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A B S T R A C T

The present study provides a comprehensive investigation at the micro and nanoscale of the interface between
hybrid SiO2@POSS nanofiller, where silica nanoparticles (NPs) and POSS nanocages are intimately inter-
connected, and Styrene Butadiene Rubber (SBR). SEM and AFM inspection and, more in depth, solid state 1H
NMR revealed a remarkable fraction of rigid rubber close to the SiO2@POSS surfaces, which increases with the
curing temperature. Instead, a reduced amount of immobilized rubber was detected for SBR/SiO2+POSS na-
nocomposites, obtained by simply mixing SBR, SiO2 and POSS.

The results allowed us to propose a model for the network formation in C-SBR/SiO2@POSS.
This is based on the progressive activation by dicumylperoxide (DCP) of the methacryl functionalities of POSS

nanounits which, being closely connected to SiO2 NPs in SiO2@POSS, promote crosslinking in proximity of the
filler surfaces, and lead to the generation of a tight network strongly bonded to the rubber chains.

1. Introduction

Rubber nanocomposites are important technological materials that
received increasing interest in recent decades owing to their tunable
mechanical properties and broad applications [1–3]. In particular,
rubber nanocomposites are the dominating materials in tires due to
their excellent mechanical features, dimensional stability, flame re-
tardancy, improved scratch and mar resistance, superior thermal and
processing properties, reduced warpage of components and enhanced
impact resistance [1–8]. The extent of these properties depends on the
viscoelastic properties of the rubber composites, which are related to
filler type and amount, filler particle size and shape (aspect ratio),
particle aggregation in the matrix (filler-filler interaction) and inter-
facial adhesion between filler and polymer chains (filler-rubber inter-
action). These characteristics determine the formation of a percolative
filler network in the rubber matrix, which is essential for providing
effective reinforcement [9–11].

In this respect, we have recently reported [12] on the promising
properties of polyhedral oligomeric silsesquioxanes (POSS) [13–15]
used as molecular nanofillers together with SiO2 nanoparticles (NPs).

They were able to enhance simultaneously the filler networking and the
filler-rubber interaction in rubber composites for tires.

The hybrid NPs were then used to prepare, by ex-situ blending,
styrene butadiene rubber (SBR) nanocomposites which, after DCP
curing, display outstanding mechanical strength and reduced hyster-
esis, becoming very suitable for application in tires. Moreover, com-
paring the performance of SBR/SiO2@POSS to that of composites pre-
pared by mixtures of SiO2 and OctaMethacrylPOSS in the polymer
matrix (SBR/SiO2+POSS), showed that the functionalization of silica
surface with POSS determines a more positive effect on the modulus
and reduces the hysteresis. These properties have been associated so far
with the peculiar hybrid structure of SiO2@POSS filler, in which silica
NPs aggregates are partially interconnected and surrounded by a thin
shell of POSS nanounits which, thanks to their high number of reactive
functionalities, seem to promote the formation of “sticky regions”
among the silica aggregates and, consequently, a tight filler network
wherein rubber is immobilized [12].

Nevertheless, further morphological and physico-chemical evidence
should be provided in order to explain, at the molecular level, the filler-
rubber interactions occurring in the presence of SiO2@POSS hybrid NPs
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and their role in modulating network formation and composite me-
chanical properties.

With this aim, the present study provides a comprehensive in-
vestigation at the micro and nanoscale of the interface between SiO2@
POSS and polymer chains, checking the filler adhesion in cured SBR/
SiO2@POSS composites by Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM) [16–19], and monitoring the changes
in the rubber segmental dynamics by both low-field and high-field solid
state Nuclear Magnetic Resonance spectroscopy (1H-NMR) [11,20–27],
as well as in comparison to the SBR/SiO2+POSS system. In this regard,
solid state NMR spectroscopy provides clear information about the
changes in polymer chain structure and dynamics, and its application in
the study of rubber nanocomposites can afford in depth information on
the nature and strength of the interfacial interaction between the
elastomer blocks and filler nanounits in the final materials.

As both the filler distribution and networking are clearly influenced
by the curing with DCP, which activates the POSS functionalities, the
interfacial properties of the composites have also been evaluated after
curing at increasing temperatures, i.e. starting when the peroxide is in
principle less reactive and the curing process is at the early stages, to-
ward the optimum conditions at which it is surely active and the curing
is nearly complete [28].

Finally, the macroscopic properties of the composites have been
assessed by determining their curing profiles and their mechanical be-
havior by Dynamic Mechanical Thermal Analysis (DMTA) and tensile
stress–strain tests, which allowed us to evaluate their performance
under a range of deformations [29,30].

2. Experimental

2.1. Materials

SiO2@POSS synthesis: Silica Rhodia Zeosil MP1165;
OctaMethacrylPOSS (POSS) from Hybrid Plastics; 3-(Trimethoxysilyl)
propylmethacrylate 98% (TMMS), DCP from Alpha Aesar.

Compounding: SBR SLR 4630 from Styron Europe GmbH had 25 wt.
% of styrene, 63 wt. % of vinyl groups and 37.5 phr of aliphatic ex-
tension oil; antioxidant N-(1,3-dimethylbutyl)-N′-phenyl-p-pheny-
lendiamine (6PPD) Santoflex-6PPD was purchased from Flexsys; zinc
oxide from Zincol Ossidi; stearic acid Stearina TP8 from Undesa.

2.2. Preparation and morphological characterization of SiO2@POSS hybrid
filler

SiO2@POSS hybrid filler was prepared by the double-step functio-
nalization procedure reported in the previous work [12]. Firstly, SiO2

(30 phr, i.e. parts of hundreds of rubber) were functionalized with
20 wt.% of TMMS with respect to silica in a methanol/water solution
(4/1 v/v); secondly SiO2-TMMS NPs were suspended in toluene
(150mL) and then POSS nanounits (10 wt.%) were introduced into the
solution in the presence of a suitable amount of DCP (2 wt.%, molar
ratio POSS/DCP=20/1). The peroxide promotes the activation of the
methacrylate groups of both silane and POSS units, favoring the an-
choring of the nanocages onto the silica surface and their partial con-
densation to form, possibly, nanometric networks [29].

