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Abstract

The present study reports on the development of a new binary filler system for
rubber composites, SiO,@Al,03;, where Al,O; sheets are grown onto SiO,
nanoparticles aggregates by a sustainable water-based soft-chemistry approach.
The aim is to synergistically integrate the intrinsic thermal conductivity proper-
ties of Al,O; with the peculiar reinforcement ability of SiO, in an easy one-pot
solution, which has been exploited to prepare polybutadiene (PB) model com-
posites by a simple solvent casting technique. More in detail, the binary filler
was used as-prepared or suitably surface functionalized with 3-(Trimethoxysilyl)
propylmethacrylate (TMSPM). The filler compatibilization and interplay with
the polymeric matrix have been inspected by solid state NMR in conjunction
with scanning electron microscopy. These investigations highlighted that the
presence of alumina in the binary filler does not undermine the capability of sil-
ica in generating polymer chains stiffening and indicated a significant effect of
the silanization in providing better filler networking and interaction with the PB
host ensuring, in principle, an enhanced thermal transport. Accordingly, ther-
mal conductivity measurements revealed that SiO,@Al,O; introduction in PB
induces a remarkable upgrade of the heat transfer, which becomes much more
relevant upon surface modification with TMSPM. These results appear encour-
aging, paving the possibility of applying SiO,@Al,O3; model system to more
complex case studies, where both improved thermal conductivity and enhanced
reinforcement are required, such as tires tread formulations.

Highlights

« A new SiO,@Al,O3 binary filler system was proposed following a soft-
chemistry approach.

« The binary filler was functionalized to enhance its compatibilization.

« Fillers were dispersed in polybutadiene by a simple solvent casting
technique.

« Thermal conductivity measurements revealed a remarkable upgrade of the
heat transfer ability.
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1 | INTRODUCTION

Polymers and polymer composites are materials largely
used in several aspects of our daily life and large-scale
industrial applications (e.g., automotive and aeronautics,
(opto)electronics, photonics, biomedical devices, packag-
ing industry, ESD protective systems, and so on) due to
their intrinsic properties, namely: easy manufacturing and
processing, design freedom, lightweight, excellent water/
corrosion resistance, relatively low cost, etc."*° Unfortu-
nately, these outstanding properties are coupled with an
intrinsic low thermal conductivity (k) deriving from the
polymeric matrix, typically 0.1-0.5 W m 'K ! at room
temperature (RT).'"'? Hence, heat dissipation remains
one of the major problems affecting the thermal stability
of these materials, which limits their in-service life and
performances, especially in the case of systems working
under dynamic service conditions, such as rubber compos-
ites for tires.'** In fact, during their utilization under
dynamic conditions, tires are subjected to internal friction
phenomena involving filler-filler and filler-matrix mechan-
ical interactions causing heat buildup might favor unde-
sired degradation phenomena.'>'°

To overcome the above issues, the current approaches
proposed by the scientific literature pursue the addition
in the rubber formulations of thermal conductive filler,
which, in principle, generate a continuous filler network
in the polymer matrix, granting the thermal transport.'”

These strategies do not easily fit with the safety, opera-
tive (e.g., stability at high velocity, wet grips, rolling resis-
tance, etc.), and environmental requirements that tires
must satisfy,'"® which are remarkably connected to their
mechanical properties and, in turn, to the rubber matrix
characteristics and filler morphological/surface features.

In this context, several reports dealing with tires appli-
cation primarily proposed the use of carbonaceous aniso-
tropic filler such as 1D carbon nanotubes,'®*' 2D graphene
(oxide) and graphite,”>* and carbon (nano)fibers®' due to
their intrinsic high k values (100-4000 W m~' K~ ').> Even
if extremely promising, these systems present several draw-
backs, among which the filler alignment along the in-plane
direction as well as the high filler volume fraction in order
to attain an efficient heat dissipation, resulting in difficult
composite processability and costs increment.*

Despite their generally lower thermal conductivity,
ceramics represent a valid alternative to carbon-based filler.
Hexagonal boron nitride (h-BN, ca. 400-2000 W m™ ' K™ 1),*

alumina (ALOs;, ca. 3040 Wm 'K ), aluminum
nitride (AIN, ca. 210-320 W m™* K™ %),*’ silicon carbide
(SiC, ca. 100 Wm 'K ™),® and zinc oxide (ZnO, ca.
60 W m ' K~ 1)*° were generally employed in composites,
thanks to their intrinsic k values and to the ability of suc-
cessfully dissipate local heat buildup by forming thermal
conductive pathways across the polymeric matrix.

However, as these systems own a different chemistry
respect to the rubber formulations containing silica and
silicate as fillers,**** their utilization for this specific pur-
pose is still limited, mainly due to the high filler loading
required, their costs and the concerns related to their sur-
face functionalization, which should ensure remarkable
interfacial adhesion among the filler and macromolecular
chains, avoiding the occurrence of phonon scattering and
interfacial thermal resistance.**

In this complex scenario, our recent study, outlined
the option to exploit Al,05; nanoparticles (NPs) and poly-
hedral silsesquioxane (POSS) units, to fabricate an
unconventional AlL,O;@POSS hybrid filler, merging the
abilities of both systems, namely the networking capabil-
ity of POSS units with the enhanced thermal conductivity
of alumina, aiming at obtaining rubber nanocomposites
with enhanced thermal and mechanical features.

