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Abstract 

 Tires are essential to our societies as transportation of people and goods are keys to our 

economies and social interactions. They need to provide satisfying performances in terms of safety, 

service life and fuel consumption simultaneously. The famous “magic triangle of tire tread” is 

constituted of the three main parameters that define a tire tread performance level: wet traction, abrasion 

resistance and rolling resistance. To overcome the boundaries of this triangle requires constant research 

and engineering work, as these properties work against one another. For instance, lowering the rolling 

resistance allows to reduce fuel consumption, but also reduces wet grip performances and therefore 

compromises safety. 

The introduction of silica fillers in combination with silane coupling agents is the major 

innovation that helped to mitigate this issue. It provides better wet traction as well as rolling resistance 

compared to regular carbon black compounds. The drawback of silica is its tendency to form aggregates 

in rubber via its polar hydrophilic groups: silanols. They prevent silica particles from interacting with 

non-polar hydrophobic polymers commonly used in tires. The effectiveness of a reinforcing filler arises 

from its ability to create a percolating network and to interact with the polymer chains of the matrix. 

Therefore, silanes are essential to silica for rubber reinforcement. They chemically react with both the 

silica particles and the polymer chains and grant silica a great dispersibility by converting polar silanols 

to non-polar organic moieties. They also enable silica particles to become crosslink points in the rubber 

composites through the reaction of the silane with the polymer chains. Currently, state of the art silane-

silica filler systems consist in 10-50 nm silica particles. Upon mixing in rubber matrix, they form a 

fractal percolating network. The silane carries a sulfide moiety that allow the silica-rubber crosslinking 

reaction. The limitation of such system resides in two aspects. First, the use of a single silane providing 

simultaneously coupling and dispersion of the filler prevents to optimize both of these parameters. 

Secondly, the constitutive aggregates of the percolating network may be subjected to dislocation under 

stress. This causes unnecessary energy dissipation and irreversible weakening of the material over time. 

Addressing these two problematics is of great interest for the improvement of tire rubber performances. 

For this reason, the present doctoral thesis aims to study and understand the influence of silica 

surface modification and morphology over mechanical properties of a tire tread rubber compound and 

more specifically its wet grip, abrasion and rolling resistance indicator. Firstly, we investigated the 

activation potential of two strong bases, namely sodium hydride and DBU, on silica surface reactivity 

toward silanization. Then, we studied the effect of coupling and dispersion role dissociation as well as 

silane length on rubber mechanical properties by synthesizing new dual-silane pre-treated silica fillers. 

Finally, we present the synthesis of a unique regio-selectively modified dendritic silica and studied the 
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behavior of the subsequent composite materials by assessing the effect of particle porosity and chemical 

modification. 

Our findings show that the dissociation of coupling and dispersive silane greatly impact rubber 

properties. The combination of short mercapto and alkylsilane has proven to improve wet grip of 

composite with a stable rolling resistance indicator. On the other side, the use of longer alkylsilane 

completely changed the polymer-filler dynamic and resulted in phase segregation around fillers and 

poor reinforcement. Finally, the spatial segregation of coupling and dispersive function with the newly 

synthesized regio-selective modified dendritic silica particles induced remarkable changes in the 

reinforcing behavior. When compared to equivalent non-porous and non-modified silica particle, the 

permeation of polymer chains in the porous structure and their crosslinking with the coupling silane 

enable reinforcement while near-perfect dispersion is ensured by the dispersive silane on the outer 

surface. Unfortunately, this reduces the filler-filler interaction and consequently limit the reinforcement 

of the rubber. The introduction of a small amount of the fractal filler allowed to fill the gaps between 

the bigger porous particles. It proved to drastically improved the inter-particles interactions, and thus 

the reinforcement and dynamic properties of the material beyond previous levels. This work puts light 

on the potential of porous silica and dual-fillers systems as potent filler for tire tread rubber. 

 The outcomes of this doctoral thesis participate to better understand the impact of 

chemical and morphological modifications of silica filler surface, and how it can serve the improvement 

of the filler technology for the tire industry. It develops the use of porous silica particles as potent fillers 

for tire tread rubber and brings new insights on reinforcement mechanisms as well as new possibilities 

in filler architecture and chemistry. 
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General Introduction 

The organization of our societies and health of our economy heavily rely on road transportation 

to ship goods and transport passengers. Today more than even before, the decreasing fossil fuel reserves 

capacity and the already existing severe consequences of our fast-changing climate call for a drastic 

shift in the way we consume energy. Even with a hypothetical mass electrification of transportation, 

fuel efficiency remains critical for transportation. Being the only parts of vehicle in contact with the 

road, tires have an important role to play in fuel efficiency. Low rolling resistance tire are not new, but 

ever increasing regulatory and consumer pressure push the tire manufacturers to improve their rolling 

resistance performances, without compromising the safety and durability of their products. The tire 

technology has been rich in innovations and technologies development. Originally, primitive tires were 

made from leather and tightly fitted on bicycle wheel rims. The first practical pneumatic rubber tire was 

made in 1888 by John Boyd Dunlop. Pneumatic tire development also brought improvement to the 

vulcanization process that had been discovered by Charles Goodyear in 1839. Initially made from 

natural rubber, shortage in natural latex production helped the invention and production of synthetic 

rubber by Bayer in 1920. In 1946 the French company Michelin developed the radial tire construction, 

bringing better handling and lowering fuel consumption. 

Modern tires are still made of natural rubber and/or synthetic rubber, while colossal advances 

have been made on the production of the building materials and the tuning of their properties. Built 

around its supporting structure - the carcass, a tire consists of an assembly of various rubber pieces, 

each with different composition in rubber, fillers, and additives. These parts can be reinforced with 

fabric, may it be natural (cotton) or synthetic (nylon, polyester, polyaramid), and steel cords, especially 

for truck tires. The part in contact with the rim is called the bead and is usually a coil of steel wire 

encapsulated in rubber. Finally, the tread is the part in contact with the road. Due to the different 

solicitation a tire must face, may it be physical or chemical, additives allow it to withstand oxidation 

from ozone and dioxygen, wear, low and/or high temperature, acceleration, and break. Tire 

performances were pushed due to increasing requirement level in safety, road performance and cost. 

This PhD thesis focuses on the silica filler technology, its silanization and the impact it has on 

the filler and rubber dynamic, and ultimately the composite materials properties. Silica has been used 

for tire from the 1940s in combination with carbon black, but the introduction silanes coupling agents 

really unlocked the potential of silica fillers. They quickly brought drastic improvement in road grip 

and rolling resistance, as silanes really improved this system by hydrophobizing the mineral filler 

surface. It ensured good dispersion in the organic polymer matrix, as well as enabling the covalent 

coupling of silica rubber, hence the name “coupling agents”.  
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The reinforcing effect of fillers originates from their capacity to affect the polymer chains dynamic 

in the composite material. The interaction of fillers with their neighbors, as well as with the rubber 

chains are the underlying phenomenon responsible for the viscoelastic performances of a rubber 

composites. As silanes directly affect the interfacial properties of silica fillers, the study and 

understanding of silica silanization and its consequences on viscoelastic properties is key to tire tread 

rubber reinforcement. Finally, the morphology of the silica filler is a determining factor that dictates 

the dynamic of the filler network under stress in the composite. Silica is versatile material which can be 

synthesized in many ways. The sol-gel synthesis of mesoporous silica particles is especially interesting 

as it yields high surface area fillers of various size and geometry. Because the silica fillers network of 

rubber composite is such an important factor for the viscoelastic properties and the reinforcement of the 

material, mesoporous silica particles have an unexplored potential for research as well as for industrial 

applications. 

Aim of the thesis 

The purpose of the investigations presented in this doctoral thesis is to explore new methods of 

reinforcement and improvement of the viscoelastic properties of silica-filled tire tread composites, as 

well as understanding the reinforcing effect of chemically modified porous silica fillers. Bringing new 

knowledge in the field of filled tire rubber will help the development of new processes and technology 

to face the current technological challenges but could also benefit to other area in which the 

understanding of fillers chemistry and reinforcement dynamic is relevant. We studied the potential of 

porous silica fillers for tire rubber reinforcement, for which surprisingly few research works could be 

found despite the extensive interest and literature about mesoporous silica particles for all sorts of 

domain in material science. 

Structure of the thesis 

The first chapter establishes the state of the art in the field of silica filled rubber and sol-gel 

synthesis of porous silica particles and silanization. The background of the tire technology, the physical 

formalism and theory of viscoelastic properties, as well as the background in filler science and silica 

synthesis are presented. 

The results of the research work are presented in Chapters 2 to 4, which consists in three different 

peer-reviewed articles published or submitted in scientific journals. Chapter 2 deals with the 

enhancement of silica filler reactivity with original basic catalysts for silanization. Chapter 3 discusses 

the impact of the separation of the silane’s coupling and dispersive functions on silica filler. The effect 

of silane combinations over the interfacial properties of the fillers was studied and the subsequent filler-

rubber interactions and composite mechanical properties assessed. Chapter 4 presents the synthesis of 
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a new silica filler architecture consisting of regio-selectively modified dendritic porous particles, its full 

characterization, and the implication of such a filler over the dynamic mechanical properties and 

reinforcement of a tire tread rubber composite. 

This PhD thesis has been conducted at the Luxembourg Institute of Science and Technology 

(LIST) within the framework of the TireMat project, a partnership with The Goodyear Company. 
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1 Tire technology 

1.1 Tire composition and structure 

Many vehicles use tires, from planes, cars, trucks, buses, motorbikes, bicycles, construction work 

vehicles and specialized vehicles. Not one tire can fit all these usage conditions, hence the diversity of 

tire construction and composition. This chapter aims to give an overview of what a tire is made of and 

how it is build, focusing on pneumatic tires for trucks and cars. 

 

Figure 1. Cross-view schematic of a radial tire[1]. 

A pneumatic tire consists of a body providing containment for the compressed air and choc 

absorption, and a tread which is the part in contact with the road, providing traction. A cross-view 

schematic of a tire in Figure 1 shows the different constituent elements of a pneumatic tire. This 

representation shows well the complexity of such object. A tire is an assembly a many different parts 

made from steel cords, textile fabrics embedded in rubber compounds, and held together by the 

crosslinking of the latter under high heat and pressure during the vulcanization process. The 

composition of two different kinds of tires is presented in Figure 2 below. 
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Figure 2. General composition of passenger and truck tires (Reproduction from U.S. Tire Manufacturers 
Association). 

Because trucks carry heavier loads, their tires require stronger materials, like steel instead of 

synthetic textile fabrics, and more natural rubber, as this polymer provides stronger and more durable 

compounds than synthetic alternatives. Within a tire, each part is meant to respond to a different 

solicitation and specific materials are used to provide adequate responses. The inner liner is the layer 

making the tire air-tight and is in contact with the compressed air. For this reason, it must be more 

resistant to oxidation and is usually made of halobutyle rubber, a halogenated polymer, which is 

especially resistant to oxygen and show efficient sealing properties. The apex, where the bead sits, is 

the part in contact with the rim of the wheel. It is designed to withstand high loads and temperatures. 

The body ply, steel belts and nylon cap ply are rubber-coated fabric playing a structural and reinforcing 

role. The cohesion of the rubber with the reinforcing fabric is essential for safety and performance. The 

side walls are the lateral outer-part of the tire. They protect the inner elements from mechanical tear and 

wear, as well oxidation from ozone or UV light. Finally, the tire tread, which is the only part of a tire 

in contact with the road, has a critical role in the tire behavior and performances. The shape and density 

of the tread pattern are important parameters that enables to design the tire to face different temperature 

and weather conditions. Equally, the composition of rubber constitutive of the tread will allow for a 

wide range of properties. A tire tread should be able to evacuate accumulated static charges, provide 

good road traction for cornering and breaking in any condition, resist to wear for high durability, and 

have a low rolling resistance to reduce fuel expenditure. These last three characteristics especially are 

what shapes the so-called “magic triangle” in the rubber industry. 
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Figure 3. Tire "magic triangle" schematic. 

This triangle represents the three major properties of a tire tread and their contradictory mutual 

relationship. Improving one property will reduce performances in the other two, the wet traction-rolling 

resistance antagonism being the most predominant one. This triangle illustrates the major challenge in 

the improvement of tire tread performances. Different research lines have explored solutions like new 

resins, [2] polymers,[3] innovative fillers systems,[4] the use of grounded tire rubber (GTR),[5]  to solve 

this challenging task. Especially, the introduction of silica particles along carbon black as a reinforcing 

filler enabled such improvement in several instances, as silica-filled rubbers demonstrated better rolling 

resistance, similar or higher wet traction and un-changed abrasion resistance. Indeed, the intrinsic 

properties of silica and the vast potential for modification, may they be chemical or morphologic, make 

it a major focus in the tire industry and a vast research area with many opportunities for promising 

advances. 

1.2 Rubbers – Chemical and physical properties 

Elastomers, meaning elastic-polymer, also denominated rubbers after vulcanization, provide 

damping and strength to the tire via their viscoelastic properties. The word rubber is now commonly 

used to designated synthetic polymers and other materials that have properties similar to natural rubber. 

Historically only natural rubber (NR), consisting mainly in the cis-1,4-polyisoprene isomer (over 99%), 

was obtained from the latex tree Hevea brasiliensis and used for the first tire at the beginning of the 

industry. The isomer trans-1,4-polyisoprene has different properties and is produced by other tree 

species like Palaquium gutta and Manilkara bidentata. Natural rubber is still widely used today, mainly 

for truck tires. But other polymers, synthetic ones, have been used pushed by the supply difficulties of 

natural rubber and along with the development of petrochemistry, enabling the production of specific 

https://fr.wikipedia.org/wiki/Palaquium_gutta
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polymers for specialized applications. In Figure 4 are displayed some of the chemical structures of the 

main polymers used in a tire. 

 

Figure 4. Structures of common polymers used in tires. 

Cis- polymers are especially interesting for tire application because of their elastic properties. 

Indeed, cis-double bonds in polymers allow for less linear chains and therefore lower crystallinity. 

Consequently, the amorphous part in these polymers is higher, which benefits to the elastic properties 

needed for tires. From a chemical perspective, the presence of carbon-carbon double bonds is essential 

for the vulcanization process. It consists of the crosslinking of polymer chains via the reaction of C=C 

bonds and elemental sulphur. Vulcanization is the chemical reaction that gives the rubber its visco-

elastic properties by creating a 3D-crosslinked network of polymer chains. The fundamentals of this 

reaction are developed and presented in the following sub-chapter. 

1.2.1 Vulcanization of rubbers 

The term “vulcanization” designated the chemical reaction using sulfur that allows the 

crosslinking, or covalent bonding, of polymer chains. This creates intermolecular bonds between 

polymer chains that are then dependent from one another.  
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Figure 5. Schematic of sulphur vulcanization of an unsaturated rubber 

This reaction is carried at high heat and under pressure. The vulcanization of rubber drastically 

improves their mechanical properties in terms of strength, elasticity, toughness, and also chemical 

resistance. It was quickly realized that the use of sulfur alone was not enough, even though crosslinked 

compounds were clearly over-performing uncured rubbers. It was discovered that the use of various 

amines worked similarly as aniline [6] as accelerators for vulcanization. There is now a wide variety of 

accelerators. Some of them are used together and yields significantly better curing.[7] Zinc oxide is also 

a mandatory chemical as it is considered the best activator for sulfur vulcanization.[8] 

 

Figure 6. Common accelerators used for sulfur vulcanization.[9]  
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The mechanism for the chemical reaction of sulfur crosslinking is complex and still the subject of 

interrogations. It is suggested that it is a mix of radical and ionic mechanism. The figure below presents 

one possible mechanism for ionic accelerated sulfur crosslinking reaction of an unsaturated polymer. 

 

Figure 7. Possible mechanism for a ionic crosslinking reaction.[9,10] 

 The increasing amount of crosslink points leads to the stiffening of the material. The vulcanization 

process of a rubber compound can be followed by measuring its rheological properties during the cure, 

using a heated moving dye rheometer. Heat and mechanical deformation are applied to the compound, 

and the torque response is recorded. A typical curing curve is shown in Figure 8 below. 

 

Figure 8. Torque response during vulcanization of a rubber compound. 
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The vulcanization temperature can vary from 90 to 170°C depending on the size of the tire. During 

the first seconds, the rubber softens due to the heat, before the vulcanization takes over. This delay is 

usually called “scorch time”. It is a critical parameter as it defines the time window during which the 

shaping of the rubber is still possible before its irreversible stiffening with the progressing cure. Then, 

the torque response of the compound increases with the amount of crosslink generated. The time at 

which 90% of the maximum torque is reached is called t90 and is usually used as an indicator of the 

reaction speed. Finally, the vulcanization reaches a plateau. In optimal condition, no reversion nor 

marching curve is observed. Mastering the cure behavior of a rubber compound is essential to ensure 

the right final properties as well as to optimize the process. For a whole tire, not all parts have the same 

thickness nor cure behavior, and thus the reaction may last shorter or longer. The challenge resides in 

obtaining a homogenous vulcanization across the tire, yielding the targeted properties. Upon 

vulcanization, the rubber compound gains its viscoelastic properties. This is a major change in the 

mechanical properties. The sub-chapter 1.2.3 presents the basis of rubber viscoelastic properties and 

implications on tire tread properties. 

1.2.2 Thermal behavior of polymer and rubbers 

Polymers see their mechanical properties vary with changing temperature. They can behave as 

solids, soften, and even melt. The temperature of the material directly affects the mobility of its 

constitutive macromolecules. At low temperature, the molecular mobility is low, and the material 

behaves as a glassy solid. The chains mobility increases with temperature, and the polymer softens and 

can even melt at sufficiently high temperature. Most polymers present a glass transition temperature Tg 

at which the material transitions from a glassy solid to a soft rubbery solid. The glass transition happens 

in a range of temperature rather than an exact one. Polymers also present a melting temperature Tm at 

which it becomes a viscous liquid. The state of the polymer has direct consequences on its mechanical 

properties, has seen in Figure 9 below. 
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Figure 9. Evolution of polymer module with temperature. 

Though their mobility is affected by the temperature, macromolecules interact physically with each 

other depending on their chemical structure. Consequently, the glass transition temperature and the 

height of the glassy and rubbery plateau are a consequence of the nature of the polymer. For example, 

the Tg of polyethylene sits around -100°C whereas the one of polystyrene is around 90°C. This is 

because unlike polyethylene, polystyrene chains are held together via Pi-stacking of their styrene ring, 

limiting the chain mobility, and increasing the energy required to allow the motion of the polymer 

chains. It has to be noted that Tg is also affected by the molecular weight of the chains. Longer chain 

will have lower mobility than smaller ones. The crystallinity of a polymer also plays an important role. 

The higher the crystallin volume fraction, the higher the modulus. Finally, the notable difference 

between thermoplastic or un-cured polymer, and crosslinked polymers, is the absence of melting. The 

degree of crosslinking of a polymer increases the modulus of its rubbery plateau, and crosslinking in 

general prevents the inter-connected polymer chains from a too high mobility, synonym of melting. 

Upon increasing temperature, a crosslinked polymer will degrade and burn rather than melting. 

Understanding the thermal behavior of rubbers is of major importance as it enables to design the 

material for specific temperature range and properties. Indeed, the glass transition defines the 

temperature at which the material starts to change from a solid-like behavior to a rubbery one. For 

application such as winter tires, the choice of lower Tg rubber is necessary to ensure that the tire will 

remain soft and rubbery in colder climate. 

1.2.3 Viscoelastic properties of rubbers 

Viscoelasticity is the property of a material to present simultaneously elastic and viscous behavior 

when subjected to a deformation or a stress. A hypothetical purely elastic material will deform under 

an applied stress and return back to its initial state when the stress is released. On the other hand, a 
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viscous material deformation is permanent and is characterized by the dispersion of energy involved in 

this deformation. A viscoelastic material combines these two behaviors. Under stress, it will deform 

and then come back at its initial state, but energy losses will be observed in the process. 

 

Figure 10. Representation of elastic and viscoelastic behavior. 

For the viscoelastic material, the area in between the two curves represents the dissipated energy 

as heat during the deformation. This is also called a hysteresis loop. The simplest model allowing to 

represent both elastic and viscous properties of a material is the standard linear solid (SLS) model or 

Zener model. It consists in a combination of ideal springs and dampers, in series and parallel, that model 

these two ideal behaviors. 

 

Figure 11. Zener or SLS model - Maxwell (a) and Kelvin Voigt (b) representations. 

Upon stress, an ideal spring will deform instantaneously but the damper will slow its motion and 

dissipate energy. The combination of spring and damper also allow to model the unloading of the 

material: the spring pulls back to come back at its initial state and the damper dissipate energy again. 
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This model is a good representation to understand viscoelastic behavior but is too simple to predict 

complex real materials behaviors.  

In real materials, elastic properties arise from the stretching of bonds and viscous properties from 

the motion and diffusion of molecules. In un-cured elastomers and thermoplastics, intermolecular bonds 

like Pi-stacking of aromatic rings in polystyrene or hydrogen bonding in polyamides, macromolecules 

entanglements [11] and crystalline domain of semi-crystallin polymers contribute to give to these 

material some elastic behavior under stress. But these do not prevent the irreversible motion of polymer 

chains sliding and reorganizing, called “creep”, responsible for irreversible plastic deformation and 

energy dissipation. The reticulation of polymers, and the vulcanization of rubber specifically, by 

generating covalent bonds between polymer chains, limits creeping to chain segment in between 

crosslink points and gives the material its viscoelastic properties. The back-stress generated by the 

deformation of the structure and the covalent bonds generate the spring-like force responsible for return 

of the material to its initial state. 

Overall, rubber mechanical properties are dictated by the motion of its polymer chains. They are 

affected by temperature as well as intra and intermolecular interactions at play in the material. The 

purpose of the addition of fillers in polymers is precisely to change the dynamic of the polymer chain 

under stress to change their behavior and bring better properties. The next chapter presents and describes 

in detail the materials used as fillers for rubber, their physical and chemical properties as well as their 

impact on the properties of rubbers. 
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2 Fillers and composites materials 

The term filler designated a solid charge that is not soluble but dispersible in a main material. 

Fillers are used in many products, like paints, concrete, asphalt, paper and polymeric materials like 

adhesive, coatings, resins, plastics, and rubbers. Ideally, a filler must have a low price to reduce the cost 

of the overall material. But fillers are mainly used to modify the properties of the matrix they are mixed 

it. They can affect heat resistance, fire resistance, adhesion properties, oxidation and UV resistance, 

chemical resistance, color, transparency, dielectric properties, or mechanical properties. Fillers can be 

mineral particles, like clays, talc, or silica, or fibers, like glass or carbon fibers. Recently, organic bio-

sourced fillers, like cellulose fibers and nanocrystals, or lignin particles, are receiving more and more 

interest in the research and in the industry, as the need to find renewable sources of materials is more 

and more present. 

In this chapter we will present the current state of the art in the field of fillers for tire tread rubber. 

Then we will go into more details on the physical and mechanical effect of fillers on the polymer chains 

dynamic and how fillers change the properties of the rubber material and improve their mechanical 

performances.  

2.1 Fillers for tire rubber 

The fillers applied to the rubber for tire technology are diverse in nature as well as in shape. The 

main fillers that have been the subject either of research and/or industrial application are carbon black, 

sepiolite clay, cellulose fibers and nanocrystals, and lignin nanoparticles. The specific case of silica is 

developed in a specific chapter. 

2.1.1 Carbon black 

Carbon black is the most commonly used filler for reinforcing tire rubber. Introduced in 1904 as a 

replacement for high zinc oxide loadings in rubber blends, it led to the improvement of the wear 

resistance of the new compounds.[12] Nevertheless, zinc oxide is still used at small amount for the 

vulcanization of rubber. Today, carbon black is still widely used in tires, despite the share of silica 

growing due to the better rolling resistance and wet grip properties it brings to the material. 

Carbon black is the product resulting from the incomplete pyrolysis of fossil hydrocarbons[13,14] 

or biomass[15,16] in dedicated furnaces. This material consists in aggregates made of colloidal spheres. 

These spheres result from the folding and stacking of graphitic units. The source of the raw material for 

the carbon black production as well as the production process conditions allow for a large variety of 



Page 22 
 

filler in term of particle size, surface area and chemistry.[13] Figure 12 below presents a schematic of 

carbon black structure. 

 

Figure 12. Carbon black structure.[14] 

Carbon black by itself is better for rubber reinforcement than silica without silane coupling agents, 

because of its surface chemistry that naturally enables good dispersion and interaction with the polymer. 

Indeed, carbon black surface displays very few polar groups, and the aromatic cycles and non-polar 

hydrocarbons chains that constitute its structure positively interact with the non-polar rubber chains of 

synthetic or natural rubbers. Another important benefit of carbon black is its capability to convey 

electrostatic charges.[17,18] This property is crucial to discharge the static charges accumulating in the 

tire material as it rolls over the road surface. 

2.1.2 Sepiolite clay 

Sepiolite is a naturally occurring clay, primarily constituted of magnesium and silicon oxide. It 

comes in various mineral forms and compositions depending on the deposit. The basic structural unit is 

a TOT sandwich of silicate SiO- tetrahedral sheets T with octahedral coordinated cation O in between 

(usually magnesium). 

 

Figure 13. Sepiolite structure.[19] 
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But unlike other clays that present a 2D-lamellar structure, sepiolite is a phyllosilicate, meaning 

that the lamellar structure is elongated in one direction, giving sepiolite a needle-like structure.[20] The 

primary units are long crystal-like fibers of less than 100 nm in thickness.[21,22]  

 

Figure 14. STEM image of sepiolite-SBR rubber composite.[23] 

Naturally, these needles are bundled together in thick strands, and the use of quaternary ammonium 

salts allows to obtain readily dispersible filler.[24] In acidic water, the Mg2+ ion can be transferred into 

solution, transforming the corresponding silicate anions SiO- into silanols Si-OH, necessary to 

silanization of sepiolite.[25] Like silica, bare sepiolite is not dispersible in a rubber matrix.[26] Sepiolite 

has been studied and implemented as a filler for thermoplastics[27,28] and rubber[23,29-31] 

reinforcement in several research works. The use of sepiolite has shown some improvement in the 

reinforcement and hysteresis reduction of tire rubber composite.[32] 

In the second-author collaborative work entitled “Hybrid Silica-Based Fillers in Nanocomposites: 

Influence of Isotropic/Isotropic and Isotropic/Anisotropic Fillers on Mechanical Properties of Styrene-

Butadiene (SBR)-Based Rubber”, presented in the appendices, we have implemented the use of nano-

sepiolite in SBR rubber compounds in the presence of a precipitated silica filler. We could show with 

imaging and dynamic mechanical properties measurement that the effect of the anisotropic sepiolite 

depends on the silica loading. The constrain of high silica loading forces the sepiolite rods to align, 

giving higher stiffness than sepiolite on its own. This result is key in understanding the important role 

of filler-filler interactions in composites and especially in hybrid systems.  
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2.1.3 Cellulose 

Cellulose is natural polymer produced by living organisms like plants, fungi, or bacteria, as a 

structural component. It presents itself as a semi-crystallin fibers, whose aspect ratio and crystallin 

composition depend on the source. 

 

Figure 15. Chemical structure of cellulose. 

For composite material reinforcement, cellulose is not used as such but is processed into cellulose 

nano-crystals.[33,34] These crystals are obtain by the hydrolysis of the amorphous fraction of cellulose 

by alkaline hydrolysis. They present several interesting properties. Their high strength, abrasion 

resistance, low density, the presence of reactive sites (mostly alcohols), coupled with a wide availability, 

a low cost and renewability make cellulose crystals a promising material for rubber reinforcement.[35-

37] 

Like silica, cellulose requires chemical surface modification to turn the alcohols into moieties 

beneficial either coupling or dispersion of the filler in a rubber matrix.[38-41] In combination with silica, 

cellulose crystals have shown to yield promising reinforcement properties to SBR and NR rubber 

composite.[42,43] The presence of cellulose also presented a plasticizer behavior, allowing to reduce 

mixing energy during tire production.[44] Because cellulose faces the same challenge of surface 

modification and compatibility with the rubber matrix, both cellulose and silica can benefits from the 

advances made in each field. 

2.1.4 Lignin 

 

In the late 2010’s and since then, lignin is the other bio-polymer that has attracted a lot of interest 

in various research field, and especially in the nanomaterial and filler area. Like cellulose, it is a 

structural molecule produce by plants. Therefore, it is widely available at a low cost. Lignin designates 

a wide variety of polymers that are mainly constituted of phenolic units,[45] as seen in Figure 16. 
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Figure 16. Constitutive phenolic units of lignin.[45] 

The structure, composition and subsequent properties of lignin depend on the source and 

production process. Kraft Lignin is obtained by delignification of wood pulp during alkaline hydrolysis, 

followed by an acid precipitation.[46,47] This kind of lignin is well known for the formation of lignin 

particles and is especially interesting for the production of fillers.[48-50] Raw lignin has proven to be 

an interesting filler to increase the UV or oxidation resistance of rubber [51,52], to modified the 

aggregation behavior of SBR rubber.[53] So far, tire rubber reinforcement by lignin nanoparticles see 

only undirect application[54,55]. As the production of lignin nanoparticles is the subject of extensive 

research and development, one can expect to see significant progress made in the field of lignin-rubber 

nanocomposites research in the coming years. 
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2.2 Effect of fillers on the polymer chain dynamic and mechanical properties of rubber 

The mechanical behavior of a polymer at the macro-scale is a consequence of the chain’s mobility 

at the molecular scale. This mobility is affected by temperature, as seen previously, but also by the 

interactions between the macromolecules, like entanglements, hydrogen bonding or crosslinks covalent 

bonds. The presence of filler in a polymer adds new possible interactions, namely filler-filler and filler 

rubber interactions. These greatly contribute to affect the polymer chain dynamic and rubber properties.  

2.2.1 Effect of the dispersion state on filler and rubber interactions 

The dispersion state of the filler particle in the matrix is an important factor as it determines the 

surface area of particle in contact with rubber, as well as the amount of fillers interacting with their 

neighbors. The Figure 17  below represents different possible aggregation states of a filler. 

 

Figure 17. Schematic representation of different aggregation states of a filler in a matrix. 

If the dispersibility of the filler is high, the filler-filler interaction is minimized, and the filler-

rubber interaction is maximized. In the case of a filler susceptible to aggregation, the filler-filler 

interaction is maximized but the filler-rubber is minimized. When a percolating network of filler is 

formed, filler-filler and filler-rubber interactions are high. Additionally, the cavities formed by the filler 

network allows to trap rubber. The percolation state is reached when the particles form a network, 

capable of transmitting the deformation and stress of mechanical deformations. 
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Filler-filler interaction brings high reinforcement to the rubber composite thanks to the high contact 

forces involved, but the trade-off lies into the potential fragility of the filler structure under deformation, 

leading to reversible or permanent damages depending on the amplitude of the strain. This aspect is 

developed into more details with the Payne effect later in the manuscript. 

2.2.2 Filler-rubber and crosslink interaction 

In tire rubber, the covalent filler-rubber interaction is obtained with the use of coupling agents, 

namely silanes. This allows for more cohesion between fillers and polymer chains, especially at high 

strain. In the case of silica, it has been demonstrated that up to some extent, the surface modification of 

filler to increase rubber-filler interaction leads to the decrease of the filler-filler interaction and of the 

elastic modulus.[56] Indeed, covering particles with a coupling agent prevents the silica particles to 

interact with their neighbors due to the lack of silanol and hydrogen bonding. 

 

Figure 18. Schematic representation of rubber crosslinks and filler-rubber covalent bonds (left) and chemical 
structure of filler-rubber bond with a silane coupling agent.[57] 

Rubber-filler crosslinks reduce the chain mobility. As a reaction to deformation, the limited motion 

of the rubber chain give rise to a back stress that pulls back in the material. This is what characterizes 

the elastic behavior of rubber, seen earlier in Viscoelastic properties of rubbers. 

2.2.3 Effect of rubber and filler interactions on the elastic modulus 

The addition of filler affects the polymer chains mobility and greatly increases its modulus. The 

modulus gain has two contributions. The first is strain-dependent and is based on the filler-filler 

interactions. This is called the Payne effect and is observed at small deformation (strain<10%).[58] The 
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underlying phenomenon is the partial and reversible dislocation of the filler aggregates. The second 

contribution is strain-independent and results from the combination of the filler-rubber interaction, the 

hydrodynamic effect of the filler and the crosslinked network of the polymer.[59-61] The schematic 

evolution of the elastic modulus of a filled rubber versus strain, and the contribution of each interaction 

are depicted in Figure 19 below. 

 

Figure 19.  Representation of the different component of the elastic modulus and their evolution with 
strain.[61,62] 

The assessment of the dynamic viscoelastic properties of rubber and the understanding of the 

underlying phenomenon at play are described by dynamics moduli. This formalism allows to account 

for the elastic and viscous contribution of the material via the storage and loss moduli respectively. This 

is presented in the following sub-chapter.  

2.3 Dynamic modulus and viscoelastic properties of rubber composites 

Viscoelasticity of rubbers is studied using Dynamic Mechanical Analysis (DMA). The material is 

subjected to an oscillatory deformation (the strain) and the resulting stress response is measured. The 

deformation can be lateral (shear) or uniaxial (traction). 

The sinusoidal strain input written as: 𝜀 = 𝜀0sin⁡(𝑡𝜔) 

And the stress response as: 
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𝜎 = 𝜎0 sin(𝑡𝜔 + 𝛿) 
ε0 is the strain amplitude (-). 

σ0 is the stress amplitude (MPa). 

ω is the frequency of the strain oscillation (s-1) and t is time (s). 

δ is the phase lag between the stress and the strain. 

For a hypothetical purely elastic material, there is no phase lag, so δ=0. For a hypothetical 

purely viscous material, δ = 𝜋2. For a real viscoelastic material, the phase angle δ is comprised between 

0 and 
𝜋2. Complex moduli are noted G* for the shear deformation and E* for the traction deformation. 

𝐸∗ = 𝜎0𝜀0 𝑒𝑖𝛿 = 𝐸′ + 𝑖𝐸′′ 
𝐺∗ = 𝜎0𝜀0 𝑒𝑖𝛿 = 𝐺′ + 𝑖𝐺′′ 

Where  𝐸′ = 𝜎0𝜀0 𝑐𝑜𝑠𝛿  and 𝐸′′ = 𝜎0𝜀0 𝑠𝑖𝑛𝛿  

 𝐺′ = 𝜎0𝜀0 𝑐𝑜𝑠𝛿  and 𝐺′′ = 𝜎0𝜀0 𝑠𝑖𝑛𝛿 

With  E’⁡(or⁡G’) is the storage modulus and represents the elastic component of the complex module. 

E’’⁡(or⁡G’’) is the loss modulus and represents the viscous component of the complex module. 

As a consequence, tan 𝛿 = 𝐸′′𝐸′  and 𝑡𝑎𝑛⁡𝛿 = 𝐺′′𝐺′ . 
The ratio of the loss modulus by the storage modulus is called tan (δ) and is a key physical quantity 

for the characterization of the viscoelastic properties and performances of rubber composites. It 

quantifies the damping capability of a material, meaning its capacity to dissipate energy as heat. DMA 

is a useful tool that allows to measure the extent of the Payne effect in a filled rubber composite, as well 

as tan (δ), giving access to the damping performances for each frequency domain corresponding to a 

real-life mechanical solicitation of a tire. These two aspects are presented below. 
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2.3.1 Origin and implication of Payne effect 

The Payne effect is the decrease of the elastic modulus resulting from the decrease of the filler-

filler interaction with increasing strain. At small deformation (<10%), the filler aggregates withstand 

partial and reversible dislocation, hence the reduction of their interaction and the elastic modulus 

decrease. This is represented below in Figure 20. 

 

Figure 20. Illustration of the Payne effect and the decrease of elastic modulus. 

The Payne effect can be measured by subjecting a rubber sample to an oscillatory strain at a 

constant frequency and measuring the stress response. The strain amplitude is increased step by step 

and the decrease in stress is recorded. The Payne effect is estimated with difference in elastic modulus 

∆E’= E0’-E∞’. It has been shown that the silanization of silica filler in tire rubber greatly impact the 

Payne effect.[56] The use of covering agent shows a smaller decrease in Payne effect than the use of 

coupling agent, as the latter covalently bond the silica with the rubber, drastically diminishing the filler-

filler interaction. The measurement of the Payne effect for tire rubber composites is essential in order 

to understand the behavior of the material with changing deformation.[63,64] In the Figure 21 below, 

the effect of silica loading on the filler-filler interaction is illustrated, and its impact the increase of the 

shear elastic modulus and the Payne effect.[65] 
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Figure 21. Effect of silica filler loading on elastic modulus and Payne effect in SBR composite.[65] 

The increasing silica loading involves a denser filler network. The formation of a percolating filler 

network happens between 55 and 60 phr of silica in the rubber. It is characterized by the sharp increase 

of G’ modulus and ∆G’ increase.  