Morphological characterization of SiO2@POSS and SiO2 TMMS
powder was performed on a Jeol 3010 HRTEM operating at 300 kV with
a high-resolution pole piece (0.17 nm point to point resolution) and
equipped with a Gatan slow-scan 794 CCD camera.

Nitrogen physisorption measurements on SiO2-TMMS and SiO2@
POSS hybrid filler were carried out by a Quantachrome Autosorb-1
apparatus [32,33]. The specific surface area (SSABET, BET method) was
measured after evacuation at 150 °C for 16 h.

2.3. Preparation of uncured and cured nanocomposites

In order to prepare uncured rubber nanocomposites, SiO2@POSS
hybrid filler was mixed by ex-situ blending with SBR in a Brabender
Plasti-corder lab station (mixing chamber of 50mL, filling factor of 0.7)
[12].

SBR polymer (32.0 ± 0.5phr) was first introduced into the mixer
and plasticized for 30 s at 60 RPM at 145 °C, then 30phr of SiO2-TMMS
or 33phr SiO2@POSS hybrid filler was introduced, mixed for about
4min and then discharged.

Vulcanization chemicals were then added to the composites in two
further steps. Firstly, stearic acid (2 phr), zinc oxide (3.5 phr) and 6-
PPD (2 phr) were mixed with the obtained composites at 60 rpm for
5min at 145 °C. Successively, DCP (1.5 phr) was introduced at a
working temperature of 90 °C and by mixing at 60 rpm for 3min.

Since both the filler networking and distribution are related to the
DCP during the curing process, composites have been cured at different
temperature. In detail, cured composites were obtained by vulcaniza-
tion using a hydraulic press at 155 °C, 170 °C and 185 °C for 10min
running time under a pressure of 200 bar. Hereafter, cured nano-
composites are labelled as C-SBR/SiO2@POSS_X where X refers to the
different curing temperature.

In order to find a relation between the peculiar structure of the
SiO2@POSS hybrid filler and the features of the resulting composites,
the properties of SBR/SiO2@POSS, both uncured and cured, were
compared to those of nanocomposites prepared by simply mixing SiO2,
TMMS and OctaMethacrylPOSS in the same polymer matrix, under the
same experimental conditions (i.e. curing chemicals, temperature, rotor
speed) described above.

Uncured and cured SBR/SiO2+POSS composites were prepared by
blending SBR with a filler mixture composed by SiO2 Rhodia (30 phr), a
TMMS coupling agent (2 phr) and 10phr of OctaMethacrylPOSS. These
composites, before and after curing, are labelled as SBR/SiO2+POSS
and C-SBR/SiO2+POSS_X, respectively, where X refers to the different
curing temperature. A reference material without any filler was pre-
pared by the same experimental conditions (i.e. curing chemicals,
temperature, rotor speed) described above. These composites, before or
after curing, are labelled as SBR pure or C-SBR pure, respectively.

2.4. Morphological characterization of silica nanofillers and silica–SBR
nanocomposites

Morphological study of both uncured and cured SBR/SiO2@POSS
and SBR/SiO2+POSS composites was carried out by Transmission
Electron Microscopy (TEM) with a Zeiss EM 900 microscope working at
an acceleration voltage of 80 kV. Ultrathin sections (about 50 nm thick)
of composites were obtained with a Leica EM FCS cryo-ultramicrotome
equipped with a diamond knife (samples kept at −130 °C).

Light microscopy (LM) was employed to visualize the overall mor-
phology of the cured composites. Two LM microscopes were used:
stereomicroscope SMZ-2T (Nikon) for the lowest magnifications and the
highest depth-of-focus, and wide-field light microscope Nikon Eclipse
80i (Nikon) for higher magnifications up to 40× . The surface of the
samples was observed directly in reflected light. Under these condi-
tions, the micrographs showed brighter agglomerates of the fillers on
darker background.

The investigation of the interfacial adhesion between hybrid nano-
filler and rubber of the nanocomposites cured at different temperature
was carried out by SEM using Microscope Quanta 200 FEG (FEI). The
samples were fractured in liquid nitrogen, sputtered with a thin pla-
tinum layer (4 nm of Pt, deposited using vacuum sputter coater SCD 050
(Leica)) and observed at an accelerating voltage 30 kV using both sec-
ondary electrons detector (SE) and backscattered electrons detector
(BSE). SE and BSE micrographs showed mostly topographic and mate-
rial contrast, respectively.

The investigation of the topography and the heterogeneity relief was
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done using an atomic force microscope (Dimension Icon, Bruker),
equipped with a SSS-NCL probe, Super Sharp SiliconTM – SPM-Sensor
(NanoSensorsTM Switzerland; spring constant 35 Nm−1, resonant
frequency≈ 170 kHz). The analysis was performed on fresh surfaces
after freeze-fracturing the materials to obtain “cross-sectional images”
under ambient conditions using the tapping mode AFM technique. In
these conditions it is possible to investigate the topography and het-
erogeneity of the composite from the nano to micrometer level. The
scans covered the sizes from 1×1 to 20× 20 μm2. Investigation on the
crude materials was not possible because of their high stickiness.

2.5. Solid state NMR characterization of silica nanofillers and silica–SBR
nanocomposites

High-resolution solid-state NMR spectra were recorded using a
Bruker Avance III HD 500 WB/US NMR spectrometer (Karlsruhe,
Germany, 2013) in a double-resonance 4-mm probehead. In all cases,
the samples were placed into the thick-wall 4-mm ZrO2 rotors (o.d.).
The 13C cross-polarization (CP) magic angle spinning (MAS) NMR
spectra were recorded with a MAS frequency ωr/2π=11 kHz, B1(13C)
field nutation frequency of 62.5 kHz, a contact time of 1.75ms and a
repetition delay of 4 s. During the data acquisition, a high-power di-
polar decoupling SPINAL64 was applied. The applied nutation fre-
quency of B1(1H) field for decoupling was ω1/2π=89.3 kHz. The de-
coupling flip-pulse length was 3.4 μs. The 13C NMR scale was calibrated
with glycine as an external standard (176.03 ppm – low-field carbonyl
signal). The signal assignment was performed according to literature
data. 1H NMR spectra were recorded at the MAS frequency ωr/
2π=15 kHz as well as under static conditions. The static 1H NMR
spectra were simulated, decomposed to individual spectral component
in order to determine the amount of rigid domains and to probe degree
of immobilization of polymer segment by determining signal line-
widths. To compensate for frictional heating of the spinning samples, all
NMR experiments were measured under active cooling. The sample
temperature was maintained at 305 K. Precise temperature calibration
was performed on Pb(NO3)2 using a calibration procedure described in
literature [34].

