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The current study presents for the very first time to our knowledge the synthesis, characterization, and appli-
cation of regio-selectively modified dendritic silica particles (RMDS) in tire rubber composites. So far, no study
has ever reported mesoporous silica bringing greater mechanical properties than small fractal precipitated silica.

Sllal,nzanon, L With mechanical testing (DMA, tensile strength) and advanced imaging (TEM-EDS, HIM-SIMS, micro-CT), it was
Regio-selective silanization . A . . 7 .
SIMS demonstrated that dendritic particles enable superior mechanical reinforcement of rubber-based nanocomposites

without any drawback as usually reported with fractal fillers. On one side, their modified porous surface mimics
the porous aggregates formed by classic fillers, enabling the rubber chains to permeate the pores and closely
interact with the particles. On the other side, unlike fractal fillers, RMDS consist of single particles instead of
aggregates, and therefore do not suffer as much from the Payne effect and irreversible dislocations under me-
chanical solicitations. Also, the excellent dispersibility of RMDS allows to combine them with small amount of
fractal filler. Dual filler composite shows superior mechanical performances versus materials using one filler
family, leading to higher reinforcement, better traction and rolling resistance indicators. The use of porous
particles as “unbreakable” fillers for rubber with a small amount of fractal silica as additive fillers paves the way
for novel reinforcing dual-filler systems to be used in disruptive tires technology.

Elemental mapping

1. Introduction effect on the composite properties are well investigated [1,3,4]. When it

comes to the morphology of silica particles, mesoporous structures are a

For technical applications, polymers are almost always combined
with fillers to drastically improve their performances, as neat polymer
properties are often unsatisfactory. For the reinforcement of rubber-
based tires, silica has been used for decades and since then many ad-
vances in this technology have been made. The first and major one has
been the use of organosilanes that enable better dispersion and inter-
action between the mineral polar hydrophilic material silica and the
organic hydrophobic polymer matrix. Today, many different strategies
aiming at further rubber reinforcement from fillers have been investi-
gated. Original materials like clays [1], or graphene oxide [2] have been
the topic of extensive research and brought new functionality to com-
posite materials. Other strategies focus on the filler morphology and its
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vast area of research. Since the first filed patent [5] in 1971, and the
emergence of MCM-41[6] and SBA-15 structures [7], research in this
area has flourished in wide variety of applications as scientists have
recognized the potential of these structures. Initially seen as potent
molecular sieves, their large specific surface area, the variety of struc-
tures, size, and synthesis processes opened the way for a wide range of
applications. Mesoporous silica has been reported for drug delivery
systems [8,9], contrast enhancing agent carriers in medical imagery
[10], water depollution [11], gas separation [12], column chromatog-
raphy [13], or catalysis [14,15]. More specifically for rubber materials,
porous systems have been used to enhance silicon thermal and optical
properties [16], or as antioxidant release in styrene-butadiene rubber
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(SBR) composites [17]. For their mechanical reinforcement, the interest
in mesoporous silica is driven by the high surface area that leads to
strong interactions between fillers and the polymeric matrix. Indeed, the
reinforcing effect of fillers relies on its ability to interact with the
polymer and to change the chains dynamic. On top of its ability to bond
with the matrix, the percolation and the formation of a filler network use
to transmit stresses and to trap rubber in between particles. When it
comes to percolation, the particle size and shape play a major role. It has
been shown that silica forming fractal-shaped aggregates have a lower
percolation threshold than spherical colloidal particles [18]. Indeed,
fractal-shaped clusters expose a greater surface area and trap more
polymer at lower filler loading. The same reasoning applies to meso-
porous silica particles because porosity provides a high surface of
interaction due to the permeation of the polymer inside it. One limita-
tion of fractal fillers is the irreversible deformation and reorganization
caused by the mechanical solicitation of fractal aggregates, leading to
energy dispersive phenomenon known as Payne and Mullins effect
[19-21]. The hypothetical expected benefit of porous silica particles
over fractal fillers can be described as follows. The porous particles are
not subjected to irreversible mechanical deformation, unlike small silica
particles aggregates of comparable surface, while still endorsing the role
of crosslink nodes and reinforcing agents. This may reduce the rolling
resistance behavior of such composites, whilst providing properties such
as traction to such tire tread materials. So far, most studies have used the
ordered, narrow pore size (2-3 nm) MCM-41 mesoporous silica, with or
without surface modification, in combination with natural rubber (NR)
[22], styrene-butadiene rubber SBR [23], styrene-butadiene and nitrile-
butadiene rubber (SBR-NBR) [24], and ethylene-propylene diene
monomer rubber (EPDM) rubber [25], and have shown reinforcement.
However, there is no clear perspective about the role played either by
the porous structure features or by the chemical modification of the
silica surface on the composite properties. Indeed, for pores as small as
the one of MCM-41 (2-3 nm channel diameter), no study relates that
rubber polymer chains of 10 000 g/mol — 100 000 g/mol permeate in-
side pores under classic rubber dry mixing conditions and generate
reinforcement. Studies achieving the polymer confinement inside mes-
opores used either high pressures [26], super-critical CO2 as solvent for
the monomer [27], low molecular weight resins [28] or modified silica
[29,30] that are infiltrated with monomers upon further vulcanization.
The use of larger pore sizes and larger structures [31,32] or in combi-
nation with silanization of silica foam [33] has proven to be an efficient
way to reinforce epoxy resin. Unfortunately, the cluster size is too large
for rubber reinforcement. Another critical physical aspect of the polymer
reinforcement with silica is the fillers dispersion and their coupling to
the matrix. The usual strategy is to graft organosilanes on particles to
increase their hydrophobicity and to enable their bonding to the poly-
mer chains. In our previous work [34], the strategy of a silica pre-treated
with two different silane for reinforcing rubber was reported. The
mercaptosilane was used as the coupling agent, and the alkylsilane was
designed to mitigate the mercaptosilane reactivity and to enhance the
silica dispersion. In the present work, we achieved a unique regio-
selective silanization of dendritic silica particles featured by large
pores size. The mercaptosilane is co-condensed in the frame of the silica
during the particle growth, and an alkylsilane is grafted on the periphery
of particles by preventing it to access inside the pores with the soft
template already in place. A few mesoporous silica with selective dual
functionalization have been reported [35,36], and all with pore below
10 nm, which are more convenient to control and prevent silane
migration inside the pores. The full characterization of the newly syn-
thesized regio-selectively modified dendritic particles (RMDS) and its
application to tire rubber compounds are reported here. Furthermore,
the regio-selective silanization of the porous particles was confirmed via
their direct elemental mapping with the help of a Helium Ion beam
Microscope (HIM) coupled with a Secondary Ion Mass Spectroscopy
(SIMS). After incorporation into an SBR-BR rubber matrix and the
characterization of its mechanical properties, this newly synthesized
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filler was compared to a fractal commercial filler used in an industrial
tire tread compounds provided by Goodyear. RMDS provides rein-
forcement with better fatigue resistance and rolling resistance of tire
tread rubber composites. The permeation of polymer into the mesopores
and the absence of particles dislocations (unlike the aggregates of fractal
fillers) leads to a low hysteresis and a reduced Payne effect. Only a very
low number of cavities are detected by computed micro-tomography
after cycling the RMDS compounds with tensile fatigue testing. How-
ever, the excellent dispersibility of the filler, its size, and its spherical
shape prevent sufficient rubber reinforcement to reach the performance
level of HDS 200MP. Thus, adding a small amount of fractal fillers, fills
the gaps between RMDS particles and increases the filler-filler interac-
tion. This new dual-filler system leads to significantly improved prop-
erties of rubber-based nanocomposites in terms of reinforcement,
fatigue resistance, wet traction and rolling resistance indicators.