The Payne effect resulting from interaction of fillers is contributing to the energy dissipation in a 

tire rubber compound. Though it could be seen as a negative phenomenon, it is actually needed as some 

energy dissipation is necessary for the performances of a tire tread, more precisely breaking and traction 

performances. This aspect is developed in the following sub-chapter 2.3.2. Time-temperature 

equivalence and dynamic mechanical analysis. 

The high-strain counterpart of the Payne effect is the Mullins effect.[66] It consists in the 

irreversible decrease of the  elastic modulus originating from the permanent dislocations and damages 

dealt to the matrix and the filler network after a deformation of the material beyond the prior maximum 

deformation. 
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Figure 22. Illustration of the Mullins effect for a uniaxial tension test.[67] 

In Figure 22 above, we can see that at each set of cyclic tensile test, the maximum modulus 

decreases. This is especially clear in the third set of cycles. At each new cycle at higher deformation, 

the modulus increases due to the yet un-solicitated filler-filler and filler-rubber structure. Upon 

relaxation, the damages caused by this new deformation cannot be recovered, hence the decrease in 

modulus. The Mullins effect leads to an unavoidable and irreversible softening of the rubber material. 

It is the high-strain trade-off brought by the reinforcing effect of the filler-filler network interactions at 

lower strain. 

2.3.2 Time-temperature equivalence and dynamic mechanical analysis 

As a tire rolls on the road surface, it is submitted to a whole spectrum of mechanical solicitations, 

characterized by their deformation amplitude and frequency range at which they are happening. 

Typically, the deformation of the rubber over the small defects of the road leads to fast, small-scale 

deformation of the material, between 104 and 107 Hz. Alternatively, the rotation of the tire and its cyclic 

deflection at the contact point with the road corresponds to a larger deformation at frequencies of 10 to 

100 Hz.[68,69] 
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Figure 23. Frequency ranges of typical solicitation of a tire.[68,69] 

In a laboratory, high frequency solicitation above 100 Hz cannot be reproduced with the existing 

measuring devices to characterize the viscoelastic behavior of the rubber material. To overcome this, 

the Williams-Landel-Ferry (or WLF) empirical law, published in 1955, allows to establish a time-

temperature equivalence or superposition principle to the mechanical solicitation frequency ranges of 

a viscoelastic material.[70] This model is relevant up temperatures of Tg+100°C. The WLF equation has 

the following expression: 

log(𝑎𝑇) = −𝐶1(𝑇 − 𝑇𝑟)𝐶2(𝑇 − 𝑇𝑟)  

Where aT is the shift factor 

 T is the temperature (°C) 

 Tr is the chosen reference temperature (°C) 

 C1 and C2 are empirical constants, adjusted to fit the shift factor aT 

The purpose of this time-temperature equivalence is to build a master curve of the evolution of the 

modulus with regard to the solicitation frequency. In practice, the modulus of a rubber sample is 

measured for a  given frequency range from ω1 to ω2 at different constant temperatures. The shift factor 𝑎𝑇 is calculated for each temperature and the master curve is constructed by shifting each isothermal 

modulus curve accordingly.[20] This is illustrated in Figure 24 below. 
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Figure 24. Modulus master curve construction from the extrapolation of isotherms.[71] 

 

The conceptual implication of the time-temperature equivalence principle for viscoelastic material 

is that the mechanical solicitation frequency can be associated to a given temperature. According to the 

WLF equation, temperature and frequencies are inversely related. This is illustrated below. 

 

Figure 25. Equivalent temperature ranges for mechanical solicitations. 
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In practice, the investigation of the viscoelastic properties of a rubber material can be done by 

measuring the moduli of a rubber sample at a constant frequency of 1 to 10 Hz with a temperature sweep 

from -100°C to 80°C. The rubber sample is submitted to an oscillatory mechanical deformation at a 

constant frequency, in a chamber that enables a precise control of the temperature. The storage and loss 

moduli as well as tan(δ) are recorded and plotted versus temperature. For typical tire tread rubber 

compounds, it is commonly established that tan(δ) at 0°C corresponds to the energy dissipation of a 

road traction solicitation, and tan(δ) at 60°C to the energy dissipation of the rolling resistance of the 

material. These two indicators that are tan(δ) at 0°C and tan(δ) at 60°C are especially important when 

it comes to assessing the performances of a tire tread rubber compound viscoelastic properties. 

 

Figure 26. Typical temperature-sweep of tire tread rubber compound in DMA at 1 Hz. 

The damping factor tan(δ) is an essential indicator to understand the behavior of a tire and how the 

measured mechanical properties on lab-scale samples relate to a real-life object. While driving a vehicle, 

the action of breaking to reduce speed, or turning in a corner, requires energy dissipation. Because the 

tire tread is the only part of the car in contact with the road, it is the vector of this energy dissipation. 

Therefore, tires must be capable of dissipating energy efficiently in the adequate range of frequency 

(traction, wet skid and breaking) to maximize performances and safety, while dissipating the minimum 

amount of energy in frequency domains corresponding to rolling resistance, where it results in no 

additional performances and more fuel expenditure.  

For these reasons, the evolution of tan(δ) is a key element to investigate the effect of fillers surface 

modification and understand the consequences on their interaction with the rubber matrix and the final 

performances of the rubber composites. 
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3 Silica 

Silica is the common name of the natural form of silicon dioxide SiO2. It is composed of tetrahedral 

[SiO4] covalently bonded units. It can be amorphous or crystallin and is a very common mineral in earth 

crust in its free form (quartz, diatomaceous earth, and chalcedony). Silica is involved in a 

biogeochemical cycle in which diatoms, a group of microalgae, transform silicic acid dissolved in water 

into solid silica shells. This process is responsible for the existence of “diatom earth”, a silica-rich 

sediment composed of dead diatoms silica shells.  

 

Figure 27. Diatomaceous earth under scanning electron microscope.[72] 

Yearly, diatoms are responsible of the generation of 20-50% of earth dioxygen and the intake of 

about 6.7 billion of tons of silica.[73] Silica is a hard material, hence suited for polymer and rubber 

reinforcement. Its surface chemistry makes it polar and hydrophilic, which can be problematic for its 

blending in non-polar hydrophobic polymers. However, the presence of hydroxyls groups on its surface 

enables the chemical modification to change and tune silica surface properties. In the following sub-

chapters, crystallin silica is not discussed as it has no direct relevance in the topic of silica-rubber 

composites. When the word “silica” is used, it is implied that it means “amorphous silica”. 

3.1 Silica as a reinforcing filler 

Silica as a filler is used in many different fields of applications: food additive and processing agent, 

cosmetics, cement and concrete, rubber filler for soles or tire, to name few of them. Required properties 

differ from one application to another and so silica is produced at industrial scales in three main forms: 

pyrogenic, fumed, and precipitated silica. The production processes directly impact the characteristics 

and properties of the material. The case of Stöber silica and sol-gel process for silica production is 

developed further in the manuscript in a dedicated chapter.  
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3.1.1 Fumed silica 

It can be mistaken with the purer pyrogenic silica, as both fabrication processes involve high 

temperature. Fumed silica is a by-product of the silicon industry, during the process of quartz reduction 

to produce silicon metal. Silica vapors condense into silica spheres of about 50 to 200 nm and are 

collected.  

 

Figure 28. Fumed silica under transmission electron microscope.[74] 

Due to the high temperatures involved, the amount of surface hydroxyl groups is low, and this kind 

of silica is sometimes referred as “hydrophobic silica”. Its main application is in concrete as a heat 

resistance additive. 

3.1.2 Pyrogenic silica 

It is produced in gas phase by reacting tetra chlorosilane with air and hydrogen gas. A homogenous 

gas mixture is burned in a combustion chamber at high temperature. Hydrochloric acid is a by-product 

of this reaction. This process enables the production of high purity silica. The process parameters, 

especially the time spent by the particles in the flame, enable to have some control over the size of the 

particles, their specific surface area and amount of hydroxyl groups on the surface.  
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Figure 29. Schematic representation of pyrogenic silica production process. 

Like fumed silica, the amount of hydroxyl groups at the surface of the particle tends to be on the 

lower end because of high temperatures. Pyrogenic silica has a low apparent density (0.16 to 0.19 g.cm-

3)  and high specific surface area due to the aggregated microstructures resulting from the process of 

fabrication. It is especially used as a thickening agent and as a filler for polymers. 

3.1.3 Precipitated silica 

Prepared in liquid phase, precipitated silica is the resulting product of the precipitation of an 

alkaline silicate solution with sulfuric acid under stirring. Silica particles are filtered and rinsed. During 

this process, the temperature, the pH, the rate of reagents addition, stirring speed can be adjusted to 

reach desired silica characteristics. 

 

Figure 30. Precipitated silica under scanning transmission electron microscope (STEM). 
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Precipitated silica range between 5 to 100 nm primary particles size with aggregates up to hundreds 

of micrometers, and a density of about 1.9 to 2.1 g.cm-3. Unlike the fumed or pyrogenic silica, 

precipitated silica displays much higher surface hydroxyl groups density. 

We have seen how silica can be produced industrially and it affects the morphology, size, and 

properties of silica particles. The next part develops into more details about silica surface chemistry and 

properties. 

3.2 Silica surface chemistry 

Similarly to alcohols where the hydroxyl groups are carried by a carbon atom, hydroxyl groups 

present at the surface of silica are named “silanols” and are carried by a silicon atom. The silanol density 

is a direct consequence of the synthesis process of the silica. Indeed, silanol can react through a 

condensation reaction, forming a siloxane bond Si-O-Si and generating water. 

 

Figure 31. Silanol condensation scheme. 

High temperature increases the rate of reaction, also called dehydroxylation. Subsequently, high-

temperature production processes tend to yield silica with lower silanols density. Surface properties of 

silica result from the presence of silanols and their density. They make silica surface polar, susceptible 

to acido-basic reaction. Silanols are also susceptible to hydrogen bonding and because of this, moisture 

is almost systematically present on silica surface. Silanols can also react in condensation reactions or 

nucleophilic substitutions. The hydrophilic character of silica is dependent on its silanol density, and 

silica with very low surface silanols are considered hydrophobic, like fumed or pyrogenic silica.  

Silanols exists in a variety of conformations that deeply impact their properties. Different types 

have been identified : vicinal or hydrogen bonded, isolated and geminal silanols.[75] Another 

denomination used for silanols is “Q groups”, especially used in silicon Nuclear Magnetic Resonance 

spectroscopy (NMR). The letters M, D, T, and Q mean that the silicon atom is bonded respectively to 

one, two, three or four oxygen atoms. The following number designates how many of those oxygen 

atoms are bonded themselves to another silicon atom. This is illustrated below. 
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Figure 32. Different silanols conformation on silica surface. 

Conformation and physical environment affect the silanols chemical properties. It has been shown 

that geminal silanols are more reactive, and that not all silanols behave identically with respect to 

dehydroxylation of silica.[75] For instance, when silica is heated, dehydroxylation happens in a large 

range of temperature, starting at about 100-120°C up to 1000°C for complete condensation of all 

silanols.[76] Hydrogen bonded silanols and spatially closed silanols are more likely to react with their 

neighbors than isolated silanols in a condensation reaction. The characterization of silanol density is 

usually done by thermogravimetric analysis (TGA) by measuring the weight loss resulting from 

dehydroxylation, 29Si solid state NMR[76,77] by measuring the amount of Q3 groups, or by infra-red 

spectroscopy[78,79]. 

 

Figure 33. TGA-DTG (left)[75] and 29Si solid state NMR spectrum (right)[80] of silica. 

The use of multiple technics allows to balance their respective drawbacks. Thermogravimetric 

analysis is convenient and fast, but upon heating, the dehydroxylation of different silanols as well as 

moisture removal can overlap, and it is difficult to impossible to differentiate properly different 

phenomenon. Silicon solid state NMR allows for a precise measurement of the amount of each kind of 

silicon atom, but it requires very long acquisition time and high resolution due to the relaxation delay 

of 29Si and its low natural abundancy. 
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The characterization of silica is essential when it comes to silica chemistry and modification. It 

allows to know the starting material and to be able to follow and assess silica surface modification. 

The collaborative works “Revealing the dehydration/deuteration processes at the liquid-solid 

interface by nuclear magnetic resonance spectroscopy” and “Semiquantitative Solid-State NMR Study 

of the Adsorption of Soybean Oils on Silica and Its Significance for Rubber Processing”, presented in 

the appendices, aim to tackle this problematic. The synthesis of a 29Si-enriched precipitated silica 

material allowed to build and experiment a new solid-state cross proton-silicon NMR polarization 

technique. It proved to be effective at studying and better understanding the surface silanols and 

adsorbed water on silica particles surface. The results obtained from this solid-state proton-silicon cross 

polarization experiment were used for the development of a more convenient liquid state NMR 

technique. That technique can be applied to hydroxyls containing solids as an alternative to the common 

TGA methodology. 

3.3 Silica surface modification with silanes 

The modification of silica surface can be done with many different processes and chemicals 

depending on the targeted results. In the field of silica filler modification for rubber reinforcement, 

silanes are the main molecules. According to the IUPAC nomenclature, silane are molecules composed 

of silicon and hydrogen, similarly to alkanes that are composed of carbon and hydrogen. In the field of 

the tire industry and silica chemistry, the word silane is used to refer to organosilanes and more 

generally to the most commonly used alkoxysilanes. Some usual silanes are presented in Figure 34. 

 

Figure 34. Example of usual organosilanes. 

The general structure of organosilanes is SiXnR(4-n) where X is usually an alkoxy group (-OCH3 or -

OC2H5) or a chlorine atom, and R an organic radical. The X group can be easily hydrolyzed to form a 

silanol Si-OH meant to further react by condensation with silica or another hydrolyzed silane to form 

silane oligomers or polymers. The use of alkoxysilanes is preferred to chlorosilanes whenever possible, 

as they release alcohol instead of harmful hydrochloric acid gas.  
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The modification of silica fillers for tire rubber can be done in two different ways. The first one, 

typical of the industrial production of tire compound, consists in adding the liquid silane to the rubbery 

polymer blend altogether with the fillers and other additives in a mixing chamber.[81,82] The most 

commonly used silanes in the tire rubber industry are TESPT and TESPD. The chemical structure of 

bis-triethoxysilylpropyltetrasulfide, or TESPT, is shown in Figure 35 below. 

 

Figure 35. Chemical structure of bis-triethoxysilylpropyltetrasulfide (TESPT). 

The usefulness of this molecule resides in its ability to react both with silica, via the hydrolysis of 

its ethoxy groups, and with rubber unsaturated carbon-carbon bonds via the opening of the tetra sulfide 

bridge[57]. Silanization occurs in the soft polymer blend at temperatures of about 140-150°C, 

originating from the mixing action at high energy. The second method is the pre-treatment of the silica 

with the silane in solution, before mixing the filler into the rubber. Silanization of silica can be carried 

in water, or in organic solvent. Aqueous silanization is preferred because it is safer and does not require 

potentially harmful and eco-toxic solvents, but the range of useful silane is limited to the water-soluble 

ones. Silane hydrolysis and condensation can be catalyzed either in acid or basic condition. This 

doctoral thesis only uses and investigates silica silanization in liquid solution.  

3.3.1 Alkoxysilane hydrolysis and condensation reactions 

The mechanism of hydrolysis in both acid and basic conditions is represented below in Figure 36 

and Figure 37. 
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Figure 36. Base catalysis of alkoxysilane hydrolysis.[83-85] 

 

 

Figure 37. Acid catalysis of alkoxysilane hydrolysis.[83-85] 

The rate of hydrolysis reaction in both basic and acidic conditions has been investigated in several 

studies for different silanes.[86,87] It has been shown that the rate of hydrolysis is inversely proportional 

to the size of the alkoxy group.[87] The condensation in both acid and basic conditions are represented 

in Figure 38 and Figure 39 below. 

 

Figure 38. Condensation of alkoxysilane in basic condition.[88] 
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Figure 39. Condensation of alkoxysilane in acidic condition.[88] 

The condensation rate and efficiency are affected by the organic groups R carried by the silane. 

The increase of alkoxy groups size and number, as well as the size of the organic radical R have steric 

effect at the vicinity of the silanols during the approach of the silane molecule.[89] Also, the electronic 

structure of the organic radical has an effect on the electron density of the silicon atom and therefore on 

the reaction rate.[90-92] Additionally, the nature of the organic part may change the solubility of the 

silane and impact its availability depending on the solvent used. Finally, some silanes carrying polar 

functions like amines, thiols, acetic acids, or acrylates may interact with the silica surface via these 

organic groups through hydrogen bonding for example. Moreover, some silanes, especially amino-

silanes, that are widely used, are known to increase the condensation rate, as amine can play the role of 

a base catalyst.[93-95] 

In organic solvent, the availability of water for hydrolysis depends on its miscibility with the 

solvent. In protic solvent like alcohols, water is very miscible and homogeneously dispersed in the 

liquid. Whereas in toluene, in which the miscibility is almost non-existent, water exist as minuscule 

suspended droplets. Additionally, in water or water-alcohol solution, the silane is more likely to react 

with itself and form silane oligomers than in an organic solvent[96,97] where water is mostly available 

at the surface of silica. For this reason organic solvents are usually preferred, in order to control and 

focus the silanization on silica particle, to target a monolayer grafting rather than a multilayer one. 

It has been shown that silica particles affect hydrolysis and condensation of silanes. Surface 

silanols have an effect on acidity of the solution, which increases reaction kinetic.[98-100] 

3.3.2 Chemical surface modification of silica by silanization 

The reaction of organosilanes with the silica surface follow the hydrolysis-condensation scheme 

described earlier. Upon hydrolysis, the silane can bond with the silica surface via hydrogen bonding 

before withstanding the condensation and covalently bond with the particle surface. Alkoxysilanes give 

off their equivalent alcohol when reacting. Figure 40 below represents schematically the grafting 

reaction of mono and trialkoxysilanes with a silica surface. 
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Figure 40. Grafting of silane on silica surface of a monoalkoxysilane (a) and trialkoxysilane (b).[79,90,101] 

This representation is idealized and used for illustration purpose. A real situation is expected to be 

more complex, especially for multifunctional silanes. After hydrolysis, they can poly-condensate onto 

themselves and form silane oligomers, susceptible to further reaction with silica surface afterward. The 

schematic representation in Figure 41 below illustrates this. 

 

Figure 41. Possible silane-silica interaction. 

The nature of the solvent is an important parameter to achieve a specific grafting morphology.[102] 

The use of dry organic solvent will favor a linear surface grafting in the form of a monolayer. It will 

restrain the possibility of hydrolysis and condensation at the silica surface, where water is 

available[77,103]. On the opposite, the silanization of silica in water on in water-miscible solvent will 

allow the hydrolysis and condensation of silane molecules in the bulk of the solvent, away from any 

silica surface. This gives the opportunity to the silane to form oligomers before reacting with silica. 
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Depending on the desired goal, the experimental conditions can be chosen to achieve one or the other 

grafting morphology. Finally, the bonding mode of di- and trialkoxysilane over a silica surface is to be 

qualified. Indeed, the reaction of all the two or even three alkoxy reactive groups of a silane on silica 

surface is unlikely due steric effect and spatial distribution of silanols over the surface. The probability 

of having three silanol at the right distance to each other to enable the trialkoxysilane to react is very 

low. [89,104-106] This is confirmed by the T1, T2 and T3 groups distribution measured in 29Si NMR on 

silane grafted silica. T1 and T2 groups a predominantly present at low grafting and the amount of T3 

groups increases as grafting density increases. This is represented in Figure 42 below. 

 

Figure 42. Different surface grafting mode of a trialkoxysilane on a silica surface. 

The main consequence of such variety in silane grafting mode is the difficulty to precisely assess 

the morphology of the grafted layer. A silane monolayer can yield the same loading as multiple patches 

of grafted silane oligomers over a silica particle. This can be problematic if the quantification of 

silanization grafting yield is intended. For example, T3 groups can be a marker for a silane monolayer 

as well as for silane oligomers. Silica particles surface is irregular, rough and particles always have 

some size polydispersity. Consequently, the silanization of such surface cannot realistically achieve a 

perfect monolayer coverage, like it is the case for self-assembled monolayer (SAM) of silane over a 

quartz surface.[107,108] These considerations are especially important when silanization yield 

measurement or process optimization are pursued. 

Beyond the silica surface chemicals modification, the ability for multifunctional organosilanes to 

polymerize can be used to synthesize silica particles. This process is called sol-gel and allows to produce 

amorphous solid (the gel) from a solution (the sol). This is presented and developed in the following 

sub chapter. 
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3.4 Sol gel process for silica filler synthesis 

A sol-gel process is the production of a solid material, small particles, or a block, via a solution of 

a monomers that can polymerize. It is generally used for the production of metal oxides such as zinc, 

titanium, or silicon oxide (silica). Metal-alkoxides are used as monomers and polymerize in a solution, 

very often in water or water-alcohol. The general scheme of a sol-gel process is presented in Figure 43 

below. 

 

Figure 43. Sol-gel process schematic. 

The sol is generated by the metal alkoxides hydrolysis and condensation to form oligomeric seeds 

that can evolve differently depending on the reaction conditions. The relative rate of hydrolysis and 

condensation can be adjusted with the concentration of monomers, the temperature, the pH or the nature 

of the solvent, in order to lead to different outcomes. Aerogels, ceramics, or particles can be obtained 

from a sol. We will go into further details in the synthesis of silica filler particles using the sol-gel 

process. 

3.4.1 Basic of sol gel synthesis of silica 

The first reported synthesis of micrometer silica particles, now known as Stöber particles, was 

carried in 1968.[109] The reaction consists in the controlled hydrolysis and condensation of 

tetraethoxysilane, or tetraethyl orthosilicate (TEOS), in ethanol in the presence of water and ammonia. 

The two latter allow for the basic catalysis of hydrolysis and condensation. Several factors allow the 

formation of small, monodispersed sized particles instead of the formation of a gel[110]. Indeed, to form 
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particles, one needs to optimize the reaction conditions to favor the nucleation and growth of individual 

particles[111] and avoid aggregation.  

 

Figure 44. Stöber particles formation.[43] 

Carrying the reaction in alcohol allows to control and slow down the hydrolysis reaction, as it 

favors the esterification of the hydrolyzed TEOS silanols and mitigates the hydrolysis speed[112,113]. 

The low concentration of TEOS reagent in ethanol favors the nucleation and growth of independent 

particles. Finally, at basic pH, silica silanols are partially deprotonated, giving particles an overall 

negative charge. This enables the electrostatic repulsion of the particles in the solution and prevents 

their aggregation[114]. In an acid solution, the protonated silanols favor hydrogen bonding and 

aggregation of the particles. It has been shown that the reaction conditions enable to target precise 

particles size with a monodisperse distribution even at the sub micro-meter scale.[115,116] Stöber silica 

particles are a very useful material, as a substrate for even more advanced materials, or as a model 

particles scientific research. Unfortunately, the low yield of the synthesis, due to the low TEOS 

concentration requirement, prevents it to be filler of choice for the reinforcement of tire rubber. 

The sol-gel process is very versatile and opens the possibility to synthesis silica particles a various 

shapes and sizes, with the potential of chemical modification. The so-called silica mesoporous particles 

are a vast area of research with plenty of applications. In the following sub-chapter, we will present 

their synthesis, properties, and application, as well as their potential as rubber tire filler. 

3.4.2 Highly-ordered mesoporous silica - Synthesis by soft-templating sol-gel process 

Highly ordered mesoporous silicas are a class of particles featuring an ordered porous structure at 

the meso-scale, i.e. between 2-50 nm of pore size[117]. The discovery of highly ordered mesoporous 

particles named MCM-41 by scientist at the Mobil Oil company[118] opened the doors for the research 

in this field. Unlike a classic sol-gel process in which the amorphous silica structure displays a random 

organization and irregular porosity, the soft-templating process allows to synthesize ordered but still 

amorphous particles. Ordered mesoporous silicas display unique morphology, featuring various pore 

sizes (2 to 15 nm), large specific surface area (from 500 to 1000 m²/g) and geometry. The tunability of 

the particles size and the possibility of chemical modification via different processes have made these 

particles the topic of extensive research and great interest for many fields of application, like 
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catalysis[119,120], drug delivery, multi-modal imaging and nano-medicine,[121,122] water 

depollution,[123,124], or column chromatography[125,126]. 

 

Figure 45. MCM-41 images under electron microscope.[127] 

The synthesis of such material is based on the sol-gel reaction of TEOS, coupled with the use of 

surfactants. This process is called “soft-templating sol-gel process” or “liquid crystal templating” 

(LCT). A surfactant forms a “liquid crystal” by self-assembling into micelles, and the polymerization 

of TEOS occurs at the vicinity of the micelles. In the case of MCM-41, the surfactant is CTAB (for 

cetyltrimethylammonium bromine). Other surfactants can be used, like the non-ionic Pluronic type. 

These surfactants are polyethylene oxide-polypropylene oxide block copolymers. The variation in the 

block length, sequence and number allow for a variety of properties. SBA-15 silica particles are 

obtained from this surfactant system.[128,129] 

 

Figure 46. MCM-41 structure formation suggested by Beck et al.[130] 

The synthesis of the particles follows the same nucleation-growth pathway as Stöber silica particles 

described earlier. After the removal of the surfactant, one obtains the silica complementary shape. The 

versatility of this method resides in many factors. The variety of surfactants and the variety of 

surfactant’s micellar phases allow for different particles shapes as well as pore size and geometry. The 

pores size can be tuned by the use of different surfactants or the use of swelling agents.[131] 
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Figure 47. Porous structure of MCM-41 (a), MCM-48(b) and MCM-50 (c).[132] 

3.4.3 Interactions between surfactant and porous particles 

The cohesion of surfactant micelles with growing metal oxide structure is dictated by the nature of 

the interactions between these two actors. Surfactants can be cationic, anionic, or non-ionic. The 

synthesis pH can be acidic or basic, and the solvent and co-solvent also can have an effect. Figure 48 

below illustrates and summarizes these parameters. “S” stands for surfactant, “I” stands for the 

inorganic metal oxide framework, “M” and “X” stands for their respective counter ions. Solvent is not 

represented except for the triangles. Dashed lines represent the hydrogen bonds. The black spheres and 

tails represent the surfactant molecules. For example, the synthesis of MCM-41 particles, using a 

positively charged quaternary ammonium terminated surfactant, under basic pH conditions falls into 

the “S+I-“category. 

 

Figure 48. Metal oxide-surfactant interactions.[133] 

3.4.4 Influence of pH on silica synthesis 

The synthesis of mesoporous silica particles is usually done at slightly basic pH. In this condition, 

the particles are electrostatically stabilized, and the relative speeds of hydrolysis and condensation allow 
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for particle production. Indeed, for the growth of silica to be possible, both hydrolysis and condensation 

rates have to be greater than zero, and condensation rate must be greater than hydrolysis. If not, the 

newly formed silica would be hydrolyzed back to the monomeric form. This is illustrated by the Figure 

49 below. 

 

Figure 49. Relative rate of hydrolysis and condensation of TEOS as a function of pH.[84] 

From this, we understand that the pH ranges at which silica is possible are pH<1 and 8<pH<11. In 

both cases silica will grow, but at acidic pH, the particles will aggregate and form micro or 

macroparticles. This can be overcome by the use different synthesis processes,[134] like the spray-

drying of an acidic solution of TEOS. The silica grows in acidic conditions, but the particles size is 

limited by the droplets size, avoiding over-growth and aggregation. The droplets act as micro-reactor 

that limit the particles size. 

3.4.5 Template extraction 

The elimination of the soft template is an important step in the synthesis of mesoporous silica. 

They are synthesized for their large specific area, so freeing the pores of any material is mandatory. 

Additionally, the soft template can in some case be detrimental for the final application. For instance, 

toxic surfactants like CTAB or CTACl are used for the synthesis of MCM-41, which has seen many 

applications in bio-medicine and drug delivery. Several methods exist for the removal of the soft-

template from the porous silica framework.  

The calcination at temperatures above 600°C for several hours is straight-forward and yields a 

material free of any organic matter.[135,136] The limitations are the significant loss of silanols due to 

dehydroxylation, and the impossibility to perform pyrolysis on organosilanes modified silica which 

would also suffer from pyrolysis. Also, the dehydroxylation process can lead to the permanent 

aggregation of the particle via the condensation of the silanols, and lead to the impossibility to redisperse 

the material.  
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Extraction of the soft template with a solvent allows to overcome most of the previously mentioned 

limitations. The synthesized silica material is mixed in a solvent capable of solubilizing the surfactant 

template.[135,136] Upon heating and mixing, the surfactant migrates into the solvent. Fresh solvent is 

used several times until the removal of all the template. The addition of an acid, in the case of cationic 

surfactant like CTAB, allows to increase the efficiency of the extraction with the exchanged proton 

provided by the acid. The use of specific apparatus, like a Soxhlet montage, eases the template 

extraction process and saves solvent.  

 

Figure 50. Soxhlet extraction montage. 

This montage allows to proceed to multiple extraction cycles with a single volume of solvent. The 

solvent is evaporated and condensed with a condenser. This pure solvent fills a container in which the 

material to be extracted is placed, usually in a retaining thimble.  The surfactant diffuses from the pores 

into the pure solvent. Once the solvent level reaches the siphon, the solvent is flushed down, back into 

the boiling flask. As the solvent is flushed, it carries away the surfactant. The solvent is boiled again to 

repeat the cycle, but the surfactant remains in the boiling flask and is further concentrated after repeated 

cycles. This solvent extraction method has the advantage to preserve any surface modification as well 

as silanols. 

Finally, the third method consists in the oxidative digestion of the surfactant.[137] The mesoporous 

material is mixed in a highly oxidative solution, usually hydrogen peroxide mixed with sulfuric or nitric 

acid. It has the advantage of preserving the silanols of the silica but is not compatible with silanized 

materials. Also, this process uses hazardous corrosive chemicals. 
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4 Functionalization of porous silica particles by silanization 

The versatility of soft-templated mesoporous silica resides in the various possibility of chemical 

surface modification. These can provide the material with additional functionalities and change the 

properties of the particles. Silanes allow for an extended chemistry with silica as a support. They extend 

from silanols and their limited chemistry, to any chemical function, allowing to further proceed to many 

chemical reactions. In the case of silica particles as fillers for tire rubber, the chemical modification is 

essential to ensure the good dispersion of the silica in the polymer, as well as to promote the chemical 

reaction between the particles and the polymer chains, in order to crosslink the particles with the matrix. 

We will present here the different possibility that mesoporous silica offers for chemical modification. 

4.1 Post-growth grafting 

The functionalization of porous silica particles can be carried after the growth phase. The silanes 

react with the silanols to covalently bond to the particles. This has been extensively used throughout 

many studies.[138] The reaction conditions may be changed in order to accommodates certain 

parameters that depend on the nature of the organosilanes, like its solubility in the solvent or the 

chemical functions it carries that may be sensitive. The post-growth grafting of silanes can be carried 

before or after the soft template removal. This allows to target specific regions of the particle for 

silanization. Modification of the particle before template removal ensures that minimal amount of silane 

will diffuse into the pores, still filled with surfactant. This way, only the outskirt of the silica particle 

will carry the new functionalization. If the functionalization is carried after the template removal, the 

silane will be able to diffuse in the pores and a gradient of functionalization can be observed in the 

porous structure. 

4.2 Co-condensation during particle growth. 

 Identically to the co-polymerization of synthetic organic polymers, the polymerization of TEOS 

can be complemented with other organosilanes to included organic functionalities inside the silica 

particle frame: this method is called co-condensation. This way, the new organic functions can be 

distributed evenly inside the frame of the particle. It has to be noted that the inclusion of hetero-silanes 

in ordered mesoporous silica can disturb the organization of the structure[139] or even completely 

change the morphology of porous particles, from a sphere to a rod shape for example.[140] Indeed, the 

organosilanes can interfere with the surfactant and the growing particles, disturbing the interaction seen 

previously in the chapter Interactions between surfactant and porous particles. 
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Finally, post-growth grafting and co-condensation can be combined together, before and/or after 

the surfactant template removal, to produce complex particle architecture, as shown in the diagram 

below in Figure 51. 

 

Figure 51. Schematic of different synthetic approaches.[141] 

In the case (A), after the growth of the particle with the condensation of TEOS, a first silane is 

reacted at the surface of the particle and does not diffuse in the pores as the surfactant is still present in 

the pores. A second silanization allow to cover the pores walls with a second silane after the template 

removal. In the case (B), the particle is grown in three steps with the sequential addition of three 

different silanes. In the case (C), the particle is first grown by the co-condensation of two silanes. Then 

TEOS is added to cover the particle. So far, this kind of complex particle architecture has only been 

performed on ordered narrow pores systems. Larger pores structures add difficulty for an outer surface 

functionalization because it is trickier to prevent the silane diffusion inside the porous structure. 

In Chapter 3, we investigated the impact of regio-selectively modified dendritic silica on tire rubber 

properties. We hypothesize that large-pore silica particles are more efficient than ordered narrow at 

trapping rubber inside their structure. We used the possibilities given by the soft templating sol-gel 

synthesis to produce a regio-selectively modified dendritic silica with larger pores.  
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5 Current state of the art, research strategy and relevance of results 

5.1 The potential of mesoporous silica as reinforcing fillers 

The morphology and surface chemistry of silica filler greatly affect how the filler and the polymer 

interact within the composite material, and ultimately influence the mechanical properties of this 

material. These two parameters also have an influence on the capability of the filler to form a reinforcing 

percolation network.[142] For these reasons, industry and researcher have been focused on developing 

silica fillers and compatibilizing agents in order to target the specific requirements of tire tread rubber 

composites. Namely, a low rolling resistance, high wet traction and abrasion resistance. 

 

Figure 52. Left – HDS 200MP precipitated fractal silica in STEM microscopy. Right – Schematic representation of 
a silica filler fractal structure in rubber. 

The morphology and surface chemistry of silica filler greatly affect how the filler and 

the polymer interact within the composite material, and ultimately influence the mechanical 

properties of this material. These two parameters also have an influence on the capability of 

the filler to form a reinforcing percolation network.[142] For these reasons, industry and 

researcher have been focused on developing silica fillers and compatibilizing agents in order 

to target the specific requirements of tire tread rubber composites. Namely, a low rolling 

resistance, high wet traction and abrasion resistance. 

Current silica fillers used in industrial tire tread rubbers consists of small (about 10 nm) 

precipitated silica particles, covalently bond into aggregates of about 50-100 nm. These 

aggregates self-organize when mixed in rubber and form a fractal percolating network. The 

advantage of this kind of structure is the optimization of the filler surface area exposed to 

rubber, the filler-filler interaction, as well as rubber interlock inside inter-particles porosity. 

The silanization of this silica is done in-situ by the addition of TESPT silane during silica and 
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rubber mixing. For this system, two limitations are observed. The first resides in the nature of 

the filler’s reinforcement. Based on a percolating network made of fractal silica aggregates, the 

dislocation of such network allows for more hysteresis and hinder potential improvement of 

the rolling resistance.[143] The second limitation reside in the single silane in-situ silanization. 

Current silanes enable two things: covalent bonding of silica with rubber and better dispersion 

of silica via its surface hydrophobization. Using only one silane prevents to optimize both 

components, and therefore prevents the optimization of filler-rubber and filler-filler interaction. 

Mesoporous silica particles seem to offer a good base for the development of 

performant fillers. After the first patent in 1971, and then the synthesis of MCM-41 and SBA-

15, [128,130] this material has seen extensive research being conducted in many fields, such 

as catalysis, drug delivery, medical imagery, water treatment or gas separation, [122,144-147] 

thank to their high specific surface area. During their synthesis process, one has the opportunity 

to tune the shape, size, pore size and surface chemistry of the particles. Added to their large 

specific surface area, this material is a good candidate for reinforcing tire tread rubber 

composite. Despite these apparent qualities, mesoporous silicas have not seen a widespread 

application in rubber composite material research field. The few works reporting the use of 

porous silica used narrow pore particles, [148,149] and did not compare these new particles to 

state-of-the-art reinforcing silica such as precipitated of fused silica. In addition, the capability 

of mesoporous silica to form reinforcing percolating network has barely been questioned. The 

main purpose of this PhD thesis is therefore to explore and bring new insights in the field of 

silica rubber nanocomposite. Studying and understanding how the specific features of 

mesoporous silica can affect the filler-polymer interactions, and the subsequent consequences 

on their reinforcing potential for tire tread rubber compound will bring new elements for the 

research as well as for potential industrial application. 