Low-resolution solid-state NMR experiments were carried out on a
Stelar PC-NMR spectrometer coupled with a Niumag permanent magnet
working at a Larmor frequency of 20.8MHz for 1H nuclei. 1H Free
Induction Decays (FIDs) were recorded under on-resonance conditions
by means of a solid echo pulse sequence, and short, solid-like spin-spin
relaxation times were obtained by means of a discrete analysis of the
FID. In order to obtain more accurate values of the weights of the FID
components, Solid Echo (SE) measurements at different echo delays
were performed within an echo delay range of 13–31 μs, and the
weights obtained at the different delays were extrapolated to zero
delay. Long, liquid-like spin-spin relaxation times were determined by
means of the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence, using
an echo delay of 13 μs. A relaxation delay of 1 s and 200 scans were
always used. The temperature was always in the range 24–26° C. The
90° pulse duration was 3 μs.

2.6. Rheological analysis and tensile tests

Curing profiles were measured with a moving die rheometer (RPA
2000, Alpha Technological) under the following conditions:± 1° os-
cillation angle, 155, 170 and 185 °C curing temperatures, 4.3 bar
pressure and 10min running time.

DMTA of C-SBR/SiO2@POSS_X, C-SBR/SiO2+POSS_X, C-SBR/SiO2-
TMMS and C-SBR pure was performed by an Ares G2 apparatus (TA
Instruments) by applying a shear stress mode. The temperature de-
pendence of the complex shear modulus of rectangular samples
(5× 1×0.25 cm3) was measured by oscillatory shear deformation at a
frequency of 1 Hz and at the heating rate of 3 °C min−Tensile tests were
carried out using an Instron 5800 apparatus at 25 °C and a crosshead

speed of 50mmmin−1. For each sample, five dumbbell samples were
tested and the average value was evaluated.

3. Results and discussion

3.1. Spectroscopic and morphological characterization of SiO2-TMMS and
SiO2@POSS hybrid nanofillers

The NMR and morphological characterizations of SiO2-TMMS and
SiO2@POSS fillers reported in a previous paper [12] are here re-
produced to more deeply discuss the capability of POSS anchored SiO2

NPs in enhancing the nanocomposite mechanical properties, compared
to the simple SiO2 + POSS NPs.

Specifically, 13C CP/MAS NMR spectroscopy was used to determine
the organic composition of SiO2-TMMS and SiO2@POSS hybrid nano-
filler, whose spectra with the labelling scheme and the signal assign-
ment [34–36] are presented in Fig. 1, and discussed in comparison with
the NMR spectrum of the pristine TMMS reported in our previous study
[12].

In SiO2-TMMS spectrum (Fig. 1 top) the signals due to the pro-
pylmethacrylate chains (5, 6, 7) are clearly detectable as well as the
resonances 1 and 2 ascribable to the vinyl carbon (H2C= ) available for
the further reaction with POSS. In the 13C spectrum of SiO2@POSS, the
reaction between the acrylate functions of TMMS and POSS, activated
by DCP, leads to the appearance of the peaks 2a at 45 ppm and 1a in the
range 52–56 ppm, both attributed to -CH2-based chains formed through
polymerization. The downfield shift (of about 8 ppm) of the carbonyl
peak 4, compared to the resonance found at 167.2 ppm in the unreacted
acrylate chains of TMMS (see ref. 12), further confirms the successful
polymerization. Finally, in SiO2@POSS, weak signals in the range
110–150 ppm can be easily detected (signals 1 and 2 at 125.1 and
137.4 ppm, respectively), suggesting the presence of residual C]C
bonds which should be available for the cross-linking reactions with
rubber chains during the curing of the composites. Residual CH3-O-
groups reflected by very weak signals at ca. 50 ppm then indicate nearly
complete hydrolysis of Si-O-CH3 units.

As reported in the previous paper [12], TEM investigation showed
that pure SiO2-TMMS is constituted by large agglomerates, where the
NPs are aggregated (Fig. S1a, Supporting Information). After functio-
nalization with POSS units (SiO2@POSS), the silica NPs boundaries
appear less defined than in pure silica (Fig. S1b). This effect is related to
the presence of POSS domains on the particle surface which, after

Fig. 1. 13C CP/MAS NMR spectra of SiO2-TMMS and SiO2@POSS nanofillers.
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activation of the methacryl functionalities by DCP, may induce further
NPs aggregation in the composite.

Nitrogen physisorption experiments were performed on bare SiO2,
SiO2-TMMS and SiO2@POSS nanoparticles in order to highlight the
effect of functionalization on the aggregation/porosity of the fillers. In
particular, the adsorption−desorption isotherms of pristine silica and
SiO2@POSS samples are reported in Fig. 2.

SiO2 NPs display a type II Brunauer isotherm, typical of micro-
porous materials, and a relatively high specific surface area (SSABET) of
168.6 ± 3.4m2 g−1. Conversely, SiO2@POSS shows a Type III iso-
therm, characteristic of non porous systems. Accordingly, a remarkable
reduction of the surface area is detected for this sample
(SSABET= 8.2 ± 0.2m2 g−1). Similar behaviour was observed for
SiO2-TMMS NPs with SSABET= 29.0 ± 0.6m2 g–1 (isotherm not
shown) [32,33].

These results may be explained by the outgassing treatment at
150 °C undergone by the samples before the measurements (see
Experimental). This thermal activation may promote partial reactivity
among the methacryl functionalities of POSS units in SiO2@POSS, thus
increasing the aggregation and leading to large filler agglomerates,
which reduce the specific surface area.

3.2. Morphological characterization of C-SBR/SiO2@POSS and C-SBR/
SiO2+POSS nanocomposites

In order to provide a comprehensive overview on a large scale of the
sample morphology, the characterization of SBR/SiO2@POSS and SBR/
SiO2+POSS nanocomposites cured at 170 °C was performed by light
microscopy (LM).

