crosslinked
rubber chains [31,32].
On the other hand, the two exponential functions, representing from 84 to 95% of the 1 H FID,
are characterized by long liquid-like T2 values in the ranges of 150–250 and 500–800 µs, and are
ascribable to protons in very mobile environments and/or to isolated hydroxyl groups of the filler.
A more accurate description of the T2 relaxation behavior of these long-decaying components was
obtained from the analysis of the CPMG relaxation curves. In all cases, the CPMG curves could be
well fitted by a linear combination of three exponential functions, here indicated as exp1, exp2, and
exp3, where T2 increases in going from exp1 to exp3. In particular, T2 values of ∼300, ∼1200, and
∼6500 µs and of 130–180, 580–760, and 3400–4500 µs were found for the uncured and vulcanized
samples, respectively. An example of fitting is shown in Figure 4. These three exponential components
provide a more complete and reliable picture of the non-rigid environments present in the samples.
In particular, exp1 and exp2 indicate the presence of a distribution of mobile environments with
different mobility, mainly ascribable to the SBR matrix, while exp3 can be assigned to SBR free chain
ends or dangling chains. The decrease of the T2 values observed in passing from uncured to vulcanized
samples agrees with a decrease of mobility of the rubber chains due to the formation of cross-links
induced by vulcanization. In Table S1 of the Supplementary Materials (SM), the weights, wi , and T2i
values of the different protons fractions are reported. In particular, the reported values of wi were
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result was expected and could be explained by the higher amount of "immobilized" rubber chains
after vulcanization. For the uncured samples, the presence of Sep fillers determined a slight increase of
the amount of rigid rubber, in the order NS-SilSepS9/SBR > NS-SepS9/SBR > SepS9/SBR. Assuming
that a possible contribution from the entangled rubber chains does not significantly change among the
samples, this increase can be ascribed to the formation of immobilized rubber at the interface with the
filler, which is enhanced when the modified NS-SepS9 and, especially, NS-SilSepS9 are used.
Table 2. Molar percentages (%H) of 1 H nuclei belonging to the filler (fH Sep ) and of 1 H nuclei in rigid
environments, as determined by FID analysis using the procedure described in the text. fHrigid TOT is the
total fraction of protons in rigid environments, while fHrigid Sep and fHrigid SBR are the fractions of filler
and rubber protons in rigid environments, relative to the whole composite, respectively. fHrigid SBR* is
the fraction of rubber protons in rigid environments relative to the sole SBR component.
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fHrigid
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6
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9
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Nanomaterials
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of few aligned nanofibers whose orientation in the rubber matrix is different. Besides, TEM analysis
of the composites shows that only the modified Sep fibers succeed in disrupting the tactoid
interactions and favor the formation of a filler network.
The filler self-assembly in these nanostructures provides larger amounts of overlapping rubber
layers at the filler–rubber interface, as confirmed by the improvement of the mechanical properties.
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Until now, it has been reported that clay particles, even if exfoliated and well dispersed, are not
able to significantly interact with the rubber matrix. In fact, the mechanical properties in rubber-clay
NCs, achieved without chemical bonds between the polymer and filler, have been mainly attributed to
the geometric effect of stiff and well-dispersed filler particles.
In order to calculate fH Sep , the presence of TDAE oil had to be taken into account, assuming an
average hydrogen content of 10% (H%, wt/wt) of this oil. It was verified that by varying H% in the
range of 9–11%, the calculated values of the different proton fractions remain within the experimental
error. TDAE was added in the same amount to all the samples, and its contribution did not substantially
affect the differences in terms of the amount of rigid rubber observed among the samples.
Therefore, the reinforcement mainly benefits from the increased modulus of the percolated
mechanical network as compared to the soft matrix. On the contrary, the modification of the Sep
fibers introduces a better interaction with the matrix, in particular for the NS-SilSepS9 sample and the
formation of immobilized rubber, as demonstrated by NMR, thus reducing the dissipative process in
the rubber NCs, as evidenced by the DMTA analysis (see Section 3.1).
In addition, the self-assembly of nanosized Sep particles allows the organization of anisotropic
fibers in filler superstructures where rubber chains are immobilized in the inter-particle region (see TEM
and AFM analysis).
3.3. TEM and AFM Morphological and Nanomechanical Property Analysis of Sep/SBR PNCs
Although reported in a previous paper [19], some novel TEM images of V-NS-SepS9/SBR and
V-NS-SilSepS9/SBR samples are reported, in order to more easily discuss the effects of the particle size
and self-assembly on the rubber matrix (Figure 6). V-SepS9/SBR shows a uniform distribution and a
continuous network of Sep particles (a in Figure 6). In V-NS-SepS9/SBR and V-NS-SilSepS9/SBR, after
acid treatment, the AR of the particles decreases and a preferential alignment occurs along their main
axis (b and c in Figure 6). This leads to the formation of domains of few aligned nanofibers whose
orientation in the rubber matrix is different. Besides, TEM analysis of the composites shows that only
the modified Sep fibers succeed in disrupting the tactoid interactions and favor the formation of a
filler network.
The filler self-assembly in these nanostructures provides larger amounts of overlapping rubber
layers at the filler–rubber interface, as confirmed by the improvement of the mechanical properties.
Further evidence on the filler–rubber interactions occurring in the presence of surface modified
Sep fibers were gained by investigating the PNCs morphology and the rubber/Sep fiber interface by
AFM on fresh surfaces after freeze-fracturing the materials.
In the context of these experiments, it should be taken into consideration that the preparation of
these freeze fractured specimens could cause the cutting of fibers, lowering the probability that fiber
particles completely lie on the fractured surface.
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the self-assembled
filler
enhancesfiller
the
In
the larger
amount
bounded rubber
at the
interface
in structures
the self-assembled
amount of enhances
overlapping
layers
and thus improves
mechanical
properties.
structures
therubber
amount
of overlapping
rubber the
layers
and thus
improves the mechanical
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Thus,
thesignal
PFT AFM
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is a convolution
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used to properties,
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intodissipation,
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and adhesion.
Thus,
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AFM
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as determined
by fittingFigure
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Figure 8.8.TM
TMtopographic
topographicand
and
phase
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the cured
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(a,c) V-SepS9/SBR
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Figure
phase
images
of the
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(a,c) V-SepS9/SBR
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(b,d)V-NS-SilSepS9/SBR.
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white
scale
bar
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1.0
μm.
The
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is
100
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and
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phase
scale
is
V-NS-SilSepS9/SBR. The white scale bar is 1.0 µm. The Z-range is 100 nm and the phase scale is
25
degrees.
25 degrees.
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to the
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of filler/rubber interactions that affect the entire bulk, in line with the improvement of hysteretic
behavior. It is worthy to note that until now, the reinforcement in rubber-clay PNCs has been mainly
attributed to the geometric effect of stiff and well-dispersed filler particles.
Morphological investigation showed that only the Sep fibers, able to interact with the rubber at the
interface and that display reduced particle dimensions, succeeded in disrupting the tactoid interactions
and favor self-assembly fibers in nanostructures inside the rubber matrix. This provides a larger amount
of immobilized rubber at the filler–rubber interface, further enhancing the amount of overlapping
rubber layers and thus improving the mechanical properties, as confirmed by AFM analysis.
The results of this integrated multi-technique approach indicate that the macroscopic mechanical
properties of clay-based PNCs can be remarkably enhanced by self-assembled filler domains, whose
formation and structure can be controlled by manipulating the chemistry at the hybrid interfaces
between the filler particles and the polymers.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/4/486/s1,
Table S1: Weight (w, %) and T2 values of the proton fractions, Table S2: Standard samples with known hydrogen
content (H%, wt%), Figure S1: Calibration curve for the dependence of the total 1H FID intensity, Table S3: Results
of the analysis of the 1 H FID’s recorded for the pure Sep fillers, Figure S2: Tapping Mode topographic and phase
images of cured composites V-SepS9/SBR, Figure S3: Intermodulation AFM phase images of V-NS-SepS9/SBR.
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Platz, D.; Thoĺn, E.A.; Pesen, D.; Haviland, D.B. Intermodulation atomic force microscopy. Appl. Phys. Lett.
2008, 92, 153106. [CrossRef]
Chartoff, R.P.; Menczel, J.D.; Dillman, S.H. Dynamic Mechanical Analysis (DMA), John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2008; ISBN 9780471769170.
Joseph, P.V.; Mathew, G.; Joseph, K.; Groeninckx, G.; Thomas, S. Dynamic mechanical properties of short sisal
fibre reinforced polypropylene composites. Compos. Part A Appl. Sci. Manuf. 2003, 34, 275–290. [CrossRef]
Mark, J.E.; Erman, B.; Roland, M. The Science and Technology of Rubber; Elsevier: Amsterdam, The Netherlands,
2013; ISBN 9780123945846.
Martini, F.; Borsacchi, S.; Geppi, M.; Tonelli, M.; Ridi, F.; Calucci, L. Monitoring the hydration of MgO-based
cement and its mixtures with Portland cement by 1H NMR relaxometry. Microporous Mesoporous Mater. 2018,
269, 26–30. [CrossRef]