 

5.2 Research strategy 

 

Because the silanization of the silica filler is a critical step, our research strategy first 

focused on developing a better understanding of the silica reactivity toward silanization and its 

optimization. Indeed, the chemical modification of flat silica substrates with silanes, such as 

quartz of silicon wafers have been extensively studied. But not all learning can be transferred 
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to silica particles, mostly due to the difference in surface morphology, that affect the possibility 

to probe the initial state of the substrate, its modification and its characterization after 

silanization. 

Thus, studying and understanding how silanization conditions (moisture content, 

solvent, influence of the catalyst, …) can be optimized and used to target specific silica surface 

modification is an important first step. These results are presented in the first chapter of this 

manuscript entitled “Original Basic Activation for Enhancing Silica Particle Reactivity: 

Characterization by Liquid Phase Silanization and Silica-Rubber Nanocomposite Properties”. 

In this work, we studied the possibility to enhance the silica surface reactivity as a mean to 

better control the deposition of silane on the particle surface.  

Building upon this work, we proposed the synthesis and application of dual-silane pre-

treated silica for tire tread rubber composite. This is presented in the second chapter “Dual-

Silane Pre-modified Silica Nanoparticles: Synthesis and Interplay between Chemical, 

Mechanical, and Curing Properties of Silica − Rubber Nanocomposites: Application to Tire 

Tread Compounds”. By separating the reactive and dispersive function, we could study the 

effect of the respective silane length on the final mechanical properties of the composite and 

the dispersion of the filler. 

Finally, we combined the previously acquired knowledge on silica reactivity and 

silanization in order to synthesize an innovative regio-selectively modified silica particle. 

Ideally, a mercapto- moieties are located within the pores, while alkyl chains are grafted on the 

outer silica surface of the particle. The rationale behind this design is to enable an efficient 

dispersion of the particles in the elastomeric matrix with the peripheric alkyl chains, while 

promoting the coupling reaction of silica and the polymer inside the porosity with the mercapto 

groups. Indeed, the interest created by mesoporous silica as reinforcing filler revolve around 

its high specific surface area, and the fact that the immobilization of polymer chains changes 

its dynamic and participates to the reinforcement of composite. So far, most of the studies 

relating the use of mesoporous silica particles in a polymer or in an elastomer have used narrow 

pore particles, like MCM-41, with a typical pore diameter of 2 to 3 nm. Also, it has not been 

confirmed that polymer chains penetrate such narrow pore. The only occurrences of polymer 

constrained in mesopores have been reported with technic such as supercritical CO2, high 

pressure, or impregnation of liquid monomer before polymerization. Especially under normal 

operation condition of rubber compounding, it is unlikely that polymer chains would permeate 
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inside such narrow pores. For this reason, a dendritic morphology was selected. It offers wide 

open pores, and the synthetic process yields a high yield, which can only be beneficial with a 

perspective of industrial application. The silanization of such particle is still required in order 

to ensure its dispersion as well as its chemical coupling with the rubber.  

5.3 Results in light of the state of the art  

 The results obtained along this thesis contribute to the field of nanocomposite 

and silica reinforced rubbers in different aspects. The study of silica reactivity enhancement 

developed in the first chapter brings a new insight on silica silanization. Usually, mild organic 

bases are used to increase the silanization yield. [150-153] The use of strong base such as DBU, 

or inorganic molecules such as sodium hydride have never been investigated in such context. 

The silanization of silica in organic solvent with alkylsilane of different length, as well as the 

in-situ silanization of silica in rubber were used to benchmark the reactivity of the activated 

silica. NMR and TGA characterization enabled to conclude that DBU is the most effective 

catalyst for silica pre-treatment in an organic solvent, while sodium hydride yields better 

nanocomposite mechanical properties. Interestingly, the activation of silica with sodium 

hydride increases the silanol density of the silica particles. Even though some elements in the 

literature help to understand the possible on-going reactions, [154,155] it is something that has 

been studied extensively and would potentially lead to interesting results. Indeed, the silanol 

density of a silica filler is a critical property for the fabrication of silica reinforced 

nanocomposites. [61,156] The novel use of DBU and NaH as silica reactivity enhancer 

proposes another way to control silica silanization as well as the silanol density of particles. 

 We used this result to synthesize dual-silane pre-treated silica, presented in 

chapter two. These pretreated fillers are designed as follow: a mercapto and an alkylsilane are 

grafted on the surface of DB-activated precipitated fractal silica. Different primary chain 

lengths have been tested in order to study the relative shielding effect of one silane over the 

other. The silanes have been grafted sequentially, and DBU was used to enhance the reactivity 

of the silica during the first silanization. These new fillers were used to produce silica 

nanocomposites, which mechanical properties and filler dispersion were characterized. The 

results showed that the short-short silane combination gives off the best dynamic mechanical 

performances with an improved wet grip compared to state-of-the-art precipitated silica filler. 

Interestingly, the grafting of long alkylsilane (18 carbons) completely disturb the silica-rubber 

interface, as demonstrated by AFM results. A dispersive layer can be spotted around particles, 
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due to the over-hydrophobization of the silica surface. This prevents the formation of a 

percolation network, favors the aggregation of the filler, leading to poor reinforcement and 

poor dynamic mechanical properties, showing the importance of the direct relation between the 

silica-rubber interface, at the microscopic scale, and the performances of the final material at 

the macroscopic scale. As it has already been demonstrated, the silica-rubber interface greatly 

influences the composite properties. [157,158] Based on this, the results of this study bring 

new elements in the understanding of the role of- silane and silanization on the modification of 

the silica-rubber nanocomposites properties. 

 The final chapter of the thesis is dedicated to the study of the potential of 

mesoporous silica particles as potent fillers for tire tread rubber. Firstly, we present the for the 

first time, the synthesis of a regio-selectively modified dendritic silica (RMDS) particle, as well 

as its direct elemental imaging and characterization by HIM-SIMS. Even if similar structures 

have been synthesized in the past, none were characterized to this extent. Additionally, this 

work constitutes the first application of large pores silanized silica particles as reinforcing filler 

for rubber, and especially tire rubber. Other porous silica particles have been used as 

reinforcing fillers, but only with narrow pores, and a simple silanization. [148,149] For the first 

time, we discuss in this chapter the percolating capabilities of such spherical porous particle. 

Through a comparative study, we show that the architecture of this particle does not allow to 

form a reinforcing network. The addition of small amount of smaller precipitated silica is 

sufficient to overcome this limitation. The fact that most of the filler consists of mesoporous 

silica particles is especially important. These particles act as “unbreakable reinforcing 

aggregates” when submitted to a deformation, unlike the classical precipitated silica, which 

relies on aggregation for its reinforcing properties. This “unbreakable aggregate” behavior 

implies a lower Payne effect, while providing simultaneously a higher reinforcement and better 

dynamic performances. This major result is a breakthrough is the field of rubber nanocomposite 

by giving the opportunity to control the amount of Payne effect of the system by varying the 

amount of porous silica. It interrogates the classical mechanism proposed for the mechanical 

reinforcement, and open the way for another one. 

 To conclude, this PhD thesis is focused on the study of silica silanization, silica 

filler architecture, and the study of the relation between the silica-rubber interface and the 

mechanical performances. The reported work participated to extend the knowledge of silica 
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silanization and its impact on silica-rubber properties. More specifically, the limitation and 

reinforcing potential of porous silica were studied and confirmed. 
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Chapter 1 - Original Basic Activation for Enhancing Silica 

Particle Reactivity: Characterization by Liquid Phase Silanization and 

Silica-Rubber Nanocomposite Properties 

 

The first chapter, “Original Basic Activation for Enhancing Silica Particle Reactivity: 

Characterization by Liquid Phase Silanization and Silica-Rubber Nanocomposite 

Properties” investigates the possibility and consequences of the enhancement of the silica particles 

reactivity toward silanization for tire tread rubber, using two original bases: sodium hydride and DBU. 

The silanization of silica as a filler for tire rubber is essential for its good dispersion and interaction 

with the rubber matrix. It can be achieved by two different processes: by pre-treatment in a chemical 

reactor, or in-situ during the mixing of silica filler with the rubber during the tire production process. 

In both cases, a catalyst in needed to push the reaction. When the silane is mixed in-situ, the amine 

diphenyl-guanidine (DPG), traditionally used as vulcanization accelerant in tire rubber blends set 

alkaline conditions that are favorable for the silanization.  

In the case of silica pre-treatment in a chemical reactor, the conditions allow a more controlled 

silanization and target mono-layer silane coverage over silica particles. To do so, one needs to favor the 

silica-silane reaction at the silica surface and prevent the silane oligomerization in the solution. For the 

latter, silanization is carried in a dry organic solvent, to reduce the odds of silanes reacting with miscible 

water in solution. To maximize the silica-silane reaction at the particle surface, we pre-loaded the silica 

particle with the base catalyst to enhance silica reactivity toward the silane. Therefore, in this paper we 

investigated the impact of original base catalyst, DBU and NaH on the silanization of silica, and 

compared their effect to in-situ silanization. 

After base pre-loading for silica reactivity enhancement, the silanization of the particles by 

different silanes was carried in dry toluene. The assessment of the impact of the base over silica 

reactivity was done by using molecular characterization measurement, TGA and 1H and 29Si NMR, as 

well by measuring the composite mechanical properties. 

We concluded that DBU is the most efficient base for silica particle pre-treatment and allow for 

superior grafting yield and particle coverage than other bases, whereas sodium hydride is more suited 

for in-situ silanization of the filler, yielding better mechanical properties. 
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Abstract: Silica fillers are used in various nanocomposites in combination with silanes as a reinforcing

filler. In tire technology, silica is generally functionalized before (pre-treated) or during mixing (in-

situ silanization or post-treated). In both cases, a soft base catalyst (e.g., triethylamine or diphenyl

guanidine, DPG) is typically used to accelerate and increase the yield of the silane/silica coupling

reaction. In this study, we investigated how pre-treatments of silica particles with either strong amine

or hydride bases impact the silanization of silica prior to or during SBR mixing for silica-rubber

nanocomposite fabrication. Our findings are supported by molecular characterization (solid state
29Si NMR, 1H NMR and TGA), and scanning electron microscopy. In addition, the impact of these

silica pre-treatments on a nanocomposite’s mechanical properties was evaluated using dynamic

mechanical analysis (DMA).

Keywords: silica; silica reactivity; silanization; organic-inorganic hybrids; silica-rubber composite

1. Introduction

Silane-modified silica particles are used in many different fields and applications,
such as column chromatography [1], nanomedicine [2], concrete mix [3] or silica filler
materials in tires [4]. The need for silanization is driven either by compatibilizing the
filler with the matrix or by modifying the surface of the particles to create additional
properties [5,6]. Silanization can be carried out in the gas, liquid or even solid phases when
silica is mixed with the matrix at a high enough temperature. Chlorosilanes are widely
used, but when mild reactivity, safer handling, and storage are required, alkoxysilanes like
ethoxy or methoxysilane are preferred [7,8]. Silanization in liquid media is often carried
out in aqueous or alcohol/water-based solutions or in an organic solvent [9–11], provided
that the silane is soluble. Silanes are usually reacted via a hydrolysis-condensation reaction,
and catalyzed either in acidic or basic conditions, hence the central role of water in the
process. In dry organic solvent, chlorosilane does not react with hydroxyls unless water
is present [10]. Alkoxysilane may react via the nucleophilic displacement of the alkoxy
group, thereby generating alcohol [11], but the role of a catalyst appears essential, whether
it is water or organic bases like amines. In the tire industry, the silanization of silica is
usually catalyzed by mild amines, such as triethylamine or di-phenylguanidine and other
works have investigated the impact of various amines on this process [12–15]. Increasing
the silica reactivity is of interest for higher silane grafting efficiency. We hypothesize that
the use of stronger bases could increase the amount and reactivity of silanol groups, and
therefore silica. In this work, we investigated the impact of sodium hydride (NaH) and
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1,5-diazabicyclo [5.4.0] undec-5-ene (DBU) as base catalysts to enhance silica reactivity.
To our knowledge, these two base chemicals, and especially metal hydrides, have never
before been used for silica reactivity enhancement. The impact of NaH and DBU on the
morphology and surface of silica particles was examined with scanning electron microscope
images and 29Si NMR. Then, to evaluate the effects of the bases on silica reactivity, we first
used silica silanization as a simplified quantitative model. Silane grafting was quantified
by 1H-NMR and TGA. Base catalyst-loaded silicas were then incorporated into rubber
nanocomposites to create a more complex model to account for the effect of the catalysts.
The effect of silica reactivity enhancement was evaluated via the mechanical properties of
the materials obtained, using dynamic mechanical analysis (DMA).

2. Materials and Methods

Precipitated silica (10 nm primary particle size, 200 m2/g), 1,5-diazabicyclo [5.4.0] undec-5-
ene (DBU), triethylamine (TEA), sodium hydride (NaH), tetrahydrofuran (THF), toluene, cesium
fluoride, deuterated water (D2O), deuterated hydrochloric acid 35 wt. % (DCl), deuterated
chloroform (CDCl3), and octamethylcyclotetrasiloxane (OMCTS) were purchased from Merck
(Darmstadt, Germany). Hexyltrimethoxysilane (C6), dodecyltrimethoxysilane (C12), and
octadecyltrimethoxysilane (C18) were purchased from Gelest (Morrisville, PA, USA).

For the fabrication of a silica-rubber composite, pre-made base-loaded silica, poly-
styrene-butadiene (SBR) and polybutadiene rubber (BR), treated distillate aromatic ex-
tracted (TDAE) lubricating oil, zinc oxide, stearic acid, N-(1,3-dimethylbutyl)-N′-phenyl-p-
phenylenediamine (6-PPD), sulfur, 2-mercaptobenzothaizole (MBT), di-phenylguanidine
(DPG), and N-cyclohexyl-2-benzothiazolesulfenamide (CBS) were used.

2.1. Silica Pre-Loading of the Base Catalyst

Two organic bases were selected, 1,5-diazabicyclo [5.4.0] undec-5-ene (DBU) and
triethylamine (TEA), as well as the inorganic base sodium hydride (NaH) base, to catalyze
the silanization reaction of silica particles. We followed a silica pre-loading method, in
which the particles were first blended with an organic base in a solvent, prior to the
actual silanization.

1 g of silica particles was suspended in 100 mL of THF and was stirred vigorously at
room temperature. Then, 6 mmol of DBU, NaH or TEA were added, and the mixture was
further stirred for 15 min. In the specific case of sodium hydride being used, gas bubbles
were observed when silica and NaH were mixed together. The suspension was then dried
under reduced pressure to remove all solvent. The pre-loaded base silica particles were
stored under argon in a sealed container.

2.2. Silica Silanization

For the silanization reaction, 1 g of silica particles in a 250 mL round-bottom flask was
mixed with 100 mL of toluene. The mix was brought to reflux and 0.78 mmol of either
C6, C12 or C18 silane was added. The reaction was carried out at reflux temperature for
24 h under vigorous stirring. Then, the silanized silica was separated by centrifugation at
10,000× g for 3 min, the liquid was poured away, and fresh toluene was added. The cen-
trifuge tube was shaken vigorously, and this washing cycle is repeated twice. Subsequently,
the moist silanized silica particles were dried under reduced pressure and stored in a glass
vial under inert argon atmosphere.

2.3. Preparation of 1H NMR Samples

First, simple silane solutions were prepared for the identification of the silane’s signals.
0.01 mmol of each silane was solubilized in 1 mL of deuterated chloroform (CDCl3).

To obtain the spectrum of the silane after the reaction with the cesium fluoride/deuterated
hydrochloric acid (CsF/DCl) solution, silane was reacted with the CsF/DCl solution.
The subsequent solubilized silane residue signal obtained was compared to the internal
standard signal by reacting 30 mg of silane with 1 mL of a 310 mg/mL CsF solution
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in deuterated water (D2O) and 260 µL of DCl (35 wt. %) in a 2 mL PP tube. The tube
was left to react for 24 h at room temperature. Subsequently, 1 mL of 0.01 mmol/mL
octamethylcyclotetrasiloxane in deuterated chloroform (OMCTS in CDCl3) solution was
added to the tube. The tube was shaken vigorously by hand and left to settle for the two
phases to separate. A 600 µL sample of the chloroform phase was poured into a glass NMR
tube suitable for 1H NMR analysis.

For silanized-silica grafting quantification, 10 to 20 mg of silanized silica were added
into a 2 mL PP-tube. Then, 1 mL of a 310 mg/mL CsF solution in D2O and 260 µL of DCl
were added. The solution was left to react under stirring for 24 h at room temperature.
Subsequently, 1 mL of an OMCTS-CDCl3 solution at 0.01 mmol/mL was added, the tube
was shaken vigorously and a 600 µL sample of the chloroform phase was poured into a
glass tube suitable for 1H-NMR.

2.4. Silica-Rubber Composite Fabrication

All ingredients were mixed using a HAAKE™ PolyLab™ QC ThermoScientific (Ther-
moScientific, Waltham, MA, USA) internal mixer and a roll mill at each mixing step.
Component quantities and mixing steps were summed up in Table 1 below. Quantities are
given in phr, a mass unit meaning per hundred rubber. Thus, 80 phr of silica means that for
a total of 100 g of rubber, 80 g of silica are used. All green composite materials were cured
in a hydraulic press at 170 ◦C for 10 min. at 150 kPa.

Table 1. Composition and mixing steps for silica-rubber composite fabrication.

Components phr Mixing Conditions

S
te

p
1

Polystyrene-butadiene 80

80 ◦C for 10′

Polybutadiene 20
TDAE Oil 25
Zinc oxide 0.5
Stearic acid 3

Silica 65

S
te

p
2

Step 1 compound -

80 ◦C for 7′
Silica 15

Silane (TESPD) 8
6PPD 2.5

S
te

p
3

Step 2 compound -

60 ◦C for 1′45”

Zinc oxide 2
Sulfur 1.1
MBT 0.3
DPG 3.2
CBS 2.3

2.5. Characterization

The mass loss of silanized silica powders was recorded on a Mettler Toledo TGA 2
(Mettler-Toledo, Columbus, OH, USA) in an alumina crucible, at a heating rate of 10 ◦C/min
from 25 ◦C to 1000 ◦C, with a 20 min stabilization step at 25 ◦C and under nitrogen
atmosphere.

The mechanical properties of the resulting composite materials were tested by dynamic
mechanical analysis (DMA) at 1 Hz and 10 Hz, at a free length of 5 mm and a temperature
sweep from −80 ◦C up to 100 ◦C.

NMR spectroscopy was performed on a Bruker AV III 600HD instrument (Bruker,
Billerica, MA, USA) (600 MHz 1H frequency). 1H NMR spectra were recorded using a
5 mm BBO probe with z-gradients at 298 K using a 30◦ pulse, a sweep width of 40 ppm,
and 8 transients (160 k datapoints each) were acquired. The data were processed using
Topspin 3.5pl7, which zero filled once and multiplied with an exponential line-broadening
function of 0.50 Hz prior to Fourier-transform.
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29Si MAS NMR spectra were recorded on the same spectrometer with a 4 mm H/X
probe, using direct polarization (HPDEC pulse program) at 303 K and 8 kHz MAS frequency.
The 29Si 90◦ pulse was 2.5 µs, and a decoupling field of 100 kHz was applied during the
acquisition of 900 transients (each with 2048 datapoints), separated by a 120 s relaxation
delay and a sweep width of 300 ppm centered on −50 ppm.

3. Results and Discussion

3.1. Impact of Basic Activation on Silica Particles

The SEM images (Figure 1) show non-treated silica, DBU, and NaH-loaded silica at
two different magnifications. When base-loaded silicas are compared to the untreated silica,
the particles look less spherical. We attribute this morphological change to the chemical
interaction of the bases with the particles. Additionally, the SEM images of DBU-loaded
silica show the presence of residual DBU molecules in the form of a white cloudy halo
surrounding the silica; this is typical of organic matter under an electron beam and is not
observed when sodium hydride is used.

 

−
−

−

−

−

−

−

Figure 1. Scanning Electron Microscopy images of silica particles—Non-treated (a,b), DBU−loaded (c,d)

and NaH−loaded (e,f).
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29Si ssNMR confirms a chemical reaction between silica and sodium hydride NaH.
The Q3 signal at −102.5 ppm (see Figure 2) clearly shows an increase in Si-OH content
for NaH-loaded silica. However, DBU does not seem to have the same effect on silica.
We initially hypothesized that both bases would react with the surface water of the silica
and form HO− hydroxide ions. Indeed, hydroxide solutions are capable of hydrolyzing
amorphous silica [16], however, our conditions (stirring at room temperature for 15 min) do
not fulfill the thermodynamic requirement for this reaction. Another possible reaction is the
acido-basic interaction of DBU or NaH with silica. If the alkaline character of DBU or NaH
was responsible for the extra silanol production, the rise of the Q3 signal would be observed
in both cases. Despite both bases having a high enough pKa (13.5 for DBU [17,18] and 50
for H2 [19,20], the conjugated acid of the hydride H−) that are sufficient to deprotonate
Si-OH silanols and form the conjugated base Si-O−, the increase in the Q3 signal is only
observed in the case of NaH. Because of this, the production of silanols is not a result of the
alkaline character of sodium hydride, but rather, of its nucleophilicity. On the other hand,
DBU is a poor nucleophile since its basic nitrogen atom is obstructed by the structure of
the molecule. Therefore, we suggest that a possible explanation for the action of sodium
hydride on silica is that the nucleophilic H− of sodium hydride reacts with the Si-O-Si
siloxane bridges of the silica in a nucleophilic attack and generates Si-H and Si-O−Na+.
Finally, Si-H reacts with HO− or H2O to form Si-OH and H2 [21], which would explain the
observed bubbling and the increase of the Q3 signal in the NMR spectra. The expected
presence of Na+ or DBU+ counter ions at the silica surface would change the particle’s
cohesion behavior, since less Si-OH are available for hydrogen bonding, thus reinforcing
our observations on the morphology change of the silica particles discussed earlier and
shown in Figure 1.

− −

 

− −
Figure 2. 29Si ssNMR of untreated silica (black), DBU−loaded silica (blue), and NaH−loaded silica (red).

3.2. Silica Reactivity Enhancement Evaluation

We decided to evaluate the effect of bases on silica reactivity using two models. The
first one quantifies the yield of a simple silica silanization in a liquid organic solvent. In the
second model, we used the base-loaded silica for the fabrication of a silica-rubber composite
and measured the mechanical properties of the corresponding materials.

Silanization generally designates the grafting of organosilanes on a substrate to modify
its surface properties. The yield of this reaction is directly influenced by the number of
reactive sites on silica (i.e., silanols) and their reactivity. Silica particles were reacted with
simple alkyltrimethoxysilanes of different lengths in the organic solvent toluene. The main
reason for choosing these conditions was to minimize the self-condensation of the silanes



Polymers 2022, 14, 1676 6 of 12

that could then react with silica. Indeed, the self-condensation of silanes generates silane
oligomers that are still capable of reacting with silica particles. This phenomenon causes the
grafting of more silane onto silica, irrespective of the silica reactivity, and artificially boosts
the silanization yield. To quantify the silanization yield, we chose two characterization
methods, i.e., thermogravimetric analysis (TGA) and 1H NMR.

3.3. Thermogravimetric Analysis

Performing thermogravimetric analysis on silanized silica at sufficiently high enough
temperatures allows us to measure the mass loss associated with silane pyrolysis. However,
the calculation of the silanization yield is not straightforward, as other phenomena can
occur simultaneously during heating, like in our case, the desorption of volatile compounds
and dehydroxylation of the silica itself. Although these different events happen at deter-
mined temperature ranges, they can overlap, as is well documented with the case of silica
dehydroxylation [22]. Dehydroxylation occurs at temperatures ranging from 110 ◦C to
1000 ◦C and the amount of water generated depends on the type of silica. To account
for the mass loss due to the dehydroxylation of the silica during the silane pyrolysis, we
recorded the thermograms of the untreated silicas and subtracted them from those of the
silanized silicas. The silane mass-loss is calculated, for all samples, by subtracting the
residual mass at 600 ◦C from that at 400 ◦C. Grafting yields are then calculated by dividing
the mass loss between 400 ◦C and 600 ◦C by the molar mass of the organic residual part of
the silane molecule. This calculation method was discussed by Kunc et al. [23], and can
be considered correct if we hypothesize that all silanized-silica samples undergo the same
dehydroxylation under heating. However, as in the case of silanized silica, that this is not
the case, there is also an argument against this method, as the silanization reaction con-
sumes hydroxyl groups on the surface of the silica, and therefore lowers the final number
of hydroxyl groups to be dehydroxylated. Also, the remaining unreacted alkoxy groups of
silanes still present on the final material account for part of the recorded mass loss. This
can lead to an over-estimation of the mass loss attributed to the grafted silane. Moreover,
this method cannot be used in the case of multiple and different silanes being grafted onto
silica particles as all silanes would decompose over the same temperature range, unless
an additional characterization method is potentially used in parallel with TGA, such as
infra-red or mass spectrometry. TGA thermograms for C18-silanized silica with different
base catalysts are shown below in Figure 3.

 

−Figure 3. Thermogravimetric curves of untreated and C18−silanized silica.
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From the analysis of the thermograms, we observe that the use of a base catalyst
considerably increases the amount of grafted silane. The difference between NaH and DBU
is less obvious due to the degradation of the remaining storage oil of NaH and DBU residue.
Figures S1 and S2 in the Supplementary Information show TGA thermograms for C12
silanized silica activated with NaH and DBU, respectively. Plotting dTGA vs. temperature
helps to better differentiate the degradation phenomenon occurring. In the case of NaH
(Figure S1), from 25 to about 100 ◦C, the mass loss is attributed to moisture and the solvent
remaining on the silica. The two peaks centered at 300 ◦C and 400 ◦C, respectively, are
present for both NaH-activated silica and silanized silica. We attribute these two peaks to
the remaining silicon oil used for the storage and conservation of NaH. Finally, the peak
centered at 500 ◦C and only present for silanized silica is attributed to the degradation of
the grafted silane. For DBU in Figure S2, the same peak from 25 to 100 ◦C is attributed to
moisture and residual solvent. The peak at 150–240 ◦C is attributed to the remaining DBU
molecules. It may be noted that with both bases, the base residue is lower for silanized
silica. The counter ions DBU+ and Na+ are expected to be released after the SiO− reaction
with the silane. In addition, silanized silica has seen more washing steps, helping to remove
oil residues for NaH. Finally, for Figure S2, the major mass loss at 300 ◦C, only present in
the case of silanized silica, is attributed to the degradation of the silane.

3.4. 1H Liquid State NMR

Pure silanes were reacted with the CsF/D2O/DCl solution for the identification of
peaks, as shown in Figure 4. Alkylsilane (C6, C12 and C18) peaks are identified as follows:
0.64 ppm Si-CH2, 0.88 ppm CH3, 1.2 to 1.45 ppm aliphatic CH2, 1.57 ppm residual water,
and 3.56 ppm are O-CH3 groups. Octamethylcyclotetrasiloxane was chosen as the internal
standard because of its good solubility in chloroform, and the fact that it gives rise to only
one signal (0.09 ppm CH3 of OMCTS) in a range that does not overlap with the signal from
the samples.

−

 

Figure 4. 1H spectra of C18 silane in chloroform (bottom), and reacted in CsF/D2O/DCl and

extracted with chloroform (top).

We first observe that the peak at 3.56 ppm disappears after the hydrolysis of the methoxy
groups of methoxysilanes, and we do not observe a peak at 3.49 ppm that could be attributed
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to methanol in solution. We suggest that the methanol remained in the aqueous phase during
the extraction with chloroform because of its polarity. The peak at 0.64 ppm is also absent.
We could not find an explanation for this, as we do not expect to break a C-C bond in these
conditions. Unlike Yang et al. [24], we do not observe any signal being the sign of alcohol in
solution that would be the results of the opening of the Si-C bond, and oxidation of the carbon
into alcohol. Practically, when pure silanes or silanized silica were reacted with CsF/D2O/DCl
after 24 h, a thin white hydrophobic film appears on the tube walls. For a control sample
consisting of unmodified silica mixed with the CsF/D2O/DCl solution, no such film was
not observed. Upon contact with the deuterated chloroform extraction solution, this film
solubilizes and is absent from the tube walls. We identify this as a sign of the reaction of the
silane with cesium fluoride and hydrochloric acid and their removal from the silica. We also
observe that prior to the reaction, modified silica wettability toward the aqueous solution
was very poor, as silica floated onto the liquid and did not get wet when vigorously shaking
the tube, as is expected from hydrophobized silica. After the 24-h. reaction, silica particles
displayed good wettability toward the aqueous solution and sank to the bottom of the tube,
consolidating the idea of the silane removal from the silica.

For the integration of the signals, the peak at 0.88 ppm was chosen to quantify the
amount of silane in solution. Typical 1H NMR spectra of silanized silica with C6, C12,
and C18 are shown in Figure 5. Peaks of interest are integrated, and numerical values are
obtained in Equation (1) below.

nsilane =
ACH3

AOMCTS
×

NOMCTS

NCH3
× nOMCTS (1)

where

nsilane is the amount of silane in solution (mmol),
ACH3 is the area of the CH3 peak at 0.88 ppm,
AOMCTS is the area of the OMCTS peak at 0.09 ppm,
NOMCTS is the number of hydrogen nuclei generating the signal,
NCH3 is the number of hydrogen nuclei generating the signal,
nOMCTS is the amount of OMCTS internal standard in the CDCl3 solution (mmol).

𝑛𝑠𝑖𝑙𝑎𝑛𝑒 ൌ 𝐴𝐶𝐻3𝐴𝑂𝑀𝐶𝑇𝑆 ൈ 𝑁𝑂𝑀𝐶𝑇𝑆𝑁𝐶𝐻3 ൈ 𝑛𝑂𝑀𝐶𝑇𝑆

 

Figure 5. 1H NMR spectra of C6 (bottom), C12 (middle), and C18 (top) silanized silica.
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Quantitative results from TGA and 1H NMR are displayed in Table 2 and Figure 6. It
must be noted that TGA values are always higher than the corresponding 1H NMR values.
The reasons cited earlier, i.e., residual base catalyst, water from silica dehydroxylation, and
unreacted alkoxy groups may account for a fraction of the measured weight loss but do not
actually represent silane grafting. As for the silane length, the longer it is, the lower the
grafting yield. This trend is to be expected due to the bulkiness of the long silane, which
reduces the reaction kinetic via steric hindrance.

Table 2. Silica silanization grafting yield calculated from TGA and 1H NMR (in mmol/g).

C6 C12 C18 TEA-C6 TEA-C12 TEA-C18 DBU-C6 DBU-C12 DBU-C18 NaH-C6 NaH-C12 NaH-C18

TGA 0.418 0.165 0.128 0.383 0.381 0.3 0.582 0.508 0.447 0.271 0.314 0.301

1H NMR 0.274 0.176 0.186 0.185 0.198 0.173 0.299 0.289 0.206 0.188 0.149 0.165

δ

δ

Figure 6. Silica silanization grafting yield from TGA and 1H NMR.

Through the quantification of silanization on base-loaded silica we already have
elements to comment on the respective effect of DBU and NaH. DBU maximizes grafting,
followed by NaH, and finally TEA, as follows: no base < TEA < NaH < DBU.

3.5. Evaluation of Silica Reactivity Enhancement in Rubber-Silica Composites

The effect of base-loading for the in-situ silanization of silica was measured using
dynamic mechanical analysis to test the nanocomposite’s mechanical properties, which
reflect the way filler particles interact with the matrix. Indeed, the motion of polymer
chains increases as the temperature increases. The glass transition temperature Tg, defined
in DMA by the position of the tan(δ) peak, is the temperature range where the polymer
transitions from a glassy to visco-elastic state. The more polymer chains participating in
the transition, the higher the Tg peak. It has been demonstrated that a strong polymer-filler
interaction can prevent a fraction of the chains from moving [25,26], thus lowering the Tg

peak in DMA. In silica-filled rubber composites, filler-polymer interactions originate from
rubber trapped between filler aggregates and rubber bonded to silica via the interaction
of the silane with the fillers and the polymer, which increases the storage modulus of the
composite [26–29].

Of the three samples tested, NaH-loaded silica demonstrated the highest conservation
and loss module, followed by the untreated silica, and finally DBU-loaded silica. When
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looking at tan(δ), the base-loading of silica clearly affects the visco-elastic behavior of the
composite material. In our case, the base activation of silica increases the filler-polymer
interactions, as Tg peaks in Figure 7 are lower for DBU and even lower for NaH-loaded
silica. Interestingly, DBU is better for silane grafting in the liquid phase, but NaH provides
better reinforcement properties to the composite. One hypothesis is that the DBU+ counter
ion, because of its size, has more shielding power in a polymer blend than Na+ and thus
prevents, to some extent, the reaction of silanes with the surface of silica in rubber. In a
liquid phase silanization, in which the molecular mobility is much greater, this effect may
be minimized. Another hypothesis is that it is easy for NaH-loaded silica, thanks to its extra
silanols, to generate aggregates trapping the rubber matrix, thus resulting in this additional
stiffening effect.

− − ′ ″ δFigure 7. DMA curves of base−loaded silica−rubber composites—E′ (a), E” (b) and tan(δ) (c,d).

4. Conclusions

The present study investigated the effect of two unusual base catalysts, DBU and
NaH, for silica silanization in the liquid phase, as well as in situ during the curing of
SBR-silica nanocomposite. DBU demonstrates a higher grafting yield than NaH and
TEA, and the size of silane influences the amount grafted onto the silica particles. This
was confirmed by the 1H-NMR and TGA silanization yield quantification, despite the
discrepancy still present between the two techniques. Base-loaded silica were included
in the fabrication of nanocomposites, and their subsequent mechanical properties were
measured by DMA to study the impact of base loading. Contrary to the trend observed
in liquid phase silanization, NaH-loaded silica yielded better reinforcing properties than
DBU. We hypothesize that the DBU counter ion can shield silane from silica in the polymer
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melt, and that extra silanols from NaH-loaded silica can generate more silica aggregates
in the composite and trap more rubber, bringing a higher degree of reinforcement to
the composite.

Supplementary Materials: The following supporting information can be downloaded at: https:

//www.mdpi.com/article/10.3390/polym14091676/s1, Figure S1: Thermograms of NaH activated

and C12 silanized silica, Figure S2: Thermograms of DBU activated and C12 silanized silica, Figure S3:

Photograph of the white residual film after the reaction of C12 silane with the CsF/DCl/D2O solution.
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Figure S1 – Thermogram (left) and dTGA (right) curves of NaH activated silica (black) and NaH-C12 reacted 

silica (red) 

 

Figure S2 – Thermogram (left) and dTGA (right) curves of DBU-activated silica (black) and DBU-C12 reacted 

silica (orange) 



 

Figure S3 – Photograph of the white residual film after reaction of C12 silane with CsF/DCl/D2O solution 
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Chapter 2 - Dual-Silane Pre-modified Silica Nanoparticles: 

Synthesis and Interplay between Chemical, Mechanical, and Curing 

Properties of Silica−Rubber Nanocomposites: Application to Tire 

Tread Compounds 

 

The second chapter, “Dual-Silane Pre-modified Silica Nanoparticles: Synthesis and Interplay 

between Chemical, Mechanical, and Curing Properties of Silica−Rubber Nanocomposites: Application 

to Tire Tread Compounds” studies the possibility of the synthesis of a pre-treated silica filler with two 

different organosilanes grafted on the surface, and the effect of silane size over the composite micro 

and macro properties of the composite material.  

The current tire technology uses a single silane system, usually TESPT, that enables to 

covalently link silica and rubber and hydrophobize the filler for better dispersion. In this work, both 

roles where investigated – dispersion and coupling – by separating them on the silica surface. 

Dual-silane pre-modified silica particles were synthesized via a two-step sequential silanization 

on silica in an organic solvent. For the coupling function, a mercaptosilane is grafted first, then, for the 

dispersion of the silica, an alkylsilane is grafted afterward. The length of each silane was varied in 

various combination to investigate their effect over mechanical properties and the steric effect of the 

alkylsilane over the reactivity of the mercaptosilane with regard to the rubber vulcanization reaction. 

The impact of the different fillers on the composite material was characterized by DMA to 

assess the viscoelastic properties of the material and its wet grip and rolling resistance performances. 

Atomic Force Microscopy (AFM) allowed to assess the silica dispersion and interfacial properties into 

the rubber matrix. 