The images show that C-SBR/SiO2@POSS_170 is constituted by very
large agglomerates of micrometric dimensions, inhomogeneously dis-
tributed through the rubbery matrix (Fig. 3a), while C-SBR/
SiO2+POSS_170 is constituted by smaller aggregates, well dispersed in

the polymer matrix (Fig. 3b). These results are in agreement with the
previously reported TEM investigation [12].

Thus, LM investigation seems to confirm the suggestion that the
hybrid SiO2@POSS NPs promote the formation of a tight filler network
which immobilizes the filler in rubber, affording relevant reinforce-
ment. However, further evidence must be provided to shed light on the
filler-rubber interactions occurring in the presence of SiO2@POSS hy-
brid filler, and to their role in modulating the final composites prop-
erties.

With this aim, a careful characterization of C-SBR/SiO2+POSS_170
and C-SBR/SiO2@POSS_170 nanocomposites cured nanocomposites by
SEM and AFM microscopy was performed, focusing on the study at the
micro and nanoscale level of the adhesion and formation of rigid rubber
domains at the interface between filler and rubber [16–19,37].

The samples were frozen rapidly in liquid nitrogen and cracked on a
plane in order to investigate the surface structure of the sample along
the fracture (i.e. freeze fracturing).

Fig. 4 reports the SEM images collected for the two composites. C-
SBR/SiO2+POSS_170 shows a sharper interface with evident bound-
aries between the two phases (Fig. 4a and inset), while C-SBR/SiO2@
POSS_170 exhibited a continuous surface (Fig. 4b). Moreover, SiO2@
POSS hybrid NPs appears to be covered by the polymer on the fractured
surface, and the interfacial adhesion between the filler and the polymer
seems to be enhanced.

Under the hypothesis that both the filler networking and the dis-
persion are related to the DCP-activated reactivity of POSS and TMMS
functionalities [31], SEM images have been collected for composites
cured at: i) 155 °C, temperature at which the peroxide is less reactive
and the curing is at the early stages; ii) 170 °C, i.e. the optimum tem-
perature for DCP activation and curing; iii) 185 °C, a temperature at
which the peroxide is completely reacted [26] (see curing properties in
Section 3.3 and Fig. S4 in Supporting Information).

Fig. 2. Adsorption–desorption isotherm at liquid nitrogen temperature of: a) pristine SiO2 and b) SiO2@POSS hybrid nanofiller.

Fig. 3. LM images of a) SBR/SiO2@POSS and b) SBR/SiO2+POSS cured at 170 °C.
Fig. 4. SEM images at different magnifications of: a) C-SBR/SiO2+POSS and b) C-SBR/
SiO2@POSS nanocomposites cured at 170 °C.
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The SEM micrographs of C-SBR/SiO2+POSS and C-SBR/SiO2@
POSS nanocomposites acquired at increasing curing temperature are
summarized in Fig. 5. In detail, C-SBR/SiO2@POSS_155 and C-SBR/
SiO2+POSS_155 nanocomposites show sharp interfaces with significant
boundaries between the two phases (Fig. 5 a, d). Moreover, the filler
surface appears poorly penetrated by the rubber matrix, indicating
weak adhesion between particles and polymer chains (Fig. 5 a, red
line). This behaviour may be explained considering that, under these
curing conditions, DCP is poorly active, and thus methacryl function-
alities of both POSS and TMMS do not interact with the vinyl groups of
SBR, causing weak filler-rubber interactions.

At 170 °C, i.e. the optimum activation temperature for DCP, the C-
SBR/SiO2+POSS_170 nanocomposite show again phase separation and
poor adhesion between filler and polymer (Fig. 5e). Instead, the C-SBR/
SiO2@POSS_170 sample exhibits continuous surfaces where the SiO2@
POSS hybrid nanofillers appear to be homogeneously covered by
rubber, with remarkable interfacial adhesion (Fig. 5b dotted red line).
This behaviour is more clearly detectable in the SEM images collected
after curing at 185 °C (Fig. 5c dotted red line).

The overall SEM results show enhanced interfacial adhesion in SBR/
SiO2@POSS nanocomposites, suggesting a peculiar filler networking
induced by the presence of the POSS nanounits, especially when they
are grafted to silica in SiO2@POSS, and mediated by DCP activation.

The interfacial adhesion, in term of rubber covering, of SBR/SiO2@
POSS nanocomposites subjected to different curing temperatures was
also investigated by AFM operating in tapping mode in air, and re-
ported in Fig. 6.

The image of C-SBR/SiO2@POSS_155 composite (Fig. 6a), shows
inhomogeneous dispersion of filler particles with small contact zone
between the neighbour particles.

In the composite cured at 170 °C (conventional curing temperature),
SiO2@POSS NPs appear significantly aggregated and better covering of
the filler (bright part) by rubber (dark part) is observed (Fig. 6b). Fi-
nally, in C-SBR/SiO2@POSS_185, most of the filler particles are
homogeneously covered by rubber (Fig. 6c). The AFM results, besides
corroborating those obtained by SEM, suggest that the presence of

SiO2@POSS hybrid NPs actually generates a peculiar filler networking
during the curing of the nanocomposites. This can be associated to the
DCP-activated cross-linking action of the POSS nanocages anchored to
SiO2 NPs, which supplies remarkable compatibility with the polymer
matrix and seems to favour rubber covering at the surface or even in-
side silica aggregates.

The AFM images of C-SBR/SiO2+POSS_X are reported in Fig. 6
(bottom). In these composites, silica NPs form small nanometric ag-
gregates which are very uniformly dispersed in the matrix and only
partially interconnected. This behaviour is clearly detectable in the
images collected after curing at the highest temperatures (i.e. 170 °C
and 185 °C). Moreover, by comparing the interfacial adhesion in C-SBR/
SiO2+POSS_185 (Fig. 6f) with that in C-SBR/SiO2@POSS_185 (Fig. 6c),
it is evident a lower interaction between the filler and the rubber matrix
for the composite obtained by simple mixing SiO2, TMMS and POSS, as
assessed by the prevalence of the bright spots in the images. This is in
agreement with SEM results (Fig. 5b and c) and confirms the better
adhesion between the two phases in SBR/SiO2@POSS compared to
SBR/SiO2+POSS (Fig. 5e and f) nanocomposites and, in turn, the key
role of SiO2@POSS NPs in the cross-linking action at the surface or even
inside these aggregates.