Nanomaterials 2019, 9, 486

29.
30.

31.

32.
33.

34.

19 of 19

Hansen, E.W.; Kristiansen, P.E.; Pedersen, B. Crystallinity of Polyethylene Derived from Solid-State Proton
NMR Free Induction Decay. J. Phys. Chem. B 2002, 102, 5444–5450. [CrossRef]
Martini, F.; Borsacchi, S.; Geppi, M.; Ruggeri, G.; Pucci, A. Understanding the aggregation of
bis(benzoxazolyl)stilbene in PLA/PBS blends: A combined spectrofluorimetric, calorimetric and solid
state NMR approach. Polym. Chem. 2014, 5, 828–835. [CrossRef]
Tadiello, L.; D’Arienzo, M.; Di Credico, B.; Hanel, T.; Matejka, L.; Mauri, M.; Morazzoni, F.; Simonutti, R.;
Spirkova, M.; Scotti, R.; et al. The filler–rubber interface in styrene butadiene nanocomposites with
anisotropic silica particles: morphology and dynamic properties. Soft Matter 2015, 11, 4022–4033. [CrossRef]
Gusev, A.A. Micromechanical Mechanism of Reinforcement and Losses in Filled Rubbers. Macromolecules
2006, 39, 5960–5962. [CrossRef]
Li, Y.; Moll, J.; Schadler, L.S.; Liu, H.; Kumar, S.K.; Panagiotopoulos, A.Z.; Ilavsky, J.; Benicewicz, B.C.;
Pryamitsyn, V.; Ganesan, V.; et al. Anisotropic self-assembly of spherical polymer-grafted nanoparticles.
Nat. Mater. 2009, 8, 354–359.
Derjaguin, B.V.; Muller, V.M.; Toporov, Y.P. Effect of contact deformations on the adhesion of particles.
J. Colloid Interface Sci. 1975, 53, 314–326. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