It was shown that the surface silane modification greatly impacts how the filler interacts with 

the surrounding polymer matrix and subsequently the wet traction and rolling resistance properties of 

the compound. Indeed, the use of grafting of long alkylsilane in combination with short mercaptosilane 

prevents the fillers to properly interact together. Therefore, a clear decrease in reinforcement wet 

traction is observed due to the lack of energy dissipation though filler-filler interaction. On the other 

end, short mercapto and alkyl combination show the best performances and a better wet grip indicator 

than the reference compound, while keeping a lower resistance. This silane combination therefore 

increases filler-filler interaction and energy dissipation in the range of interest without increasing 

unnecessary energy dissipation via rolling resistance. This work adds knowledge on the interaction at 

play between filler and polymer and how it can be used to improve the properties of a tire tread 

compound. 
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ABSTRACT: In silica−rubber based nanocomposites, a single
organo-silicon is often used to compatibilize and covalently link silica
to rubber. In this work, we have investigated the impact, at micro- and
macroscales, of the decoupling of the hydrophobization and the
coupling activity of silane by pretreating silica with two different silane
chemistries. The first one, a mercaptosilane, is the coupling agent that
promotes a covalent link between silica and rubber during the sulfur-
mediated vulcanization reaction. The second one, an alkylsilane, aims
to improve the silica dispersion. For both kind of silanes, we have
varied the chain length and studied at macroscale the dynamic
mechanical properties through the key indicators that are E′′ as loss
modulus, E′ as storage modulus, and their respective ratio tan δ. The
shorter silanes combination yielded an improvement in terms of wet
grip indicators with tan δ at 0 °C increasing from 0.205 to 0.237 while
maintaining rolling resistance indicators at the same level. We have evaluated the impact of the silane chemistry onto the cross-
linking reactivity within the fabricated rubber-based nanocomposites by using moving-dye rheometer measurements (MDR). By
purposely using atomic force microscopy (AFM), we have studied the silica dispersion in the matrix and the rubber/silica interface
and provided the rationale explanation of the mechanical properties observed at the macroscale. AFM observation pointed out the
existence of a soft interface around silica fillers when long alkylsilanes were used. We infer that this interface impacts the polymer−
filler dynamic and subsequently affects the mechanical properties of the composite material.

■ INTRODUCTION

Historically, tire rubber compounds were reinforced using
carbon black. The good interaction between this filler and the
usual polymers matrices implies very good performances as
well as an easy mixing of the filler with the polymer blend.
Later, silica was introduced as a potent filler, but due to its
hydrophilic nature, new strategies had to be found to
compatibilize the particles with the matrix to reach desirable
performances. Organosilanes have been the first choice as they
allow covalent bonding of silica with the polymer and
hydrophobize the surface of the particles, inducing a much
better dispersion and reinforcement of structure. Since then,
researchers have been working on these two filler properties
and investigating various strategies to improve performances,
using new materials and processes. The in situ growth of silica
particles has proven to be an efficient way to achieve a very
high dispersion of such particles into the matrix.1,2 Other
works investigated the use of nonsilane coupling agents.3,4

Beyond silica and carbon black, innovative alternative fillers

such as silicon particle and graphene oxide are developed.5

With the growing need to find sustainable filler materials,
research in the fillers domain becomes driven by the
challenging task to make new fillers cope with previous
technology performance levels.6 The filler morphology is
another important research topic, and extensive work is being
conducted on the use of anisotropic fillers7−10 based on silica,
clay, or cellulose nanocrystals. Other strategies, not focusing on
the filler itself, work around the opportunity to valorize waste
as a usable resource for the tire industry.11 Tire-tread
compounds face a challenge in which wet-grip performances
need to be sustained, while improving rolling resistance in
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order to comply with new environmental regulations and
original equipment manufacturers requirements.12 The in-
troduction of silica as a filler opened the door of progress for
wet traction while decreasing significantly rolling resistance,
even it was mainly the use of silanes that really enabled it.13 By
creating an interface between the silica particles and the
polymer matrix, silanes modify interactions and forces
transmission during the mechanical solicitation of the material.
Usually, silanes are added into the rubber blend during the
mixing of the polymer, silica, and other ingredients. It allows
for a simple and effective way to incorporate them. Another
strategy is the pretreatment of the silica particles before their
addition. This method enables a better control of the
silanization and finer tuning of the final material properties,
as well as helping to avoid alcohol production in the blend
when silanes react. This method of processing rubber is safer
and simplified. The idea of multiple silanes on silica to bring
out new properties is not recent,14 and has been already been
proven to be an efficient way to solve the aggregation issue in
bitumen filled silica.15 But according the best of our
knowledge, dual-silane silica has not been applied to tire
tread rubber. Our work on presilanized silica stands within this
context. Silanes are used with silica not only as binding agent
with the rubber matrix, but also as antiflocculent ingredients
which increase the silica dispersibility in the polymer.16 Indeed,
silica is a mineral hydrophilic filler and tends to aggregate
through hydrogen bonding when mixed with polymers. Silane
molecules, when reacting with hydroxyl groups on the silica
surface, turn the silica hydrophilic surface into a hydrophobic
one, hence increasing compatibility with the rubber matrix.17,18

Bis-triethoxysilylpropyltetrasulfide (TESPT) for example is a
widely used silane, as it plays the role of coupling agent
between silica and rubber through its tetra sulfide bond and
participates in the hydrophobization of the filler.19,20 Another
aspect of the silanization of silica particles is that it affects the
vulcanization behavior of a rubber compound and more
specifically the cross-link density and the scorch time.18,21−23

The concept of scorch time is essential when it comes to
rubber compounding as it describes the time window during
which the green compound is still shapeable before becoming
irreversibly rubbery. The introduction of silanes in the system
changes the cure dynamic by affecting the molecular mobility
within the matrix. It also affects the cross-link density, as
mercaptosilanes can react with the polymer chains and bridge
them with silica particles or other polymer chains. Many
studies worked out the impact of silanes on rubber
compounds, especially the effect of silanes on rubber cross-
linking and silica dispersion.24,25 Usually, only one silane is
used in the compound, or different silanes are compared one-
to-one in order to understand the impact of their structures on
the system.18,26,27 In this work, we investigate the idea of a
dual-silane presilanized silica, where two different silanes are
grafted onto silica particles. For this matter, we used a method
that we call “base catalyst pre-loading”, to achieve high silica
coverage of silane without creating multiple layers on particles.
As silanes promote the silica binding to the polymeric matrix as
well as the dispersion of particles into the polymer,24,25 we
want to tailor silica surfaces with two different silanes
populations. A first silane plays the role of coupling agent by
chemically bridging silica and rubber. The second acts as a
hydrophobicity enhancer for the silica particles and mitigates
the coupling reaction of silica with rubber. Indeed, severe silica
aggregation can occur with silanes bridging themselves when

polymerizing together due to their chemical structure and
reactivity. For this matter, we study here how the respective
molecular size of the two silanes affects each other. By
combining alkylsilanes with mercaptosilanes, we investigate the
possibility of mitigating the coupling silane reactivity by means
of steric hindrance to open new and original chemical routes
aiming at improving the cure behavior and the mechanical
properties of the rubber-based nanocomposite.

■ EXPERIMENTAL SECTION

For this study, high dispersibility silica (HDS) was used. This
silica is obtained industrially by a wet precipitation process
which results in 10 nm primary particles size with a specific
surface area of 200 m2/g (see Figures S1 and S2 in Supporting
Information). An infrared spectrum of this silica is provided in
Figure S3. 3-Mercaptopropyltrimethoxysilane (MPTS), 11-
mercaptoundecyltrimethoxysilane (MUTS), hexyltrimethoxy-
silane (C6), dodecyltrimethoxysilane (C12), and octadecyl-
trimethoxysilane (C18) were supplied by Gelest. Synthesis
grade toluene, THF, and 1,5-diazabicyclo [5.4.0] undec-5-ene
(DBU) were supplied by Sigma-Aldrich. The chemical
structures of silanes and DBU are shown in Figure 1.

Dual-Silane Premodified Silica Synthesis. A typical
presilanization is performed in three steps. First the base
catalyst is preloaded as follows: 30 g of HDS silica are
suspended in 500 mL of a solution of 0.34 g/L of DBU in THF
under stirring at room temperature for 10 min. The silica is
then separated by centrifugation and dried under reduced
pressure at room temperature. In the second step, 30 g of
DBU-treated silica are suspended in 167 mL of toluene. The
suspension is heated up to 110 °C and 0.023 mol of MPTS or
MUTS are added. The reaction is carried at 110 °C under
stirring for 24 h. Then silica is separated and rinsed with fresh
toluene and centrifugation. The silica washing operation is
repeated three times to ensure that no unreacted silane is left
on the silica. In the third step, 30 g of the previously modified
silica are suspended in 167 mL of toluene. The suspension is
heated up to 110 °C and 0.023 mol of the desired alkylsilane
are added. The reaction is carried at 110 °C under stirring for
24 h. Then silica is separated by centrifugation and cleaned
with fresh toluene. This operation is also repeated three times
to ensure that no unreacted silane is left on the silica. Finally,
the dual-silane premodified silica particles are dried under

Figure 1. Chemical structures of silanes and base catalyst.
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vacuum at room temperature and stored in a glass container
for later use.
Silica Mixing in Rubber Matrix. Polystyrene-butadiene

(SBR, solution SBR, 21% styrene, 50% vinyl) polybutadiene
rubber (BR, neodymium catalyzed polybutadiene), treated
distillate aromatic extracted (TDAE) lubricating oil, zinc oxide,
stearic acid, N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenedi-
amine (6-PPD), sulfur, 2-mercaptobenzothaizole (MBT),
diphenylguanidine (DPG), and N-cyclohexyl-2-benzothiazole-
sulfenamide (CBS) have been used. At each mixing step
ingredients have been mixed using a HAAKE PolyLab QC
ThermoScientific internal mixer, and then the compound was
further mixed in a roll-mill. Component quantities and mixing
steps have been summed up in the Table 2. All green

composite materials have been cured in a hydraulic press at
170 °C for 10 min under a pressure of 150 kPa or in a moving-
dye rheometer (MDR) measuring device for the curing
behavior measurements. Table 1 below shows the correspond-
ence between compounds names and silanes grafted onto
silica.
Characterization. Dual-silane premodified silica fillers

have been characterized by thermogravimetric analysis
(TGA) and solid state nuclear magnetic resonance of silicon
29 (29Si ssNMR). Silane loading was quantified by TGA as
followed: 10 to 20 mg of silica powder was placed in an
alumina crucible and heated from 25 to 1000 °C at 10 °C/min.
An empty alumina crucible is also placed in the furnace for
reference. Solid-state Si MAS (Magic Angle Spinning) NMR
spectra were acquired on a Bruker Avance 400 MHz
spectrometer (9.4 T wide bore magnet) equipped with a 4
mm BL4 X/Y/H probe. Magic angle spinning was performed

at 6.5 kHz using ceramic zirconia rotors of 4 mm in diameter.
The signal of talc was used to calibrate the silicon chemical
shift scale (−98 ppm). Acquisition parameters used were the
following: a spectral width of 300 ppm, a 90° pulse length of
4.5 μs, an acquisition time of 15 ms, a recycle delay time of 60
s, and about 3000 accumulations (48 h). High power proton
dipolar decoupling during the acquisition time was set to 70
kHz. Solid-state 29Si MAS (magic angle spinning) NMR
spectra were also acquired on an Agilent VNMRS DirectDrive
400 MHz spectrometer (9.4 T wide bore magnet) equipped
with a T3HX 3.2 mm probe. Magic angle spinning was
performed at 6.5 kHz using ceramic zirconia rotors of 3.2 mm
in diameter, the signal of talc was used to calibrate the silicon
chemical shift scale (−98 ppm). Acquisition parameters used
were the following: a spectral width of 300 ppm, a 90° pulse
length of 5 μs, an acquisition time of 15 ms, a recycle delay
time of 60 s, and about 4400 accumulations (72 h). High
power proton dipolar decoupling during the acquisition time
was set to 70 kHz. Mechanical properties of the resulting
composite materials have been tested by dynamic mechanical
analysis (DMA) at 1 and 10 Hz, a free length of 5 mm and a
temperature sweep from −80 °C up to 100 °C. The curing
behavior of the green compounds was evaluated by MDR with
a MDR 2000 rheometer from Alpha Technologies, at a
frequency of 1.667 Hz, a strain of 0.5 degree, at a temperature
of 160 °C during 60 min. Sample dimensions are 43 mm in
diameter and 2 mm thickness. Atomic force microscopy images
of cryo-ultramicrotomed surfaces of the samples were acquired
using the AM-FM mode of the MFP-3D Infinity AFM
instrument (Asylum Research). All measurements were made
under ambient conditions, and a standard cantilever holder for
operation in air was used. Images of 10 × 10 μm2, 5 × 5 μm2,
and 2 × 2 μm2 areas were taken with a resolution of 256 × 256
pixels at a scan rate of 1 Hz. Cantilevers’ spring constants used
in this study were about 30 N/m (AC160TS-R3 model from
Olympus). The first and second resonant frequencies for
AC160TS-R3 cantilevers were about 300 kHz and 1.6 MHz,
respectively. To ensure repulsive intermittent contact mode,
the amplitude set point was adjusted so that the phase is well
fixed below 90°. This allows for the acquisition of
complementary stiffness contrast images simultaneously with
topography.

■ RESULTS AND DISCUSSION

Synthesis of the Dual-Silane Silica Particles and Their
Characterization. The main objective of the synthesis
method is to increase the yield of silane grafting on silica
particles without falling into a multilayer regime. Conse-
quently, experimental conditions focused on promoting a
silica−silane surface reaction and preventing the oligomeriza-
tion of silane in the solvent. First, silica particles are loaded
with the base catalyst DBU to increase reactivity on the
surface. DBU has a strong pKa (∼13.5 in water28,29). Thus,
DBU may lead to substantially deprotonate hydroxyl groups of

Table 1. - Silanes/Compounds Correspondence Table

compounds names silane 1 silane 2

reference HDS silica N/A N/A

C3SH+C6 3-mercaptopropyltrimethoxysilane hexyltrimethoxysilane

C3SH+C12 3-mercaptopropyltrimethoxysilane dodecyltrimethoxysilane

C3SH+C18 3-mercaptopropyltrimethoxysilane octadecyltrimethoxysilane

C11SH+C6 11-mercaptoundecyltrimethoxysilane hexyltrimethoxysilane

Table 2. Composition and Mixing Steps of Compounds

components phr mixing conditions

Step 1

polystyrene-butadiene 80 80 °C for 10 min

polybutadiene 20

TDAE oil 25

zinc oxide 0.5

stearic acid 3

dual-silane silica 65

Step 2

Step 1 compound 80 °C for 7 min

dual-silane silica 15

6PPD 2.5

Step 3

Step 2 compound 60 °C for 1 min 45 sec

zinc oxide 2

sulfur 1.1

MBT 0.3

DPG 3.2

CBS 2.3
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the silica surface due to the pKa difference. If so, the silica
surface should be more prone to react with silanes. The
presence of an amine catalyst also improves the grafting yield
and the stability of the silane−silica bond.30 Second, the
reaction is carried in toluene, as it solubilizes silanes and has
relatively a high boiling point compared to another hydro-
carbon solvent. Also, toluene is a good middle ground when it
comes to the formation of hydrophobic monolayer on silica, as
it naturally solubilizes enough water in order to induce silanol
formation from alkoxysilane, without promoting polymer-
ization of the alkoxysilane by solubilizing too much water.31

We can observe a significant difference of the residual mass
below 130 °C when considering the thermograms of Figure 3.
In the case of the HDS silica, the mass loss is attributed to the
desorption of water from the silica surface. In the case of
modified silica, we attribute the mass loss to the loss of the
remaining alkoxy groups originating from the grafted silanes.
This difference originates from the fact that HDS silica is a
precipitated silica, hence featured by the absence of alkoxy
groups, contrary to our modified silica for which we used
methoxysilanes. Also, the initially adsorbed water on the
unmodified silica is lost through the silanization and drying
steps being performed to obtain dual silane modified silica.
Surface hydroxyls groups Si−OH have a key role, and it has
been documented32 that silica reactivity toward alkoxysilanes is
enabled by the presence of silanols at the surface. Silica’s
silanols undergo a condensation reaction with silane’s silanols,
form a Si−O−Si bond, and covalently bond the silane to the
silica. Prior to the condensation step, silanes must be
hydrolyzed from the alkoxy form to silanols Si−OH. Since
the HDS silica is produced via a wet precipitation process,
silanols groups Si−OH feature the surface of such particles. An
infrared spectrum of the HDS silica used in this study is shown
in Figure S3 of the Supporting Information and further
highlights the presence of Si−OH. The physical interaction
between silanes and silica is also an important parameter,
especially through hydrogen bonding of silanes onto silica. The
capability of thiols to form hydrogen bonds has been
questioned for a long time with few studies to shed light on
this phenomenon. This is of major consideration especially in
biology as sulfur and thiols are important constituents of many
molecules. Some recent experimental and computational works
have brought more understanding on the topic.33,34 According
to the best of our knowledge, the interaction of a thiol−silane
with silica through hydrogen bonding has not been reported
and studied, unlike the very well-known interaction of amine−
silane with silica.35 Due to the lower electronegativity
difference of the sulfur−hydrogen bond (Δ ∼ 0.38) compared
to the nitrogen−hydrogen bond (Δ ∼ 0.84) or oxygen−
hydrogen bond (Δ ∼ 1.24), the strength of the hydrogen bond
involving thiol is expected to be weak. In the case of back-
bonding of the silane to the silica via hydrogen bonding, we
could expect to have residual silane weakly bonded to the silica
remaining after the reaction. Another critical aspect is the
potential interaction between DBU and the mercaptosilane
during silanization, and the possibility to deprotonate the
terminal thiol of this silane. It has been reported that the pKa of
DBU is about 13.5,28,29 and the pKa of an aliphatic thiol is
around 11.36 For the pKa of silanols, various values have been
reported ranging from 5 to 9.5.37 The difficulty of determining
the pKa of silanols comes from the variety of spatial
conformation of silanols, such as geminal, vicinal, and isolated
or H-bonded silanols. All these parameters impact the acidity

of the silanols. We can affirm that DBU will first deprotonate
the most acidic silanols, then the less acidic ones, and finally
eventually the thiol group of the silane. This is the reason why
we did not mix as such DBU and the silane in the silanization
media. We preferred an approach in which we deprotonated
the silica’s silanols by premixing DBU and silica in a first step,
then silanization is carried out as described in the Experimental
Section. To assess the amount of silane grafted onto silica, the
mass loss associated with the silane pyrolysis is recorded via
TGA. The mass loss is calculated by subtracting the residual
mass loss value at 600 °C from the value at 125 °C to isolate
the silane contribution to the total mass loss of the sample.
This method of calculation is inspired from the work of Kunc
et al.38 TGA thermograms in Figure 2 and values in Table 3

show the difference between no catalysis and DBU preloading
on silica. For the system without any base catalyst preloading,
all silanes yield about 3.5 to 4% of mass-loss, whereas DBU
preloaded silica displays a much higher grafting yield of
respectively 6.95%, 10.85%, and 13.89% for C6, C12, and C18.
The use of DBU clearly yields a higher silane loading on silica.
The silane loading for dual-silane pretreated silica has also
been characterized by thermogravimetric analysis (Figure 3)
and 29Si ssNMR (Figure 5).
Scheme in Figure 4 illustrate the two-step process of dual-

silane pretreated silica silanization. From the mass loss values
in Table 4 we observe that most of silane is grafted during the
first step. When accounting for the mass of mercaptosilane

Figure 2. TGA curves of silanized silica (C6, C12, and C18), with and
without DBU preloading.

Table 3. TGA Values for Modified Silica with and without
DBU Preloading

sample name
residual mass at 125

°C (%)
residual mass at 600

°C (%)
mass loss

(%)

HDS silica 96.44 93.74 2.7

C6 silica 97.88 91.13 4.05

C12 silica 97.43 91.31 3.42

C18 silica 97.37 91 3.67

DBU-C6
silica

98.23 88.58 6.95

DBU-C12
silica

98.22 84.67 10.85

DBU-C18
silica

98.22 81.63 13.89

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00665
ACS Omega 2022, 7, 17692−17702

17695



grafted on silica during the first step (10.1% mass loss),
alkylsilane grafted in the second step accounts for respectively
0.7%, 2.3%, and 3.3% of the total mass loss for C3SH+C6,
C3SH+C12, and C3SH+C18, respectively, which corresponds
to 6.9%, 22.7%, and 32.7% of the mercaptosilane mass.
Similarly, C11SH is added in the first step (15.1% of total
mass) and the addition of C6 accounts for 0.6% of total mass
loss and 4% of silane mass loss, which is consistent. This result
comes from the fact that the mercaptosilane is added first and
covers most of the surface. Alkylsilanes act as a cap and fill the
remaining empty gaps of the silica surface.
Figure 5 displays the results of 29Si ssNMR. The peak at 0

ppm corresponds to the internal standard TMS (3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt). Signals
at −90, −100, and −110 ppm correspond to Q2, Q3, and Q4
groups. Q2 and Q3 being respectively geminal and single
silanol and Q4 being the Si−O−Si bond forming the bulk of
the silica. Signals at about −50, −60, and −70 ppm,
respectively, correspond to T1, T2, and T3 groups. T groups
are formed by the reaction of the -trimethoxysilanes on the
silica surface or with another silane. This signal confirms the
presence of silanes on the silica particles. It has been shown
that trifunctional silanes do not react on silica surface with
their three reactive groups, but with a maximum of two of
them, for spatial reasons. It leads to the formation of mostly T1
and T2 groups. However, the formation of T3 groups is not
impossible, and happens when silanes react together, away

from the surface.39 We suggest that the higher content of T3
groups versus T1 and T2 results from the two-step silanization.
The second silane can react with unreacted methoxy or silanol
groups of first silane to yield T3 groups. The clear decrease in
the Q3 peak intensity is also an evidence of the silanization
reaction consuming surface hydroxyl groups. Based on the
internal standard quantity and the deconvolution method, we
can estimate the amount of grafted silane onto the silica. Those
results are summed up in Table 5. We note a difference
between samples with C3SH and the one with C11SH. With a
shorter mercaptosilane as the first silane, the final silane
loading is very similar. When the longer C11SH silane is used
first, the final silane loading is lower. This likely comes from
the higher steric hindrance displayed by the longer silane when
reacting in first with the silica surface.

Dynamical Mechanical Properties. Tire tread perform-
ances, namely grip and rolling resistance, can be estimated at
the material stage by testing dynamic mechanical properties of
the cured rubber composite. The measurement of loss tangent
tan δ on a range of temperature allows characterization of the
behavior of the material.

E

E
tan δ =

′′

′ (1)

As the ratio of the loss modulus (E′′) and storage modulus
(E′) in eq 1, the tan δ describes the capability of the material
to dissipate energy in the form of heat through vibrational
dampening. The time−temperature superposition principle
allows for temperature ranges to be transposed to frequency

Figure 3. TGA curves for dual-silane premodified silica.

Figure 4. Scheme of dual-silane pretreated silica silanization process.

Table 4. TGA Mass Loss Values for Dual Silane Modified
Silica

sample name
residual mass at 125

°C (%)
residual mass at 600

°C (%)
mass loss

(%)

HDS silica 96.9 94.6 2.3

C3SH modified
silica

97.7 87.6 10.1

C3SH+C6
modified silica

98.2 87.4 10.8

C3SH+C12
modified silica

98.3 85.9 12.4

C3SH+C18
modified silica

98.3 84.9 13.4

C11SH modified
silica

98.2 83.1 15.1

C11SH+C6
modified silica

98.4 82.7 15.7
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ranges.40 Certain mechanical frequency ranges can be
associated with mechanical solicitation of the tire tread.

Therefore, tan δ at 0 °C is a good indicator for grip
performances and tan δ at 60 °C a good indicator for the
rolling resistance of a tire. Good grip properties are equivalent
to high tan δ at 0 °C and good rolling resistance properties are
equivalent to low tan δ at 60 °C.41,42 Ideally, one wants to
maximize tan δ at 0 °C and minimize tan δ at 60 °C. The
storage modulus E′ and tan δ of the different composite
materials are represented in Figure 6, and numerical values are
gathered in Table S1 of Supporting Information.
The control sample is a standard compound optimized for

an 80 phr silica load and in situ silanization. Compounds with
dual-silane premodified silica do not exhibit the same behavior
as the control compound. Storage modulus E′ and tan δ

decrease faster in dual-silane pretreated silica than in the

Figure 5. 29Si ss NMR spectra of control and dual-silane premodified silica.

Table 5. Silane Grafting Values Based on Deconvolution of
29Si ssNMR Spectra

HDS
control

C3SH
+C6

C3SH
+C12

C3SH
+C18

C11SH
+C6

T1 (mmol) 0.00 0.00 0.00 0.00

T2 (mmol) 0.02 0.27 0.54 0.06

T3 (mmol) 0.73 0.76 0.68 0.38

total (mmol) 0.75 1.03 1.22 0.45

silane loading
(mmol/g of silica)

2.48 3.32 4.05 1.49

Figure 6. Tan (δ) (a,b), storage modulus E′ (c,d), and loss modulus E′′ (e,f) vs temperature, for various dual-silane modified silica rubber
composites.
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control, allowing altogether for relatively higher tan δ at low
temperature and low tan δ at high temperature. Samples C3SH
+C6 and C3SH+C12 show improved performances for both
indicators. The other two samples having slightly lower tan δ at
60 °C than the control, C11SH+C6 having a much lower tan δ

than any sample. Increasing silane chain length clearly causes a
decrease in storage modulus and tan δ at low temperature. The
part of the curves in the −40 to −10 °C range is representative
of the phase transition that the material withstands with
temperature changes. Usually attributed to the glass transition
temperature in polymers and rubbers, it can also display the
effect of fillers.43 Indeed, filler particles change the polymer
chain dynamic when incorporated in polymers.27 In our case,
two overlapping peaks can be observed for all samples. The
peak further on the right shifts depending on the sample. This
shifting trend follows the decrease in storage modulus for all
samples. It can be attributed to the increasing content of
polymer chains for which the dynamic is modified by the dual-
silanization. The increase of the alkyl chain length, both for the
mercaptosilane and the alkylsilane, seems to lead to a decrease
of the fraction of immobilized rubber. The composite sample
using C3SH+C6 modified silica shows one dominant peak at
lower temperature corresponding to the Tg, and a second
weaker relaxation process, occurring at higher temperature,
probably correlated to rubber immobilized by the fillers. In
view of the better dispersibility of the modified silica, the
immobilization may be due to covalent linking with the SH,
polymer absorbed to unshielded silica surface or perhaps to
rubber which got occluded inside smaller aggregates. These
two peaks seem to be separated in temperature indicating two
distinct thermal transitions. The increase of the alkyl chain
length for C3SH+C12 modified silica leads to an increase of
the intensity of both peaks as well as to an enhanced peak-
overlap of the two transitions. This may be explained by an
increased amount of polymer chains involved in the relaxation
processes and therefore a lower constraint exerted by the fillers
on the polymer dynamics. Samples C3SH+C18 modified silica
and C11SH+C6 modified silica, characterized by the longest
alkyl portion in the silica-rubber coupling, exhibit very similar
curves. In both cases, a sharp peak in the glass transition region
is reported. In addition, an overlap of the two peaks is
observed, suggesting that the dynamics of the polymer at the
rubber−filler interphase and in proximity of the glass transition
are very similar. Curing the green rubber compounds under a
moving dye rheometer showed that the vulcanization behavior
of dual-silane pretreated silica composites is completely
different from that of the reference sample. These results can
be seen in Figure 8.

Vulcanization conditions are optimized for the reference
compound and have been chosen to be the same for all
compounds. For dual-silane pretreated silica, vulcanization
conditions are not optimal, as the scorch times are shorter, and
the cure faster. No reversion is seen in any composition. The
final torques are lower for all samples, suggesting that the

vulcanization process may be affected, and the final cross-link
density of the rubbers is lower. We suggest that the silica
pretreatment and the alkylsilanes may affect the final cross-link
density, leading to a lower final torque. The effect is clear for
the variation in alkylsilane, where the longer is the silane, the
lower is the final torque. For the longer C18 silane, the effect
may be so important that it shields completely the
mercaptosilane, explaining the very low storage modulus and
final torque. As for the mercaptosilane variation, the initial
torque difference prior to the curing of the composite is
conserved and can be seen in the final torque attained in the
end of the vulcanization. Both mercaptosilanes display a
terminal thiol and thus show the same reactivity despite having
different chain length. The sample C11SH+C6 display about
the same mechanical properties as the sample C3SH+C12,
where silanes are of similar length. These observations allow us
to suggest that the chain length of any silane is more important
than the relative size of the coupling and dispersive silanes.
The initial slopes of the curves are characteristic of the cure
speed. Compounds with dual-silane pretreated silica display a
much faster cure behavior than the control sample. This fast
cure behavior is known for premodified silica particles. Indeed,
in standard tire rubber compounds, it is also intended that the
silane should screen the silica particles from the polar organic

Figure 7. Tan δ and storage and loss modulus at 0 °C (dark colors)
and at 60 °C (light colors).

Figure 8. Cure behavior of green composites material measured by
MDR.
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molecule of curing package, such as diphenyl guanidine, in
order to prevent these molecules from being excessively
adsorbed on the particles and therefore not available for the
vulcanization reaction. In our case because the silica is highly
silanized, DPG and other vulcanizing elements are highly
available in the rubber matrix and are very likely to be
responsible of this fast cure.16

AFM images were recorded in order to investigate the effects
of the silane couplings on the materials phase and the local
stiffness of the composites. This technique has the advantage
of displaying a very good contrast and lateral resolution, in
addition of providing complementary stiffness information.
Figure 8 shows a representative AFM phase and stiffness
contrast images in areas of 5 × 5 μm2 of the different
composite materials. In the phase images, silica particles appear
as dark round shape features with about 60 nm in diameter,
dispersed in the rubber matrix (lighter contrast). The
complementary stiffness contrast images taken simultaneously
highlight the higher mechanical properties of the particles
(light yellow) compared to the softer rubber matrix,
confirming the attribution. Agglomerates of particles in the
composites are expected, due to the high filler content in the
compound, and can be seen in both phase and stiffness images,
attaining even several micrometers in length (shown in the
Supporting Information). The sample using C3SH+C18 silane
chemistry shows large agglomerates and does not feature a
similar particle distribution as the others, see Figure 9d,i.
Atomic Force Microscopy. The average distance between

particles was measured using images of similar areas in each
sample for more reliable results. Focused attention should be
given in zones where the presence of agglomerates is less
pronounced, but since the distribution in sample C3SH+C18
was very different from the others, no reliable measurements
were obtained in smaller areas. Results are shown in Table 6
and Figure 10. No significant interparticle distance difference
can be observed between samples, except for C3SH+C18, for
which big agglomerates form. The final mechanical properties
of the material are defined by complex relations between
morphology, particles sizes and distribution, but also vulcan-
ization kinetics and interfacial interactions between compo-
nents. Therefore, the dispersion of the filler alone, cannot

explain the dynamical properties observed, but the higher
agglomeration of the particles in sample C3SH+C18 certainly
hampers the final mechanical properties of the compound.
In a closer look of the rubber−particle interface, we observe

for the sample C3SH+C18 a 40 nm thick-layer around some
nonaggregated particles, composed most likely of a mix of the
silane and processing oil around the fillers. A comparison with
the control sample is highlighted in Figure 11 where the
control compound does not present such features. An
explanation would come from the very long and therefore

Figure 9. AFM phase and stiffness contrast images in areas of 5 × 5 μm2 of HDS silica (a,f), C3SH+C6 (b,g), C3SH+C12 (c,h), C3SH+C18 (d,i),
and C11SH+C6 (e,j) composite materials.

Table 6. Average Distance between Particles (nm)

average distance between particles (nm)

sample/area 10 × 10 μm2 5 × 5 μm2 2 × 2 μm2

HDS control 60 ± 27 43 ± 24 28 ± 19

C3SH+C6 63 ± 31 49 ± 28 40 ± 26

C3SH+C12 71 ± 38 48 ± 27 35 ± 23

C3SH+C18 204 ± 144 120 ± 86

C11SH+C6 72 ± 36 46 ± 26 45 ± 31

Figure 10. Average distance between particles (based on 10 × 10 μm
images).
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hydrophobic C18 silane, attracting enough oil to change the
polymer chains dynamic at the interface between the filler and
matrix. This effect was only observed for the longest silane,
thus we suggest that the interface of the filler with the matrix
can be controlled by the length of the silane and plays a great
role in the dispersion of the silica and in the mechanical
behavior of the composite.

■ CONCLUSION

We synthesized dual-silane pretreated silica by preloading a
basic catalyst on the particles prior to a two-step silanization.
These particles were incorporated in a typical tire tread blend
to investigate two major properties of tires: wet grip and rolling
resistance. Short coupling silane combined with short
dispersive silane demonstrated a very good compromise of
properties, with high tan δ at 0 °C and low tan δ at 60 °C. We
observed a clear trend in which the longer is the alkylsilane, the
lower is the elastic modulus. Also, for long alkylsilane, the final
torque measured by MDR is very low, suggesting a low cross-
link density. We proposed that alkylsilane shields its
mercaptosilane companion, decreasing its reactivity and
prohibiting partially the cross-linking reaction to occur,
depending on its length. It was confirmed by AFM that
particles have a higher affinity to themselves with increasing
silane length, thus leading to their aggregation. Even with a
long mercaptosilane such as C11SH, the storage modulus and
final torque are very low, suggesting that the silane is not
reactive enough. The C3SH+C18 sample even displays a
different phase around the filler particles, possibly due to oils
attracted onto the modified particles resulting from the long
silane grafted to them. This new interface is believed to deeply
modify the interaction between the filler and the matrix and
thus greatly impact the final composite mechanical properties.
Overall, dual-silane pretreated silica have a different behavior
compared to the control filler: higher tan δ at low temperature
and lower tan δ at higher temperature are achieved for the
shorter alkylsilane C6 and C12 when paired with C3SH.
Pretreatment of the silica before incorporation in rubber allows
for more control over silane grafting on the particles, as well as

avoiding the production of subsequent alcohols resulting from
the silanization during rubber mixing. The use of two silanes
shows new behavior of the nanocomposites as well as specific
limits: a short silanes combination brings better mechanical
properties, namely higher tan δ at 0 °C suggesting better wet
grip, but longer alkylsilanes, especially C18, fail to ensure
reinforcement and lead to lower performance with regards to
tire-tread properties requirements. The longer is the alkyl
chain, the more intersilane interactions via weak van der Waals
forces are enhanced, creating a packed layer of alkyl chains
around the silica particles and resulting in poor interaction
with the polymer matrix. Additionally, long alkyl chains
diminish the accessibility of thiol grafted onto silica for
vulcanization and cross-linking, leading to even less interaction
between silica and the matrix and resulting in insufficient
reinforcement. As tan δ alone cannot describe the entire
behavior of the rubber of a tire, further studies should focus on
testing such dual-silane pretreated silicas on a large scale
volume to test the subsequent ultimate properties of a real tire.
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C12 dodecyltrimethoxysilane
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DMA dynamic mechanical analysis
AFM atomic force microscopy
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Figure S 1 - HDS precipitated silica under scanning electron microscope  

 

Figure S 2 - HDS precipitated silica under scanning electron microscope 
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Figure S 3 - ATR infrared spectrum of HDS precipitated silica 

Si-OH adsorption band : 3000-3800cm-1 

Si-O-Si adsorption band : 470, 800 and 1070cm-1 

 

  Storage modulus E’ Loss modulus E’’ Tan δ   at 0°C (MPa) at 60°C (MPa) at 0°C (MPa) at 60°C (MPa) at 0°C at 60°C HDS control                    13.39±0.60 8.35±0.34 2.75±0.19 0.63±0.04 0.205±0.005 0.076±0.002 C3SH C6 13.63±0.16 6.37±0.12 3.23±0.07 0.47±0.01 0.237±0.002 0.074±0.001 C3SH C12 10.90±0.075 5.63±0.059 2.29±0.05 0.40±0.03 0.210±0.003 0.070±0.005 C3SH C18 9.963±0.27 5.10±0.091 1.96±0.13 0.38±0.01 0.198±0.008 0.074±0.002 C11SH C6 8.933±0.41 5.242±019 1.67±0.08 0.31±0.01 0.187±0.001 0.060±0.003 

Table S 1 - Storage modulus E', loss modulus E'' and tan(δ) of dual-silane silica rubber composite 
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Figure S 4 - AFM phase and stiffness contrast images in areas of 10x10 μm² of the different composite materials. 