2. Experimental section

The list of chemicals used in the experimental section and the
description of the equipment and measurements methodologies used for
the synthesis and characterization of silica particles and silica-rubber
composites are available in the experimental section of the Support-
ing Information.

2.1. Synthesis of regio-selectively modified dendritic silica particles

The synthesis of regio-selectively modified dendritic silica particles is
derived from the synthesis of stellate mesoporous silica particles previ-
ously reported [37]. In an Orb Pilot 50 L reaction vessel, 34.7 g of
triethanolamine and 192.0 g of hexadecyltrimethylammonium p-
toluene sulfonate are dissolved in 10.0 L of de-ionized water. The so-
lution is heated at 80 °C and mixed for 120 min. Then, 1458.0 g of
tetraethoxysilane (TEOS) are added. The reaction starts and is kept at
80 °C under stirring until the end of the process. 15 min after the
addition of TEOS, 166.3 g of 3-mercaptopropyltriethoxysilane (MPTES)
are added to the reaction vessel. 120 min after the addition of TEOS,
167.3 g of hexyltrimethoxysilane (C6) are added. The reaction is then
carried out for another 120 min at 80 °C under stirring. At the end of the
reaction, stirring is stopped and the silica particles are let to settle at the
bottom of the reaction vessel. The supernatant above the settled silica is
removed from the vessel via a pump and 15 L of de-ionized water are
added. Silica and water are mixed for 12 h at room temperature, stirring
is stopped and the silica particles are let to settle at the bottom of the
reaction vessel. Again, the supernatant is removed, and 15 L of ethanol
are added. Silica and ethanol are mixed for 12 h. at reflux temperature
under stirring. Finally, stirring is stopped and silica particles are let to
settle at the bottom of the reaction vessel. The ethanol supernatant is
removed. The highly concentrated silica particles in ethanol are then
separated by centrifugation (4700 g for 1 h). Regio-selectively func-
tionalized stellate silica is then dried in an oven at 110 °C for 48 h and
stored in a sealed container. Additionally, Stober particles, non-modified
stellate mesoporous silica particles and bromine-labelled regio-selec-
tively modified dendritic silica particles have been synthesized. Their
respective synthesis protocol is available in Supporting Information.
Stober particles consist in spherical and non-porous colloidal silica of a
controlled size (here with a diameter of 110 nm). Together with non-
modified stellate mesoporous silica, these particles have been used to
assess the impact of morphology and silanization onto the rubber
composite properties. Bromine-labelled regio-selectively modified den-
dritic silica particles have been synthesized for imaging purposes.