3.3. 1H solid-state NMR characterization of C-SBR/SiO2@POSS and C-
SBR/SiO2+POSS nanocomposites

In order to investigate the dynamic properties of the rubber and, in
particular, the immobilization of the rubber in proximity to the hybrid
filler surfaces at the nanoscale level, a low-resolution solid state 1H
NMR study [11,20–27] was carried out, in analogy to SEM and AFM, on
SBR/SiO2@POSS and SBR/SiO2+POSS composites, the former also
subjected to different curing temperatures.

The analysis of 1H FIDs, recorded at low field under on resonance
conditions by the solid echo (SE) [20] pulse sequence, by means of a
nonlinear least squares fitting procedure, using a linear combination of
suitable functions, allows the determination of the number and amount
of domains with different degree of mobility present in a sample.

Fig. 5. a), b) and c) SEM images of C-SBR/SiO2@POSS and d), e) and f) of C-SBR/SiO2+POSS cured at different temperatures (155, 170 and 185 °C).
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The analytical function used in the FID fitting procedure can be
written as:

∑=F t w F t T( ) ( , )
i

i i i2

where F(t) is normalized so as to be F(0)= 100.
The functions Fi which may be used to fit the FID are typically ex-

ponential, Gaussian, Weibullian, Pake and Abragamian. Each Fi is
characterized by a different spin-spin relaxation time, T2i, related to the
molecular mobility of the system, and a weight percentage, wi, ideally
representing the percentage of protons belonging to the i-th domain.

For all the samples studied here, the best fits of the SE FIDs, re-
corded with an echo delay of 13 μs, were obtained using a combination
of a Gaussian and two exponential functions (an example is shown in
Fig. S2a).

The Gaussian spin-spin relaxation time, is always about 15–20 μs, a
value typical of protons in very rigid domains. Therefore, the Gaussian
component can be ascribed to all protons in the rigid environments
present in the sample, either arising from the rubber or the filler.
Regarding the two exponential functions, 1H T2's of about 100–130 and
440–500 μs were found for all the samples. Overall, they can be as-
signed to protons in more mobile environments and to the isolated
hydroxyl groups of the filler.

However, since the SE technique is not ideal to determine long re-
laxation times, CPMG relaxation curves were also acquired. For all
samples they were properly reproduced using a sum of three ex-
ponential functions, with corresponding T2 of about 80–130 (exp1,
weight ranging from 48 to 54%), 400–550 (exp2, weight of 17–33%)
and 2500–3500 μs (exp3, weight of 2–4%) (an example is shown in Fig.
S2b). These three exponential components gives a more reliable de-
scription of the non-rigid environments present in the samples. In
particular, exp1 and exp2 are indicative of a distribution of mobile
environments with slightly different mobility, mainly ascribable to the
polymeric matrix, while exp3 can be safely assigned to polymeric free
chain ends.

This interpretation is also supported by 1H static spectra recorded at
high magnetic field, reported in Fig. 7. Here, for all samples it can be

observed a superposition of a broad signal resonating at about 4.6 ppm,
arising from the rigid fractions of the samples and roughly corre-
sponding to the Gaussian component of the FID, and three narrow lines,
resonating at 7.0, 5.4, and 1.2 ppm, respectively ascribable to aromatic,
unsaturated and saturated aliphatic protons belonging to the flexible
fractions of the polymer, and roughly corresponding to the exponential
components observed in the CPMG experiment. Typical decomposition
of the static spectrum of C-SBR/SiO2+ POSS system on the broad and
narrow components including probehead background is demonstrated
in the bottom part of Fig. 7.

In order to more reliably determine the weight of the Gaussian
component found in SE FIDs, a procedure of extrapolation to zero echo
delay was applied by fitting the trend of the intensities of the Gaussian
and exponential components recorded at different values of the echo
delay. Such procedure, applied to C-SBR-SiO2@POSS_170, allowed us
to determine suitable scaling factors to correct the weight percentages
obtained from the fitting of the FID recorded with an echo delay of
13 μs: these scaling factors were also applied to the other samples, re-
lying on the fact that all the FIDs were very similar. Gaussian weights
ranging from 10 to 30% were obtained, reported in Table 1 along with
the weights of the three exponential components found by the analysis
of CPMG curves. Although the integrals of the 1H static spectra re-
corded at high field are not strictly quantitative, the ratio between the
integral of the broad signal at 4.6 ppm and the total integral of the
spectrum (reported as supplementary information, Table S2) shows a
trend similar to that of the Gaussian weight percentage obtained by 1H
FID analysis.

As previously stated, the weight percentage of the Gaussian com-
ponent is ascribable to all the rigid components of the samples, in-
cluding those contained in the filler. In order to separate the con-
tributions from the rubber and filler, i.e. to determine the percentage of
rigid rubber with respect to the total content of rubber, we further
analyzed the experimental data using the following procedure: (a) a
calibration curve 1H solid echo signal intensity/sample weight vs. 1H
weight percentage was built using several weighted standard samples at
known composition (see supplementary info – Table S1 and Fig. S3); (b)
the 1H weight percentage in the two pure fillers (SiO2-TMMS and

Fig. 6. a), b) and c) AFM images of C-SBR/SiO2@POSS and d), e) and f) of C-SBR/SiO2+POSS cured at different temperatures (155, 170 and 185 °C).
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SiO2@POSS) was determined through the calibration curve, after
measuring the 1H solid echo signal intensity/sample weight for the pure
fillers (see supplementary info – Table S3); (c) the proton fractions in
rigid environments (Gaussian component) in the pure fillers was de-
termined by 1H FID analysis (see supplementary info – Table S3); (d)
the contribution to the Gaussian component of the 1H FIDs in nano-
composites arising from protons in the fillers was estimated knowing

the amount of filler in the composites (35 phr) and assuming that the
dynamic properties of the filler did not change in passing from the pure
fillers to the nanocomposites; (e) the percentage of rigid rubber was
obtained from the 1H FID analysis by subtracting the contribution from
the filler estimated at step (d). The procedure above described could be
applied to all the investigated samples excluding C-SBR/SiO2+POSS,
for which obviously the amount of protons in rigid environments of the
filler could not be estimated.