Figure S 5 - AFM phase and stiffness contrast images in areas of 2x2 μm² of the different composite materials 
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Chapter 3 - Interplay of regio-selectively modified dendritic 

silica particles with styrene-butadiene rubber: The route towards 

better tires with lower rolling-resistance and higher grip 

 

 

The third chapter, “Interplay of regio-selectively modified dendritic silica particles with 

styrene-butadiene rubber: The route towards better tires with lower rolling-resistance and higher 

grip” discloses the synthesis and full characterization of a porous dendritic silica particle with a regio-

selective silanization, as well as the implementation of the new filler in a tire tread compound.  

It was shown in the introduction and chapter 2 that the filler-filler interaction and filler-rubber 

interaction dictate the reinforcement and viscoelastic behavior of a rubber composite. Filler-filler 

interaction is affected by the filler dispersion and its capability to form a percolating network in order 

to maximize its effect on rubber. The filler-rubber interaction arises from the chemical nature of the 

filler surface and how it interacts with the polymer chain. Silane coupling agent are used to covalently 

bond filler and rubber, and thus increase their mutual interaction. 

To get better performances than state-of-the-art tire tread rubber that uses percolating fractal 

fillers, the key is to change the filler network dynamic under deformation, in order to improve the 

traction and rolling resistance simultaneously. With that in mind, in chapter 3 is presented the first 

synthesis of large pores dendritic silica particle with a regio-selective silanization, and the study of the 

dynamic mechanical properties of the new dual-filler rubber compound formed by this particle and a 

precipitated fractal silica. 

Cutting-edge technique such as TEM-EDS and Helium Ion Microscope coupled with 

Secondary Ion Mass Spectrometer (HIM-SIMS) enabled to confirm the regio-selective grafting of two 

different silane over a 110 nm dendritic porous silica particle. RMDS composite showcases unique 

properties. Indeed, it was demonstrated that this newly synthesized filler, thanks to its morphology and 

surface functionalization, presents better rolling resistance and fatigue properties than a state-of-the-art 

industrial tire tread compound. This is due to its ability to resist dislocation during mechanical 

solicitation, unlike fractal aggregates. Nonetheless, RMDS composite shows insufficient wet grip and 

reinforcing properties, because of its lack of filler-filler interaction. To remedy that, the addition of a 

small amount of a smaller, fractal filler proved to be efficient, and the dual-filler system presents the 

advantages of both fillers without their drawbacks. Beyond the technical advance, this result brings 

more knowledge in the field of reinforced rubber to better understand the reinforcement mechanism at 

stake in a composite and how fillers can be tuned to target specific properties. 
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A B S T R A C T   

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. 
With mechanical testing (DMA, tensile strength) and advanced imaging (TEM-EDS, HIM-SIMS, micro-CT), it was 
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.   

1. Introduction 

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 

effect on the composite properties are well investigated [1,3,4]. When it 
comes to the morphology of silica particles, mesoporous structures are a 
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 

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, Stöber 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. 
Stöber 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 Möller 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. S1a. 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 

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 N2 to N2/O2 mixture at 750 ◦C. It leads to the oxidation 
of the remaining organic matter. Covalent bonding of silane is confirmed 
by 29Si 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. S1e. 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−3/g to 1.54 cm−3/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 
± 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 

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 (16O), carbon (12C–12C), and bromine 
(79Br) 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). 

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 µm) (see 
Figure S4 of Supporting Information) that form a percolating network 

made of fractal shaped aggregates of medium size (50–100 nm) once 
mixed in the rubber (see Figure S4 c 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 Stöber 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 Stöber 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 Stöber 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 Stöber particles in terms of ultimate properties and fatigue 

Fig. 4. Stress/Strain curves (a), evolution of maximum strength under cyclic tensile test (b), ultimate stress and strain at break (c) and reinforcing index (d) of 
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 Stöber 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. S1c.), 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 

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 δ 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 δ peak amplitude is lowered as the polymer chain 
mobility is reduced. In the case of Stöber silica composites, the limited 
dispersion and absence of functionalization prevent significant interac-
tion between fillers and polymer chains, resulting in high tan δ peak, 
similar to unfilled SBR. [45] Tan δ 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 δ at 0 ◦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 
Stöber 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 δ 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 Stöber 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 

Fig. 5. Tan δ (at 1 Hz) curves of silica-rubber composites (a) and tan δ at 0 ◦C and 60 ◦C relative to HDS 200MP compound (b), Storage modulus E’ vs Strain with 
corresponding Kraus fits (black lines) (c) and Payne effect storage modulus decay (d) (at 10 Hz). 
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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 ΔE′ 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 Stöber 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 Stöber 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 Stöber 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 δ 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 δ at 60 ◦C, but still this does not reach the level of HDS 200MP. 
The comparison of Stöber, 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 δ 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. 

Stöber 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 

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 Stöber 
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 Stöber 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 Stöber 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. Dual-filler 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 

Fig. 6. STEM images of Stöber (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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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 δ 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 δ in Fig. 10b. The combination with HDS 
200MP allows to improve the traction indicator tan δ 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 

Fig. 7. 2D ortho-slice, agglomerates volume fraction (>5 µm) and strain-induced cavities (>5 µm) of Stöber (a,b,c), non-modified Stellate (d,e,f), RMDS 80 phr (g,h, 
i), and RMDS 90 phr (j,k,l) silica-rubber composites after cyclic tensile strength testing. 
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Fig. 8. 2D ortho-slice, agglomerates volume fraction (>5µm) and strain-induced cavities (>5µm) of RMDS 90 + 10 phr (a,b,c) and STEM images (d,e).  

Fig. 9. Stress/Strain curves (a), evolution of maximum strength under cyclic tensile test (b), ultimate stress and strain at break (c) and reinforcing index (d) of dual- 
filler composites materials. 
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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 Stöber 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 

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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D. Mertz, Wrapped stellate silica nanocomposites as biocompatible luminescent 
nanoplatforms assessed in vivo, J. Colloid Interface Sci. 542 (2019) 469–482. 

[11] L.C. Lin, M. Thirumavalavan, J.F. Lee, Facile Synthesis of Thiol-functionalized 
Mesoporous Silica-Their Role for Heavy Metal Removal Efficiency. CLEAN–Soil, 
Air, Water 43 (2015) 775–785. 

[12] B. Ghalei, A. Pournaghshband Isfahani, M. Sadeghi, E. Vakili, A. Jalili, 
Polyurethane-mesoporous silica gas separation membranes, Polym. Adv. Technol. 
29 (2018) 874–883. 

[13] A. Galarneau, J. Iapichella, D. Brunel, F. Fajula, Z. Bayram-Hahn, K. Unger, G. Puy, 
C. Demesmay, J.L. Rocca, Spherical ordered mesoporous silicas and silica 
monoliths as stationary phases for liquid chromatography, J. Sep. Sci. 29 (2006) 
844–855. 

[14] X. Yang, D. Chen, S. Liao, H. Song, Y. Li, Z. Fu, Y. Su, High-performance Pd–Au 
bimetallic catalyst with mesoporous silica nanoparticles as support and its catalysis 
of cinnamaldehyde hydrogenation, J. Catal. 291 (2012) 36–43. 

[15] Y. Luo, J. Lin, Synthesis and characterization of Co (II) salen functionalized MCM- 
41-type hybrid mesoporous silicas and their applications in catalysis for styrene 
oxidation with H2O2, Microporous Mesoporous Mater. 86 (2005) 23–30. 

[16] N. Suzuki, Y. Kamachi, K. Takai, S. Kiba, Y. Sakka, N. Miyamoto, Y. Yamauchi, 
Effective use of mesoporous silica filler: comparative study on thermal stability and 

transparency of silicone rubbers loaded with various kinds of silica particles, Eur. J. 
Inorg. Chem. 2014 (2014) 2773–2778. 

[17] Y. Luo, J.P. Wang, X. Cui, Y. Fu, G.L. Li, W. Wang, Surface-modified mesoporous 
silica nanorods for the highly aging resistance rubber through controlled release of 
antioxidant, Polym. Adv. Technol. 32 (2021) 3384–3391. 

[18] D. Zhao, S. Ge, E. Senses, P. Akcora, J. Jestin, S.K. Kumar, Role of filler shape and 
connectivity on the viscoelastic behavior in polymer nanocomposites, 
Macromolecules 48 (2015) 5433–5438. 

[19] R. Yang, Y. Song, Q. Zheng, Payne effect of silica-filled styrene-butadiene rubber, 
Polymer 116 (2017) 304–313. 

[20] J. Ramier, C. Gauthier, L. Chazeau, L. Stelandre, L. Guy, Payne effect in silica-filled 
styrene–butadiene rubber: influence of surface treatment, J Polym Sci B 45 (2007) 
286–298. 

[21] M. Staropoli, D. Gerstner, M. Sztucki, G. Vehres, B. Duez, S. Westermann, 
D. Lenoble, W. Pyckhout-Hintzen, Hierarchical scattering function for silica-filled 
rubbers under deformation: Effect of the initial cluster distribution, 
Macromolecules 52 (2019) 9735–9745. 

[22] S. Nuntang, S. Poompradub, S. Butnark, T. Yokoi, T. Tatsumi, 
C. Ngamcharussrivichai, Novel mesoporous composites based on natural rubber 
and hexagonal mesoporous silica: synthesis and characterization, Mater. Chem. 
Phys. 143 (2014) 1199–1208. 

[23] L.D. Perez, L. Sierra, B.L. Lopez, Effect of the filler characteristics on the miscibility 
of styrene-butadiene rubber and nitrile-butadiene rubber blends, Polym. Eng. Sci. 
48 (2008) 1986–1993. 

[24] L.D. Perez, B.L. Lopez, Thermal characterization of SBR/NBR blends reinforced 
with a mesoporous silica, J. Appl. Polym. Sci. 125 (2012) E327–E333. 

[25] H. Acharya, S.K. Srivastava, Mechanical, thermo-mechanical, thermal, and 
swelling properties of EPDM-organically modified mesoporous silica 
nanocomposites, Polym. Compos. 38 (2017) E371–E380. 

[26] Y. Kojima, T. Matsuoka, H. Takahashi, Preparation of nylon 66/mesoporous 
molecular sieve composite under high pressure, J. Appl. Polym. Sci. 74 (1999) 
3254–3258. 

[27] N. Wang, M. Li, J. Zhang, Polymer-filled porous MCM-41: An effective means to 
design polymer-based nanocomposite, Mater. Lett. 59 (2005) 2685–2688. 

[28] S. Kiba, N. Suzuki, Y. Okawauchi, Y. Yamauchi, Prototype of low thermal 
expansion materials: fabrication of mesoporous silica/polymer composites with 
densely filled polymer inside mesopore space, Chemistry–An Asian Journal 5 
(2010) 2100–2105. 

[29] X. Ji, J.E. Hampsey, Q. Hu, J. He, Z. Yang, Y. Lu, Mesoporous silica-reinforced 
polymer nanocomposites, Chem. Mater. 15 (2003) 3656–3662. 

[30] Z. Zhou, S. Zhu, D. Zhang, Grafting of thermo-responsive polymer inside 
mesoporous silica with large pore size using ATRP and investigation of its use in 
drug release, J. Mater. Chem. 17 (2007) 2428–2433. 

[31] I. Park, Z. Wang, T.J. Pinnavaia, Assembly of large-pore silica mesophases with 
wormhole framework structures from α, ω-diamine porogens, Chem. Mater. 17 
(2005) 383–386. 

[32] I. Park, T.J. Pinnavaia, Mesocellular silica foam as an epoxy polymer reinforcing 
agent, Adv. Funct. Mater. 17 (2007) 2835–2841. 

[33] J. Jiao, X. Sun, T.J. Pinnavaia, Reinforcement of a rubbery epoxy polymer by 
mesostructured silica and organosilica with wormhole framework structures, Adv. 
Funct. Mater. 18 (2008) 1067–1074. 

[34] E. Moretto, J.o.P. Fernandes, M. Staropoli, V. Rogé, P. Steiner, B. Duez, D. Lenoble, 
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[38] K. Möller, J. Kobler, T. Bein, Colloidal suspensions of mercapto-functionalized 
nanosized mesoporous silica, J. Mater. Chem. 17 (2007) 624–631. 

[39] N.T. Vo, A.K. Patra, D. Kim, Pore size and concentration effect of mesoporous silica 
nanoparticles on the coefficient of thermal expansion and optical transparency of 
poly (ether sulfone) films, PCCP 19 (2017) 1937–1944. 

[40] P. Akcora, S.K. Kumar, J. Moll, S. Lewis, L.S. Schadler, Y. Li, B.C. Benicewicz, 
A. Sandy, S. Narayanan, J. Ilavsky, “Gel-like” mechanical reinforcement in polymer 
nanocomposite melts, Macromolecules 43 (2010) 1003–1010. 

[41] C. Bartholome, E. Beyou, E. Bourgeat-Lami, P. Cassagnau, P. Chaumont, L. David, 
N. Zydowicz, Viscoelastic properties and morphological characterization of silica/ 
polystyrene nanocomposites synthesized by nitroxide-mediated polymerization, 
Polymer 46 (2005) 9965–9973. 
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Interplay of regio-selectively modified dendritic silica particles with styrene-butadiene 

rubber: the route towards better tires with lower rolling-resistance and higher grip. 
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Experimental section 

 

Tetraethoxysilane (TEOS), Hexadecyltrimethylammonium p-toluene sulfonate (CTATos), Triethanolamine 

(TEA), were purchased from Merck. 3-mercaptopropyltriethoxysilane (MPTES), hexyltrimethoxysilane (C6) and 

7-bromoheptyltrimethoxysilane (Br-C7) were purchased from Gelest. Aqueous ammonia solution 25wt%, 

absolute ethanol was purchased from Carl Roth. For the fabrication of silica-rubber nanocomposites, poly-styrene-

butadiene (SBR, Solution SBR, 21% Styrene, 50% Vinyl) polybutadiene rubber (BR, Neodymium catalyzed 

polybutadiene), HDS 200Mp silica (precipitated silica, primary particle size 10nm, specific surface area 200 

m²/g) ,treated distillate aromatic extracted (TDAE) lubricating oil, zinc oxide, stearic acid, N-(1,3-dimethylbutyl)-

N’-phenyl-p-phenylenediamine (6-PPD), Sulfur, 2-mercaptobenzothaizole (MBT), di-phenylguanidine (DPG) 



and N-cyclohexyl-2-benzothiazolesulfenamide (CBS) have been used. All chemicals were used as such without 

any further purification. 

 

Silica particles synthesis 

 

Stöber silica particles synthesis 

The production of Stöber silica particles was done according to the following protocol. 3537.4 g of absolute 

ethanol, 141.4 g of de-ionized water and 178.3 g of tetraethoxysilane (TEOS) are added to a 5 L reaction vessel 

and homogenized for 10 min. on a magnetic stirring plate. Then, 165,0 g of a 25wt% aqueous ammonia solution 

are added to the solution. The solution is let to react for 24 h at room temperature and constant mixing. After this 

delay, the silica suspension was transferred in a 20 L round-bottom flask and dried under reduced pressure using 

a Buchi R-220 Pro rotary evaporator to separate the particles from the liquid. Finally, Stöber silica powder was 

dried in the oven at 110°C for 48 h and stored in a sealed container. 

 

Stellate silica particles synthesis 

The production of stellate silica particles is inspired from this work.[1]. In 2 L reaction vessel, 3.47 g of 

triethanolamine and 19.2 g of hexadecyltrimethylammonium p-toluene sulfonate are dissolved in 1.0 L of de-

ionized water. The solution is heated at 80°C and mixed for 2hrs. Then, 1458.0 g of tetraethoxysilane (TEOS) are 

added. The reaction is carried for 2 hrs. 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. Most of the supernatant above the settled 

silica is removed from the vessel and 1 L of de-ionized water is added. Silica and water are mixed for 12 hrs. at 

room temperature, then stirring is stopped and the silica particles are let to settle at the bottom of the reaction 

vessel. Supernatant above the settled silica is removed from the vessel and 1 L of ethanol is added. Silica and 

ethanol are mixed for 12 hrs. at reflux temperature under stirring. Finally, stirring is stopped and the silica particles 

are let to settle at the bottom of the reaction vessel. Ethanol supernatant above the settled silica is removed from 

the vessel. The highly concentrated silica particles in ethanol are then separated by centrifugation (4700 g for 

1hr.). Regio selectively functionalized stellate silica are then dried in an oven at 110°C for 48 hrs. and stored in a 

sealed container. 

  



Bromine-labelled regio-selectively modified dendritic silica particles (Br-RMDS) 

 

Bromine-labelled regio-selectively modified dendritic silica particles are synthesized for elemental imaging 

purpose and have been synthesized as follow. In a 50 mL round-bottom flask, 25 mL of de-ionized water, 0.48 g 

of CTATos and 86.7 mg of triethanolamine were mixed at 80°C for 2 hrs. The reaction is kept at 80°C under 

stirring until the end of the reaction. 3.645 g of TEOS were added. 417 mg MPTES were added in the round-

bottom flask 15 min. after the addition of TEOS. 522.5 mg of 7-bromoheptyltrimethoxysilane were added 2hrs 

after the TEOS addition. After this addition, the reaction is kept at 80°C under stirring for 2 hrs. At this stage the 

reaction was stopped, and the silica was separated by centrifugation at 10.000g for 10min. The supernatant was 

poured out and fresh de-ionized water was added to the centrifuge tube. The tube was vigorously shaken for to re-

disperse the silica for 5 min. The silica was separated by centrifugation at 10.000g for 10 min and added to a 200 

mL round-bottom flask. 100 mL of ethanol were added to this flask and the silica dispersion was heated to reflux 

temperature and stirred for 12 hrs. Finally, the silica was separated by centrifugation at 10.000g for 10 min, dried 

in an oven at 110°C for 48 hrs. and stored in a sealed container. 

 

Silica-rubber composites fabrication 

Component quantities and mixing steps are summarized in  



Table S 1. Quantities are given in phr, meaning Per Hundred Rubber. For example, 80 phr of silica means that 

for 100 g of polymer, 80 g of silica are added. At each mixing step, ingredients have been mixed using a 

HAAKE™ PolyLab™ QC ThermoScientific internal mixer and then the green compound was further mixed in 

a roll-mill for 6 passes at 50°C. The material obtained at one step is then mixed with the ingredients of the 

following step. All final green compounds have been cured in a hydraulic press at 170°C for 10 min. under a 

pressure of 150 kPa. 

 

  



Table S 1. Ingredients and mixing steps for the fabrication of silica-rubber composites 

 Step 1 Step 2 Step 3 

 80°C for 10’ 80°C for 7’ 60°C for 1’45’’ 
Poly styrene-butadiene 80 - - 

polybutadiene 20 - - 

TDAE Oil 25 - - 

Zinc Oxide 0.5 - 2 

Stearic acid 3 - - 

Silica 65 15 - 

6PPD - 2.5 - 

TESPD Silane - varying - 

Sulfur - - 1.1 

MBT - - 0.3 

DPG - - 3.2 

CBS - - 2.3 

Note: TESPD silane quantity is 10% of HDS 200MP. For 80 phr of HDS 200MP, 8phr are used. For 10 phr, 1phr of silane are used. 

 

Table S 2. Silica filler composition of composites. 

 Stöber Stellate RMDS HDS 200MP 

Stöber 80phr 80 - - - 

Stöber 80+10phr 80 - - 10 

Stellate 80phr - 80 - - 

Stellate 80+10phr - 80 - 10 

RMDS 80phr - - 80 - 

RMDS 80+5phr - - 80 5 

RMDS 80+10phr - - 80 10 

RMDS 90phr - - 90 - 

RMDS 90+5phr - - 90 5 

RMDS 90+10phr - - 90 10 

HDS 200MP 80phr - - - 80 

  



Characterization of silica particles and composites 

 

Transmission Electron Microscopy and Energy Dispersive X-rays Spectroscopy of regio-selectively 

functionalized mesoporous silica 

Transmission electron microscopy (TEM) investigations were carried out using a JEM - ARM 200F Cold FEG 

TEM/STEM operating at 200 kV and equipped with a spherical aberration (Cs) probe and image correctors (point 

resolution 0.12 nm in TEM mode and 0.078 nm in STEM mode). Energy Dispersive X-rays Spectroscopy (EDS) 

analyses were performed in STEM mode with a diameter of the probe of 1 nm, using Centurio Silicon Drift 

Detector (SDD) that collects X-rays from sample at large solid angle of up to 0.98 steradians from a detection 

area of 100 mm². The composition quantification of the collected X-ray spectra was performed using the Cliff-

Lorimer method by dedicated software from Jeol. 

 

Helium Ion Microscopy – Secondary Ion Mass Spectroscopy (HIM-SIMS) of regio-selectively 

functionalized mesoporous silica 

The nanoparticles were deposited on silicon wafer (Siltronix, Archamps, France) beforehand. Measurements were 

performed with the Helium Ion Microscope (HIM) (Zeiss, Peabody, US)[2] coupled with a Secondary Ion Mass 

Spectrometer (SIMS) developed at LIST. A Ne+ primary ion beam (accelerated at 25 keV and a current of 4 pA) 

was used for scanning over a 5x5 µm2 area on the sample surface with a sub-20 nm spatial resolution. The images 

were recorded in a 512 by 512 pixels raster with an acquisition time of 1.5 ms·pixel-1. Negative mode was used 

for the simultaneous detection of oxygen (16O-), carbon (24C2
-) and bromine (79Br-) ions with a sub-20nm spatial 

resolution.[2] The data were treated with OpenMIMS Data Analysis Software (ImageJ plugin). 

 

Scanning Transmission Electron Microscopy of silica-rubber composites 

High-resolution Scanning Transmission Electron Microscopy (STEM) images were acquired with a Helios 

Nanolab 650 microscope (FEI, Eindhoven, Netherlands). SEM images were acquired at an acceleration voltage 

of 2 kV and a current of 50 pA. STEM images were acquired at an acceleration voltage of 20 kV and a current of 

50 pA, in bright field mode. Nanocomposites lamellas around 80 nm of thickness were prepared using a Cryo-

Ultramicrotome EM UC7 (Leica, Wetzlar, Germany), at a temperature of −120°C.  

 

 



Dynamic Mechanical Analysis (DMA) of silica-rubber composites 

Dynamic mechanical properties of nanocomposites were determined using a 242C dynamic mechanical analyzer 

(DMA) (Netzch, Selb, Germany). Thermograms were obtained in single cantilever mode, with a free length of 5 

mm (15% strain amplitude) under a vibration frequency of 1 Hz. The studied temperature range was fixed between 

–100°C to 80°C with a heating rate of 0.5 °C∙min−1 in air atmosphere. 

DMA experiments were also performed for all rubber samples with the aim of identifying the strain-induced filler 

network breakdown, related to the Payne effect. For this purpose, the storage modulus 𝐸′ is measured as function 

of the dynamic strain amplitude at constant frequency and temperature of, respectively, 10 Hz and 25 ℃. The 

decay of 𝐸′  as function of the dynamic strain amplitude is here analyzed through the Kraus model (3) which 

correlates the decay of 𝐸′ as function of the dynamic strain to the reversible breakage and re-aggregation of the 

fillers. The present model has been applied to the data collected for different types of silica fillers with the aim of 

identifying the effect of the particle shape and density on the network breakage. Within the used model, the drop 

of 𝐸′ as function of the dynamic strain is empirically defined as:  

 𝐸′(𝛾0)−𝐸′∞ Δ𝐸′ =  11+(𝛾0𝛾𝑐)2𝑚                                                                                                                                    [ 1 ] 

 

Where the amplitude Δ𝐸′ = 𝐸′0 − 𝐸′∞ represents the variation of the storage modulus with the increase of the 

strain amplitude. Here 𝐸′0 is the value of the storage modulus at small strain corresponding to the filled network, 

while the value 𝐸′∞ is obtained at infinite strain and is correlated to the pure hydrodynamic reinforcement effect 

of the de-aggregated fillers. 𝛾𝑐 indicates a critical strain at which 𝐸′(𝛾0) − 𝐸′∞ has decreased to half of its initial 

value and the 𝑚 exponent is correlated to the cluster fractal dimension. An experimental value of  𝑚 = 0.5 − 0.6 

has been reported in the literature (3,4). 

 

Tensile strength test of silica-rubber composites 

The tensile behavior of nanocomposites was determined at room temperature, under a strain rate of 200 mm·min−1, 

with a 5967 Series Universal Testing System (Instron, Norwood, MA, USA). Cyclic tensile testing was performed 

at 70% of the mean maximum elongation of each sample, for 20 cycles at 200 mm·min−1. 

 

Thermogravimetric Analysis of regio-selectively functionalized mesoporous silica 



Thermogravimetric Analysis (TGA) was performed with A Mettler TGA 2 (Mettler Toledo (Columbus, Ohio, 

USA). 10 to 20 mg of silica powder are placed in an alumina crucible and heated from 25°C to 1000°C at 

10°C·min−1 in nitrogen atmosphere until a gas shift at 750°C with an atmosphere of 20% O2 and 70% N2 until the 

end of the analysis at 1000°C. An empty alumina crucible is placed in the furnace for reference.  

 

Solid-state 29Si MAS (Magic Angle Spinning) NMR of regio-selectively functionalized mesoporous silica 

Solid-state 29Si MAS (Magic Angle Spinning) NMR spectra were acquired on a Bruker Avance 400MHz 

spectrometer (9.4 T wide bore magnet) equipped with a 4 mm BL4 X/Y/H probe. Magic angle spinning was 

performed at 6.5 kHz using ceramic zirconia rotors of 4 mm in diameter. The signal of talc was used to calibrate 

the silicon chemical shift scale (-98 ppm). Acquisition parameters used were the following: a spectral width of 

300 ppm, a 90° pulse length of 4.5 s, an acquisition time of 15ms, a recycle delay time of 60 s and about 3000 

accumulations (48 hrs.). High power proton dipolar decoupling during the acquisition time was set to 70 kHz. 

Solid-state 29Si MAS (Magic Angle Spinning) NMR spectra were also acquired on an Agilent VNMRS Direct 

Drive 400 MHz spectrometer (9.4 T wide bore magnet) equipped with a T3HX 3.2 mm probe. Magic angle 

spinning was performed at 6.5 kHz using ceramic zirconia rotors of 3.2 mm in diameter, the signal of talc was 

used to calibrate the silicon chemical shift scale (-98 ppm). Acquisition parameters used were the following: a 

spectral width of 300 ppm, a 90° pulse length of 5 s, an acquisition time of 15 ms, a recycle delay time of 60 s 

and about 4400 accumulations (72 hrs.). High power proton dipolar decoupling during the acquisition time was 

set to 70 kHz. 

 

Nitrogen adsorption porosimetry 

The specific surface area and pore volume of mesoporous silica particles has been determined by the Barrett–

Joyner–Halenda (BJH) method using an Autosorb-IQ-MP/XR analyser from the Quantachrome Instruments 

company (Boynton Beach, Florida, USA). Before to perform nitrogen sorption measurement, the sample was 

degassed at 100°C for 8h. Pores volumes were estimated using the Density Functional Theory (DFT) method. 

 

Computed micro-tomography 

Rubber composites were analyzed with a laboratory x-ray cone-beam CT system EasyTom 160 fabricated by RX 

solutions (Chavanod, France). The x-ray source voltage was set to 40 kV and the current to 80 µA. The exposure 

time was set to 600 ms and the number of average frames was 4. The sample was rotated 360° in angular steps of 



0.25°. The experimental setup enabled to obtain a voxel size of 2.5 µm. The 3D volume reconstruction was 

achieved thanks to the software Xact64 after applying inherent geometrical corrections in the reconstruction. 

Image treatment and analysis was conducted with the commercial software Avizo (Thermo Fischer Scientific 

version 2020.1, Waltham, MA, USA). First, images were de-noised by means of a non-local means filter. Then, 

the different phases in the material (such as silica agglomerates and cavities) were binarized by thresholding the 

grayscale histogram. Binarized objects touching the borders of the scanned volume images were filtered out. From 

the remaining objects, those containing less than 2 voxels were considered inaccurate and thus, removed. Finally, 

binarized objects were labelled and quantified by their equivalent diameter, 𝐷𝑒𝑞 , which corresponds to the 

diameter of a sphere of same volume of the studied object; the sphericity, 𝜓, which measures how spherical an 

object is (𝜓 = 1 for a sphere); the volume fraction, 𝑉𝑓, and the number per unit volume, 𝑁/𝑉0, of the studied 

phase.  

  



The definition of these expressions is summarized in equations (1)-(4). 

𝐷𝑒𝑞 = √6𝑉𝜋3 ; (1) 

𝜓 = 𝜋1 3⁄ (6𝑉)2 3⁄𝐴𝑆 ; (2) 

𝑉𝑓 = ∑ 𝑉𝑖𝑛𝑖=1𝑉𝑡𝑜𝑡𝑎𝑙 ; (3) 

𝑁/𝑉0 = ∑ 𝑁𝑖𝑛𝑖=1𝑉𝑡𝑜𝑡𝑎𝑙 ; (4) 

where 𝑉 and 𝐴𝑆 are the volume and the surface area of the object, 𝑉𝑡𝑜𝑡𝑎𝑙 is the total analyzed volume and 𝑁𝑖 is the 

number of heterogeneities (cracks or fillers) to be counted. 

 

Figure S 1. TEM images (a,b), TGA and dTGA (c), 29Si solid state NMR (d), and (e) DFT pore size calculation 

from nitrogen adsorption porosimetry of regio-selectively modified dendritic silica. (f) Table of porosimetry 

results for the different synthesis steps. 



 

Figure S 2. Thermograms of the different stage of mesoporous silica modification 

 

 

Figure S 3. HIM-SIMS elemental mapping of bromine labelled RMDS: oxygen (grey)/carbon (green) overlap 

(a), oxygen (grey)/bromine (red) overlap (b). Images are 512x512 pixels with a FOV of 5 µm. 



 

Figure S 4. HDS 200MP silica particles (a,b) and rubber composite (c,d) STEM images. 

 

Figure S 5. Maximum torque and temperature of mixing step 2 (torque is normalize with respect to HDS 200MP 

compound). 



 

Figure S 6. Storage modulus curves (left) and Storage modulus at 30°C (right) measured in DMA at 1 Hz. 

The storage modulus at 30°C illustrates the stiffness of the compounds at 15% strain. At this strain level, HDS 

200MP and Stellate 80+10phr are very stiff due to the strong filler-filler interactions. In RMDS samples, E’ is 

lower but addition of HDS 200MP increases it substantially. With increasing temperature, the modulus of Stellate 

compounds decreases rapidly compared to HDS 200MP or RMDS compounds. 

 

 

 

 

Table S 3. Fitting parameters for single and dual-filler compounds. 

 

 

 HDS 200 

MP 

Stöber 80phr Stellate 

80phr 

RMDS 

80phr 

RDMS 80+5 

phr 

RDMS 

80+10phr 

RDMS 90 

phr 

RDMS 

90+5phr 

RDMS 

90+10phr 𝑬′∞ 4.4 ± 0.02 2.2 ± 0.1 3.15 ± 0.1 2.96 ± 0.1 3.59 ± 0.2 4.26 ± 0.3 3.84 ± 0.1 4.64 ± 0.2 5.43 ± 0.2 𝚫𝑬′ 6.58 ± 0.08 0.64 ± 0.04 3.62 ± 0.07 1.36 ± 0.04 1.12 ± 0.04 1.8 ± 0.01 1.03 ± 0.01 2.0 ± 0.2 4.27 ± 0.3 𝜸𝒄 2.03 ± 0.03 3.6 ± 0.8 3.6 ± 0.2 8.0 ± 0.8 6.0 ± 0.5 4.02 ± 0.06 3.2 ± 0.1 3.5 ± 0.7 3.6 ± 0.5 𝒎 0.42 ± 0.01 0.29 ± 0.05 0.48 ± 0.02 0.2 ± 0.01 0.31 ± 0.03 0.36 ± 0.06 0.4 ± 0.02 0.41 ± 0.03 0.36 ± 0.02 



 

Figure S 7. Aggregates and stress-induced cavities volume fraction numerical data from computed tomography 

of composites materials. 

 

Figure S 8. 2D ortho-slice, agglomerates volume fraction (>5µm) and strain-induced cavities (>5µm) of HDS 

200MP. 

 

Figure S 9. STEM images of dual-filler composites RMDS 80+5 phr (a), RMDS 80+10 phr (b) and RMDS 90+5 

phr (c). 



 

Figure S 10. Stress-strain curves (a) and ultimate stress and strain (b) of HDS 200MP 70, 80 and 90 phr silica-

rubber composites. 

 

Figure S 11. STEM images of 80 phr (a) and 90 phr  (b)  HDS 200MP silica-rubber composites. 

 

Figure S 12. SEM image of stellar particles. Mean pore entrance diameter is 19 nm +/- 6 nm (calculated 

over 30 measurements, software ImageJ). 
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Conclusion and outlooks 

In this doctoral thesis, entitled Toward regio-selectively modified dendritic silica filler for tire 

tread rubber reinforcement – How silica particles silanization and morphology affect energy 

dissipation and performances, we aimed to study and understand the influence of silica surface 

modification as well as silica particle morphology over the viscoelastic properties of tire tread rubber. 

Because the interaction of fillers and rubber have a central role in the behavior of the composite 

material, understanding the fundamental underlying phenomenon of rubber reinforcement is necessary 

when one seeks to target and achieve performances improvement. 

Therefore, we studied the silanization reaction of silica filler particles and investigated the 

possibility to enhance the filler reactivity for better silica functionalization. We show that the activation 

of silica particles with the original base DBU allowed to reach higher silanization yield in dry organic 

solvent than other bases. Based on this, we further studied the role and impact of silane on mechanical 

properties of the composite by separating the coupling and dispersive functions. A two-step sequential 

silanization allowed us to synthesized dual-silane pre-treated silica particles. With this material, we 

studied the role of both silane and the effect of their respective length over the composite mechanical 

properties and viscoelastic performances. We showed that long alkylsilane are detrimental to the grip 

performances as they reduce the ability of particle to interact together while not increasing enough their 

ability to interact with rubber. On the other end, short silane combination showed to be efficient at 

improving the wet grip performance without increasing rolling resistance, showing that this 

combination allows for superior filler-filler interaction with contained energy dissipation. Finally, we 

combined a dual-silane functionalization with the versatility of soft-templated porous silica synthesis 

in order to achieve the first regio-selective silanization of a large pore dendritic silica particle. Upon 

complete characterization of the newly synthesized material, we studied the properties of the subsequent 

rubber composites materials. Results showed that this new filler yield very low energy dissipation and 

is resistant to aggregate dislocation, unlike traditional fillers. This results in superior fatigue properties. 

But the downside is that low energy dissipation means low traction performances. To remedy that, we 

implemented a dual-filler system in which smaller silica particles interfere in between the larger 

dendritic particles. This showed to drastically increased the filler-filler interaction and thus the traction 

performances, with still the benefit of lower rolling resistance. In a word, the traction/rolling resistance 

balance can be modulated by the relative composition of the two fillers. This results, beyond the possible 

technical application, ask new interrogations on the role the filler network dynamic in a composite, and 

how it responds to mechanical stress solicitation. 

This doctoral thesis work is built over the pre-existing knowledges in the field of silica filler for 

tire tread rubber, and silica synthesis and silanization. It challenges the current model for silica 

reinforcement rubber by studying in more detail the two roles that silane coupling agents have, as well 
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as demonstrating that a different filler morphology and filler network dynamic can lead to good 

performances and interesting new filler dynamic.  

Regio-selectively modified dendritic silica filler already show good performances, but this system 

surely opens more questions and potential studies to be carried. Indeed, the versatility of this system 

give lots of opportunities for modification and investigation. We will develop some of them here. 

In this work, the molar concentration of mercaptosilane co-condensed into the silica framework 

was not extensively studied. In term of cost efficiency and structure-related properties, it would be 

interesting to explore the properties variation of the material with a wide range of mercapto content. 

Similarly, the effect of the alkylsilane quantity was not studied. Because this silane is on the outside of 

the particle, it is likely to have an important role into the filler-filler and filler-rubber interaction. Also, 

the role of the remaining surface silanol is still unknown. Because these particles have a porous 

structure, it is hard to know if any exterior surface silanols remain after the silanization. Indeed, even 

with solid-state 29Si NMR, interior and exterior silanols cannot be differentiated. To do so, one may try 

to chemically bond a probing molecule to accessible silanols and indirectly quantify the remaining 

content. This could be used to track the extent of conversion of silanols during silanization, but also 

understand if remaining silanols can have a significative effect, positive or negative, over the filler-filler 

interaction, through hydrogen bonding. Identically to the dual-silane pre-treated silica developed in 

Chapter 2, the study of the silane synergy could reveal interesting phenomenon and performances. 