Few other examples of Al,O; utilization in rubber
composites for tires are present in the literature pointing
out the critical role played by particle size and anisot-
ropy.'®** In particular, it was highlighted that large and
anisotropic alumina particles (e.g., micrometer sized)
favor the thermal dissipation but negatively affect the
mechanical properties, whereas small particles (nano-
meter sized) display beneficial effects on the mechanical
properties, but do not significantly affect the thermal
conductivity.'®**

Bearing in mind all these considerations and in view
of tire application, an interesting option would be com-
bining alumina with common silica NPs utilized in
industrial formulation. In this regard, Vaisakh et al.,*
described the inclusion of a silica/alumina mixed system
in a thermoset epoxy matrix and its beneficial effect both
in terms of thermal conductivity and mechanical proper-
ties, suggesting a potential synergistic action between the
two components.

Although focused on epoxy composites, these results
inspired us to investigate the possibility of introducing in
elastomers commonly exploited in tire tread formula-
tions, alumina particles in conjunction with SiO, NPs.
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In light of the extensively described concerns related to
the alumina surface compatibilization, we decided to
convey this filler in the rubber matrix not just simply
mixing with silica, but through the development of a new
binary filler system, SiO,@Al,O; where alumina sheets
are grown onto commercially available SiO, NPs aggre-
gates. The aim is to combine the thermal conductivity
features imparted by the alumina without sacrificing the
reinforcement ability of silica component.

Upon the comprehensive assessment of the composi-
tion, structure and morphology, the binary filler was
used, as prepared or suitably surface functionalized with
3-(Trimethoxysilyl)propylmethacrylate (TMSPM), to pre-
pare cis-polybutadiene (PB) model composites by a sim-
ple solution blending technique.

The filler compatibilization and interaction with the
polymeric matrix were evaluated in detail, in conjunction
with the morphology and the thermal conductivity of the
composites. The obtained performances were also com-
pared to those of a composite obtained by simply mixing
SiO,@Al,0; and TMSPM in the polymer matrix.

Results evidenced that the introduction of the
SiO,@Al,0; in PB induces a remarkable upgrade of
the heat transport capability compared to the neat poly-
mer matrix. Moreover, the surface modification of the
binary filler with TMSPM emphasizes this effect, suggest-
ing a role of the surface functionalization in providing
high k and mitigating the filler-rubber interfacial thermal
resistance.

2 | EXPERIMENTAL

21 | Chemicals

Inorganic salts and compounds: Commercial silica (SiO,,
Zeosil® 1165, Solvay), alumina (Al,0;, gamma-phase,
99%, Thermo Scientific Chemicals), aluminum nitrate
nonahydrate (Al(NO3);-9H,0, 98%, Fluka Analytical),
aluminum sulfate octadecahydrate (AI(SO,4);-18H,0,
97 + %, Acros Organics), and urea (CO(NH,),, 99.5%,
Sigma-Aldrich). Potassium bromide (KBr, 99+%, FT-IR
grade, Aldrich) is maintained dried at ca. 80°C. Acid solu-
tions: Nitric acid (65%, Sigma-Aldrich), hydrofluoric acid
(48%, Sigma-Aldrich), ammonium hydrogen difluoride
((NH4)HF,, 98.7%, VWR Chemicals), boric acid (H;BO;,
Supelco). Solvents: Toluene (99.9%, Aldrich), ethanol
(absolute, Honeywell). Polymers: cis-Polybutadiene (PB,
average M,, 200,000-300,000, Aldrich). Other reactants:
3-(Trimethoxysilyl)propylmethacrylate (TMSPM, 98%,
Sigma-Aldrich), azobisisobutyronitrile (AIBN, 98 wt.%,
Sigma-Aldrich). Milli-Q water with a resistivity of 18.2
MQ cm is used.
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2.2 |
filler

Synthesis of the SiO,@Al,0; binary

SiO,@AlL,O; binary filler was synthesized modifying a pro-
cedure reported in the literature.>® In detail, commercial
silica (ca. 4.00 g) is dispersed in 500 mL of deionized water
by sonication for 15 min (sol. 1). Then, urea (ca. 15.00 g),
aluminum nitrate (ca. 8.04g), aluminum sulfate
(ca. 1.12 g) are dissolved inside a 3 L-round bottom flask
in 2 L of deionized water by magnetic stirring (sol. 2). The
amount of precursors is selected in order to obtain a
SiO,@Al,O; binary filler with composition 70 wt.% SiO,
and 30 wt.% Al,Os. After dissolution of the alumina pre-
cursors, the silica suspension (sol. 1) is added to the pre-
cursor aqueous solution (sol. 2). The resulting reaction
mixture is maintained under magnetic stirring and heated
up to 120°C (isothermal step for ca. 3 h) until it becomes
turbid and pH reaches a value of approx. 7.0 (neutral).
After cooling to RT, the suspension is vacuum filtered, and
the obtained solid washed with deionized water, and oven
dried at 80°C overnight. Finally, the crystallization of the
alumina phase is performed by thermally treating the solid
in a muffle furnace at 1100°C for 1 h (heating rate 5°C
min ') under air atmosphere.