2.2. Silica-rubber composites fabrication
Silica particles were incorporated in a SBR-BR rubber matrix for the

fabrication of silica-rubber composites. The ingredients and recipe for
the fabrication of silica-rubber composites can be found in Table S1 of
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the Supporting Information. The silica composition of the composites
is summarized in Table S2 of the Supporting Information.

3. Results and discussions

3.1. Synthesis and characterization of regio-selectively modified dendritic
silica (RMDS)

The dendritic silica particles were synthesized via a surfactant soft-
templating sol-gel method. During such a process, the silica precursor,
usually TEOS, polymerizes via hydrolysis-condensation to form the sil-
ica particles. The soft template surfactant is forming micelles whose
shape and size are dictated by concentration and temperature condi-
tions. The inter-molecular interactions between the surfactant and silica
oligomers allow for the silica frame to grow around the surfactant
micelle. This phenomenon causes the growth of the dendritic porous
silica. Advantage was taken of this process to purposely graft silanes at
specific location. First, the mercaptosilane MPTES was co-condensed
with TEOS during the growth of the particles. This approach ensures
its uniform distribution on the silica frame. At this stage, the pores of
particles are still filled with the surfactant. Taking advantage of these
circumstances, grafting of the alkylsilane is the next logical step to
ensure this silane is mainly connected to the periphery of silica particles.
After synthesizing the silica particles, the surfactant is removed to reveal
the pores. Fig. 1 below illustrates schematically the synthesis of the
regio-selectively modified dendritic silica.

The reaction conditions and the concentration of mercaptosilane
were carefully chosen to ensure that the co-condensation of the mer-
captosilane did not affect the size nor the structure of particles. Indeed, it
has been reported that the use of organosilane may disturb the inter-
molecular interactions of surfactant molecules or the silica-micelles
interaction. This has been described by Moller et al. for the synthesis
of fiber-like mesoporous silica [38]. The step of alkylsilane grafting is
carried out as a simple post-growth modification of the particles. The
newly synthesized regio-selectively modified dendritic silica particle
were fully characterized and results are shown in Figure S1 of the
Supporting Information.

Transmission Electron Microscope (TEM) images in Fig. Sla. and b.
show that the dendritic porous structure is retained despite the intro-
duction of MPTES in the silica matrix. TGA curves display the mass-
losses associated with volatiles desorption (below 100 °C), surfactant
traces desorption and pyrolysis at 240 °C and silane pyrolysis at around
500 °C-550 °C. It has been reported that alkyl chains are more stable at a
higher temperature than mercapto moieties, hence different pyrolysis
temperature are observed [38]. TGA data of un-modified stellate silica
and mercapto-functionalized (Stellate-SH) are presented in Figure S2 of
the Supporting Information. The lack of peak at about 130 °C on the
dTGA spectrum of silanized silica particles reveals different de-
hydroxylation mechanisms when compared to the non-modified meso-
porous silica ones. This observation can be explained by the lower

47 p
® o ® ~“‘J~;
° ® htwo._

'."'\,

co-condensation

alkylsilane g[aﬁ.mg ; %

Chemical Engineering Journal 461 (2023) 141964

amount of silanol left to be de-hydroxylated on modified silica particles
after their consumption by silanization. Regio-selectively modified
dendritic silica share the same two peaks at respectively 370 °C and
500 °C that are attributed to the pyrolysis of mercapto groups and alkyl
chain (propyl and hexyl), respectively. The intensity of the second peak
is higher in the case of the regio-selectively silanized silica because of the
grafting of hexyltrimethoxysilane, increasing the amount of alkyl chains
present within the material. In the case of non-modified stellate silica
particles, two peaks can also be observed, even though the first one is
centered around a lower temperature than in the case of modified silica.
Those two peaks are assigned to the pyrolysis of the residual surfactant.
The co-condensation of MPTES in the stellate frame leads to the addition
of 3.8 % of mass. The grafting of hexyltrimethoxysilane adds 5.7 % of
additional mass. Overall, about 9.5 % of the mass of RMDS particles
correspond to the grafted silanes. The sharp drops in mass observed at
750 °C in TGA and dTGA curves of Fig. S1(c) and S2 result from the gas
switch from pure Ny to N3/O mixture at 750 °C. It leads to the oxidation
of the remaining organic matter. Covalent bonding of silane is confirmed
by 2°Si solid state NMR in Fig. S1d., with the presence of T groups be-
tween —50 ppm and —70 ppm. Nitrogen adsorption porosimetry results
are presented in Fig. Sle. and S1f. The introduction of mercaptopropyl
moieties reduces the pore volume and specific surface area, but not as
much as the addition of hexyl chains, which seems to drastically reduce
the adsorption of the gas molecules to the mesoporous surface, as proven
by the decrease of pore volume from 2.61 cm>/g to 1.54 cm™>/g. The
pore size distribution was calculated from the nitrogen adsorption data
using the DFT model [39]. It shows wide open pores with a diameter of
about 28 nm, close from sizes observed by SEM (see Figure S12, 19 nm
4+ 6 nm). XRD characterization of RMDS material was not carried as it
does not display an organized “crystalline-like” structure.