Moreover, at the level of the particle architecture, many parameters can be varied, like the particle size, 

pore size or shape. It is possible to synthesize similar fillers with smaller size by stopping the growth 

early, or by reducing the amount of monomer used. Smaller particles will very likely interact more 

together as they would be more closely packed. The synergistic effect with the smaller fractal filler 

would be a valuable study to carry, but more generally, studying the effect of dual-filler systems while 

varying the size of the two fillers would very likely give the opportunity to observe unique filler network 

dynamic under stress and deformation. Because synthesis and modification parameters are so numerous, 

the potential for new research on this system alone is yet to be unravel. 

Overall, the research for innovative fillers rubber is livelier than before, with the advent of the use 

of bio-source materials like cellulose or lignin. Lot of efforts are put into improving their properties to 

reach the performances level of silica and older, more experienced fillers. Surely, these new materials 

can benefit from the advances made for others, may it be with a better understanding of the filler-rubber 

dynamic and reinforcing mechanism, or from the advances in the field of fillers modification and 

architecture. Nevertheless, silica is not yet ready to be entirely replaced and many interesting 

investigations will be carried to develop even more its potential. 
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Appendices 
 

In this section, the collaborative works resulting in a published scientific peer-reviewed journal are presented. 

A brief description of the articles and of my scientific contribution can be found here below. The reprints of these 

second-author articles, listed in the publication list, are presented below. 

The collaboration work entitled “Hybrid Silica-Based Fillers in Nanocomposites: Influence of 

Isotropic/Isotropic and Isotropic/Anisotropic Fillers on Mechanical Properties of Styrene-Butadiene (SBR)-

Based Rubber” explores the effect of hybrid filler systems on tire tread compounds mechanical properties. It was 

observed that the anisotropic clay filler Sepiolite aligns when a critical concentration of HDS silica is used, 

stiffening the composite. On the other hand, the introduction of large Stöber spherical particles disturbs the HDS 

silica percolating network and leads to poor reinforcement. This work contributes to the understanding of how the 

filler-filler interaction can affect the final properties of a composite material. 

My contributions to this work lays in the conceptualization of the experiments, the collaborative 

experimental work for the synthesis of the silica fillers and the composites, as well as the analysis of the results, 

the review, and corrections of the article. 

The work “Revealing the dehydration/deuteration processes at the liquid-solid interface by nuclear 

magnetic resonance spectroscopy” develops a solid-state cross proton-silicon NMR polarization technique that 

shows efficient at studying surface silanols and adsorbed water on silica particles surface. Indeed, these two 

parameters are key when it comes to silica silanization. Surface hydroxyls groups, silanols, are the reactive anchor 

points for organosilanes. Adsorbed water is essential as a catalyst in hydrolysis-condensation reactions and 

enables the reaction between silane and silica. The development of this technique benefited from the synthesis 

of 29Si-enriched precipitated silica as a gold standard for NMR technic testing and implementation. This NMR 

technique was used for the development of a more convenient liquid state methodology as an alternative to the 

classical TGA for the analysis of silanol and silica moisture. 

I contributed to this work through the elaboration of synthesis process, synthesis, and full characterization 

of the 29Si-enriched precipitated silica particle for the elaboration of the NMR technique, as well as through the 

conceptualization of the moisture and silanol quantification experiment. 

“Semiquantitative Solid-State NMR Study of the Adsorption of Soybean Oils on Silica and Its Significance 

for Rubber Processing”. This work uses a surface-selective NMR method developed with 29Si-enriched 

precipitated silica to probe the affinity of newly synthesized soybean oil processing oil with silica filler in tire 

rubber compound. This method allowed to corroborate composites mixing energies with the degree of soybean 

oil epoxidation. This result helps to better establish structure-to-property relationship and bring more knowledge 

on the complex interaction of silica filler with various components of a tire rubber compound. 

My contributions to this work are the elaboration of synthesis process, synthesis, and full characterization of 

the 29Si-enriched precipitated silica particle for the elaboration of the NMR technique, as well as through the 

conceptualization and discussion around the interactions between the silica filler and the surrounding polymer and 

additives within the composites. 
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Abstract: The improvement of mechanical properties of polymer-based nanocomposites is usually
obtained through a strong polymer–silica interaction. Most often, precipitated silica nanoparticles
are used as filler. In this work, we study the synergetic effect occurring between dual silica-based
fillers in a styrene-butadiene rubber (SBR)/polybutadiene (PBD) rubber matrix. Precipitated Highly
Dispersed Silica (HDS) nanoparticles (10 nm) have been associated with spherical Stöber silica
nanoparticles (250 nm) and anisotropic nano-Sepiolite. By imaging filler at nano scale through Scan-
ning Transmission Electron Microscopy, we have shown that anisotropic fillers align only in presence
of a critical amount of HDS. The dynamic mechanical analysis of rubber compounds confirms that
this alignment leads to a stiffer nanocomposite when compared to Sepiolite alone. On the contrary,
spherical 250 nm nanoparticles inhibit percolation network and reduce the nanocomposite stiffness.

Keywords: nanocomposites; silica; Sepiolite; dual fillers

1. Introduction

The improvement of mechanical properties of rubber-based nanocomposites has been
extensively investigated over the last decades. The development of composites for aero-
nautic, space, marine, military, or automotive applications is one of the main efforts of
many industries at the present time [1]. Particularly, industrials are interested in improv-
ing the stiffness, the modulus, the fatigue resistance, the wear resistance, the corrosion
resistance, or the rolling resistance with cheap, lightweight, and non-toxic materials. As an
example, the reinforcement of soft synthetic rubbers like styrene-butadiene rubber (SBR) is
crucial for tire technology industries [2]. Polymer-based composites are usually reinforced
with fillers and coupling agents [3]. Consequently, many different types of fillers have
been investigated for the improvement of mechanical properties of SBR-based polymers.
They can be classified in three categories: reinforcing fillers, semi-reinforcing fillers, and
non-reinforcing fillers, according to their size, shape, and composition [4]. Reinforcing
fillers are usually nanometric objects with one dimension smaller than 100 nm. They have a
strong interaction with the polymeric matrix and result in an increase of the tensile strength,
tear resistance, and abrasion resistance [5]. Semi-reinforcing fillers (100–500 nm) induce a
moderate improvement of the tensile strength and tear resistance, but have no effect on
the abrasion resistance [6]. Non-reinforcing fillers (>500 nm) have no specific effect on
mechanical properties; they are most often used as diluent.

Polymers 2021, 13, 2413. https://doi.org/10.3390/polym13152413 https://www.mdpi.com/journal/polymers
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Several types of reinforcing fillers have been already investigated. Inorganic fillers rep-
resent a large fraction of them. We can list natural mineral clays, like montmorillonite [7],
mica [8], talc [9]; salts, like calcium carbonate CaCO3 [10], Ca2SO4 [11], BaSO4 [12], phos-
phates [13]; and metal oxides or hydroxides, like SiO2 [14], ZnO [15], Al2O3 [16], MgO [17],
Al(OH)3 [18], or Mg(OH)2 [19]. Organic fillers have also been studied as reinforcing fillers,
like carbon-based materials: black carbon [20], graphite [21], and carbon nanotubes [22];
or bio-sourced cotton [23], wood flour [24], and cellulose fibres [25]. Among all cited
reinforcing fillers, black carbon and silica nanoparticles are the most used for SBR rubber
reinforcement in industrial applications [2,26,27]. Carbon black has been the first rein-
forcing filler largely used in the rubber industry owning to its ability to improve tear
strength, hardness, and abrasion resistance of many rubbers [28]. Later, the development
of “green tires” based on silica nanoparticles fillers has demonstrated enhanced reinforcing
properties of silica on abrasion resistance, rolling resistance, and wet grip compared to
black carbon [29]. The origin of the reinforcement in the composite arises from rigid SiO2
particles that act as stress concentrators due to their different elastic properties compared
to the polymer matrix [30].

Usually, fumed or precipitated silica nanoparticles are used as silica fillers. If they are
relatively cheap to process, those silica nanoparticles tend to agglomerate in the rubber,
due to silanol surface group interactions forming inter-particles bonding [31] and show
poor filler–rubber interactions [32]. Unfortunately, those two parameters are crucial to
reach efficient homogeneous reinforcing properties. Consequently, different strategies have
been foreseen in order to improve the processability of silica, like the use of processing
oils [33] or silane coupling agents, to enhance the dispersity and chemical interaction
between the rubber and fillers. Most of the coupling agents used in silica tread compounds
belong to the families of organo-silane. The hydrophilic part of the silane coupling agent
reacts with silanol surface groups of the silica [34], while the hydrophobic alkyl-mercapto
(CH2)n-SH) will enhance silica dispersion and covalently react with the accelerator, sul-
phur, and finally rubbers during the vulcanization step [35]. Sol-gel synthesised silica
nanoparticles represent another strategy to reach efficient silica-based reinforced particles.
The most known process is based on the poly-condensation of a silicon alkoxide precursor,
usually the tetraethyl orthosilicate (TEOS), in basic conditions. It is referred to as the Stöber
process [36]. Some studies have shown that Stöber silica nanoparticles are more homoge-
neously dispersed in rubbers [37–39]. The benefit of the Stöber process is that it allows
the control of particles sizes, which is another parameter affecting composites’ mechani-
cal properties [14,30]. Other works have focused on the synthesis of silica nanoparticles
in-situ during the composite processing. They highlight a homogeneous silica dispersion
in the nanocomposite, even without silane coupling agent, with an improvement of the
nanocomposite tensile strength [40–42].

In parallel to concentrated research efforts on spherical nanoparticle fillers, the interest
in fillers’ morphological aspect has recently been growing in the scientific community.
Anisotropic structures have emerged as a new possibility to further strengthen mechanical
properties of rubber-based nanocomposites. R. Scotti et al. have synthesized anisotropic
silica nanorods (with an aspect ratio up to 10) using a Stöber-derived process with CTAB
as surfactant [43]. They pointed out a stronger reinforcement of the nanocomposite with
anisotropic silica. This phenomenon is partially explained by an alignment of anisotropic
filler domains oriented in the main axis where a high rubber fraction is tightly trapped
between fillers [44]. This alignment is favoured with higher nanorod aspect ratios. The
same behaviour has been observed with anisotropic silica-based natural clays: Sepiolite.
Different studies have shown that Sepiolite could be an effective substitute to spherical
silica nanoparticles [45]. As observed in the case of silica nanorods, the formation of
oriented Sepiolite aggregates in the rubber matrix reinforce mechanical properties of
composites [46]. However, a surface state modification (HCl treatment) of Sepiolites
nanofibers is often performed in order to create more silanol surface reactive groups and
to favour the filler/rubber interaction [47]. Another alternative to conventional fillers
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could be the use of hybrid fillers with identical or different morphologies [48]. Dual
fillers nanocomposites based on black carbon and precipitated silica have been widely
studied and used over the last decades, particularly in the tire industry [49,50]. Other
studies have shown an interest in the synergetic effect of fillers with different morphologies,
like spherical nanoparticles associated with 1D materials such as carbon nanotube [22],
montmorillonite [51] or Sepiolite [48].

According to those previous works, it appears that the study of the reinforcement
of a type of rubber filled with precipitated silica partially substituted by spherical and
anisotropic silica structures could strengthen the understanding of the reinforcement
mechanism. The novelty of this study is to elucidate the origin of this reinforcement, by
substituting the fractal spherical silica filler with anisotropic Sepiolite, or bigger spherical
nanoparticles. For the first time, this study highlights the direct correlation between the
specific orientation of the fillers at the microscopic level and the resulting macroscopic
mechanical properties measured through DMA and tensile tests. Consequently, in this
work, we aim at studying the synergetic effect occurring between two types of hybrid
silica-based fillers, fractal/spherical and fractal/anisotropic, on the mechanical properties
of the synthesized nanocomposite. HDS particles, characterized by a fractal surface, have
been used as main filler type and mixed with Sepiolite and Stöber particles, rod-like
and spherical, respectively, for obtaining dual filler compounds. Highly Dispersed Silica
nanoparticles (HDS)/Stöber silica nanoparticles and precipitated silica HDS/Sepiolite have
been processed in a SBR-based rubber matrix.

2. Materials and Methods

All chemical used for the synthesis of sol-gel silica nanoparticles have been purchased
from Sigma Aldrich. The growth of silica nanoparticles was performed as follows: in 1 l of
ethanol (99%), 80 mL of ultra-pure water (>18 Ω·cm), and 45 mL of ammonium hydroxide
solution (NH4OH 25%) were added at room temperature under stirring at 500 rpm. After
homogenisation, 46 mL of Tetraethyl orthosilicate (TEOS 99%) were quickly added to the
solution and left under stirring for 2 h. The grown silica nanoparticles were extracted
from the solution by centrifugation at 2500 rpm for 10 min and cleaned in water and
ethanol twice. This process allowed the synthesis of homogeneous and dispersed silica
nanoparticles with a diameter of 250 nm.

High-resolution Scanning Transmission Electron Microscopy (STEM) images of
nanocomposites were recorded with a Helios Nanolab 650 microscope (FEI, Eindhoven,
Netherlands), at an acceleration voltage of 30 kV and a current of 50. STEM analyses
were performed in bright field mode. Nanocomposites lamellas around 50–70 nm of
thickness were prepared using a Cyro-Ultramicrotom EM UC7 (Leica, Wetzlar, Germany),
at a temperature of −120 ◦C. Dynamic modulus of nanocomposites were determined using
a 242C dynamic mechanical analyser (DMA) (Netzch, Selb, Germany). Thermograms were
obtained in single cantilever mode, with a free length of 5 mm (15% strain amplitude)
under a vibration frequency of 10 Hz. The studied temperature range was fixed between
–100 ◦C to 8 ◦C with a heating rate of 0.5 ◦C·min−1 in air atmosphere. The tensile behaviour
of nanocomposites was determined at room temperature, under a strain rate of 3 mm·s−1,
with a 5967 Series Universal Testing System (Instron, Norwood, MA, USA).

Nanocomposite Synthesis Procedure

Nanocomposites based on SBR and PBD (polybutadiene) were compounded in a
Brabender Plasti-Corder Lab station internal mixer, working with 85 cm3 mixing chamber
and a 0.75 fill factor. The Goodyear Tire & Rubber Company (Colmar-Berg, Luxem-
bourg) provided all raw materials: HDS nanoparticles (10 nm, 200 m2

·g−1 silica grade),
SBR rubber, polybutadiene rubber, zinc oxide, Treated Distillate Aromatic Extracted oil
(TDAE oil), stearic acid, N-(1,3-Dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD),
Bis(triethoxysilylpropyl) disulphide (TESPD), sulfur, 2-Mercaptobenzothiazole (MBT),
Diphenylguanidine (DPG), and N-Cyclohexyl-2-benzothiazolesulfenamide (CBS). The
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composition of composites (expressed in phr) is presented in Table 1. Typically, 80 phr
of SBR and 20 phr of PBD were blended in the mixing chamber at 80 ◦C, 40 rpm. Then,
25 phr of TDAE oil, 2.5 phr of zinc oxide, 3 phr of stearic acid, 2.5 phr of 6PPD, 8 phr of
TESPD, and 80 phr of silica fillers were introduced under mixing for 10 min. After this first
step, the nanocomposites were passed six times in a roll mill system at 50 ◦C, 5 mm gap,
32–24 rpm, and left for cooling for one hour. In a second step, the cooled composite was
introduced in the mixer with 1.1 phr sulphur, 0.3 phr MBT, 3.2 phr DPG, and 2.3 phr CBS
at 60 ◦C, 40 rpm for 2 min. Another six passes in the roll mill system were performed and
the nanocomposite was finally cured under a hot press at 170 ◦C, 150 Bars for 10 min.

Table 1. Nano-composite composition in phr.

Element Element Concentration (phr)

SBR 80
PBD 20

TDAE Oil 25
Zinc Oxide 2.5
Stearic Acid 3

6PPD 2.5
TESPD 8
Sulfur 1.1
MBT 0.3
DPG 3.2
CBS 2.3

Silica-based filler 80

As the composition of all samples was identical, independently of the type of filler
used, we assumed that the degree of crosslinking by sulphur in all nanocomposites was
constant. For this reason, it is not discussed in the paper.

3. Results and Discussion

The influence of spherical/spherical and spherical/anisotropic dual fillers in nanocom-
posites has been studied through nine samples prepared with precipitated silica HDS
nanoparticles (used as the major filler in dual filler nanocomposites, forming fractal silica
aggregates), silica Stöber nanoparticles of 250 nm diameter, and Sepiolite silica nanorods
as fillers. The classification and filling degree of the samples studied within this work
is indicated in Table 2. Three composites have been prepared with 80 phr only one type
of silica filler (i.e., HDS, or Stöber nanoparticles of 250 nm diameter, or Sepiolite silica
nanorods) as references (Figure 1).

Table 2. Sample classification-filler amount in SBR rubber matrix.

Sample HDS (phr) Sepiolite (phr) Stöber (phr)

HDS-80 phr 80
Sepiolite-80 phr 80

Stöber-80 phr 80
HDS/Sepiolite-70/10 70 10
HDS/Sepiolite-60/20 60 20
HDS/Sepiolite-50/30 50 30

HDS/Stöber-70/10 70 10
HDS/Stöber-60/20 60 20
HDS/Stöber-50/30 50 30

Three nanocomposites have been prepared with different ratios of fractal/anisotropic
fillers HDS/Sepiolite: respectively, 70/10 phr, 60/20 phr, and 50/30 phr (Figure 2).
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Three other samples have been prepared with different ratios of spherical/spherical
fillers HDS/Stöber nanoparticles 250 nm: respectively, 70/10 phr, 60/20 phr, and 50/30 phr
(Figure 3).

             
 

 

 
                               
                     

                   
                       

Figure 1. STEM images of reference nanocomposites synthesized with 80 phr of one type of filler
only: (a) Sepiolite, (b) HDS, and (c) Stöber nanoparticles (250 nm).



Polymers 2021, 13, 2413 6 of 16
             

 

 

 
                      ‐    

‐       ‐  

                     
                         
   

Figure 2. STEM images of nanocomposites synthesized with dual filler: (a) HDS/Sepiolite-70/10,
(b) HDS/Sepiolite-60/20 (60/20), (c) HDS/Sepiolite-50/30.
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Figure 3. STEM images of nanocomposites synthesized with dual filler: (a) HDS/Stöber-70/10,
(b) HDS/Stöber-60/20, (c) HDS/Stöber-50/30.

The total silica filler charge in all nanocomposites was kept constant at 80 phr. We
can clearly distinguish on STEM pictures reported in Figure 1 the spatial distribution of
silica fillers in composites. In the case of nanocomposites prepared with Sepiolite nanorods
(Figure 1a), HDS nanoparticles (Figure 1b), or Stöber nanoparticles (Figure 1c) as single
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filler, there is no observable preferential orientation for any kind on filler. Fillers are
randomly dispersed in the polymeric matrix. Concerning the percolation threshold of
fillers in those nanocomposites, the two samples containing 80 phr of HDS nanoparticles
and Sepiolite seem to outreach this percolation point within the rubber matrix. Together
with well-distributed material, Sepiolite already shows bundles of silicate nanorods which
may be due to an insufficient de-lamination or exfoliation-like process in the mixer. HDS
clusters, beyond the percolation threshold, are in contact and seem to form an agglomerate
exhibiting a uniform filler background. On the contrary, in the case of Stöber 80 phr, the
particles are well dispersed and do not form a percolating network. Stöber nanoparticles
are 250 nm diameter. They are approximately twenty times bigger than HDS nanoparticles
or than the Sepiolite width. Consequently, an equal “mass” of 80 phr of Stöber nanoparti-
cles in the rubber corresponds with a smaller number of nanoparticles per unit volume
compared to HDS or Sepiolite. The same conclusion applies to the overall silica surface area
that is much lower for Stöber NPs than in the case of HDS. Those two behaviours explain
the non-percolating state of Stöber nanoparticles in the compound (Figure 1c). When HDS
nanoparticles and anisotropic Sepiolite (Figure 2) are mixed as dual fillers in a ratio of
70/10 (Figure 2a), the structure looks very similar to the HDS single-filler nanocomposite,
but few dispersed Sepiolite needles are visible within the structure. Increasing the amount
of Sepiolite in the compound, i.e., HDS/Sepiolite-60/20 (Figure 2b) and HDS/Sepiolite-
50/30 (Figure 2c), leads to the formation of bundles of Sepiolite in the matrix (highlighted
with green boxes). Interestingly, they are showing a preferential orientation toward one
direction. It is worth mentioning that the orientation of the Sepiolite rods was not observed
in absence of Silica HDS (Figure 1a). The presence of HDS is apparently responsible for
this Sepiolite alignment. Having oriented structures within the composite at the nanomet-
ric/micrometric scale could lead to improved macroscopic properties of the nanocomposite.
Dual spherical/spherical fillers are presented in the Figure 3, with ratios of HDS/Stöber
nanoparticles of 70/10 (Figure 3a), 60/20 (Figure 3b), and 50/30 (Figure 3c). Those STEM
images show dispersed Stöber and HDS nanoparticles in the rubber matrix. On the picture
Figure 3c, it appears that the replacement of 30 phr of HDS with larger Stöber nanoparticles
prevents the percolation of HDS fillers in the rubber matrix.

3.1. Dynamic Mechanical Analysis

DMA analysis has been performed in order to determine mechanical properties
of nanocomposites. Figure 4 shows the evolution of the storage modulus E′ with the
temperature in a range from −120 ◦C and 80 ◦C at the frequency of 1 Hz for the reference
SBR samples containing, respectively, HDS-80 phr, Sepiolite-80 phr, and Stöber-80 phr with
same filling degree.
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Figure 4. Evolution of E′ with temperature for the reference SBR samples, HDS-80 phr (magenta),
Sepiolite-80 phr (orange), and Stöber-80 phr (blue).

In the rubbery state, the sample HDS-80 phr shows a higher elastic modulus compared
to the other references. This result could be explained considering that fractal silica particles
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as HDS tend to form aggregates and agglomerates. This hierarchical structure, depending
on the extension of the filler network, can occlude a large amount of rubber, leading to an
immobilization of the occluded portion of the matrix and therefore to an increase of the
stiffness in respect to the case of a dispersed system. The occluded and immobilized rubber
is responsible for the increase of the effective volume fraction of the rubber. Despite the
different geometry of the Sepiolite fillers, characterized by a more rod-like shape, sample
Sepiolite-80 phr exhibits a lower value of the elastic modulus in the high temperature
range. Rod-like silica fillers are expected to enhance the reinforcement with respect to
the unaggregated spherical ones. The foreseen reinforcement of non-interacting spherical
particles follows the Einstein prediction, which depends linearly on the volume fraction φ

but does not depend on the size, as obtained from f = 1+ 2.5 φ where f is the reinforcement
factor, i.e., the ratio of the reinforced modulus over the unfilled modulus. For rods, a similar
expression is known, with f = 1 + (2/3) pφ [52]. Here, p represents the aspect ratio as
explained above. The thinner the rod is or the longer it is, the more reinforcement is
expected. Only for values of p ∼ 4, rods cannot be distinguished from spheres. The
formation of a network due to an alignment of the fibers, as reported in the literature, could
lead to an increase of the trapped rubber between layers of fibers [40]. However, in our case,
the formation of clusters in the case of Silica HDS-80 phr seems to have a dominant effect
on the reinforcement in comparison to the anisotropic fillers. The higher reinforcement
of HDS, although rods should be more efficient given the aspect ratio, is caused by the
aggregate morphology which expresses itself in a corresponding Payne effect. Higher
moduli are due to the additional intra- and inter-aggregate bonds. The STEM analysis,
indeed, did not reveal a preferential orientation of the Sepiolite anisotropic fillers in the
SBR rubber in absence of HDS. The lowest modulus was instead observed for the third
reference sample analyzed: Stöber-80 phr. In this case, the isotropic spherical fillers (Stöber
particles) are known to give rise to a highly dispersed system, reducing, therefore, the
immobilization of the polymer at the filler–matrix interphase [53]. This last sample exhibits
the lowest value of the storage modulus in the rubbery regime.

The values of the elastic modulus for the different types of fillers are corroborated
by the trend of tanδ as a function of the temperature. All samples, as shown in Figure 5,
show a prominent peak at ∼−25 ◦C, attributed to the glass transition. The sample Silica
HDS-80 phr shows the lowest intensity peak at Tg. An intermediate peak intensity is
observed for sample Sepiolite-80 phr followed by sample Stöber-80 phr, which exhibit the
stronger dissipation in proximity of the transition temperature. This behaviour is explained
considering the increase of the polymer chain amount involved in the transition. In the case
of aggregating fillers like HDS, the degree of freedom of the polymer chains seems to be
significantly decreased respective to the case of spherical particles as well as rod-like fillers.
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Figure 5. Evolution of tanδ for reference 80 phr SBR samples filled with Silica HDS-80 phr (magenta), Sepiolite-80 phr
(orange) and Stöber-80 phr (blue).
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A second peak with lower magnitude is observed for sample Silica HDS-80 phr and
Sepiolite-80 phr at higher temperatures than Tg. This peak could be related to the slower
relaxation process of the polymer segments bounded at the rubber-fillers interphase, char-
acterized by a higher activation energy. The position of these peaks confirms the trend
observed for the Tg. Sample Stöber-80 phr shows instead one dominant peak correspond-
ing to Tg, possibly due to the very low amount of bounded rubber at the matrix–filler
interphase [54].

The dual filler samples are now analysed in comparison to the references. Silica HDS
has been gradually substituted, respectively, by Sepiolite and Stöber particles in order to
obtain dual filler systems with total loading of 80 phr.

Three different dual filler SBR samples were analysed with the same filling degree.
Figure 6 shows the storage modulus and the loss factor tanδ as a function of the temperature
for Sepiolite/HDS dual filler compounds. Despite the lower modulus at high temperature
observed for the Sepiolite-filled rubber compared to the HDS one, the increase of the
Sepiolite content in the dual-filler system yields an increase of the storage modulus in the
temperature range between 0 and 80 ◦C This evidence could be attributed to the cooperative
effect of the two types of fillers. If 10 phr of HDS is replaced by Sepiolite, a strong drop of the
modulus is observed in the rubbery regime. However, this drop seems to be compensated
by the increase of the Sepiolite amount in the other dual filler compounds. The addition of
a higher amount of Sepiolite in the dual filler compounds leads, as observed, to an increase
of E′ even though the sample containing HDS only exhibits the highest modulus value
in the rubbery regime. This increase could be explained by considering the preferential
arrangement of the anisotropic filler in the presence of the fractal one. The arrangement
seems to be dependent on the amount of rod-like fillers in the dual filler mixture and is
observed to be more effective for the compounds containing, respectively, 20 and 30 phr
of Sepiolite (see Figure 2). The substitution of HDS with 10 phr of Sepiolite could, at first,
give rise to a decrease of the stiffness of the compound, as the rod-like filler might induce a
breakage of the HDS clusters. The increment of Sepiolite amount at the expenses of silica
content in the case of HDS/Sepiolite-60/20 and HDS/Sepiolite 50/30 could, however,
restore a more uniform mixture where now percolation of both silica and Sepiolite fillers
occur and, because of an induced preferential orientation of the rods, yield a higher elastic
modulus. In addition, during the mixing steps (internal mixer and roll mill), the formation
of such a percolating network can play a key role in the Sepiolite orientation.
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Figure 6. Plot of E′ (a) and tanδ (b) versus temperature for reference SBR samples and dual fillers Sepiolite/HDS-10/70 phr,
Sepiolite/HDS-20/60 phr, Sepiolite/HDS-30/50 phr.

The mixing energy required at the mixing/milling steps is higher when percolation is
reached (see Table S1 in supporting information). As a consequence, the shearing forces
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applied to the compound will increase and those forces can be highly oriented, especially
during the mixing or roll mill steps.

The evolution of tanδ (Figure 6) with the temperature is also analysed. In this case, the
two peaks corresponding, respectively, to Tg and to the dynamic of the bounded rubber at
the interphase are not well separated. The increased Sepiolite amount is not reflected by a
shift of the secondary peak intensity as expected from the increase of the storage modulus.
This result can be explained by the different structural arrangement occurring in the
mixture of two different types of fillers with different geometry. The orientation of Sepiolite
in the presence of percolating fillers such as HDS, as evidenced in Figure 2b,c, could, on
the other hand, affect the specific arrangement of the Silica HDS clusters as a consequence
of a cooperative effect. The preferential orientation of silica filler clusters, which is known
to significantly affect the hysteresis behaviour as well as the elastic modulus of the rubbery
compounds, is, however, not highlighted by the STEM images in our case. [55].

A different trend is instead reported for the mixtures of HDS and Stöber particles.
Figure 7 shows the storage modulus and the loss factor tanδ as a function of the temperature
for Stöber/HDS dual filler compounds.
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Figure 7. Plot of E′ (a) and tanδ (b) versus temperature for reference SBR samples and dual fillers Scheme 10. phr (R-31),
Stöber/HDS-20/60 phr (R-32), Stöber/HDS-30/50 phr (R-33).

The evolution of E′ for the reference samples and the mixtures shows that the increase
of the Stöber content in the dual-filler systems yields a decrease of the elastic modulus.

This behaviour could be attributed to the lower tendency of Stöber particles to form
aggregates, as shown in the STEM pictures in Figure 3. A cooperative effect of the two
fillers is, however, envisaged in this system, too. The higher content of Stöber particles in
the mixture leads to a higher dispersion of the fillers in the rubber and, therefore, to a lower
constraint exerted by the fillers on the rubber. The lower fraction of aggregates formed by
HDS fillers is reflected in a smaller amount of bounded rubber. The reduction of aggregates
formation with the substitution of HDS with Stöber particles has been confirmed by the
STEM analysis. Figure 3 reveals that the decrease of HDS in the dual fillers system causes
a different dispersion of the clusters and that the Stöber particles do not mix themselves
into the aggregates due to their size, but position themselves in between agglomerates,
therefore reducing the network. This leads to a lower modulus and can be compared to the
effects of adding a non-interacting solvent to rubbers. This effect is not compensated by
the increased amount of the spherical Stöber particles that are not forming aggregates and
do not contribute to the reinforcement.

This observation is confirmed by the analysis of tanδ as a function of the temperature
(Figure 7). The dual-filler compounds show a clear distinction between the main peak
corresponding to the glass transition and the secondary peak at higher temperature related
to the relaxation of the bounded rubber. A shift of the secondary peak to lower temperatures
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as well as an increase of its magnitude is observed with the increase of Stöber content in
the mixture, indicating a lower constraint at the filler-rubber interphase.

For the dual filler systems, a cooperative interaction between the two types of fillers
is observed. This synergic interaction, leading to a change in the elastic modulus in the
rubbery regime, is found to be dependent on the geometry of the fillers as well as on their
ability of forming hierarchical structures.

3.2. Tensile Tests

Figure 8 shows the stress-strain curves obtained for the mixtures of HDS and Sepiolite
and the two reference samples containing only one type of filler. First, the analysis of
the stress at low deformation is indicating that the sample SBR HDS 80 phr has a higher
modulus than SBR Sepiolite-80 phr. A value of E′

∼14 MPa was estimated for the sample
HDS Silica-80 phr, while for the other reference, Sepiolite-80 phr, a value of E′

∼ 10 MPa was
found. These values seem to be approximately in agreement with the DMA values observed
in Figure 6 at room temperature. For the mixtures, however, a value of E′

∼13 MPa was
observed, although the DMA experiments revealed clear differences among the moduli
in the rubbery regime and, specifically, a significant drop when 10 phr of HDS silica were
replaced by Sepiolite. To explain this discrepancy, the different sensitivity of the two
techniques has to be taken into account. The tensile test does not allow a clear distinction of
the moduli for the mixtures at very low strain as in the case of DMA test, which is instead
carried out with a small deformation.

Figure 8. Stress-strain curves for mixtures of Sepiolite and HDS Silica dual filler compounds in the full deformation range
(a) and at low deformation (b).

The high strain behaviour reveals the highest stress value for the SBR Sepiolite-80 phr,
while a decrease is observed for the dual filler blends when the amount of Sepiolite de-
creases. The sample SBR HDS-80 phr shows the lower stress value at higher deformation.
On the other hand, the value of elongation at break follows the opposite trend. These differ-
ent behaviours could be explained by considering that, despite the higher reinforcement at
low strain conferred by the silica HDS filler, the gradual strain induced by the orientation
of the rods gives rise to a strain hardening of the rubbers containing the Sepiolite filler. This
observation would also explain the decrease of the elongation at break with the increase
of the Sepiolite amount. The rigid rods orienting along the deformation direction at high
strain might cause a reduction of the rubber elongation ability.

Different behaviour was observed for the dual filler compounds containing Stöber
particles and Silica HDS. The spherical Stöber filler was found to “dilute” the aggregates
formed by HDS particles, leading to a decrease of the elastic modulus in the rubbery
regime, as highlighted by SEM pictures in Figure 3. Stress-strain curves for dual fillers
samples containing Stöber and Silica HDS particles are reported in Figure 9. The low strain
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regime shows the highest reinforcement for the sample SBR HDS-80 phr, while the other
reference sample SBR Stöber-80 phr exhibits the lowest stress in the whole deformation
range and the lowest elongation at break, with an estimated modulus of E′

∼3 MPa. The
dual filler compounds show that the increase of the Stöber amount in the mixtures leads
to a decrease of the stress value. For the three mixtures containing increasing amounts of
Stöber from 10 to 30 phr, the elastic modulus was estimated as E′

∼10 MPa, E′
∼8 MPa, and

E′
∼7 MPa, respectively. A decrease of the elongation at break was also reported with the

increase of the Stöber content in the case of Stöber/HDS-20/60 and Stöber/HDS-30/50.
Although the Stöber particles were found to be responsible for a decrease of the modulus
at the rubbery regime in DMA and for the reduction of the fraction of immobilized rubber,
the increase of these particle amounts induces an increase of the rubber brittleness. The
reason could be related to the fact size of the Stöber particles, which, as shown by the STEM
figures (see Figure 1), are significantly bigger than the average size of HDS clusters. At
high deformation, while the clusters are subjected to the strain due to a certain amount of
bounded rubber, the Stöber particles are acting as undeformed cross-links. This observation
could explain the lower elongation at break with the increase of Stöber amount, despite
their higher dispersibility.
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Figure 9. Stress-strain curves for mixtures of Stöber and HDS Silica dual filler compounds in the full deformation range
(a) and at low deformation (b).

4. Conclusions

This work has been dedicated to the study of mechanical properties of SBR-based
nanocomposites containing spherical or anisotropic dual fillers. Fractal/spherical and frac-
tal/anisotropic dual filler nanocomposites were prepared with HDS nanoparticles/Stöber
nanoparticles and HDS nanoparticles/Sepiolite nanoneedles, respectively. We highlight,
using STEM and DMA analysis, that, in the system Sepiolite/HDS, both fillers work coop-
eratively, and the HDS induces a preferential alignment of Sepiolite clusters in the rubber
matrix. We hypothesize that the orientation of the Sepiolite is activated by the presence of a
HDS percolating network, and the resulting oriented forces which will occur at the mixing
steps. The induced preferential orientation gives rise to an increase of nanocomposites’
storage modulus in the rubbery regime, as by the DMA. The tensile tests carried out at a
higher deformation range on the same samples evidenced a reduction of rubber elongation
ability with the increased amount of nanorods in the mixture, indicating an orientation of
the rods along the deformation direction induced this time by the high strain applied. On
the other hand, in the Stöber/HDS dual filler system, the spherical component seemed to
show more of a diluting effect than a reinforcing one. This observation is associated with
the trend of tan δ as a function of temperature in DMA, which clearly shows a decrease of
the immobilized rubber with the increase of Stöber amount in the mixture. At the same
time, a decrease of the elastic modulus at high temperature with the increase of Stöber
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concentration has been reported. An apparent contradiction with the lower elongation
at break observed for the mixtures containing a higher amount of Stöber particles could
instead be explained by considering the non-deformability of these spherical fillers that
might act as permanent cross-links under the condition of high strain, leading to an earlier
rupture of the rubbery material.