2.3 | Surface functionalization of the
SiO,@Al,0O;3 binary filler

SiO,@Al,0; binary filler was functionalized with
TMSPM following a modified procedure present in the
literature.*” In detail, SiO,@Al,O5 binary filler (ca. 1.0 2)
is dispersed inside a round bottom flask in 24 mL of tolu-
ene by sonication for 15 min. Subsequently, TMSPM
(ca. 0.3 g) is added dropwise to the mixture. The suspen-
sion is maintained under magnetic stirring and kept at
120°C for ca. 12 h. After cooling to RT, the suspension is
centrifuged (9000 rpm) for 15 min, washing the solid
with toluene (2x) and ethanol (1), in order to eliminate
traces of non-reacted TMSPM. Then, the obtained solid
(Si0,@ALL,03-TMSPM) is oven dried at 80°C overnight.
The same strategy has been adopted to functionalize SiO,
NPs (i.e., SiO,-TMSPM sample).

2.4 | Preparation of the PB-based
nanocomposites

Bare SiO,, SiO,-TMSPM, SiO,@Al,0; and SiO,@ALOs-
TMSPM binary filler were incorporated into PB via
solvent-casting to produce composites, following a modi-
fied procedure present in the literature.”® In detail, PB
(ca. 2.0 g) is dissolved inside a round bottom flask in
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15 mL of anhydrous toluene for ca. 12 h (overnight, with-
out stirring) in order to obtain the complete swelling of
the polymer. Subsequently, the mixture is magnetically
stirred and heated up to 65°C. Separately, a suspension
containing the desired amount of selected filler in 10 mL
of toluene is prepared by sonication for 30 min. After-
wards, the prepared filler suspension and AIBN
(ca. 0.04 g, 2 wt.% respect to the PB) are added simulta-
neously to the hot PB solution, and the reaction mixture
is stirred and refluxed under nitrogen atmosphere, at
65°C for 6 h. The obtained solutions are solvent cast by
depositing the hot polymer/filler system in Teflon Petri
dishes. To remove volatiles, the samples are maintained
overnight at 65°C under an aspiration hood and then
heated at 70°C for 2.5-3.0 h in a vacuum. The composite
samples (ca. 700 pm thick) are stored under N, atmo-
sphere until all the characterizations are performed, to
avoid any possible contamination. Hereafter, the different
PB-based composites are labeled PB/XY, where X refers
to the filler nominal content (expressed in wt.%, namely:
10, 20, 30), while Y refers to the filler type, namely: SiO,,
SiO,-TMSPM, SiO,@Al,O3, and SiO,@Al,O;-TMSPM. For
the sake of comparison, a reference composite containing a
physical mixture of SiO,@Al,O; and TMSPM (i.e., with the
TMSPM not linked at the surface of the filler) with a total
nominal filler content of 20 wt.% was also prepared. The
ratio between SiO,@AI,O; and TMSPM was estimated from
the quantification of the amount of TMSPM linked at the
surface of the SiO,@Al,O;-TMSPM filler by means of TGA
(vide infra). This reference sample is labeled as
PB/20SiO,@Al,03 + TMSPM. Furthermore, as an addi-
tional reference material, bare PB was prepared by follow-
ing the same experimental procedure used for the
preparation of the PB-based composites, this time without
adding any filler. This reference sample is labeled as PB.

2.5 | Characterizations
XRD patterns were collected with a Rigaku Miniflex 600 dif-
fractometer, with a Cu source working at the following con-
ditions 40 kV and 15 mA, investigating the 10-70°26 range,
applying a 0.02° step size, and 1 degree per minute of angu-
lar velocity. Instrumental PDXL-2 software is used for recog-
nizing the crystal phases (ICDD PDF# 29-0063).
Multinuclear solid-state NMR spectra of both filler
and composites were recorded with a Bruker Avance
400WB spectrometer equipped with a CPMAS probe:
#’Al at 104.67 MHz, 1/2 Hahn-echo pulse length 2.2 ps,
recycle delay 3 s, n° scans 1 k. *°Si at 79.48 MHz, single
pulse sequence n/4 pulse length 3.9 ps, recycle delay
300 s, scans 1k, with contact time of 5 ms and recycle
delay for cross polarization of 10s. *C at 100.48 MHz,

decoupling length 5.9 ps, n° scans 5 k, with contact time
of 2 ms and recycle delay of 3 s. 'H at 400.13 MHz, single
pulse sequence w/2 pulse 6.6 ps, recycle delay 5s, n°
scans 16. Samples were filled in zirconia rotors (4 mm)
spun at either 8 or 11 kHz, under air flow. External sec-
ondary references selected were: 1 M Al(NOs); aqueous
solution, QgMg and adamantane C,;oH;¢. Structural units
involving Si are labeled following the NMR notation: T"
indicates R-SiO5 Si-units, Q" indicates SiO, Si-units, with
the apex n indicating the number of oxo-bridges. Line-
shape analysis has been performed by using the Bruker
TopSpin 3.6 instrumental software, with 95% as accept-
able confidence level.