3.2. Dendritic silica regio-selective modification characterization

The regio-selective grafting of the mercaptosilane within the silica
frame and the alkylsilane on the out-skirt of the particles has been
characterized by Scanning Transmission Electron Microscopy coupled to
an Energy Dispersive X-rays Spectroscope (STEM-EDS) and Helium Ion
Microscope coupled with a Secondary Ion Mass Spectrometer (HIM-
SIMS). STEM-EDS micrographs and as well as Scanning Electron Mi-
croscopy (SEM) images are shown in Fig. 2. Image (b) shows sulphur
atoms in green. Compared to the particles structure depicted in (a), it
can be confirmed that sulfur is distributed evenly across the silica par-
ticles and no segregation can be observed from these images. SEM im-
ages (c) et (d) offer another perspective on the silica particle size
distribution and porous structure.

To investigate the consequences of the two-steps silanization process
of dendritic silica and the spatial distribution of the alkylsilane on the
porous silica particles, an alternative regio-selectively modified den-
dritic silica was synthesized by substituting the hexyltrimethoxysilane
by 7-bromoheptyltrimethoxysilane (see synthesis protocol in
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Fig. 1. Schematic view of the regio-selectively modified dendritic silica particles (RMDS).
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Supporting Information). This silane was chosen for its similar size and
structure, to mimic as much as possible the original hexyltrimethox-
ysilane. The bromine atom is used as a labelling agent as carbon alone
would not enable to discriminate mercapto- from alkylsilane since both
contain carbon atoms.

The distribution of bromine across the silica was mapped by
elemental mapping of the particles by nano-Secondary Ion Mass Spec-
troscopy (SIMS) using a Helium Ion Microscope coupled with a SIMS
detector. Fig. 3 display oxygen (1°0), carbon (*?C-'2C), and bromine
(7°Br) distribution. Larger field of view images are shown in Figure S3
of Supporting Information.

Oxygen mapping allows to clearly distinguish the silica particles. The
distribution of carbon across the particles is homogeneous and in
agreement with the TEM-EDS images. This is to be expected due to the
co-condensation of the mercaptopropyl silane during the particle’s
growth. Despite the low concentration of bromide per molecule, and by
voxel sputtered, the SIMS mapping shows the decrease of bromine
density inside particles. Especially for isolated particles, a distinctive
crown of bromine can be seen. Similar materials architecture have been
characterized by Z-contrast STEM, [35]or by porosimetry and fluores-
cence labelling of reactive moieties [36]. This is the first direct imaging
characterization ever reported for multifunctional porous silica
particles.

Fig. 2. STEM bright field (BF) images of regio-selectively modified dendritic
silica particles (a) and EDS micrographs of sulphur (b), and SEM images (c,d).
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Fig. 3. HIM-SIMS elemental mapping of regio-selectively modified dendritic silica: oxygen (grey)/carbon (green) overlap (a, b), oxygen (grey)/bromine (red) overlap
(c, d).
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3.3. Characterization of silica-rubber composites and their mechanical
properties