Based on those observations, the dual filler system fractal/anisotropic silica-based
structure appears as a promising solution to reach reinforced nanocomposites. As raw
Sepiolite fibres or nanoneedles can differ in quality, composition, structure, and surface
state depending on their origin, it may be worth studying the behaviour of dual filler
nanocomposites prepared with anisotropic silica nanorods instead of Sepiolite.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13152413/s1, Table S1: Mixing energies required to process nanocomposites with
different fillers.
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Revealing the dehydration/deuteration processes at the liquid-solid 
interface by nuclear magnetic resonance spectroscopy 
Chuanyu Yan a,b, Enzo Moretto a,b, Oussema Kachouri a,b, Jean-Luc Biagi a, 
Jean-Sébastien Thomann a, François Kayser c, Reiner Dieden a,* 

a Department of “Materials Research and Technology”, Luxembourg Institute of Science and Technology, Avenue des Hauts-Fourneaux, L-4362 Esch-sur-Alzette, 
Luxembourg 
b Faculty of Science, Technology and Medicine, University of Luxembourg, Avenue des Hauts-Fourneaux, L-4365 Esch-sur-Alzette, Luxembourg 
c Goodyear Innovation Center Luxembourg, Avenue Gordon Smith, L-7750 Colmar Berg, Luxembourg   

G R A P H I C A L  A B S T R A C T   

A R T I C L E  I N F O   

Keywords: 
Silica 
Solid state NMR 
Surface/interface 
Adsorption 
Alumina 
Micro-cellulose 

A B S T R A C T   

The liquid-solid interface is of great importance in fundamental and applied research. However, the in-situ 
characterization of liquid-solid interfaces is very challenging. In this work, we demonstrated that {1H–29Si-}1H 
multiple-contact cross polarization with indirect detection (MCPi) solid-state nuclear magnetic resonance 
(ssNMR) spectroscopy is an excellent tool for studying dehydration and deuterium exchange at the solvent-silica 
interface. The results provided direct evidence that the physically adsorbed water molecules present on the silica 
surface were completely removed in the presence of DMSO, while the silanol groups were satisfactorily 
deuterated in the presence of a DMSO-D2O mixture. The knowledge obtained from the {1H–29Si-}1H MCPi 
experiment was also extended to the development of an 1H liquid-state NMR-based technique for the quantifi-
cation of moisture and hydroxyls on inorganic and organic solids, as an alternative to the conventional ther-
mogravimetric analysis (TGA) but with broader applicability. Moreover, this study offers a promising tool for 
studying the challenging questions involving liquid-solid interface.   

1. Introduction 

Molecular structures of the liquid-solid interface play a critical role 

in numerous biological [1], chemical [2], and physical [3] systems. A 
molecular understanding of the liquid-solid interface is therefore needed 
for the rational design and application of these systems [4]. For example, 
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the underwater adhesion of marine mussels to a variety of solid surfaces 
has attracted considerable attention [5], and has led to the invention of 
many bio-inspired adhesives [6]. However, in-situ characterization of 
the liquid-solid interface at the molecular level is very challenging [7,8]. 
So far, there have been many prominent techniques such as sum fre-
quency generation (SFG) [9], attenuated total reflectance Fourier 
transform infrared spectroscopy (ATR-FTIR) [10], surface-enhanced 
Raman spectroscopy (SERS) [11], quartz crystal microbalance (QCM) 
[12], and scanning tunneling microscopy (STM) [13], available for 
in-situ interface-specific characterizations. However, as pointed out by 
Zaera et al. [7,8] these techniques have certain limitations in terms of 
sample requirement, spatial selectivity, or chemical information. As for 
the sample requirement, SFG requires a flat reflective surface, which is 
oftentimes inapplicable to nanoparticles and amorphous solids, and 
SERS requires the sample to either consist of metallic particles or have a 
metallic coating. Similarly, QCM also requires the grafting of receptor 
molecules prior to the measurement. In terms of spatial selectivity, the 
evanescent wave in the ATR-FTIR experiment has a penetration depth 
roughly equal to the incident infrared wavelength (μm), which is much 
larger than the first few atomic layers at the liquid-solid interface. In 
terms of chemical information, QCM registers the interaction events 
only as a shift of resonance frequency, which contain no information 
about molecular structures. STM also lacks detailed information about 
molecular interaction, though its spatial selectivity could be as good as 
single-atom level [14]. 

Solid-state NMR spectroscopy (ssNMR) can be an ideal tool for the in- 
situ characterization of liquid-solid interfaces due to its non-invasive 
nature and little need for sample preparation. The nuclear chemical 
shift is very sensitive to the nature of chemical bonds and chemical 
environments. However, direct excitation ssNMR (or NMR in general) is 
not intrinsically surface/interface-selective because all the nuclei within 
the bulk sample are excited indiscriminately. Although 1H direct exci-
tation ssNMR under magic angle spinning (1H MAS) is frequently 
employed to study solid surfaces such as silica [15,16], the sample is 
either pure and clean (or at least assumed to be so), or a priori knowledge 
of molecular species present is available, such that the observed 1H 
peaks can be used to assign the surface species. Fortunately, it has been 
demonstrated in numerous cases that surface-selective information can 
be obtained from one- and two-dimensional (1D/2D) MAS NMR ex-
periments based on double cross polarization with inverse/indirect 
detection (DCPi) [17,18]. The working principle of DCPi is as follows: 1) 
the first 1H→X cross polarization contact gives rise to polarization of the 
X-nuclei (e.g., 29Si in silica) that are located on the surface and in close 
proximity to protons; 2) the inverse X→1H cross polarization contact 
transfers the spin magnetization back to 1H for detection such that the 
surface species can be identified by their 1H chemical shifts. The driving 
force of 1H─X cross polarization is nuclear dipolar coupling, which oc-
curs within an effective range of typically a few angstroms i.e., a few 
atoms thick [17,19]. This short-range nature of DCPi makes it particu-
larly suitable for characterizing surfaces and interfaces. Recently, we 
have demonstrated that a combination of multiple contact cross polar-
ization with inverse detection (MCPi) [20] can provide additional 
robustness to DCPi and can even be employed to semi-quantitatively 

measure the adsorption affinity of organic molecules on the silica sur-
face [21]. 

In this study, we took a step further to demonstrate that MCPi can 
also be a suitable technique for the in-situ characterization of liquid-solid 
interfaces with the simultaneous advantages of simple sample prepara-
tion, excellent spatial selectivity, and rich chemical information. Spe-
cifically, the dehydration and deuteration at the mixed solvent-silica 
interface were under investigation. To alleviate the low sensitivity due 
to 29Si natural abundance and limited sample size, a fully 29Si-labeled 
sample was used in the mechanistic study. After showing that the 
dehydration and deuteration of silica can occur efficiently in organic/ 
mixed solvents as evidenced by the MCPi results, we proposed a simple 
experimental approach to quantify the water and hydroxyl groups on the 
surfaces of silica, alumina and cellulose (Fig. 1), which only requires a 
set of liquid state 1H NMR experiments using the same solvent compo-
sition as in the MCPi experiments. This dehydration-deuteration 
approach using mixed solvents was then compared to the conventional 
thermogravimetric analysis (TGA), which is a time-proven technique for 
the quantification of moisture and hydroxyls on silica [22], but is not 
fully applicable to other solids. In this study, silica, alumina and cellu-
lose were chosen because they represent a large class of important 
inorganic and organic solids that are widely used as catalyst supports 
[23–25], polymer composite fillers [26–28], drug delivery carriers 
[29–31], etc., and the amount of their surface groups is a central part of 
their surface characteristics. 

2. Experimental section 

2.1. Materials 

The following chemicals were purchased with the given specifica-
tions and used as received if not noted otherwise: calcinated 29Si- 
enriched silica (c-29SiO2, 29Si isotopic purity > 98%, obtained from 
Cortecnet), concentrated sulfuric acid (H2SO4, 96%, Carl Roth); 
dimethyl sulfoxide (DMSO, > 99.7%) and acetone (Ace, 99.8%) were 
obtained from Acros Organics; sodium hydroxide pellets (NaOH, 
≥ 98%), deuterated dimethyl sulfoxide (DMSO-d6, 99.8%D), deuterated 
water (D2O, 99.8%D), potassium sulfate (K2SO4, ≥ 99.0%), potassium 
carbonate (K₂CO₃, ≥ 99.0%) and silica gel (type II, 3.5 mm beads) were 
from Sigma-Aldrich; commercial silica (trade name Zeosil® Premium 
200MP) was obtained from Solvay, and will be referred to as simply 
“SiO2” in the next sections (as opposed to the labeled 29SiO2); γ-alumina 
(99.99%, product no. AL606022) was obtained from Goodfellow, and 
will be referred to as “γ-Al2O3”; microcrystalline cellulose was obtained 
from Sigma-Aldrich (product no. 435236), and will be referred to as 
“mc-cellulose”. In addition, NaOH pellets and concentrated H2SO4 were 
dissolved/diluted in distilled water to be used as 10 wt% and 30 wt% 
stock aqueous solutions, respectively. 

2.2. Preparation of p-29SiO2 

Fully 29Si-labeled precipitated silica (p-29SiO2) was prepared via a 
“gel-sol-gel” reaction using the as-received c-29SiO2 (Scheme S1), the 

Fig. 1. Schematic representation of the surfaces of silica, alumina, and cellulose, which are characterized by the physically adsorbed water and hydroxyls.  
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similar synthesis procedure of which can be found in literature [32,33]. 
There are four major steps in the synthesis. The first step is to dissolve 
the c-29SiO2 that contains mostly siloxane (Q4) structures and little 
silanols (Q2 and Q3). One gram of this raw silica was dissolved in 30 mL 
of 10 wt% NaOH aqueous solution in a Teflon beaker (note that Teflon 
was used in order to prevent the dilution of 29Si due to the possible 
dissolved 28Si from the glassware). Under vigorous stirring at room 
temperature, all the raw silica is transformed into a transparent solution 
overnight (29SiO2 + 2NaOH → Na229SiO3 + H2O). To precipitate the 
silica, 16 mL of 30 wt% H2SO4 aqueous solution is added dropwise into 
the solution at 90 ◦C. The reaction mixture was kept at 90 ◦C overnight 
to allow the complete precipitation (Na229SiO3 + H2SO4 → 29SiO2(OH)x 
+ Na2SO4, where x is the number of silanol groups). Subsequently, the 
freshly precipitated silica was rinsed by distilled water and centrifuged 
to remove the residual acid and salt. This rinse-centrifuge cycle was 
repeated until the pH of the supernatant was neutral. Finally, the 
product, i.e., precipitated silica (p-29SiO2) was oven-dried at 105 ◦C 
overnight. 

2.3. SEM/STEM characterization 

Around 1 mg of (c-)p-29SiO2 powder was dispersed in 0.5 mL of 
ethanol and sonicated to break down the silica aggregates. One to three 
drops of this dispersion were then deposited on a copper sample holder 
and left to dry in the air. Scanning Electron Microscopy (SEM) images of 
the silica particles were recorded with a Helios Nanolab 650 microscope 
(FEI, Eindhoven, Netherlands). The scanning transmission electron mi-
croscopy (STEM) analysis was performed on the same instrument, where 
the suspension of 29SiO2 powder in ethanol was deposited on a copper 
TEM grid with a carbon film and left to dry in the air. For the commercial 
SiO2/γ-Al2O3/mc-cellulose, both SEM and STEM analyses were done on 
a Quanta 200F microscope (FEI, Eindhoven, Netherlands), where these 
samples were also deposited on a copper TEM grid with a carbon film. 
The analysis of particle sizes was done in ImageJ (version 64-bit Java 
1.8.0_172). 

2.4. Control of humidity levels 

Three relative humidity levels (96, 48 and 0 RH%) were considered 
in this study, which cover the whole range encountered in practical 
applications. These RH% levels were achieved by placing about 300 mL 
of saturated K2SO4 and K2CO3 aqueous solutions [34] and 600 g of dried 
silica beads, respectively, at the bottom of closed desiccators 
(type-DN250, total volume 8 L, Duran glassware, Germany) located in 
an air-conditioned lab, where the temperature fluctuation is less than 
0.5 ◦C (Fig. S1). The temperature and humidity inside the desiccators 
were monitored by a wireless dual thermometer-hygrometer (SwitchBot 
Meter, China). 

For the quantification of surface moisture and hydroxyls, 40 mg of 
the as-received solid powder (i.e., silicas/alumina/cellulose) were 
placed in 4 mL vials (with screw caps) and stored in the humidity- 
controlled desiccators for 24 h while keeping the vials open during the 
whole time. Then, the vials were immediately capped tightly and 
weighed on a balance (Denver Instrument, ± 0.0001 g) to record the 
initial net mass (m0). Note that empty vials plus the caps were previously 
stored in the desiccators and were found to effectively have no mass 
change (≤ 0.0001 g) at all the given RH% levels, suggesting the vials 
and caps did not pick up moisture during the storage. 

2.5. Solid-state NMR experiments 

All the ssNMR experiments were performed at 303 K on a 600 MHz 
spectrometer (1H Larmor frequency, Bruker Avance III HD) equipped 
with a double channel (1H-X) magic angle spinning (MAS) probe. Unless 
noted otherwise, a MAS speed of 8 kHz was used throughout this study. 
The samples were loaded into 4 mm rotors made of zirconium oxide. For 
the comparison of 29Si spectra of the as-received c-29SiO2 and as- 
prepared p-29SiO2, 2.5 mg of the samples were loaded into the high- 
resolution MAS (HRMAS) inserts made of Kel-F®, which were then 
inserted into the 4 mm rotors (Fig. S2). For the study of the liquid-solid 
interface, 2.5 mg of p-29SiO2 were loaded into the HRMAS inserts and 
stored/exposed to the 48RH% atmosphere for 24 h. Then, the capped 
HRMAS inserts, with and without aliquots of solvents added by 
Eppendorf pipette, were inserted into 4 mm rotors. Two solvent blends 
were used: 1) 99.0 wt% DMSO + 1.0 wt% acetone (labeled as “DMSO- 
Ace”) and 2) 85.0 wt% DMSO + 14.0 wt% D2O + 1.0 wt% acetone 
(labeled as “DMSO-D2O-Ace”). The labels of HRMAS inserts containing 
p-29SiO2 and the solvents indicated the sample contents (Fig. S3). For 
example, the “DMSO-Ace@p-29SiO2–48RH%” was the sample con-
taining p-29SiO2 stored at 48 RH% for 24 h plus 25 μL of the mixed 
solvent “DMSO-Ace”). In addition, to ensure a complete deuteration, the 
“DMSO-D2O-Ace@29SiO2” has been rinsed three times by 25 μL of 
“DMSO-D2O-Ace” solvent before adding the last 25 μL. Furthermore, 
2.5 mg of the as-received c-29SiO2 and 2.5 mg of the as-prepared 
p-29SiO2 were loaded into the HRMAS inserts without special treat-
ment. These two samples were used to compare the spectral differences 
in 29Si direct polarization (DP) experiments. 

For the 29Si DP spectrum of p-29SiO2, the following parameters were 
used: recycle delay (RD) is 600 s, 90◦ pulse length of 29Si is 5.0 μs 
(nutation rate = 50 kHz), “SPINAL64” decoupling scheme [35] at a 1H 
decoupling strength of 86 kHz, and an accumulation of 256 scans. Prior 
to the 29Si DP experiments, a saturation recovery experiment was per-
formed on the p-29SiO2 to measure the 29Si spin-lattice (T1) relaxation 
constants (Fig. S4), which showed that the longest 29Si T1 relaxation is 
89 ± 20 s and hence RD = 600 s was used (> 5 *T1,Si). Similarly, 
RD = 850 s was used to acquire the 29Si DP spectrum of c-29SiO2 with an 
accumulation of 64 scans. For 1H MAS and the experiments shown in 
Scheme 1, unless noted differently, the parameters used were: 90◦ pulse 
lengths of 1H and 29Si were 2.9 and 5.0 μs, respectively; 4, 128, and 128 
scans for the 1H MAS, {1H}29Si MCP, and {1H–29Si-}1H MCPi experi-
ments, respectively; 29Si and 1H spin locking fields (B1,Si/B1,H) during 
the CP contact were 50 kHz and a ramp from 34 to 66 kHz (or 0 kHz for 
calculating the contribution of the DP signal in the MCP block), 
respectively; 29Si build-up CP pulse duration (tcp1) was 10 ms, number of 
CP contact pulses (m) was 6, and the duration of the saturating pulse 
(tsat) was 1 s. Other relevant experimental parameters (RD, trep and tcp2) 
are given in the respective figures and captions. The optimization of the 
parameters (RD and trep) was done in a way similar to our recent study 
(Fig. S5) [21]. All chemical shifts of ssNMR spectra were externally 
referenced to diluted tetramethyl silane [36,37]. All the NMR spectra 
(including the liquid-state ones) were processed using TopSpin (Bruker, 
version 4.0.9). 

Scheme 1. Diagrams of (a) {1H}29Si MCP and (b) {1H–29Si-}1H MCPi pulse 
sequences. Critical parameters are: the recycle delay (RD), 1H repolarization 
delay (trep), 29Si magnetization build-up contact pulse (tcp1), number of build- 
up contact pulses (m), duration of 1H low-power saturating pulse (tsat), and 
inverse cross polarization contact pulse (tcp2). The vertical filled rectangles 
represent the 90◦ pulses of 1H/29Si. 
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2.6. Liquid-state NMR experiments 

The quantitative 1H liquid-state NMR experiments were performed 
on the same spectrometer as used for ssNMR, but using a 5 mm BBO 
liquid-state probe at 298 K. Prior to the experiments, blends of deuter-
ated solvents were added to the solid powders that were previously 
exposed to different humidity levels for 24 h (see Section 2.4). Two 
solvent blends were prepared beforehand: 1) 99.0 wt% DMSO-d6 
+ 1.0 wt% acetone (labeled as “DMSO-d6-Ace”) and 2) 85.0 wt% DMSO- 
d6 + 14.0 wt% D2O + 1.0 wt% acetone (labeled as “DMSO-d6-D2O- 
Ace”). About 0.9 g of one of these solvents (the exact mass was recorded 
as ms) was added into the vials and hand-shaken for 30 s to disperse the 
powders evenly. After around 1 min, the suspended solid particles had 
settled down to the bottom of the vials, and the supernatant was 
transferred to 5 mm NMR tubes. 

For the acquisition of 1H liquid-state spectra, the following param-
eters were used: a RD of 60 s, a flip angle of 30◦, and an accumulation of 
8 scans. All chemical shifts of liquid-state NMR spectra were internally 
referenced to the residual DMSO peak. 

2.7. Thermogravimetric analysis (TGA) 

The TGA experiments were performed on a NETZSCH STA 409PC 
thermal analyser. 40 mg of the samples were loaded in alumina cruci-
bles. The samples were heated at a rate of 10 K/min from room tem-
perature to 1400 ◦C under a constant nitrogen flush at a rate of 50 mL/ 
min. The data was exported and processed in Origin (OriginLab, version 
2019b-32Bit). 

3. Results and discussion 

3.1. Preparation of p-29SiO2 

Since only a limited amount (~ mg) of silica can be loaded into the 
HRMAS inserts and the natural abundance of 29Si is only 4.7%, it is 
important to use 29Si-labeled silica in order to reduce the time of – 

ssNMR experiments involving 29Si to a reasonable scale. The signal-to- 
noise ratio (SNR) of an NMR spectrum increases linearly with the 
isotope concentration but only does so with the square root of the 
number of accumulated transients. A 29Si enrichment degree of 98% 

Fig. 2. (a) 29Si DP/MAS ssNMR spectra of c-29SiO2 and p-29SiO2; (b) an illustration of the “gel-sol-gel” transformation from c-29SiO2 to p-29SiO2. (c) and (d) the 
scanning electron microscopy (SEM) and (e) and (f) scanning transmission electron microscopy (STEM) images of the as-received c-29SiO2 and as-prepared p-29SiO2, 
respectively. Size analysis of (f) is provided in Fig. S7. 
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leads to an approximate 21-fold increase in concentration versus natural 
abundance, at which the experimental time under the same conditions 
would need to be increased by a factor of 441 in order to achieve the 
same SNR level as for the isotopically enriched sample. Nevertheless, we 
have also demonstrated in our previous studies that the {1H}29Si MCP 
and {1H–29Si-}1H MCPi experiments are applicable to non-labeled silica 
systems [20,21]. In addition, one could also reduce the experimental 
time for non-labeled systems by, for example, using a larger ssNMR rotor 
(e.g. 7 mm), and/or increasing the amount of silica sample packed in the 

rotor. 
As shown in Fig. 2a, the molecular structure of the as-received 

c-29SiO2 is dominated by the siloxane group (Q4, δSi = − 111 ppm), 
whereas the p-29SiO2 contains abundant silanols (Q2/3, δSi = − 92/ 
− 102 ppm, respectively) suggesting the “gel-sol-gel” process indeed 
creates more silanols in this case (Fig. 2b). The deconvolution of the 29Si 
DP spectra showed that the amount of Q3 groups in p-29SiO2 was 
doubled with an additional 3% of Q2 groups (Fig. S6). The morphology 
analysis by SEM (Fig. 2c and d) and STEM (Fig. 2e and f) showed that 

Fig. 3. 1H MAS and {1H–29Si-}1H MCPi spectra of the p-29SiO2 without (a) and with (b and c) contact with the liquid phase (the physical appearances of these 
samples were shown in Fig. S3). For spectra in columns (a)–(c), experimental parameters are: (a) RD = 3 s & trep = 1 s; (b) RD = 16 s & trep = 6.4 s; and (c) RD = 12 s 
& trep = 4.8 s. A rapid optimization of RD (and therefore trep) was shown in Fig. S5. *Note: impurity 1H signal from the HRMAS insert (Fig. S8). 

Fig. 4. {1H}29Si MCPi spectra of the p-29SiO2 without (a) and with (b and c) contact with the liquid phase (same samples as Fig. 2). The parameters (RD/trep/tcp1/m) 
used to acquire these spectra were the same as those in the corresponding spectra of Fig. 2. However, the 1H spin locking field (B1,H) during the CP contacts of the 
MCP block was set at either a ramp from 34 to 66 kHz to build up the 29Si magnetization, or at 0 kHz to examine the contribution of 29DP signal due to T1,Si 
relaxation. The spectral integral (Integ.) from − 80 to − 130 ppm of the bottom-row spectrum was normalized to the respective top-row one. 
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the c-29SiO2 consisted of large and dense fused scales, whereas the 
p-29SiO2 was an aggregation of primary nanoparticles whose average 
size was around 19 nm (Fig. S7). It is worth noting that silica nano-
particles at this size range are commonly used to prepare polymer 
nanocomposites [26], and hence the characterization of this p-29SiO2 
could offer fundamental insights into the silica nanoparticle surfa-
ce/interface for relevant applications. 

3.2. Solvent-Silica Interface 

The study of silica surface groups by 1H/29Si ssNMR has attracted 
considerable attention during the last decades [15,16], which was 
partially fueled by the widespread use of silica nanoparticles as catalyst 
support, filler material for polymer composite and drug delivery carrier, 
etc. [23,26,29]. Most of the assignments for physically adsorbed water 
(moisture) and silanol (Si-OH) in these studies were done by direct po-
larization 1H ssNMR using 1H–1H homonuclear decoupling schemes 
and/or high MAS speeds (simply referred to as “1H MAS”) in order to 
obtain narrow line shapes. So far, it has been clear that the broad 1H 
peak covering the chemical shift range from ~ 5 to 8 ppm can be 
attributed to the hydrogen-bonded silanol (HB-silanol), while the rela-
tively sharp 1H peak at ~ 4 ppm is due to the physically adsorbed water 
(H2O-ads) [16,38–40]. As shown in the 1H MAS spectrum of p-29SiO2 
(Fig. 3(a-1)), these two 1H peaks were also observed in the present 
study. 

However, 1H MAS is a bulk technique rather than a surface-selective 
one. Hence, whatever signals are observed in the 1H MAS spectrum, they 
might not necessarily originate from the chemical structures present on 
the silica surface. In fact, the small 1H peak at 1.26 ppm (denoted with *) 
in the 1H MAS spectrum of p-29SiO2 shown in Fig. 3(a-1) is found to be 
due to the materials of the HRMAS insert (Fig. S8). This result illustrates 
the importance of surface-selective characterization. In this regard, the 
{1H–29Si-}1H DCPi technique [17,18] and its robust version 
{1H–29Si-}1H MCPi [20,21] have been employed in many 
surface-selective studies of silica, in which the duration of the inverse CP 
contact (tcp2) can be modulated to achieve a certain degree of “dis-
tance-profiling” off the silica surface [17]. As shown in the {1H–29Si-}1H 

MCPi spectra of the present work (Fig. 3(a-2)), the intensity of the 1H 
peak (height) of H2O-ads is almost the same as that of HB-silanol at tcp2 
= 1 ms, whereas it is much stronger than the latter at tcp2 = 10 ms 
(Fig. 3(a-5)). This is most likely due to the fact that there are multiple 
layers of water molecules adsorbed on the silica surface while there is 
only one silanol layer. Thus, more and more 29Si magnetization is 
transferred to the water layers further away as tcp2 is increased. 

As mentioned in the Introduction, the in-situ characterization of 
molecular structures at the liquid-solid interface is challenging due to 
certain limitations of the existing techniques [7,8]. Here, upon a small 
modification of the experimental setup using HRMAS inserts, which 
hold liquid-solid mixtures tightly inside the ssNMR rotors (Figs. S2 and 
S3), we demonstrated that the {1H–29Si-}1H MCPi technique is suitable 
not only for characterizing silica surface but also for solvent-silica 
interface (Fig. 3b and c). Two simple chemical processes, i.e., dehy-
dration and deuterium exchange, were investigated more closely to 
better understand the distribution of moisture and hydroxyls at the 
solvent-silica interface as well as competitive adsorption. Convention-
ally, the distribution of moisture and hydroxyls on the silica surface has 
been examined by treating silica samples at elevated temperature in 
combination with 1H ssNMR [15,16] or mass spectrometry [22], and 
competitive adsorption has been mostly studied through the adsorption 
isotherm [41,42]. In this study, as the {1H–29Si-}1H MCPi technique is 
based on the 1H–29Si dipolar coupling, the effective range of which is a 
few angstroms, it is particularly suitable for studying the solvent-silica 
interfacial structure at the molecular level. In general, the closer the 
1H–29Si interatomic distance, the stronger the 1H–29Si dipolar coupling 
and, hence, the detected 1H signal. For the dehydration process, as the 
H2O-ads will be removed from the solvent-silica interface (hence out of 
the effective range of 1H–29Si dipolar coupling), while the 1H–29Si dis-
tance of the silanol groups remains unchanged, it is expected that the 
detected 1H signal of H2O-ads will be greatly diminished, while the 1H 
signal of silanol groups will become dominant. For the deuterium ex-
change process, it is expected that the dominant 1H signal of the silanol 
groups will also disappear since there will be only trace amounts of 
1H–29Si spin pairs remaining at the interface. 

Here, DMSO was used to replace and extract the H2O-ads from the 

Fig. 5. (a) Illustration of the moisture extraction process by DMSO-d6-Ace and deuterium exchange by DMSO-d6-D2O-Ace of the commercial SiO2 (as well as γ-Al2O3 
and mc-cellulose). (b–e) Representative 1H one-pulse liquid-state NMR spectra showing the quantification of H2O and HOD. In this case, the commercial SiO2 was 
stored at 96 RH% for 24 h prior to the moisture extraction and deuterium exchange processes. 
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silica surface, and hence resulted in a sort of “soft” dehydration at 
ambient conditions as opposed to the “hard” dehydration at elevated 
temperatures, which can cause unwanted dehydroxylation. As shown on 
{1H–29Si-}1H MCPi spectra of DMSO-29SiO2 interface (Fig. 3(b2–b5)), 
the 1H peak at 7.1 ppm of HB-silanol now became the dominating one 
after the H2O-ads was removed by DMSO, in opposition to the case in 
native silica surface (Fig. 3(a2–a5)). Interestingly, a small broad 1H peak 
that was initially hidden underneath the strong H2O-ads peak of 
p-29SiO2-48RH% (see the grey arrow in Fig. 3(a-2)) became visible in the 
DMSO-Ace@ p-29SiO2-48RH% at ~ 3.8 ppm (see the dashed Gaussian 
contour in Fig. 3(b-5)). This 1H peak at ~ 3.8 ppm could possibly 
originate from two species (Fig. S9): a) water molecules that are located 
inside the nanopores of silica or adsorbed on the surface, which have a 
broad 1H chemical shift range depending on the water content [16,43], 
or b) weakly hydrogen-bonded silanols (wHB-silanol) [40]. If it is the 
former case (Fig. S9a), it means either these confined water molecules 
cannot escape from the confinement or cannot partition into the hy-
groscopic DMSO phase due to extremely small pore size (~ angstrom), 
which is quite extraordinary and has not been reported, to the best of our 

knowledge. In addition, if it is the physically adsorbed water on the 
silica surface, it would mean that there are, in total, two types of 
H2O-ads simultaneously present on the silica surface (Fig. 3(a-3)), which 
is also quite extraordinary. From the line shape analysis of the spectra 
shown in Fig. 3(a-3) and (b-3), it was found that the peak width of the 1H 
peak at ~ 3.8 ppm is more similar to the HB-silanol than to the H2O-ads, 
which is probably linked to the amorphous nature of the p-29SiO2 
(Fig. S10 and Table S1). Therefore, 1H peak at ~ 3.8 ppm is most likely 
attributed to the silanols in vicinal position (Fig. S9b), which, due to the 
restrained bond angle, can’t form hydrogen bonds with DMSO 
molecules. 

Furthermore, it is worth pointing out that the null result shown in 
Fig. 3(c-2) is not due to poor 29Si magnetization. In fact, in the {1H}29Si 
MCP block (Scheme 1), the 29Si magnetization can build up to a suffi-
cient level due to the contribution of 29Si DP signal gained from 29Si T1 
relaxation during the multiple trep periods, regardless of the protonated 
states (Fig. 4). For the well-protonated silica surface, the majority of 29Si 
magnetization is gained from CP (Fig. 4a), whereas for the less- 
protonated surface the majority is from the DP contribution (Fig. 4c). 

It was also found that the 1H NMR peaks of DMSO and the dissolved 
water (H2O-liq) in it were narrower and less intense compared to those 
of silanols (Fig. 3(b2–b5)), which is probably due to the mobility of 
these molecules in the liquid phase. Interestingly, the acetone molecule 
(Ace) seemed to act as a “spectator” with no detectable 1H signal in the 
{1H–29Si-}1H MCPi experiments although it has a concentration similar 
to that of water (Fig. 3b and c). This result suggested that Ace molecules 
can’t compete with DMSO and H2O-liq for the adsorption on the silica 
surface, which is probably due to its weak electron-donicity [44]. In 
addition, Fig. 3(c-5) showed that the deuterium exchange taking place 
at the solvent-silica interface was near completion, where the trace 
amount of remaining silanols was probably due to the H/D equilibrium 
governed by the D% of the D2O (see Section 2.1). 

The results shown above clearly demonstrate that the {1H–29Si-}1H 
MCPi experiment can provide direct evidence of the molecular structure 
at the silica-solvent interface. In the literature, the most common ways 
to deduce the molecular picture of the interface are molecular dynamics 
(MD) simulation [45] and SFG experiments [46,47]. Compared to MD 
simulations, the advantage of the {1H–29Si-}1H MCPi experiment is of 
course that it is a direct measurement. For SFG experiments, in which 
the identity of adsorbed species is revealed by the absorption of infrared 
light, it is required to have a macroscopic fused silica or quartz crystal 
(millimeters in diameter). However, these macroscopic silica surfaces 
might not be exactly the same as the surface of silica nano-/-
micro-particles, which are commonly used in practical applications such 
as catalyst supports and drug delivery agents. Therefore, the advantage 
of the {1H–29Si-}1H MCPi experiment over SFG is that it allows us to 
directly study the silica of interest. 

3.3. Quantification of moisture/hydroxyl on the silica surface 

The results shown in Fig. 3 practically suggest that one could run 
quantitative 1H liquid-state NMR experiments to compare the integrals 
of the H2O-liq and HOD-liq present in the supernatant to the known 
amount of the “spectator” acetone (as an internal standard) (Fig. 5), and 
hence to quantify the moisture and hydroxyl of silica or similar solids 
(Fig. S11). Note that deuterium exchange in combination with ATR-IR 
has been reported as a method for the quantification of silanol in sil-
ica samples [48]. However, this method requires the sample to be dried 
prior to deuterium exchange to avoid overestimation due to the presence 
of moisture. In comparison, our method presented in this study does not 
require the drying of the sample, as the moisture and silanol are deter-
mined in two consecutive steps, which eliminates this ambiguity. 

The exact quantitative relation for moisture is as follows: 

Moisture (wt%) =

(

SH2O
1 − SH2O

0

)

∗ (CAce

58.08
) ∗ MSol ∗ 6 ∗ (18.01

2
)

MSolid

∗ 100% (1) 

Fig. 6. Representative TGA thermographs of (a) the commercial SiO2, (b) 
γ-Al2O3, and (c) mc-cellulose. In this case, the commercial SiO2 was stored at 48 
RH% for 24 h prior to the TGA experiments. 
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where SH2O
1 and SH2O

0 are the integrals of the 1H NMR peak of H2O 
(normalized to the acetone peak) in the presence and absence of silica, 
respectively (Fig. 5b and c). CAce (g/g) is the mass fraction of acetone in 
the DMSO-d6. MSol and MSolid (g) are the masses of DMSO-d6 solvent and 
silica, respectively. “58.08 and 18.01 (g/mol)” are the molecular 
weights of acetone and water molecules, respectively. “6 and 2” are the 
number of protons per molecule for acetone and water, respectively. 
Similarly, the quantitative relations for the hydroxyls are as follows: 

CSi−OH (mol/g) =
OHtotal − OHmoisture

MDrySolid

(2)  

OHtotal (moles) =
(

SHOD
1 − SHOD

0

)

∗ (
CAce

58.08
) ∗ MSol ∗ 6 (3)  

OHmoisture (moles) =
MSolid ∗ Moisture% ∗ 2

18.01
(4)  

MDrySolid = MSolid ∗ (1−Moisture%) (5)  

where CSi−OH is moles of silanol per unit weight of dry silica (MDrySolid), i. 
e., the fraction of MSolid excluding moisture, OHtotal is the total molar 
amount of -OH groups exchanged from the silica while OHmoisture cor-
responds to the molar amount of the -OH groups contributed by mois-
ture, SHOD

1 and SHOD
0 are the integrals of the 1H NMR peak of HOD 

(normalized to the acetone peak) in the presence and absence of silica 
(Fig. 5d and e), respectively. Note that the CSi−OH should be a constant 
value for a given silica even at various humidity levels as long as the 
storage temperature has not exceeded the thermal stability of the silanol 
[22]. 

3.4. Quantification of moisture/hydroxyl: 1H NMR versus TGA 

TGA is a classical method for quantifying the moisture and silanol of 
silica, in which there are typically multiple temperature ranges for 
distinct stages for dehydration and dehydroxylation, i.e., condensation 
of HB- and isolated (iso-) silanols [22], as well as mc-cellulose [49]. As 

shown in Fig. 6a, one could tell from the differential thermogravimetric 
(DTG) curve that there are three stages: 1) room temperature to 190 ◦C; 
2) 190–820 ◦C; and 3) 820–1400 ◦C. These observed temperatures were 
consistent with the dehydration, dehydroxylation of HB-silanol and 
dehydroxylation of isolated silanols in the Zhuravlev’s model [22]. 
Hence, the quantitative relations for moisture and silanols of silica (or in 
general, for the hydroxyls of other solids) can be easily derived from the 
TGA thermo graph as follows: 
Moisture (wt%) = TG (190 ◦C) (6)  

CSi−OH (mol/g) =
{TG (1400 ◦C) − TG (190 ◦C) } ∗ 2

18.01

{1 − TG (190 ◦C)}
(7) 

Therefore, Eqs. (1) and (6) and Eqs. (2) and (7) are the quantitative 
relations for quantifying the surface water and silanols of silica (for 
γ-Al2O3 and mc-cellulose as well) in the 1H NMR and TGA methods, 
respectively. 

As shown in Fig. 7a and d, the 1H NMR and TGA methods yielded 
consistent results for a commercial silica that was stored at a broad range 
of humidity levels within the experimental uncertainty. This result 
suggests that one could use the proposed method of moisture extraction 
by DMSO and deuterium exchange by DMSO-D2O as an alternative 
method of the TGA. Examples where the TGA method cannot be applied 
are solids where the stages of dehydration and dehydroxylation are 
overlapping, or organic solids that could undergo thermal decomposi-
tion within the same thermal stages. As shown in Fig. 6b, the dehy-
dration and dehydroxylation stages of γ-Al2O3 were inseparable, which 
is commonly observed in alumina samples [50]. This inseparability 
leads to the overestimation of moisture and underestimation of aluminol 
(Fig. 7b and e). For mc-cellulose, the dehydration stage was very 
distinct as evidenced by the plateau at ~ 190 ◦C on the DTG curve, 
which explained the consistence of moisture% between 1H NMR and 
TGA methods (Fig. 7c). As estimated by the chemical formula of cellu-
lose, i.e., (C6H10O5)n, the mass loss due to complete dehydroxylation 
(− 3H2O) should be no more than 33.3 wt%. However, as can be seen in 
Fig. 6c, the mass loss during the temperature range of 190–400 ◦C was 
around 70 wt%, which was far more than the theoretical value, 

Fig. 7. The (a–c) moisture and (d–f) hydroxyls under different storage humidity of the commercial SiO2, γ-Al2O3, and mc-cellulose, measured by quantitative 1H 
liquid-state NMR method and TGA method. 
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suggesting the occurrence of thermal decomposition (that could release 
molecular fragments CxHyOz rather than only H2O). Hence, the TGA 
method is considered unsuitable for analyzing the hydroxyl contents of 
cellulose. The theoretical hydroxyl concentration in cellulose is 3 
moles/162 g, i.e. 18.5 mmol/g, which is much higher than the value 
measured by 1H NMR (Fig. 7f). This result is reasonable, as mc-cellulose 
has a dense crystalline phase (unlike silica and γ-Al2O3) and thus not all 
hydroxyls are accessible for deuterium exchange (Fig. S9). Therefore, 
the hydroxyl content measured by 1H NMR in the deuterium exchange 
using DMSO-D2O could, in the future, provide a realistic estimation of 
the quantity of chemical modifying agents needed for the chemical 
modifications of cellulose such as silanization [51]. 