The results are summarized in Table 2 and in Fig. 8. It can be ob-
served that the amount of rigid rubber, (fHrigidSBR∗ in Table 2), 10% in
the pure rubber (cured at 170 °C), increases to 16% in C-SBR/SiO2-
TMMS and further to 19, 25 and 27% to C-SBR/SiO2@POSS samples,
cured at 155, 170, and 185 °C, respectively. This clearly indicates that
the presence of the filler induces the formation of a remarkable amount
(from 6 to 17%) of rigid rubber, in addition to that already present in
the pure rubber.

Both the curing temperature and the filler type have a significant
effect in determining the amount of rigid rubber present in the final
material, being largest when POSS and the highest curing temperature
are used. In particular, the total fraction of protons in rigid environ-
ments increases with the curing temperature, and is in C-SBR/SiO2@
POSS cured at 170 and 185 °C compared to C-SBR/SiO2@POSS_155. A
similar trend has been observed for SBR/SiO2+POSS nanocomposites
(not shown). Interestingly, although the fraction of rigid rubber could
not be accurately estimated for C-SBR/SiO2+POSS, the total fraction of
rigid protons determined for this system (23%) was much lower than
that of C-SBR/SiO2@POSS cured at 170 and 185 °C.

Fig. 7. Static 1H NMR spectra of the C-SBR/SiO2@POSS, C-SBR/SiO2+ POSS C-SBR/
SiO2-TMMS composites and pure C-SBR cured at 170 °C. The spectrum of C-SBR/SiO2@
POSS_ 155 and C-SBR/SiO2@POSS_155 are also reported for comparison. Bottom panel
demonstrates decomposition of the static 1H NMR spectrum of C-SBR/SiO2+ POSS sys-
tems.

Table 1
Weights percentages (fH%) of the different components of the fitting functions derived
from the analysis of 1H FID obtained by solid echo (for the Gaussian component and the
sum of exponentials ones) and of the CPMG relaxation curves (individual exponential
components).

Solid echo/CPMG fH (%)

Sample Gau exp1 exp2 exp3

C-SBR_170 10 53 33 4
C-SBR-SiO2-TMMS 18 54 25 3
C-SBR-SiO2@POSS_155 22 48 26 4
C-SBR-SiO2@POSS_170 28 49 20 2
C-SBR-SiO2@POSS_185 30 51 17 2
C-SBR-SiO2+POSS_170 23 50 23 3

Table 2
Percentage of 1H nuclei (%H) in rigid environments, as determined by FID analysis using
the procedure described in the text: fractions of total protons in rigid environments
(fHrigidTOT), of protons in rigid environments of the sole filler (fHrigidfiller), of protons in
rigid environments of the sole rubber (fHrigidSBR) relative to the whole nanocomposite, and
fraction of protons in rigid environments of the sole rubber relative to the SBR component
(fHrigidSBR∗).

Sample %H (mol) relative to the composite %H (mol)
relative to
SBR only

fHrigidTOT fHrigidfiller fHrigidSBR fHrigidSBR∗

C-SBR_170 10 – – 10
C-SBR-SiO2-TMMS 18 3 15 16
C-SBR-SiO2@POSS_155 22 5 17 19
C-SBR-SiO2@POSS_170 28 5 23 25
C-SBR-SiO2@POSS_185 30 5 25 27
C-SBR-SiO2+POSS_170 23 – – –

Fig. 8. Fraction of rigid rubber determined by 1H FID analysis as described in the text.
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The above results are in agreement with the morphological and
adhesion properties of the composites. In particular, whilst C-SBR/
SiO2+POSS samples display sharper interfaces with evident boundaries
between the two phases, C-SBR/SiO2@POSS composites exhibit con-
tinuous surfaces and the filler aggregates appear to be highly covered
by the polymer (cfr. Figs. 4 and 5). This supports the remarkable im-
mobilization of rubber chains (i.e higher amount of rigid protons)
provided by SiO2@POSS hybrid NPs assessed by NMR.

Finally, the lower restricted mobility determined for SBR/SiO2@
POSS sample cured at 155 °C, compared to those cured at 170 and
185 °C, strengthens the idea that, at the lowest temperature, the
crosslinking between the methacryl groups of OctaMethacrylPOSS in
SiO2@POSS hybrid filler and rubber chains is weak, due to the in-
effective activation of dicumylperoxide. Consequently, the network
formation is hindered and very poor interfacial adhesion is detected
(cfr. Figs. 5 and 6) until the curing temperature is raised to optimum
(i.e. 170 and 185 °C), at which a gradual increase of the aggregation
among SiO2@POSS NPs probably occurs, leading to an enhanced
rubber chains immobilization at the surface or even inside these ag-
gregates.

3.4. Rheological properties and tensile tests

In order to get deeper insights into the influence of the peculiar
structure of the SiO2@POSS hybrid filler on the final composite prop-
erties, the curing profiles [38] and the mechanical features (DMTA
analysis) of SBR/SiO2@POSS and SBR/SiO2+POSS samples were de-
termined [39–41].

The curing kinetic of the nanocomposites was studied by measuring
the variation of viscosity with time, using the torque required to keep
the rotor rate constant. To obtain more specific information, some
useful physical parameters that can describe the structural character-
istics of the rubber composites were extracted from the rheological
curves: the minimum torque ML, i.e the torque measured at the scorch
time tS1, which is the time during which the rubber composite can be
manipulated before curing; the curing time tMH, i.e. the time required to
completely cure the composite; the maximum torque MH, which is the
torque measured when the reticulation can be considered complete.

In detail, SBR/SiO2@POSS_170 sample shows higher torque value
than SBR/SiO2+POSS_170 (Fig. S4 and Table 3), suggesting a larger
degree of rubber reticulation induced by the presence of SiO2@POSS
hybrid filler. This is in agreement with the morphological and NMR
results, pointing out that SBR/SiO2@POSS nanocomposites exhibit the
highest fraction of rigid domains and surface confined polymer chains.

As described above, the filler networking, interfacial adhesion and
rubber immobilization in the composites are remarkably influenced by
the curing temperature. Thus, curing curves were collected for com-
posites cured also at 155 and 185 °C (Fig. S5). As expected, the max-
imum torque increases with the curing temperature and becomes
maximum for the C-SBR/SiO2@POSS_185 sample, which evidences also
the lowest tMH. This validates the hypothesis that, at 155 °C, the per-
oxide is actually less reactive and the curing is at the early stages, while
at temperature above 170 °C DCP is fully reacted and the reticulation
can be considered complete.