3.3.1. Effect of particle morphology and functionalization on rubber
properties

The effect of silica fillers, and fillers in general, on a polymer matrix
is a result of the four main ways the particles interact with the polymer
chains, and how their dynamic is affected by these interactions [40-42].
The filler-filler interaction of silica is dependent on the hydrogen
bonding of particles, which dictates how fillers interact, and is respon-
sible for the aggregation of the particles. These interactions may be
classified in two types. First, the low strain reversible interaction is
responsible for reinforcement. It is assessed by the measurement of the
drop of storage modulus at low strain, i.e. the Payne effect. This can be
directly correlated to the rolling resistance and wet grip properties of a
rubber compound [43]. Second, the high strain irreversible interaction
is characterized by the Mullins effect, when a compound is deformed
beyond a previous maximum. This effect can also include phenomenon
such as filler-polymer debonding or crack initiation and propagation
[44]. Moreover, fillers and polymer can interact in two ways, being first
the steric hindrance of the particles over the polymer chain, resulting
from the network of fillers trapping rubber, and from the covalent
bonding of fillers with polymer when a coupling agent like mercapto
organosilanes is used. Both are responsible for the reinforcement of the
material. In a rubber compound, all these interactions work together and
ultimately drive the mechanical properties of polymer-based nano-
composites. Consequently, the filler size and specific surface area,
loading level, and surface modification are key parameters that will
affect how and how much fillers interact with themselves and with the
polymer chains. Fractal precipitated silicas like HDS 200MP are a gold
standard and are commonly used in tire tread compounds. It consists in
10 nm primary particles in the form of large agglomerates (200 um) (see
Figure S4 of Supporting Information) that form a percolating network
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made of fractal shaped aggregates of medium size (50-100 nm) once
mixed in the rubber (see Figure S4 ¢ and d). This kind of silica is
silanized in-situ by the addition of liquid organosilanes during the
rubber mixing process. This filler reveals high interaction with the
polymer thanks to the interaction with the trapped rubber within the
fractal structure and its silanized surface. One limitation of such a filler
architecture is the susceptibility to dislocations and breaks under me-
chanical stress, which increases hysteresis and impairs its reinforcing
properties. It is important to note that the rubber recipe used in the
present work is optimized for this kind of filler.

To identify the potential benefit of regio-selectively modified den-
dritic silica fillers, the effect of the filler morphology and its chemical
modification were first investigated. Non-functionalized Stober and
stellate silica were used to show the impact of the porous structure and
functionalization on the dispersion of fillers and on the mechanical
properties of composites. Fig. 4 below presents the results of tensile test
at break, the reinforcing index, and cyclic tensile test performed at 70 %
of each sample maximum elongation. The reinforcing index is calculated
as the ratio of the modulus at 150 % strain divided by the modulus at 50
% strain.

The non-porous and non-modified Stober silica composites show the
overall worst properties, with no strain hardening in tensile testing, low
moduli and reinforcing index of 2.13, as well as the lowest stress at break
of about 4 MPa. This composite is the only one unable to withstand>5
tensile cycles upon breaking. Non-modified stellate silica also displays
no strain hardening and has an even lower reinforcing index of 1.77
despite its higher stress at break. This compound is capable of very high
elongation, almost 800 % strain, and thus reach higher ultimate stress
than Stober particles. Interestingly, at low strain (below 25 %), the non-
modified stellate particles provide the composite with a high strength
(see Fig. 4a.), with a steeper increase of the strength compared to other
samples. The porous structure seems to give an advantage over the non-
porous Stober particles in terms of ultimate properties and fatigue
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composites materials.
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resistance, as Stellate silica compounds show the lowest loss of strength
over tensile cyclic testing. Without any coupling agent, silica-rubber
phases are not efficiently crosslinked. In the case of Stober or non-
modified Stellate silica, only a linear deformation is observed after the
initial deformation below 75 % strain. It can be suggested that the low-
strain reinforcing effect of non-modified stellate silica arises from the
hydrogen bonding of the bare silica surface. As RMDS contains about
9.5 % of silane (as reported in Fig. Slec.), the amount of silica for a given
mass of filler is lower than for other pure silica fillers, especially HDS
200MP. To compensate this, 90 phr samples of pure RMDS on one side,
and HDS 200MP on the other side, were tested. Results in Fig. S10a show
that the tensile behavior of HDS 200MP silica-rubber samples is slightly
worsen from 80 to 90 phr. The 90 phr HDS 200MP composite behaves
similarly to the 70 phr sample. Graph b. of Figure S10, shows that the
ultimate tensile properties are marginally improved by the addition of
10 phr from 80 to 90 phr. Based on these results, we concluded that the
addition of 10 phr of HDS 200MP above 80 phr is marginally beneficial
when the mechanical properties of the composite are considered.
Indeed, the material reaches the percolation threshold at around 80 phr
of HDS 200MP silica. STEM images in Figure S11 support the conclusion
that 80 phr is the optimal loading level for HDS 200MP, as the dispersion
state is slightly worse at 90 phr. This leads to select HDS 200MP 80 phr
as our reference sample. Unlike the two previous particles, RMDS silica
shows strain hardening and has a higher reinforcing index of 2.76 and
3.32 at 80 phr and 90 phr respectively, as well as good ultimate prop-
erties, with ultimate strength of 12 and 11.8 MPa, respectively. The
porous structure and regio-selective modification of the dendritic silica
do provide obvious benefits over non-porous and non-modified porous
silica. Though the additional 10 phr increases the reinforcement of the
polymer, it does not compensate the mechanical properties discrepancy
observed with the HDS 200MP fractal filler system. Dynamic Mechanical
Analysis (DMA) was performed to further investigate the filler-filler
interaction and understand the difference of behavior of RMDS parti-
cles versus the fractal HDS 200MP filler system. Results are presented in
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Fig. 5 below. The corresponding storage modulus E’ at 30 °C measured
by DMA are displayed in Figure S6 of Supporting Information.