Relaxation studies were performed using a spin-lock
pulse sequence with a variable spinlock pulse in a
0.5-500 ms range (with a 20 kHz frequency field for the
spin-lock field B;) for the evaluation of T,,ur”* and
CPMG sequence setting the echo time in the 8-2000 ms
range for the evaluation of T,.>>* In these experiments
the proton spectrum intensity M (magnetization) as a
function of t (a variable interval, which depends on the
specific experiment, during which M relaxes until the
original equilibrium state is reached) is recorded in
order to evaluate different specific ranges of molecular
dynamics. For all of them, the trend of M(t) is generally an
exponential decay with a characteristic time constant. The
two experiments were tested in order to extract the time
constants T, and Ty, that are correlated to different fre-
quency ranges, and consequently their values are influ-
enced by molecular motions on different time scales. The
calculated values are commonly obtained by fitting the
experimental curve (*° and references therein).

SEM measurements were performed on a Zeiss
Gemini 500 microscope with both secondary electrons
and Bruker Quantax detectors, the latter one for the
EDS/WDS (Energy Dispersive/Wave Dispersive) elemen-
tal analysis. The reliability of the morphological analysis
is guaranteed by the large number of micrographs col-
lected (at least 10) for every filler and composites, sam-
pling different regions of all sample. In the case of
nanocomposites, both surface view and -cross-section
(by orthogonally cutting the nanocomposites with a cut-
ter) view are sampled.

TEM measurements on filler were performed on a
Jeol JEM-2100Plus working at 200 kV (with a 0.24 nm
point-to-point resolution). Fillers were suspended in an
ethanol environment, depositing a single drop of every
suspension onto a carbon film supported on a 3 mm
metallic Cu grid for performing the TEM analysis.

The Al concentration is determined by inductively
coupled plasma—optical emission spectroscopy (ICP-
OES—Optima 7000 DV Perkin Elmer) equipped with a
Cross Flow nebulizer, a Scott spray chamber and an
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Echelle monochromator. The wavelength was 396.153 nm
(Al). Every single concentration value was measured con-
sidering the mean value of n° 3 instrumental measure-
ments. The acid dissolution procedure selected is
performed in a microwave oven (Milestone Ethos ONE).
Different sample aliquots (n° 3) were dissolved following a
two-step procedure. In the first step, the acid mixture is
made by 9 mL HNO;, 4 mL HF, and 1.0 g (NH,)HF,,
whereas in the second step the acid mixture is made by
only 1.4 g H;BOs. The resulting solutions were diluted to
25 mL with high-pure water. For the sake of comparison,
three different physical mixtures of silica: alumina in
wt. ratio 90:10, 80:20, and 70:30 were prepared and
measured.

FTIR spectra of filler were recorded in transmission
mode on KBr pellets by means of a Jasco-4100 spectro-
photometer, equipped with DTGS detector, applying the
Blackman-Harris apodization function (4 cm ' resolu-
tion, 4000-500 cm ' spectral range, 128 scans). Samples
are analyzed after background subtraction performed on
a bare KBr pellet. ATR-FTIR spectra of composites are
recorded on a Thermo Fisher Nicolet iS20 FTIR spec-
trometer (4 cm ' resolution, 4000-500 cm ' spectral
region, 32 scans).

TGA thermograms were collected by means of a
Mettler Toledo TGA/DSC1 STARe System, at a con-
stant air flow (50 cm® min~'), following the thermal
programs: Filler characterization: (i) pre-heating at
150°C (rate: 5°C min *, time: 15 min) to remove resid-
ual humidity/solvent, (ii) heating ramp from 150 to
1000°C (rate: 10°C min '), (iii) isothermal step at
1000°C (time: 5 min). The TGA curves are used to
determine the quantity of hydroxyl functionalities pre-
sent at the surface of the bare SiO,@Al,05 binary filler,
and the weight loss due to the organic functionalizing
agent (TMSPM).

Composites characterization: heating ramp from 30 to
1000°C (rate: 10°C min '), under air atmosphere. The
TGA curves were used to determine the amount of inor-
ganic filler in the composites.

LFA measurements were performed on a LFA
467 analyzer (Netzsch Holding Gmbh). Measurements
are carried out under RT on discoidal specimens
(diameter: 12.7 mm), die cut and coated with a gra-
phitic layer spraying both sides. For each composition
at least n°® 2 specimens are tested, performing at least
N° 5 pulses on every single specimen. Data are pro-
cessed with the dedicated Proteus® software applying a
transparent model with linear baseline and numerical
pulse correction. This procedure allowed measuring
the thermal diffusivity (a), thus the thermal conductiv-
ity value (k) at 25°C was calculated using the following
(Equation 1):

PROFESSIONALS  COMPOSITES

k=a-p-Cp (1)

where p is the density (measured at at 23.0°C with a pyc-
nometer) and C, is the specific heat calculated from a dif-
ferential scanning calorimetry (DSC) run in accordance
to the standard ASTM E1269-11.