4. Conclusion 

In this study, we proposed and applied a recently developed ssNMR 
technique called {1H–29Si-}1H MCPi to study the solvent-silica interface. 
The model study of dehydration and deuterium exchange at the DMSO- 
silica interface showed that the {1H–29Si-}1H MCPi technique has the 
advantages of in-situ characterization, excellent surface selectivity and 
rich chemical information. In the dehydration experiment, the {1H–29Si- 
}1H MCPi results showed that the physically adsorbed water molecules 
were fully removed from silica surface in the presence of DMSO. The 
deuterium exchange experiment, it was shown that the silanol groups 
present on silica surface can be satisfactorily deuterated in the presence 
of a DMSO-D2O mixture. On the basis of these findings we propose a 
simple liquid-state NMR method to quantify the ubiquitous moisture and 
hydroxyls on the surfaces of inorganic and organic solids, especially 
when the conventional thermogravimetric analysis is inapplicable due 
to overlap of dehydration and dehydroxylation stages. In the future, 
{1H-X-}1H MCPi (X = 29Si, 13C, 15N, 15P, …) experiment could be a 
powerful method for studying various fundamental questions involving 
liquid-solid interface, e.g. capturing the intermediates on heterogeneous 
catalyst surface and the binding configuration of drug-acceptor 
interactions. 
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ABSTRACT: Soybean oil (SBO) is a renewable material used as
an alternative to conventional petroleum-derived oils in the
processing of rubber composites. Upon chemical modifications,
such as epoxidation, its performance in the processing of rubber
can be significantly improved, as indicated by a considerable
reduction of the mixing energy. Although it has been hypothesized
that hydrogen bonding between functional groups (e.g., epoxy) of
SBOs and silanols present on the silica surface plays a key role,
there is still a lack of direct evidence supporting this hypothesis. In
this work, it is demonstrated that there is an overall correlation
between the epoxy concentration of SBOs and the mixing energy,
consistent with the long-held hypothesis. In particular, a
correlation between the SBO−silica adsorption affinity and the degree of epoxidation is revealed by a set of surface-selective
solid-state nuclear magnetic resonance (ssNMR) experiments. In addition, the surface-selective ssNMR technique demonstrated in
this work could also be used to evaluate the adsorption affinity of other oils and/or additives more broadly.

1. INTRODUCTION

With climate change increasingly tangible, the sustainability of
industrial production is emphasized more than ever.1,2 For
example, silica, a reinforcing filler frequently used in the
manufacturing of tires, is now partially produced from rice
husks.3,4 Similarly, it has recently been shown that vegetable
oils such as soybean oil (SBO) are promising alternatives to
conventional rubber processing aids such as treated distillate
aromatic extracts (TDAEs).5−17 Chemically modified SBOs
can be synthesized through the controlled epoxidation of
SBO.18−22 The use of vegetable oils provides many benefits.
For example, vegetable oils are generally recognized for their
attractive safety profile related to humans, animals, and the
environment14,23−25 and for reducing our dependence on
petroleum. Most importantly, these benefits can be realized
with no performance penalty. In fact, numerous reports have
shown that modified vegetable oils can significantly improve
the processability of silica-filled elastomer composites.9−12,26,27

Given the increased use of (modified) vegetable oils in the
rubber industry, there is an urgent need to understand how
these oils interact with silica (as well as with other components
in rubber compounds) and how chemical modification affects
their performance. Although improved processability is
generally attributed to the formation of hydrogen bonding
(HB) between polar groups (e.g., epoxy) in modified vegetable
oils and silanol groups present on the silica surface, direct
evidence of such interactions is lacking. This is mostly due to

the challenging task of surface- and/or interface-specific
characterization. On the one hand, imaging techniques such
as transmission electron microscopy can provide excellent
spatial resolution of the interfacial layer but require
sophisticated data processing to reveal chemical information.28

On the other hand, standard spectroscopic techniques are not
surface (interface)-selective, and therefore, signals from the
surface are usually obscured by those from the bulk of the
sample. This applies to the single-pulse 1H solid-state nuclear
magnetic resonance (ssNMR) study of silica, in which
moisture often produces a much stronger signal than those
of silanols, necessitating exhaustive drying prior to the
measurement.29−32 For silica-filled elastomer composites, the
dominating signals of the elastomer matrix make it even more
difficult to observe the silica surface. Due to a lack of suitable
characterization techniques, an increasing number of research
groups have often turned to theoretical approaches (e.g.,
Hansen solubility parameters) for understanding and predict-
ing adsorption on the silica surface.14
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The aim of this work is to study the molecular interactions
between SBOs and the silica surface using ssNMR. The
ssNMR technique of choice is {1H−29Si−}1H double cross-
polarization (CP) inverse detection, which consists of two CP
steps: 1H → 29Si (for the buildup of 29Si magnetization) and
29Si → 1H (for the identification of surface groups).33−35 CP
occurs between dipolar-coupled nuclear spins (typically, 1H−X
or X−Y; X, Y = 13C, 15N, 29Si, etc.) within a typical
internuclear distance of only a few angstroms, making it ideal
for surface-/interface-specific characterization.33,36−38 Further-
more, since the interaction of species that are adsorbed at the
surface will reduce their mobility, the efficiency of the CP
transfer will be enhanced by both spatial proximity and the
reduced mobility of the adsorbed species. Since the 1H → X
CP process transfers the magnetization from protons to
heteronuclei, it inevitably results in a magnetization difference
between the proton-rich heteronuclei and proton-poor ones. In
order to alleviate this difference, a multiple-contact CP (MCP)
block can be used in the 1H → X magnetization transfer step.
In fact, MCP has found numerous applications, often in
quantitative studies.39−43 As demonstrated in our recent
work,44 {1H−29Si−}1H MCP inverse detection (MCPi) is a
robust technique that requires only a minimal optimization of
acquisition parameters. Here, we refer to MCPi as a
semiquantitative method because only the relative ratio of
1H peak intensities of adsorbed (modified) SBOs and the
native surface groups (i.e., the silanol hydroxyls and the
physically adsorbed water) is taken to serve as a semi-
quantitative index of the adsorption affinity.
This work is divided into three parts: first, a raw SBO is

chemically modified through a series of controlled epoxidation
reactions in order to obtain SBOs with a wide range of epoxy
concentrations, which are quantified by 1H liquid-state NMR.
These SBOs, along with conventional TDAE oil, are later used
as process oils for preparing model rubber compounds; second,
{1H−29Si−}1H MCPi ssNMR experiments are performed on a
set of deuterated silica/process oil mixtures to evaluate the oil
adsorption affinities to the silica surface; and finally, a
structure−composition−property relationship is established
between the adsorption affinities of these oils and the mixing
energies of model rubber compounds.

2. EXPERIMENTAL SECTION

2.1. Materials. The following chemicals were obtained from the
respective suppliers and used as received unless otherwise mentioned:
styrene-butadiene rubber (SBR, trade name “SPRINTAN SLR 4602”
from Trinseo), silica (trade name “ZEOSIL Premium 200MP” from
Solvay), TDAE oil (from PSP Specialties, which is a complex mixture
of aromatic, naphthenic, and paraffinic hydrocarbons),45 and SBO
(technical grade, from Cargill). Hydrogen peroxide (H2O2, 35 wt % in
water), acetic acid (CH3COOH, 99.6%), magnesium sulfate hydrate

(MgSO4·7H2O, 99%, later dried to the anhydrous form), dichloro-
methane (CH2Cl2, 99%), and toluene (C7H8, 98%) were purchased
from Acros Organics. p-Toluenesulfonic acid monohydrate (pTSA,
C7H8O3S·H2O, 98%), deuterium oxide (D2O, 99.9 D %), deuterated
chloroform (CDCl3, ≥99.8 D %, used for preparing silica suspension),
and deuterated chloroform [CDCl3, 99.96 D %, containing 0.03 vol %
of tetramethyl silane (TMS), used for liquid-state NMR] were
purchased from Sigma-Aldrich. Commercially available epoxidized
SBO (SBO-E100, tradename “Makplast-SN”) was purchased from
Makwell Plasticizers. The anhydrous form of magnesium sulfate was
prepared by heating a saturated aqueous solution of magnesium
sulfate using a hot plate and a stainless-steel pan. The hot plate was
set to the maximum heating. All the liquid water was first evaporated,
and the heating was continued for an additional ∼6−8 h (T > 200
°C) to obtain a cake of anhydrous magnesium sulfate. The cake was
cooled and broken into small pieces for further use.

2.2. Chemical Modifications of SBO. A series of epoxidized
SBOs (SBO-E) were prepared following well-established synthetic
procedures.5,18,19 The digits at the end of their short names indicate
the percentage of epoxidation (as quantified by 1H liquid-state
NMR). For example, “SBO-E20” means 20% of the SBO double
bonds are epoxidized. Unless indicated otherwise, the SBO-E100 used
for preparing rubber compounds is the commercially available
product (i.e., from “Makplast-SN”). Nevertheless, we confirm that
the difference between the lab-synthesized and the commercial SBO-
E100s is negligible.

The general procedures for a small-scale epoxidation of SBO were
as follows: SBO (2.10 g, ∼2.3 mmol), pTSA (0.04 g, ∼0.2 mmol),
acetic acid (0.35 g, ∼5.8 mmol), and toluene (1.25 g) were charged
into a 100 mL round-bottom two-neck flask equipped with a magnetic
stirrer (Hei-Tec, Heidolph) and a reflux condenser. The mixture was
heated up to 50 °C under stirring, and 1.73 g of H2O2 solution (17
mmol) was simultaneously added into it dropwise. Then, the
temperature was increased to 75 °C and kept constant. After a
certain time, the reaction was stopped by removing the reaction
mixture from the heating source, which resulted in different degrees of
epoxidation (45 min, 2, 4, 6, and 17 h for SBO-E20, -E40, -E50, -E75,
and -E100, respectively). In order to remove the residual acetic acid,
the mixture was transferred to a separatory funnel and washed with 5
mL of 5 wt % NaHCO3 aqueous solution, which was repeated three
times. Then, the residual salts were further removed by three cycles of
washing with 5 mL of distilled water. The residual water in the SBOs
was absorbed by anhydrous magnesium sulfate. Finally, toluene was
removed by rotary evaporation (Rotavapor R-300, Buchi) at room
temperature at a pressure of <4 mbar for half an hour, followed by the
application of a dynamic vacuum (generated by an oil pump, Edwards
RV3, and a liquid-nitrogen-cooled cold trap) of 0.5−4 mbar for 8−12
h. For obtaining a larger batch of the product, the quantities of
starting materials used were scaled up accordingly.

All the process oils (TDAE, SBO, and SBO-E) were characterized
by liquid-state NMR prior to use in the preparation of model rubber
compounds.

2.3. Preparation of Oil-Adsorbed Deuterated Silicas.
Preparation of deuterated silica (d-silica): In order to attenuate
signals from water and silanol protons so that the adsorbed organic
species could be easily detected by ssNMR,46 the as-received silica

Table 1. Composition of Oil-Adsorbed d-Silicas Used for the ssNMR Study

composition (grams)

sample d-silica TDAE SBO SBO-E20 SBO-E40 SBO-E50 SBO-E75 SBO-E100

TDAE@d-silica 0.2 0.02

SBO@d-silica 0.2 0.02

SBO-E20@d-silica 0.2 0.02

SBO-E40@d-silica 0.2 0.02

SBO-E50@d-silica 0.2 0.02

SBO-E75@d-silica 0.2 0.02

SBO-E100@d-silica 0.2 0.02
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(unless noted otherwise, this raw silica is referred to as “h-silica” or
simply “silica”) was subjected to two cycles of deuteration2 g of h-
silica was mixed with 10 mL of D2O, vortexed for 30 s, and
centrifuged at 15,000 rpm for 10 min. The supernatant was decanted,
and the first step was repeated with 20 mL of D2O. The deuterated
silica (d-silica) was then dried at 100 °C for 4 h and stored in a sealed
tube prior to the preparation of the oil-adsorbed silicas. The degree of
deuteration was estimated to be ∼63% by comparing the 1H one-
pulse ssNMR spectra of h- and d-silicas with close moisture (H2O/
D2O) contents (Figure S1).
The process oil-adsorbed silicas were prepared using the following

procedures: d-silica (0.2 g) was suspended in 0.5 mL of CDCl3
together with the process oils (0.02 g) (Table 1) in a glass vial (with a
screw cap having a polytetrafluoroethylene inner liner). The
suspension was vortexed (Phoenix Instrument, RS-VA 10, at
maximum speed) for 30 s and left to settle for 1 h. The mixture
was then dried at 60 °C in an oven (Memmert, Germany) for 6 h to
remove the solvent.
2.4. Preparation of Model Rubber Compounds and Mixing

Energy. A series of model rubber compounds (Table 2) were

prepared in a HAAKE PolyLab QC internal mixer (Thermo Scientific,
see Figure S2). The mixer was equipped with two cam-type rotating
blades, and 75% of the free-volume of 85 mL was used for mixing.
The rubber, silica (h-silica and d-silica in one occasion), and process
oils were mixed following the same protocol: 1st step, the mixer was
preheated to 80 °C; 2nd step, the rubber was charged into the mixer
at a rotor speed of 40 rpm and masticated for 1 min; 3rd step, the
rotor speed was slowed down to 3 rpm to allow the addition of silica
and processing oils (for the first 2.5 min); and 4th step, the rotor
speed was then increased to 80 rpm and continued for overall 10 min.
During the 4th stage, the pressing ram was lifted and lowered into the
mixing chamber twice (at 6.25 and 8.25 min) to press the rubber
against the rotating blades in order to achieve a more homogeneous
mixing. Inside the internal mixer, there is a torque sensor (a metallic
pin, see Figure S2) which can provide an indication of changes in the
sample rheology during the mixing. The dump temperature was found
to be 145 ± 5 °C for all samples. The energy consumed by the

instrument to perform a preprogrammed mixing procedure (applied
to all compounds) is referred to as mixing energy (Figure S3) and is
recorded by the control software (HAAKE PolySoft OS).

2.5. Liquid-State NMR. NMR samples were prepared by
dissolving 30 μL of each oil in 600 μL of CDCl3 (containing 0.03%
TMS), and the spectra were recorded by using an AVANCE III HD
Bruker spectrometer (600 MHz) at 298 K. Quantitative one-
dimensional (1D) 1H NMR spectra were recorded by using 30°
excitation pulses at a repetition delay of 40 s and a total accumulation
of 16 scans. The covalent connectivity of the molecular structures was
further confirmed by two-dimensional (2D) 1H−1H correlation
spectroscopy with a double quantum filter (COSY-DQF).

2.6. Solid-State NMR. For the ssNMR samples, the oil-adsorbed
silicas were loaded into 4 mm zirconium oxide rotors with Kel-F caps
(∼70 mg of silica/rotor), and the rotors were spun at a magic angle
spinning (MAS) rate of 8 kHz at 303 K in the same NMR
spectrometer (as for the liquid-state experiments) equipped with a
double resonance probe. The MAS rate of 8 kHz was chosen in order
to avoid overlap between isotropic peaks and spinning side bands for
both 1H and 29Si. The chemical shifts were externally referenced to
TMS, that is, setting the δ(13CH2) of adamantane to 37.77 ppm.47,48

In order to assess the relative adsorption affinities of the various
process oils for the silica surface, two ssNMR techniques were
employed: {1H−}29Si MCP and {1H−29Si−}1H MCPi (see Scheme
1). Details concerning the MCPi pulse sequence can be found in our
recent report on the topic,44 and it is applied in this study to
investigate the SBO−silica interaction (Scheme 1D). The MCP pulse
sequence is slightly different from the “multiCP” sequence reported
by Schmidt-Rohr and co-workers,39,40 except that the last CP period
in “multiCP” was replaced by a simple 29Si 90° readout pulse in MCP
(Scheme 1A) in order to reflect the true 29Si polarization right before
the 29Si → 1H CP step in the MCPi experiment (Scheme 1B,C).
Nevertheless, the optimization of the MCP sequence followed the
same principles of “multiCP”, and a rapid optimization of parameters
was found to be sufficient for a semiquantitative analysis as in this
study: first, the recycle delays (RDs) needed for 1H thermal
equilibrium polarization and 99.3% of equilibrium (RD = 5 × T1,H)
were estimated in a series of 1H MAS experiments (Figure S4A,B),
repolarization delay (trep) was set as 2 × T1,H, the contact time of
single CP step (tcp) was optimized in a series of 29Si MCP
experiments when the number of CP period (m) was fixed at 1
(Figure S4C), and then, m was optimized using the optimal tcp from
the previous step (Figure S4D). The optimal parameters were chosen
to maximize the 29Si intensity of the Q3 group, as it is the main
contributor for HB, and to enhance the Q4 group to a moderate level.
If not stated otherwise in the figure caption, the following acquisition
parameters were used for the pulse sequences shown in Scheme 1A−
C: RD = 3 s, trep = 1 s, 1H−29Si 90° pulse lengths of 2.9/5.0 μs, spin
lock field strength (B1) on the

29Si channel during CP was 50 kHz and
a ramp pulse (34 to 60 kHz) on the 1H, all CP durations tcp were set
to 10 ms for MCP and MCPi (including the last inverse 29Si → 1H
CP period), six CP contacts (m = 6), two long low-power saturation
pulses (90° out of phase) for proton (tsat = 0.5 s), and a total
accumulation of 4096 scans for each spectrum. In addition, the
number of t1 increments for 1H−29Si 2D HETCOR was 128 with an
accumulation of 64 scans for each increment. Note that a delay of 1 s
was inserted before the last 29Si 90° pulse in Scheme 1A
(corresponding to tsat × 2 in Scheme 1B,C). The 1H MAS spectra
shown in the next section were acquired with RD = 2 s and four scans.
All solid and liquid NMR spectra were processed in TopSpin 4.0
software.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of (Modified)
SBOs. SBO is a triglyceride whose three fatty acid chains are a
mixture of saturated, linolenic, linoleic, and oleic acyl groups
(Figure 1).49−51 The percentages of these acyl groups are
slightly different depending on the variety of the soybean crop
as well as the region and conditions of production.51 The

Table 2. Composition of Silica-Filled Model Rubber
Compounds Used for Performing the Mixing Tasksa

model rubber compounds

basic composition
(phr): “SBR + silicab

+ TDAE”
additional
oils (phr)

TDAE−silica−SBR (100 + 65 + 20)

SBO−silica−SBR (100 + 65 + 13.5) SBO (6.5)

SBO-E20−silica−SBR (100 + 65 + 13.5) SBO-E20
(6.5)

SBO-E20(13 phr)−silica−SBR (100 + 65 + 7.0) SBO-E20
(13)

SBO-E40−silica−SBR (100 + 65 + 13.5) SBO-E40
(6.5)

SBO-E50−silica−SBR (100 + 65 + 13.5) SBO-E50
(6.5)

SBO-E75−silica−SBR (100 + 65 + 13.5) SBO-E75
(6.5)

SBO-E100−silica−SBR (100 + 65 + 13.5) SBO-E100
(6.5)

SBO(20 phr)−silica−SBR (100 + 65 + 0) SBO (20)

SBO-E50(20 phr)−silica−SBR (100 + 65 + 0) SBO-E50
(20)

SBO-E100(20 phr)−silica−SBR (100 + 65 + 0) SBO-E100
(20)

SBO-E100(20 phr)−d-silica−SBR [100 + 65(d) + 0] SBO-E100
(20)

a
“phr” is a relative weight unit referring to part(s) per hundred parts
of rubber, where the 100 phr SBR is equal to 39.7 g. bh-Silica was
used in all cases except where (d) is indicated, implying the use of d-
silica instead.
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double bonds on the latter three acyl groups are the reactive
groups in an epoxidation reaction (Figure 1). The
experimental protocol for epoxidation of vegetable oils
(including SBO, palm oil, sunflower seed oil, etc.) is well
established in the literature.5,18−21,52 In this work, the degrees
of epoxidation of epoxidized SBOs (SBO-E) were quantified
by 1H liquid-state NMR (Figures S5 and S6) and are reflected
in the materials’ names. For example, SBO-E50 provides an
epoxidation level of approximately 50% (Table S1). Specifi-

cally, the degree of epoxidation was calculated based on the
decrease in the integration of the double-bond protons, that is,
peak Hg (5.3−5.7 ppm) (Figure 1). The spectral difference
between SBO-E100 synthesized in-house and the commercial
one (Figure S5, top) was observed to be negligible (100 vs
97%, Table S1). Throughout this work, SBO-E100 is referred
to the commercial one if not otherwise noted.
The structural characterization of these oils by 1D and 2D

NMR spectroscopy is also well known.12,15,17,20−22,49−51,53

Scheme 1. (A,B) Diagrams of the Pulse Sequences of 1H−29Si MCP ssNMR Experiments: (A) 29Si Detected (MCP), (B) 1H
(i.e., Inverse) Detection (MCPi), (C) 2D MCPi-HETCOR, and (D) Directions of Polarization Transfer: ① 1H → 29Si in (A)
and ②

1H → 29Si → 1H in (B)

Figure 1. Synthesis and 1H liquid-state NMR spectra of epoxidized SBOs. Notes: solvent = CHCl3 (residual of CDCl3).
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Overall, the assignments of 1H chemical shifts (Figure 1) for
the molecular structures of unmodified SBO and SBO-E100
were in excellent agreement with previous reports,20,49−51 and
1H−1H COSY-DQF provided further confirmation of the
connectivity between different functional groups within the
molecular structures (Figure S7).
3.2. Adsorption of SBOs on the Silica Surface. The

adsorption of polymers, additives, and even medicinal
molecules onto silica surfaces has attracted considerable
attention in recent years because a molecular understanding
of the surface chemistry of silica is critical for designing high-
performance composite materials, efficient drug delivery
systems, and better catalysts for organic reactions.54−56

Therefore, the aim of this section is to better understand
what happens at the silica surface when process oils of different
chemical structures are mixed with silica via 1H−29Si CP (the
next section will be dedicated to interactions at the silica
surface within a rubber matrix). The oil-to-silica ratio was kept
constant at 1:10 by weight, which is a typical concentration in
the “green tire” technology.12,16,57 Here, the as-received silica
was partially deuterated (“d-silica”) in order to suppress the
dominating 1H NMR signals of the native surface species, that
is, physically adsorbed water and silanols. The first experiment
performed with these samples was standard 1H MAS ssNMR
(Figures 2 and S8, left columns). As can be seen in Figure S8
(bottom left), there were mainly three weak 1H peaks observed
for the bare d-silica (6−9, ∼4.7, and ∼3.8 ppm). The broad
peak in the 6−9 ppm range was attributed to residual
hydrogen-bonded silanols (HB-silanols), the peak at ∼4.7 ppm
to physically adsorbed water, and the peak at ∼3.8 ppm

possibly to weakly hydrogen-bonded silanols and possible
confined water.29−32,58 As for the SBO-adsorbed silicas (Figure
2), the dominating 1H peaks were those identified in the
liquid-state 1H spectra of the SBOs (Figures 1 and S5). For
example, the peaks Hg and Hf related to the double bonds were
still obvious for less-epoxidized SBOs, whereas the peak Hc

from acyl −CH2− groups was present for all SBOs. Moreover,
the peaks He, Hi, Hj, and Hj′ (i.e., −CH2− and −CH3 groups)
were merged into two broad peaks centered around 1.3 and 0.9
ppm, which were also present in the sample of TDAE@d-silica
(Figure S8, top-left).
The second experiment performed on the SBO-adsorbed d-

silicas was {1H−}29Si MCP NMR (Figures 2 and S7, middle
columns). As mentioned in the Introduction, one of the
advantages of using the MCP-block is its ability to achieve
similar 29Si polarizations even though there are different
abundances of the 1H-species present on the silica surface. As
can be seen in the {1H−}29Si MCP spectra (Figures 2 and S7,
middle columns), the signal-to-noise ratios for the silanediol
(Q2, −90.8 ppm), silanol (Q3, −101.7 ppm), and siloxane (Q4,
−111.2 ppm) peaks are very similar from sample to sample.
The relative ratio between Q3 and Q4 was also very similar for
all samples except the bare “d-silica” (slightly higher).
Moreover, a series of 1D {1H−29Si−}1H MCPi experiments

were carried out (Figures 2 and S8, right columns). These
experiments were aimed at locating the organic groups in close
proximity to the silica surface. The 1H one-pulse spectrum of
the bare “d-silica” (Figure S8, bottom left) is different from its
{1H−29Si−}1H MCPi spectrum in terms of the relative peak
intensity. For example, the intensity of the HB-silanols (6−9

Figure 2. Left to right columns: 1H MAS, {1H−}29Si MCP, and {1H−29Si−}1H MCPi spectra of SBO-adsorbed d-silicas. Note: Q2/Q3/Q4 =
geminal/silanol/siloxane groups, respectively. The {1H−29Si−}1H MCPi spectrum consists of two regions: (I) the native groups, i.e., silanol and
physisorbed water; (II) the adsorbed organic groups, i.e., methylene and methyl.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c01280
Langmuir 2021, 37, 10298−10307

10302



ppm) is higher in the MCPi spectrum than in the one-pulse
spectrum, as expected, due to the fact that the HB-silanols’
protons are closer to the surface 29Si than the physisorbed
water (∼4.7 ppm). For the raw “d-silica”, the 2−0 ppm region
of the {1H−29Si−}1H MCPi spectrum is essentially as flat as
the spectral baseline (Figure S8, bottom right). In contrast, in
the {1H−29Si−}1H MCPi spectra of the SBO-adsorbed d-
silicas (Figure 2, right columns), the intensities of the “−

CH2−” and “−CH3” peaks increase with a higher degree of
SBO epoxidation. These {1H−29Si−}1H MCPi spectra consist
of two regions (I/II). “Region I” covers the 1H peaks of native
species on the silica surface, whereas “region II” covers the 1H
peaks of “−CH2−” and “−CH3” groups that are associated
with the adsorbed oils. Although other peaks (such as those for

Hg, Hc, Hf, or Hg′) from the process oils might also be hidden
under the broad “region I”, their contributions to the
deconvoluted peaks (Figure S9 and Table S2) can be largely
neglected because the intensities of these peaks are
significantly smaller than those of the −CH2−/−CH3 groups
(Figures 2 and S8, left columns) and, therefore, much smaller
than those of the silanols and physisorbed water.
Since the mass ratio of SBO to d-silica in these oil-adsorbed

silica samples (Figure 2) was fixed and the only difference
between these samples was the degree of epoxidation, the ratio
of 1H integral region-II to region-I (AII/AI) could, therefore,
serve as a semiquantitative measurement of the SBOs−silica
adsorption affinity. As expected, the more epoxidized the SBO
is, the higher affinity it has (Table S2 and Figure 3A), that is,

Figure 3. (A) Correlation between the silica−SBO adsorption affinity and the degree of epoxidation of SBOs. (B) Proposed mechanism for the
increased silica−SBO adsorption affinity with increasing degrees of epoxidation. The hydrogen bonding interaction between CO and silanol
groups was proposed in the recent literature10 and supported in this work by the observed adsorption affinity of SBO as compared to the baseline
value measured on the bare d-silica (i.e., 0.024 vs 0.009, see Table S2).

Figure 4. (A) 1H−29Si MCPi-HETCOR spectrum of SBO-E100@d-silica: for clarity, the projection on the 29Si dimension is an external one using
the corresponding {1H−}29Si MCP spectrum from Figure 2. (B) Cross sections along the indicated vertical lines of (A).
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SBO < SBO-E20 < E40 < E50 < E75 < E100. The TDAE oil
has an adsorption affinity similar to SBO (Table S2). This
correlation of adsorption affinity with the epoxidation degree
can be explained by the HB interactions between the epoxy
and the silanol groups. The more epoxidized the SBO is, the
more epoxy groups it has, the more HB bonds can form
between the SBO and silica, and the closer the glyceride chain
is drawn to the silica surface (Figure 3B).
The close proximity of epoxidized SBOs to the silica surface

was revealed by the proton-detected 2D 1H−29Si HETCOR
experiment (Figure 4). As can be seen, the “−CH2−” and “−

CH3” cross peaks are centered around the Q3 peak (though
one is slightly shifted toward the Q2 peak, while the other
slightly shifted toward Q4). These results confirm that the Q3

group on the silica surface is the main contributor for the
SBOs−silica interaction.
3.3. Effects of Epoxidation on Mixing Energy. In this

section, we assess the significance of the semiquantitative index
of adsorption affinity in industrial scenarios, that is, elastomer
processing. To this end, we recorded the mixing energies for
two sets of model rubber compounds, prepared by partial (6.5/
13 phr) or full (20 phr) substitution of TDAE by SBOs (Table
2 and Figure S10).
Higher torque response during mixing indicates higher

rubber compound viscosities, while a torque value that remains
constant with time is interpreted as indicative of the realization
of a homogeneous rubber compound. Three representative
torque−time evolution curves are shown in Figure 5. In step ①,

there is only rubber present, so the torque responses are
effectively identical for all the samples. After the silica and oils
are added (Figure 5, step ②), the torque responses began to
differ. After two cycles of ram-down pressing [Figure S2, part
(a)], the torque response for the SBO-E100-containing
compound levels out (Figure 5, step ⑤), indicating that
homogeneity is reached. These effects of SBOs on the torque
response of rubber compounds were consistent with a recent
report by Datta Sarma et al.59 By visual inspection, the texture
of the prepared rubber compounds (Figure S10) where TDAE
oil has been partially substituted by SBO-E100 appears more
homogeneous as compared to those containing only TDAE
(“TDAE−silica−SBR”) or nonmodified SBO (“SBO−silica−
SBR”, “SBO(20phr)−silica−SBR”, and “SBO(20phr)−d-sili-
ca−SBR”).

As shown in Table 3, the mixing energies of model rubber
compounds vary with different concentrations (phr) of various

process oils. With the partial substitution of TDAE (i.e., by 6.5
or 13 phr SBO), there is a 4−8% reduction in mixing energy,
where the use of SBO-E100 leads to the largest reduction and
the use of unmodified SBO causes an increase instead (i.e.,
negative reduction). A plot of mixing energy versus the epoxy
concentration (and adsorption affinity index) shows a
decreasing trend (Figure 6). This trend is consistent with
the observations that epoxidized vegetable oils improved the
processability of silica-filled rubber compounds.10,12,59

One interesting addendum to this discussion is the fact that
when TDAE oil is fully substituted with (raw or epoxidized)
SBOs, the mixing energies are not significantly reduced (Table
3). Instead, the mixing energies increased by ∼8% when 20 phr
SBO or SBO-E100 was used in the place of 20 phr TDAE oil,

Figure 5. Torque evolution during the mixing of model rubber
compounds. ① Rubber is charged and masticated at a low speed; ②
silica and process oils are added; ③ all ingredients are mixed at a
higher speed; ④ the pressing ram is raised and lowered (twice); and ⑤
end of the preprogrammed mixing tasks.

Table 3. Mixing Energies of Different Model Compoundsa

model compounds mixing energies (kJ)

TDAE−silica−SBR 174.3 ± 1.7

SBO−silica−SBR 181.4 ± 1.2

SBO-E20−silica−SBR 174.5 ± 4.3

SBO-E20(13 phr)−silica−SBR 166.9 ± 1.8

SBO-E40−silica−SBR 165.0 ± 2.0

SBO-E50−silica−SBR 163.9 ± 0.3

SBO-E75−silica−SBR 164.7 ± 3.0

SBO-E100−silica−SBR 161.0 ± 2.3

SBO(20phr)−silica−SBR 188.9 ± 2.1

SBO-E50(20phr)−silica−SBR 171.0 ± 2.1

SBO-E100(20phr)−silica−SBR 186.6 ± 9.0
aUnless noted otherwise, all samples contain 13.5 phr TDAE + 6.5
phr TDAE or SBOs.

Figure 6. Effects of epoxy concentration (bottom X-axis) and
adsorption affinity (top X-axis) on the mixing energies (Y-axis) of
model rubber compounds (formula = SBR +13.5 phr TADE + 6.5 phr
SBOs). Note that the spacing on the top X-axis is not linearly scalable
with the epoxy concentration (bottom X-axis) due to the nonlinear
relationship between the adsorption affinity and the degree of
epoxidation seen in Figure 3A. The solid line serves as a guide to the
eye.
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while the reduction brought about by the use of 20 phr SBO-
E50 is marginal. This phenomenon is probably due to the dual
role of process oils, that is, hydrophobization and plasti-
cization.5,8,10,12,16 On the one hand, the adsorption of process
oils on the silica surface renders it more hydrophobic
(compared to the native surface covered by silanols and
physisorbed water) and thus increases the compatibility
between silica and SBR. As a result, the incorporation of silica
is facilitated. On the other hand, the oil molecules also act as
plasticizers, aiding in the mastication of SBR by reducing its
viscosity. This dual role of process oils could explain why the
complete replacement of TDAE oil by SBO-E50 leads to a
lower mixing energy than the complete replacement by
unmodified SBO or SBO-E100: (1) unmodified SBO is
more soluble in the rubber phase but experiences limited
adsorption on the silica surface, meaning that silica−rubber
friction is not significantly reduced; (2) SBO-E100 has a
greater affinity to the silica surface but is more polar than the
unmodified SBO, making it less compatible with the rubber
matrix and less efficient as a plasticizer; (3) SBO-E50 provides
intermediate levels of both hydrophobization and plasticiza-
tion, resulting in a reasonable efficiency in both roles and
reducing mixing energy. In contrast, when considering only
partial replacement of the TDAE oil, the TDAE oil is posited
to take on the role of the primary plasticizer, making the
adsorption-induced silica hydrophobization by the (modified)
SBO the primary determinant of the mixing energy.
Finally, an attempt (Figure S11) was made to perform the

same set of ssNMR experiments (as shown in Figure 2) on
rubber compounds, in which molecular interactions are
assumed to be much more complex. It was found that the
AII/AI ratio of SBO-E100 was much smaller in the rubber
compound (Figure S11, top row) than in the simple mixture
with d-silica (Figure 2) even after the mass ratio of SBO-E100
to d-silica has been increased from 1:10 to ∼1:3 (20 phr:65
phr), indicating that the amount of SBO-E100 located at the
silica surface is lower in the compound than in the mixture.
This likely results from the partitioning of the SBO-E100 oil
between the rubber phase and the silica surface. In addition,
the results shown in Figure S11 also suggest that deuteration of
the silica is greatly helpful for observing the weak 1H aliphatic
group signals (i.e., region II of the MCPi spectra as shown in
Figure 2). The production of actual rubber compounds using
d-silica, while not practical in this work, could represent a long-
term strategy for gaining a better understanding of what
happens in such compounds.

4. CONCLUSIONS

In order to establish structure-to-property relationships
describing the behavior of process oils in the context of
silica-filled rubber processing, we proposed to semiquantita-
tively measure the adsorption affinities of a series of SBOs
using a ssNMR technique called {1H−29Si−}1H MCPi. The
results showed that the mixing energies of model silica-filled
rubber compounds correlate very well with the adsorption
affinities of the SBOs, which confirmed a long-held hypothesis:
the vegetable oil−silica interaction is responsible for aiding the
rubber processing. One of the major limitations encountered
within this study was related to the deuteration of the silica
surface, the imperfection of which caused certain difficulties in
the spectral fitting and in observing the remaining sites of
SBOs on the silica surface. In future studies, one could
consider a more sophisticated deuteration procedure such as

applying sonication and using other more efficient deuterating
agents. Overall, the findings shown in this study open up a
wide range of opportunities for the semiquantitative study of
surface interactions, such as the interactions of medicinal
molecules, polymers, additives, and catalysts with silica/silicate
in the applications of drug delivery, nanocomposite materials,
and high-performance catalysts.
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