The amplitude of the tan & peak is reflecting the chain mobility of a
polymer reaching a maximum at the glass transition Tg. In the case of
filled polymers where the chain dynamic is restricted close to the filler
particles, the tan & peak amplitude is lowered as the polymer chain
mobility is reduced. In the case of Stober silica composites, the limited
dispersion and absence of functionalization prevent significant interac-
tion between fillers and polymer chains, resulting in high tan & peak,
similar to unfilled SBR. [45] Tan § also characterizes the tendency of
rubber to lose energy at a given mechanical solicitation frequency. Ac-
cording to the Williams-Landel-Ferry [46] relationship of the time-
—temperature equivalence, high temperatures are equivalent to low
frequency and low temperature to high frequency. In the present case
tan § at O °C serves as the indicators of traction performances, and at
60 °C, it represents the rolling resistance of the composites [47,48].
Ideally, high energy losses are desired for traction and breaking, and
minimal losses are targeted to reduce rolling resistance. In the case of
Stober composite the filler-polymer interaction is so weak that aggre-
gates are barely affected by the composite deformation which is
corroborated by the height of the tan & peak, translating the high
mobility of the polymer chains. The low level of Payne effect is another
element explaining the lack of reinforcement. Indeed, the amount and
size of aggregates do not lead to a reinforcing percolating network.
Fig. 5d shows the results obtained for the four different types of silica
here described at 80 phr filling degree with corresponding fitting curves.
The plot shows a more pronounced Payne effect for the sample HDS 200
MP followed respectively by Stellate 80 phr, RMDS 80 phr and Stober 80
phr. The same trend is observed for the modulus at dynamic strain
amplitudes smaller than 1 %. The decay for the different types of silica
indicates that in the case of HDS 200 MP the fractal particles are more
prone to form aggregates than the other silica fillers here studied. These
aggregates are subject to strain-induced breakage that leads to a pro-
nounced decay of E’ in the dynamic strain range studied. An interesting
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comparison between Stellate 80 phr and RMDS 80 phr highlights how
the different silanization affects the formation of aggregates as well.
Stellate silica particles exhibit strong inter-particle interactions at low
strain, most likely through hydrogen bonding, corroborating the tensile
behavior of these composite. The fitting parameter AE reported in
Table S3 of Supporting Information shows that the Payne effect is
more significant in the case of Stellate than for RMDS, indicating that in
the case of the latter, the composite is less affected by a filler network
breakage or fillers occur predominantly as single particles. On the other
hand, the spherical Stober particles lead to a low reinforcement as well
as a weak decay of E'. As reported in Table S3 of Supporting Infor-
mation, the values of m fitted for the samples under investigation are
lower than the literature values and seem to be dependent on the type of
filler. The discrepancy could be attributed to the shape of the fillers used
in this work. While the Stober particles are spherical, Stellate silica and
RDMS are characterized by lower density with respect to HDS 200 MP.
The different shape as well as the different distribution of the silane
coupling agent at the surface of the particles could be responsible for the
deviation from the expected fractal dimension of the clusters. In addi-
tion, from Fig. 5d it is evident that in the case of Stober 80 phr and RDMS
80 phr, the decay of the storage modulus occurs close to the limit of the
measured dynamic strain. For this reason, the fitted parameter m, closely
related to the slope of the decaying function E’' is subject to a high un-
certainty. RMDS composites exhibit very low Payne effect, with an
elastic modulus decay 1.36 MPa and 1.03 MPa for 80 phr and 90 phr
composite respectively, when compared to non-modified Stellate or HDS
200MP (6.58 MPa decay). This features low filler-filler interactions in
the composite. Consequently, the wet traction indicator tan & at 0 °C of
RMDS 80 phr is lower than Stellate or HDS 200MP. The 90 phr com-
posite manages to slightly increase this parameter while maintaining
low tan & at 60 °C, but still this does not reach the level of HDS 200MP.
The comparison of Stober, non-modified stellate silica and RMDS in-
dicates that the dendritic structure and its regio-selective modification
bring more reinforcement to the polymer by crosslinking and trapping
rubber in the porous structure. However, the filler-filler interactions are
too weak to provide sufficient reinforcement and traction properties.
Also, RMDS behaves as a low energy dispersion filler compared to HDS
200MP, as seen with the low tan & at 0 °C and 60 °C values seen in
Fig. 5b. It is beneficial in term of rolling resistance but not for the grip
and traction. STEM images and computed tomography micrograph are
shown in Fig. 6 and Fig. 7 respectively. Additional tomography nu-
merical data of agglomerates and strain induced volume increase are
presented in Figure S7 and S8 of Supporting Information.