3 | RESULTS AND DISCUSSION
3.1 | Characterization of the SiO,@Al,O;
binary filler

The structural characterization of the SiO,@Al,03 binary
filler was performed by means of powders XRD analysis
and reported in Figure 1A. The diffraction pattern of the
binary filler shows the typical broad signal at 20 ca. 22°
due to amorphous silica.** Additionally, two weak signals
at 20 = 45.5°, and 66.7° are attributed to the (400) and
(440) crystalline planes of the y-phase of Al,05.*** Inter-
estingly, the diffractogram of the SiO,@Al,O; binary
filler does not show any peaks associated to the thermally
induced transformation of commercial amorphous silica
into its crystalline form, thus suggesting that the growth
of alumina phase prevents the silica crystallization. The
morphology of the SiO,@Al,O; binary filler was investi-
gated by TEM (Figure 1B-D), whereas the EDS micro-
analysis (Figure 1E) was evaluated to qualitatively assign
a specific morphology to a given phase. In particular,
Figure 1B highlights the presence of aggregates of SiO,
spherical NPs with diameter of ca. 30-40 nm surrounded
or partially covered by sheet-like nanostructures with
length ranging between 50 and 150 nm. Higher resolu-
tion TEM image (Figure 1C) reveals the crystallinity of
the sheet-like nanostructure at the surface of silica aggre-
gates. Finally, the EDS microanalysis performed for site
1 and site 2 in Figure 1D confirms the different chemical
nature of the binary filler components, with a prevalence
of Si and O signals in the case of spherical particles
(Figure 1E, site 1), while the dominant occurrence of Al
and O in the case of nanosheets (Figure 1E, site 2), thus
suggesting the successful growth of alumina on the surface
of silica aggregates. Furthermore, the alumina morphology
is in accordance with the sheet-like structure of bohemite,
initially formed during the colloidal synthesis (i.e., before
the thermal treatment), and it is maintained even after
alumina crystallization.** The relatively large size of these
crystalline nanostructures along with their peculiar anisot-
ropy should in principle guarantee a better continuity of
the heat transport and, in turn, enhanced thermal conduc-
tivity when enclosed in polymer composites.'”**

To further study the interfacial interaction between
silica and alumina phases forming the SiO,@Al,O;



MIRIZZI ET AL.

| WILEY-§Z sz, P

PROFEssiONALs  COMPOSITES

’320 cps

Intensity (cps)

FIGURE 1

Structural and morphological characterization of the SiO,@Al,O5 binary filler. (Panel A) XRD pattern of the SiO,@Al,05

with marked signals due to y-Al,O3. (Panel B) TEM images of SiO,@Al,0s. (Panel C) High resolution TEM images of SiO,@Al,O;. (Panel
D) TEM images of the SiO,@Al,O5 binary filler with marked sites sampled during the EDS microanalysis. (Panel E) EDS microanalyses for

site 1 (amorphous silica) and site 2 (y-Al,O3).

binary filler, ’Al and *°Si MAS NMR spectra were
acquired on bare silica, bare alumina, and SiO,@AIl,O3
binary filler (Figure 2).

The **Si MAS NMR spectra of commercial silica
nanoparticles and SiO,@Al,O; binary filler show the res-
onance of the Q units (Figure 2, left). For the amorphous
silica particles the resonance is composed by the typical
Q% Q® and Q* components centered at —90.0 (1.8%),
—100.3 (23.6%) and —110.5 (74.6%) ppm, respectively.
The SiO,@Al,03 binary filler spectrum presents a differ-
ent Q line-shape, in particular the amount of non-
completely condensed units (i.e., Q* and Q? signals) is
slightly reduced, by the thermal treatment, but also prob-
ably by the grafting of the alumina nanosheets on the sil-
ica surface, which induces the formation of Al-O-Si
bonds (namely Q*(1Al) units). This is proved by the
increase of Q* units from 75 up to 92% at the expenses of
Q® and Q***® Thus, the *Si MAS NMR analysis sug-
gests successful surface functionalization of the silica,
thus forming a silica-alumina binary system. Both *’Al
spectra of commercial gamma-alumina nanoparticles and

SiO,@Al,03 binary filler are characterized by the pres-
ence of two resonances centered at about 7.7 and 59 ppm,
due to octahedral and tetrahedral Al sites, respectively
(Figure 2, right).*> With respect to commercial alumina,
the SiO,@Al,O; sample presents a higher amount of tet-
rahedral Al, whose resonance appears upfield shifted and
slightly modified in shape, indicating a variation of the
chemical environment of the Al sites.

In accordance with the literature, it is possible to
separate this resonance into two different components
centred at 68 and 50 ppm. They are attributable to Al-O-Al
(65%) and Al-O-Si (35%) bonds, respectively.*”*® The pres-
ence of the Al-O-Si component is an index of interaction
with silica particles. Moreover, the increase of the intensity
of the tetrahedral Al sites indicates that the Al-O-Si bonds
force the Al atoms and their Al nearest neighbors to adopt
a silica-like coordination mode, thus coherently proving
the growth of alumina onto silica particles.