In order to study these effects in depth, DMTA analysis [35–37] was

initially carried out on SBR/SiO2@POSS and SBR/SiO2+POSS samples
cured at 170 °C, i.e. the optimum temperature for DCP activation
(170 °C). The obtained results are summarized in Fig. 9.

In agreement with RPA measurements reported in our previous
study, both C-SBR/SiO2@POSS_170 and C-SBR/SiO2+POSS_170 in-
duce in the rubbery state higher modulus in comparison to the com-
posites containing exclusively silica and TMMS. Moreover, it must be
observed that C-SBR/SiO2@POSS exhibits better performance than C-
SBR/SiO2+POSS nanocomposite (Fig. 9a) This again witnesses the
better capability of the hybrid nanofiller in upgrading the mechanical
properties of SBR.

The same experiments have been also performed on nanocomposites
cured at 155 and 185 °C. The obtained results are summarized in
Fig. 9b, which shows the trend of the storage modulus for SBR/SiO2@
POSS and SBR/SiO2+POSS nanocomposites as a function of the curing
temperature. As expected, C-SBR/SiO2@POSS_170 and SBR/SiO2@
POSS_185 display higher moduli in comparison to the composite cured
at 155 °C. This suggests a gradual increase of aggregation among SiO2@
POSS NPs as the curing proceeds, leading to enhanced rubber chain
immobilization at the surface or even inside these aggregates, in ac-
cordance with both morphological and NMR results.

Instead, a minor dependence of the storage modulus values on the
curing temperature is observed for SBR/SiO2+POSS nanocomposites
(Fig. 9b, blue-line). This behaviour may be ascribed to the competition
in these materials, due to simply mixing silica, TMMS and POSS with
SBR, of the following simultaneous interactions: (i) POSS-POSS, ii)
POSS-TMMS, (iii) POSS-TMMS-Silica, (iv) POSS-SBR and (v) TMMS-
SBR.

These concurrent phenomena lead to the presence of more dispersed
and less compact filler aggregates weakly bonded with the polymer
chains (see SEM/AFM microscopy and NMR investigation), resulting in
G′ values still high but significantly lower than those of SBR/SiO2@
POSS nanocomposites cured under the same conditions.

Tensile tests were performed in order to further shed light on the
effects of the POSS incorporation on rubber nanocomposite, by evalu-
ating their behaviour under high deformation conditions [42]. Stress
strain profiles for cured C-SBR/SiO2@POSS_170 (red line), C-SBR/
SiO2+POSS_170 (blue line), C- SBR/SiO2-TMMS and C-SBR (black line)
composites are reported in Fig. 10.

Cured SBR rubber (Fig. 10 black line) shows high extensibility and
low modulus due to the absence of the filler. In this case, dicumylper-
oxide only activates the chain-chain cross-polymerization of vinyl
groups of the rubber, thus resulting in a low crosslinking density and,
consequently, in a low modulus and a high extensibility. Instead, the
presence of SiO2-TMMS filler leads to the rubber reinforcement but high
extensibility is still found.

Interestingly, the behaviour of C-SBR/SiO2@POSS_170 and C-SBR/
SiO2+POSS_170 nanocomposites (Fig. 10, red line and blue line re-
spectively) is remarkably different. In C-SBR/SiO2@POSS_170 nano-
composite, the aggregates are covered by rubber layer, and the polymer
chains are significantly immobilized, as determined by NMR. Accord-
ingly, the composite shows the highest modulus and the lowest ex-
tensibility and toughness (Fig. 10, red line). The same experiments have
also been performed on nanocomposites cured at 155 and 185 °C. As
expected, the obtained results show a decrease in extensibility in-
creasing the curing temperature (not shown).

Instead, in C-SBR/SiO2+POSS_170, POSS units are probably an-
chored to silica NPs with lower efficiency, and their grafting may occur
only during the curing process. This leads to the presence of more
dispersed filler aggregates, resulting only in a partial increase of the
modulus and to a higher extensibility compared to C-SBR/SiO2@
POSS_170 (Fig. 10, blue line). Similar behavior has been observed for
the other composites cured at 155 and 185 °C (not shown).

In order to better explain the above results, Fig. 11 shows a sche-
matic proposal of the network influence on the tensile properties in C-
SBR/SiO2@POSS and C-SBR/SiO2+POSS nanocomposites.

Table 3
Curing parameters for SBR nanocomposites.

Samples Min torque
(ML) (kPa)

Curing Time
(tMH) (min)

Max Torque
(MH) (kPa)

C-SBR/SiO2+POSS_170 5.9 6.3 18.3
C-SBR/SiO2@POSS_155 6.0 n.d. 19.7
C-SBR/SiO2@POSS_170 6.0 8.2 27.2
C-SBR/SiO2@POSS_185 6.2 4.1 27.7
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In detail, the dumbbell samples represent the specimens utilized for
the measurements; F is the force applied from the instruments until the
breakdown of the samples. When F is applied, the variation in terms of
network formation induces relevant differences in the extensibility
properties.

The presence of a rigid filler network strongly bonded to the
polymer in SBR/SiO2@POSS nanocomposites reduces/prevents the
elongation of the samples (Fig. 11, left-side) much more than in SBR/
SiO2+POSS, where more dispersed and less compact filler aggregates
in the sample (Fig. 11, right side).

The results indicate that the good adhesion between filler and
polymer (i.e. the presence of a tight network immobilizing rubber
chains) in SBR/SiO2@POSS samples gives superior mechanical prop-
erties but, due to percolation, it contributes to the matrix brittleness
inducing much lower extensibility than for SBR/SiO2+POSS compo-
sites.

3.5. Model for network formation in SBR/SiO2@POSS nanocomposites

The morphological, spectroscopic and tensile results in total allowed
us to propose a mechanism for the network formation in SBR/SiO2@

POSS nanocomposites during the curing reaction (Fig. 12).
In the early stages of the curing (i.e. at 155 °C), the crosslinking

between the methacryl groups of POSS and rubber chains is limited,
due to ineffective activation of dicumylperoxide. As a consequence, the
filler networking is hindered and very poor interfacial adhesion is de-
tected (see SEM and AFM investigation). Accordingly, low rubber
chains immobilization is retrieved by NMR.