Stober and non-modified Stellate silica both display particles
agglomeration. The presence of agglomerates diminishes the density of
silica in the homogeneous areas and prevents to reach a reinforcing

Staber 80 phr | ¢,

500 nm
—
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percolation network at which the polymer chains would be significantly
affected by the particle density. This is supported by tomography in
Fig. 7, where the severe agglomeration and lack of silanization of Stober
silica is responsible for debonding and cracks propagation, explaining
the low mechanical properties. On the other side, despite the absence of
silane, non-modified stellate silica shows a better dispersion but still
some agglomeration. This might be due to higher mixing forces (see
Figure S5 of Supporting information) employed for this compound,
arising from hydrogen bonding of Stellate particles. The absence of
silanization on stellate silica promotes the hydrogen bonding of particles
and thus the reinforcement at low strain (below 25 %). At higher strain,
filler-rubber interactions are nonexistent, resulting in the absence of
strain hardening and a lower reinforcement. The slight reinforcement
over Stober particles is due to the higher surface area and formation of a
filler network leading to higher interaction of the polymer with the
porous structure. Finally, RMDS shows a great dispersive behavior with
very little aggregates. The low-density area of the RMDS 80 phr sample
seen in tomography (Fig. 7 g.) can be interpreted as spots where the
concentration of particles is lower. This feature is also present in non-
solicited rubber sample, indicating that it is an intrinsic feature of the
compound itself and it is not caused by the mechanical deformation of
the sample. The low volume fraction of stress-induced cavities translates
the very good filler-rubber interaction within the composite. But no
percolation network is formed, even at 90 phr. This may be due to the
size and spherical nature of the RMDS particles, preventing an optimal
contact and interlock of the particles. These observations lead to the
conclusion that on its own, this filler system is unable to form a perco-
lating network, unlike a fractal system like HDS 200MP.

Mechanical properties of composites and microscopy corroborate the
model that a good reinforcing filler should display good filler-filler and
filler-rubber interaction. The latter is obtained via the use of coupling
and dispersive silanes that prevent silica aggregation, allow for a good
dispersion and coupling with the polymer chains. The absence of silane
in Stober and non-modified stellate particles is clearly responsible for
the low reinforcing properties, but results hint that the porous structure
already bring reinforcement on its own. RMDS show very good prop-
erties for reinforcement and low energy dispersion, but the impossibility
to form a percolating network prevent it to reach the level of fractal
system in term of reinforcement or wet grip. To overcome this, we hy-
pothesize that the use of HDS 200MP as an additive in small amount
should increase the filler-polymer interaction by densifying the filler
network and fill the gaps between the spherical RMDS particles.

3.3.2. Dualfiller systems characterization and properties

STEM images of composites and computed micro-tomography results
are displayed in Fig. 8. The addition 10 phr of HDS 200MP clearly

RMDS 90 phr

Fig. 6. STEM images of Stober (a,b), non-modified Stellate (c,d), and RMDS silica-rubber at 80 phr (e,f) and 90 phr (g,h) composites in bright field mode.
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Fig. 7. 2D ortho-slice, agglomerates volume fraction (>5 pm) and strain-induced cavities (>5 um) of Stober (a,b,c), non-modified Stellate (d,e,f), RMDS 80 phr (g,h,
i), and RMDS 90 phr (j,k,]) silica-rubber composites after cyclic tensile strength testing.

increases the particle density, and small HDS 200MP particles can be
spotted in between the larger RMDS spheres. Additionally, low-density
area previously seen in Fig. 7 are absent. Despite the increase in silica
loading, RMDS shows no major agglomeration.

The composite shows minor agglomerates and almost no strain
induced cavities. Interestingly, RMDS shows less agglomerates at 90 +
10 phr than 90 phr. This is likely because a higher filler loading induces
higher mixing torque during compounding, as it can be seen in
Figure S5 of Supporting Information. The resulting mechanical
properties of dual filler composites are shown in Fig. 9 below. STEM
images of composites at 80 + 5, 80 + 10 and 90 + 5 phr are available in
of Figure S9 of Supporting Information.

The addition of HDS 200MP increases the reinforcement of the
composites up to a point where RMDS 90 + 10 phr is higher than the
pure fractal filler composite, with a reinforcing index of 4.15 versus 3.9
for HDS 200MP (Fig. 9a). RMDS 90 + 10 phr also display better fatigue
properties as shown by the cyclic tensile results. The trade-off is a lower
ultimate strain and consequently a lower stress at break for all com-
posites over 90 phr of RMDS compared to 80 phr. But the main effect of
this dual-filler system is the drastic increase of filler-polymer interac-
tion, as shown by DMA data in Fig. 10.