The Al content in our SiO,@AI,O3 binary filler was
quantified by means of ICP-OES. Numerical values
(Table S1) confirmed that the content in alumina is

47,48
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FIGURE 2 Left-side: °Si MAS - .

NMR spectra of commercial silica (black - g'gz - ! - 2'82 - octahedral M

line), and SiO,@AI,O5 (red line). Right- ~SI0@AI05 - SI0@AI,0, site

side: 2’Al Hahn-echo NMR spectra of tetra:i?:ral

commercial reference alumina (black
line), and SiO,@Al,O; (red line).

B,
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/4 been confirmed by the presence of the weak signal at
ca. 2840 cm ™! due to the stretching of TMSPM methylene
TMSPM x0.5

Si0,@Al,0,-TMSPM
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Si0,@Al,0,
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FIGURE 3 FTIR spectra in transmission mode of bare
SiO,@AL, 05 binary filler (red line), bare TMSPM (black line), and
SiO,@AI1,03-TMSPM (blue line).

approx. 30 wt.%, as evidenced by the comparison with
the analogous physical mixture.

To verify the effective functionalization of
SiO,@Al,O; binary filler with TMSPM silane units,
FTIR analysis was preliminary performed (Figure 3).
In the case of naked SiO,@Al,O; binary filler, the
FTIR analysis reveals the presence of: (i) a broad band
at ca. 3500 cm ™' due to the presence of hydroxyl func-
tional groups, (ii) a weak signal at ca. 1630 cm ™' due
to H-O-H scissoring due to traces of physically
adsorbed water molecules, (iii) a very intense band
centered at ca. 1090 cm ' due to the siloxane asym-
metric stretching vibrations of silica, and (iv) a further
signal at ca. 600 cm ™' due to both Al-O and Si-O bend-
ing vibrations.?*”** The effectiveness of the TMSPM
functionalization in SiO,@Al,O5-TMSPM filler has

C-H bonds, and the growth of two signals at ca. 1720 and
1640 cm ™%, respectively due to C=0 and C=C stretching
of TMSPM methacrylic functionalities.*®

To further assess the binary filler surface functionali-
zation, a >*C CPMAS NMR spectrum was recorded on
SiO,@AL,O5-TMSPM sample (Figure 4). The analysis
supports the conclusions of the FTIR study, in fact all the
resonances belonging to the methacryloxypropyl chain
are visible.>”** In particular, the shift of 1 (Si-CH,-) up to
10 ppm and the very low intensity of 8 (-OCHj;) indicate
an almost complete hydrolysis and condensation of the
silane. The C=C double bond (5, 6) is perfectly preserved
(Figure 4, left). The related *°Si CPMAS spectrum
(Figure 4, right) confirms the presence of the T units onto
the binary oxide particles (Q resonance centered at about
—100 ppm). The TMSPM is represented by the T* and T*
components at 57 and 66 ppm, respectively.>”*° It should
be mentioned that the CPMAS sequence was chosen to
maximize the TMSPM signals, in fact the quantitative
MAS NMR spectrum in the present case is useless due to
the very low amount of T units with respect to Q.

Finally, to quantitatively estimate the amount of
TMSPM functionalizing agent attached on the binary
filler surface, TGA was carried out. Table 1 reports
the quantification of hydroxyl functionalities at the
surface of bare SiO, and SiO,@Al,O; binary filler
(i.e., necessary for the surface functionalization), and
the calculated amount of the TMSPM units at the sur-
face of SiO,@Al,O3;-TMSPM (see the experimental
protocol reported in the Data S1). Results indicate that
the amount of -OH groups available at the surface for
SiO, is one order of magnitude higher than that
retrieved for SiO,@Al,O3, in accordance with the
thermal treatment at 1100°C undergone by the binary
filler and necessary for the crystallization of the alu-
mina phase.
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TABLE 1 Hydroxyl groups and TMSPM units quantifications based on TGA measurements, calculated with the protocol reported in the
Data S1.
Hydroxyl groups quantification TMSPM units quantification

Filler TGA mass loss (Wt.%) Non/gsier (MOl/g) TGA mass loss (Wt.%) Nrvsem/ 8ener (Mol/g)

Sio, 3.6 4.46-10°°

SiO,@ALO5 0.4 4.67-10

SiO,-TMSPM 7.7 3.07-107*

SiO,@AL,05-TMSPM 5.2 4.33.10*

3.2 | Characterization of the PB/
Si0,@Al,0; nanocomposites

Several attempts were performed for the preparation of PB
composites. Percolation threshold was reached for a filler
amount of 20 wt.%, while at higher concentrations inho-
mogeneous materials were obtained. For this reason, the
following characterizations were performed exclusively on
composites enclosing 20 wt% of filler, that is, PB/20SiO,-
TMSPM, PB/20SiO,@Al,O5;, PB/20SiO,@Al,O5-TMSPM,
and PB/20SiO,@Al,O; + TMSPM. The presence of the
binary filler in PB/20SiO,@Al,O5;-TMSPM nanocomposite
was initially assessed by ATR-FTIR analysis (Figure 5),
with highlighted the spectral regions of major interest.