As the curing proceeds and the temperature is raised up to 170 °C or
185 °C, the full activation of DCP promotes the crosslinking reactions
(green lines) involving the methacryl functionalities of POSS units
grafted onto SiO2 NPs. This leads to the generation of a percolating
network constituted by large and compact (up to∼ 300 μm) inter-
connected aggregates, distributed inhomogeneously through the rub-
bery matrix and highly bound to the polymer phase. These conclusions
are supported by SEM, AFM and 1H NMR experiments, showing higher
interfacial adhesion of the filler network with the polymer, better
covering of the filler by rubber layers and higher restricted mobility of
the rubber chains for SBR/SiO2@POSS nanocomposites cured at 170
and 185 °C compared to C-SBR/SiO2@POSS_155, respectively. As a
result, the composites show high modulus and a relatively low ex-
tensibility and toughness due to the rigid filler network bonding to the
rubber matrix.

Conversely, it is not an easy task to suggest a model for the network
formation in C-SBR/SiO2+POSS nanocomposites, since along the
curing competition between concurrent processes occurs. In detail,
when POSS nanocages are not anchored to SiO2 NPs like in SiO2@POSS
nanofiller, their simply mixing with TMMS and SBR may result in the
following simultaneous interactions: (i) POSS-POSS, ii) POSS-TMMS,
(iii) POSS-TMMS-Silica, (iv) POSS-SBR and (v) TMMS-SBR. These, be-
sides favoring the networking, may favor covalent bonding between
filler-rubber, resulting in the coverage of the aggregates by rubber
layers, sterically restricting their further growth and their percolation in
the polymer matrix.

Consequently, the C-SBR/SiO2+POSS composites displays a non
percolating filler network, containing smaller filler aggregates (up
to ∼ 100 μm) better dispersed in a polymer matrix, which appears less
efficient in immobilizing the rubber chains, as demonstrated by the
lower fraction of rigid protons, the lower modulus and the significantly
higher extensibility and toughness compared to C-SBR/SiO2@POSS.

4. Conclusions

This study reports on the influence of hybrid SiO2@POSS nanofiller,
where silica NPs and POSS nanocages are intimately interconnected, on

Fig. 9. Left side: plot of storage modulus G′ vs. temperature C-SBR (black line), SBR/SiO2@POSS_170 (red line) and SBR/SiO2+POSS_170 (blue line) nanocomposites. Right side: details
of the trend of G′ values as a function of the curing temperature for SBR/SiO2@POSS (red line) and SBR/SiO2+POSS (blues line) nanocomposites.

Fig. 10. Tensile Stress-strain profile for C-SBR/SiO2@POSS_170 (red line), C-SBR/
SiO2+POSS_170 (blue line), C-SBR/SiO2-TMMS (dotted line) and C-SBR pure (black line)
composites. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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the properties at the micro and nanoscale level of SBR nanocomposites
(i.e. C-SBR/SiO2@POSS), focusing on the hybrid interface between the
filler and the polymer. Moreover, a parallel comparison with C-SBR/
SiO2+POSS system, obtained by simply mixing SiO2, TMMS and POSS
in SBR, has been provided.

In detail, the microscopic inspection of C-SBR/SiO2@POSS nano-
composites, by means of SEM and AFM on fractured sections, revealed
the occurrence of continuous surfaces with high interfacial adhesion
between filler and rubber. Conversely, C-SBR/SiO2+POSS displays
sharper interfaces and evident boundaries between the two phases,
resulting in lower adhesion properties.

The immobilization of the rubber chains has been proved also at the
nanoscale by solid state 1H NMR, which unveiled for C-SBR/SiO2@
POSS a remarkable fraction of rigid protons close to the hybrid SiO2@
POSS surfaces. Instead, the total fraction of rigid protons resulted lower
in SBR/SiO2+POSS suggesting a reduced amount of immobilized
rubber chains.

These features induce better mechanical properties, lower ex-
tensibility and toughness in C-SBR/SiO2@POSS compared to C-SBR/
SiO2+POSS composites, as assessed by DMTA and tensile stress–strain
tests, respectively.

As both the filler distribution and networking are clearly connected
to the curing peroxide (DCP), which activates the POSS functionalities,
these properties have been evaluated also after curing the composites at
increasing temperatures, i.e. from when DCP is in principle less reactive
and the curing process is at the early stages, toward the conditions
where it is surely active and the curing is complete. It turned out that

interfacial adhesion, rubber immobilization and storage modulus in-
crease with the curing temperature and are higher for C-SBR/SiO2@
POSS cured at 170 and 185 °C than for C-SBR/SiO2+POSS obtained
under the same conditions.

These results has been explained considering that, in these latter
materials, competition between simultaneous interactions involving
POSS nanounits (i.e. POSS-POSS, POSS-TMMS, POSS-TMMS-Silica,
POSS-SBR and TMMS-SBR) may occur, resulting in highly dispersed and
less compact filler aggregates weakly bonded to the polymer chains
and, in turn, to a reduction of the mechanical properties.

The results in total allowed us to propose a model for the network
formation in C-SBR/SiO2@POSS.

This is based on the progressive activation by DCP of methacryl
functionalities of POSS units which, intimately connected to SiO2 NPs in
SiO2@POSS, enable the crosslinking reactions directly in proximity of
the filler surfaces, leading to the generation of a tight network strongly
bonded to the rubber chains.
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Fig. 11. Schematic of the effect of the filler network in
SBR/SiO2@POSS and SBR/SiO2+POSS nanocompo-
sites on their extensibility. Red spheres stand for SiO2

NPs, while blue cubes represent POSS units. Green
lines indicated the crosslinking reaction between hy-
brid filler and SBR. (For interpretation of the refer-
ences to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)

Fig. 12. Mechanism for the network formation in SBR/
SiO2@POSS nanocomposites during the curing process.
Red spheres stand for SiO2 NPs, while blue cubes re-
present POSS units. Green lines indicated the cross-
linking reaction between hybrid filler and SBR. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this
article.)
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.polymertesting.2017.12.022.
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