The combination of the regio-selectively modified dendritic silica
and the smaller fractal HDS 200MP allows to drastically increase the
filler-filler interaction, as seen in the increase in storage modulus decay
in Fig. 10d. The particle density also affects the filler-polymer network
and limits the polymer chain mobility as seen in Fig. 10a. The increased

level of interaction between filler and rubber is supported by the
decrease of the tan § peak intensity when increasing the filler loading.
The addition of small amount of HDS 200MP increases the Payne effect
linearly for 80 phr compounds, but the effect is more pronounced when
5 phr are added to 90 phr of RMDS. At the filler loading of about 90 + 5
phr, the percolation of the filler network is reached, and mechanical
properties change drastically. This is seen especially for wet grip and
rolling resistance indicator tan & in Fig. 10b. The combination with HDS
200MP allows to improve the traction indicator tan § at 0 °C for all
samples, with the 90 + 10 phr combination surpassing the HDS 200MP
while still having a lower rolling resistance. Interestingly, both tensile
strength testing and DMA show that this filler combination seems to
have a synergetic effect. The fact that the 90 phr HDS 200MP composite
does not bring any additional reinforcement compared to 80 phr, as
shown in Figure S10 and S11, enables us to confirm that it is not the
additional 10 phr of fillers that brings more reinforcement, but the use of
both fillers simultaneously at this specific loading. Overall, the 90 + 10
phr dual-filler sample benefits from the advantages of the two fillers:
good fatigue resistance and lower rolling resistance due to RMDS silica,
high wet grip indicator due to HDS 200MP (superior to the pure fractal
filler sample), and good reinforcement due to both fillers.

The porous morphology of RMDS silica mimics a fractal structure
and enable high interaction between silica particles and polymer chains
while leading to a homogenous dispersion of particles with minimal
agglomeration and strain induced cavities. RMDS can be qualified of an
“unbreakable aggregate”. The addition of a small amount of HDS 200MP
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Fig. 8. 2D ortho-slice, agglomerates volume fraction (>5um) and strain-induced cavities (>5um) of RMDS 90 + 10 phr (a,b,c) and STEM images (d,e).
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fills the gaps between RMDS particles in the rubber matrix and enables
to compensate for their lack of filler-filler interaction, as supported by
the increase in Payne effect seen in Fig. 10d.

Under mechanical deformation and sufficient strain, silica particles
are pulled apart one from another as the composite material is elon-
gated. When large smooth particles without any silanization are used,
silica particles do not interact with the polymer chains and barely
restrain their dynamic, as in the case of the Stober silica composite used
in this study. For HDS 200MP, particle aggregates manage to trap rubber
in so-called inter-particles porosity. In the case of RMDS, the intra-
particle porosity plays the same role, but unlike HDS 200MP aggre-
gates, RMDS particles cannot be pulled apart and do not suffer from
permanent dislocation. Subsequently, RMDS composite behave much
better under fatigue and show less hysteresis and Payne effect. Finally,
the addition of a small amount of the HDS 200MP to RMDS composites
enables to fill the gaps between the particles and further increases the
filler-filler interaction without overly increasing the Payne effect, lead-
ing to a composite with superior reinforcement, wet grip and rolling
resistance while keeping good fatigue resistance. This is a major
breakthrough here as those three properties are usually antagonistic
when their respective improvement is sought.

4. Conclusion

The use of porous silica particles as potent fillers for tire rubber has
seen limited use for many years compared to nanometer-size fractal
precipitated silica fillers. Indeed, the latter has shown to be more effi-
cient in interacting with the polymer chains because of the fractal
structure resulting from the mixing with the matrix. This percolating
network enables high filler-polymer interactions by trapping rubber in
interparticle porosity. High filler-filler interaction arises from the par-
ticle network, leading to good reinforcement. In this work are reported

10

the synthesis and characterization of unique modified dendritic silica
fillers with a regio-selective functionalization that are proven to be very
efficient at reinforcing tire rubber with 110 nm spherical particles. The
combination of the porous structure and the intricate silanization of
particles allows the rubber to permeate into the pore and to crosslink
with fillers while still allowing a great dispersion of particles. Micro-
scopy, tomography, and mechanical properties characterization results
presented here confirm the potential of such a filler technology. RMDS
composites show minimal aggregation, cracks, and stress induced
cavitation. The combination of RMDS with small amount of a smaller
fractal silica filler increases the filler-filler interactions and enables
better reinforcement than each filler on its own. Higher tensile strength
and moduli, as well as better wet traction and rolling resistance prop-
erties are observed. Beyond the homogeneous distribution of particles in
the rubber matrix, greater fatigue resistance properties of RMDS filler
come from its capacity to behave as a high-interacting reinforcing
aggregate regarding the polymer, but without suffering from the irre-
versible dislocation of those aggregates. It results in a better retention of
the reinforcing properties over repeated deformation. The application of
such a filler system for tire rubber reinforcement opens new perspectives
in the engineering of tires with low rolling resistance and competitive
traction with durable performances.
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