Analogous infrared results were obtained in the case of
nanocomposites containing both bare SiO, and SiO,@Al,05
(not shown for the sake of brevity). Both Figure 5A and
Figure 5B show the main relevant signals due to the PB
matrix, namely: =C-H bonds stretching of 3005 cm™?,
stretching vibrations of methylene C-H bonds at 2950 and
2940 cm ™!, and C=C bonds stretching at 1654 cm™.>° At
low wavenumbers (Figure 5C), instead, it is possible to reg-
ister the presence of the intense Si-O stretching band cen-
tered at 1090 cm ™ due to the inorganic binary filler, which
confirms its presence in the nanocomposite.*

TGA analyses on nanocomposites were used to
experimentally assess the content of inorganic filler,
which resulted in agreement with the nominal values

(the experimental TGA curves and their relative descrip-
tion are reported in the Data S1).

Furthermore, the filler distribution within the com-
posites has been investigated by means of SEM-EDS anal-
ysis. In detail, the micrographs of PB/20SiO,@Al,Os,
PB/20Si0,@Al,03 + TMSPM, and PB/20SiO,@Al,05-
TMSPM were selected as the most significant examples
and compared in Figure 6. The images noticeably suggest
that surface functionalization exerts a significant influ-
ence on the NPs organization in the rubber matrix. In
fact, the microanalysis revealed the presence of isolated
micrometric aggregates when bare SiO,@Al,Os fillers are
introduced in the PB matrix (Figure 6A). This morphol-
ogy is explainable considering the lack of compatibility
existing between the polar surfaces of the oxide and non-
polar polymeric chains of the matrix.

Micrographs indicate the nanocomposites enclosing
the binary filler just mixed with the organosilane
(PB/20SiO,@Al,0; + TMSPM, Figure 6B) present a more
homogeneous distribution of the particles within the poly-
meric matrix respect to PB/20SiO,@ALO; (Figure 6A).
However, still large aggregates are present which appear
only partially interconnected across the matrix (Figure 6B).
As already observed in our previous studies,”*’ surface
functionalization of SiO,@Al,O5; with the TMSPM seems
to favor the filler affinity with the polymer host, favoring
the generation of smaller nanometric aggregates homoge-
neously distributed and probably forming a continuous
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FIGURE 6

filler-filler network (Figure 6C). This peculiar filler arrange-
ment may potentially involve the occurrence of thermally
conductive pathways crossing the nanocomposite.

To evaluate the effect of filler incorporation on the
structural features of PB matrix '"H MAS NMR experi-
ments were performed, in particular on the composites
enclosing  SiO,-TMSPM,  SiO,@ALO3;-TMSPM  and
SiO,@AL,O; + TMSPM. For all the samples the proton
spectra of (Figure S5) are dominated by two resonances at
both 2.1 and 5.4 ppm, due to PB methylene (=CH,) and
methine (=CH-) functional groups, respectively.”>>* In
detail, a slight narrowing of signal linewidth (LW, i.e., full
width at half height) with respect to pure PB can be
observed in the nanocomposites, especially in the case of
fillers functionalized with TMSPM (PB/20SiO,-TMSPM
and PB/20Si0,@Al,05-TMSPM samples), whereas the dif-
ference is negligible when the components are just mixed
(Figure S5). For elastomers like PB, this effect entails dif-
ferent dynamics at the molecular level induced by the
presence of the filler.>>*® To deepen this aspect, some
NMR relaxations experiments were carried out. It is well
known that the segmental motion of the long polymeric

SEM-EDS elemental maps of Al and Si of the following nanocomposites: PB/20SiO,@Al,03 (A),
PB/20Si0,@Al,05 + TMSPM (B), and PB/20Si0,@Al,03-TMSPM (C) nanocomposites.

chains is usually well described by the two processes called
spin-spin relaxation and spin-lattice relaxation in the
rotating frame (details in the Experimental section).>* In
both processes, the magnetization (peak intensity) decays
with time following exponential laws ruled by two-time
constants, T, and Ty, respectively (Figure 7) The time
constant values calculated for the analyzed samples from
the curves in Figure S6 and Figure S7 are reported in
Table S2 (Data S1).

Both relaxation parameters are higher in the composites
than in bare PB, indicating an overall polymer stiffening at
the molecular level. In particular, the highest T,y and Toy
values can be obtained for PB/20SiO,-TMSPM, corroborat-
ing the marked ability of silica NPs in upgrading the
mechanical properties of rubber composites.* >

Interestingly, PB/20SiO,@Al,05-TMSPM displays
relaxation times very similar to those calculated for
PB/20Si0,-TMSPM and slightly higher compared to the
values retrieved for the SiO,@Al,O; + TMSPM mixture.
These results, besides indicating that the presence of alu-
mina in the binary filler does not undermine the peculiar
capability of silica in providing significant reinforcement,
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FIGURE 8 Thermal diffusivity and thermal conductivity for
FIGURE 7 Relaxation time constants Ty, and T, obtained the bare PB matrix, and for the composites enclosing SiO,-TMSPM,

from the analysis of the proton spectra and related magnetization
curve trends for neat PB and the PB composites enclosing
Si0,@AIl,05 binary filler mixed with TMSPM (i.e., PB/SiO,@Al,03
+ TMSPM sample), SiO,@Al,03-TMSPM and SiO,-TMSPM.

suggest an effect of the surface functionalization in pro-
viding better filler-polymer interaction, which may
make easier the thermal transport across the matrix.
SEM investigation sounds to support this hypothesis,
showing for PB/20SiO,@Al,0;-TMSPM the generation
of smaller homogeneously distributed nanometric
aggregates probably forming a continuous filler-filler
network (see Figure 6C).

The thermal transport ability imparted by bare and
surface functionalized SiO,@Al,O5 binary filler to the rub-
ber composites was assessed by LFA measurements
(Figure 8). Data reported are expressed as both diffusivity
(which is the “raw measure” of the thermal transport) and
thermal conductivity, which was determined according to
Equation (1), considering the density of the composites p
measured by means of He pycnometer and the specific
heat capacity C, obtained by DSC (see Table S3 in Data S1
for details). It is possible to appreciate that the addition of
the binary filler generally improves the diffusivity and, in
turn, the thermal conductivity of the composites if com-
pared to neat PB or PB/20SiO,-TMSPM composite.
However, only a partial enhancement of the thermal
transport can be achieved in the presence of naked
SiO,@Al,03 NPs (i.e., PB/20SiO,@Al,03) probably due
to the formation of inhomogeneous and large aggregates
(as highlighted in Figure 6A), whose scarce intercon-
nections may avoid the generation of thermally conduc-
tive pathways. The surface functionalization of the
SiO,@Al,03, instead, remarkably upgrades the heat
transport capability, with an enhancement of almost
100% of the k value with respect to homopolymerized
PB and PB/20SiO,-TMSPM. This unique effect becomes
much more evident when compared to the performance

SiO,@AL,03, SiO,@Al,03-TMSPM and SiO,@Al,O; binary filler
mixed with TMSPM (i.e., PB/SiO,@Al,O3 + TMSPM sample).

of PB/20Si0,@Al,0; + TMSPM, obtained by physically
mixing bare SiO,@ALO; and neat TMSPM, which
result remarkably lower and similar to those of the com-
posite enclosing functionalized silica NPs (Figure 8).

These results can be rationalized considering the SEM
images of PB/20Si0,@Al,05-TMSPM sample (Figure 6C),
where it is registered the formation of micrometric and/or
sub-micrometric filler aggregates homogeneously distrib-
uted inside the polymer host and partially interconnected,
which may reduce interfacial thermal resistance phenom-
ena providing efficient thermal conductive pathways. On
the other hand, when the silane is just mixed with
SiO,@AlL0; (i.e., PB/20Si0,@Al, O3 + TMSPM sample), it
most likely binds to the silica surface rather than to alu-
mina nanosheets or, possibly, it may undergo self-
condensation, thus leading to generation of isolated aggre-
gates inhibiting the thermal transport (see Figure 6B).

NMR proton relaxation behavior in PB/20SiO,@Al,05-
TMSPM supports at the molecular level these consider-
ations, underlining the role of the surface functionalization
in promoting the stiffening of the polymer chains, as a
result of improved filler-polymer interaction which may fos-
ter the thermal transport across the matrix.

To sum up, not only the alumina growth on the silica
surface provides an improvement of the thermal conduc-
tivity, but also the functionalization seems to play a role,
mitigating the filler-rubber interfacial thermal resistance.

4 | CONCLUSIONS

With the aim to synergistically combine the intrinsic
thermal conductivity properties of Al,O; with the pecu-
liar reinforcement ability of silica in rubber composites, a
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new binary filler system, SiO,@Al,Os, was developed by
an easy, scalable and water-based soft-chemistry strategy.

The in depth structural and morphological character-
izations revealed that the material is constituted by
y-alumina crystalline nanosheets grown at the surface of
amorphous SiO, nanoparticles aggregates. The binary
filler was used naked or suitably surface functionalized
with TMSPM to prepare cis-polybutadiene model com-
posites by a simple solvent casting technique.

SEM-EDS investigation and solid-state NMR unveiled
that the presence of alumina in the binary filler does not
undermine the capability of silica in generating polymer
chains stiffening and, thus, in delivering reinforcement.
Moreover, they suggested a significant effect of the sur-
face silanization in providing a trade-off between filler
networking and interaction with the PB matrix which, in
principle, may reduce interfacial thermal resistance and
facilitate the thermal transport.

Accordingly, the thermal conductivity measurements
highlighted that the introduction of the SiO,@Al,O;
binary filler in PB induces a remarkable upgrade of the
heat transport capability, especially upon surface modifi-
cation with TMSPM, with an enhancement of almost
100% of the k value with respect to homopolymerized PB
and of about 80% compared to the composite obtained by
physically mixing bare SiO,@Al,05 and neat TMSPM.

In summary, the results of the present study appear
promising, since they provide a way to introduce with a
relatively cheap and green methodology thermally con-
ductive alumina in rubber composites, notwithstanding
its different chemistry compared to common silica filler,
thus envisaging a possible large-scale application of
SiO,@Al,O; in tires tread formulations.
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