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Abstract. The use of the silica / silane system inside a tire tread compound enables a 
significant improvement in the rolling resistance and the wet traction of the tire. In order to 
improve the performance of such a tread compound further, a deep understanding of the 
coupling mechanism of the silica to the polymer is essential. In this paper a new proposal for 
the picture of a modified silica surface is presented to understand this coupling of a silica via 
a silane towards the polymer in a tire tread compound in a better way.

Introduction

Silicas were used in tires starting in the early fifties, first to improve adhesion to steel and 
cord as well as to decrease the heat generation. Technological reasons have long prevented 
silicas from being used in tire compounds to a greater extent. Due to the presence of 
hydrophilic Si-OH groups on the silica surface, carbon black was considered to be more 
effective as reinforcing filler for rubber tire treads than silica used without a coupling agent. 
To overcome such a problem, bifunctional organosilanes have been developed. These 
bifunctional compounds are able to react with the silica surface as well as the polymer. One 
functional group is responsible for the coupling to the hydrophilic silanol function of the silica 
surface, the other one for the linkage to the hydrophobic polymer matrix (Fig. 1).i,ii 

Fig. 1: The Silica - Silane Reaction

A significant improvement of the rolling resistance and the wet traction can be reached by 
using such a silica / silane system instead of carbon black in a special S-SBR/BR polymer 
blend. A recent developed example for a modern silica / silane system in a passenger car 
tire tread formulation is the usage of highly dispersible silica like ULTRASIL® 7000 GR in 
combination with a mercaptosilane like Si 363®. 

The new EU tire labeling came into force in November 2012 and classifies tires due to their 
rolling resistance, wet traction and noise.iii  An “A / A” classification in the EU tire labeling in 



combination with an acceptable abrasion resistance can only be reached by using the silica 
/ silane system in the tire tread according to present knowledge. Therefore, a deep 
understanding about the silica / silane coupling reaction and the right choice of the silica and 
the coupling agent is essential. 

Current Theory about the Mechanism of the Silica / Silane Coupling

Several investigations were carried out to understand the mechanism and the influencing 
parameters of the silica / silane coupling reaction. Still until today, the proposed mechanism 
of Hunsche et al. is widely accepted (Fig. 2).iv In this theory, it is proposed that the coupling 
reaction follows a two-step mechanism: Firstly, the silane is hydrolysed by the presence of 
water and release ethanol. Secondly, the hydrolysed silane couples chemically by the 
release of water to a silanol group of the silica. This two-step mechanism is called the primary 
reaction. Finally, two neighbored silane molecules which are attached to the silica surface 
reacts with each other in the presence of water by the release of two molecules of ethanol. 
This reaction is termed the secondary reaction. 

Fig. 2: Current theory about the silica / silane couplingiv

Open questions about the silica / silane coupling mechanism

This above mentioned theory does not answer all questions about the underlying coupling 
mechanism. The following points need to be considered as well:

• Which silanol groups are reactive?

• How many silanol groups have reacted?

• Is the presence of water required for an efficient coupling?

• How is the accessibility of the Si-OH groups?



Which Silanol Groups are Reactive?

The silica surface contains beside the siloxane bridges different silanol groups: isolated, 
geminal and vicinal groups (Fig. 3).v

Fig. 3: Active groups at the silica surfacev

In a previous worki, the reaction between the conventional silica ULTRASIL® VN3 GR and 
the monofunctional silane triethoxypropylsilane (Dynasylan® PTEO) was analysed with a 
special IR operando technique. It was found out that the silane PTEO interacts specifically 
by hydrogen bonding with isolated (and geminal) silanol groups (Fig. 4), probably via a basic 
oxygen atom of ethoxy groups, to give rise to species 1 (Scheme 1). 
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Scheme 1: undissociated species

Fig. 4: Difference IR spectra of ULTRASIL® VN3 GR during the reaction with Dynasylan® 

PTEO (t = 0 - 45 min)i

This species is rapidly formed on the surface. PTEO can, on the other hand, react 
dissociatively with isolated (and geminal) silanols, giving rise to species 2: –Si-O-SiR(OEt)2, 



as proposed in the literature with alkyl trialkoxy silanevi. Species 2 is formed more slowly 
than species 1, but is more stable since it persists after flushing the sample with N2 at 435 
K. The vicinal silanol groups do not react with PTEO on the chosen conditions. This can be 
due to lower reactivity or lower molecular accessibility.

What does this mean for the current theory? In the theory it is stated that two neighbored 
silanol groups react both with silane to enable the secondary reaction. But if only the isolated 
and geminal SiOH groups have reacted, this first neighbored reaction does not occur (Fig. 
5). Therefore, the theory does not fit.

Fig. 5: Latest conclusions about the current theory about the silica / silane coupling by 
considering the reactivity of different silanol groups

How many silanol groups have reacted?

Considering that only the isolated and geminal silanol groups have reacted, the total amount 
of reacted silanol groups were calculated. From the ratio of the (+)OH band areas for 
silanol groups at 4530 cm-1, before and after reaction (Figure 6), and taking into account its 
constant molar absorption coefficientvii   the percentage of silanol groups reacting with silane 
is estimated to be about 25 %. Under the experimental conditions, the silanol groups involved 
in the anchorage of silanes are selectively the isolated (and probably the geminal) species, 
which explains why only 25 % of the total –OH-groups are involved in the formation of silane 
strongly bonded on the surface. This means that 75% of all Si-OH groups remain unreacted.

Fig. 6: Determination of the total amount of reacted SiOH groupsi



This leads to a further conclusion with regard to the proposed mechanism in Figure 2: The 
proposed final structure where all silanol groups have reacted seems to be wrong (Fig. 7).

Fig. 7: Latest conclusions about the current theory about the silica / silane coupling by 
considering the non-reactivity of vicinal silanol groups

Is the presence of water required for an efficient coupling?

It is reported in the literature that water increases the coupling efficiency of the silica / silane 
bondingiv.  Figure 8 shows that an increase in the moisture content of the silica from 4.2% to 
9% in a model system increases the coupling efficiency towards Si 69 significantly: At the 
lower moisture content only one ethoxy-group per Si-unit has reacted, but at the higher 
measured moisture content in average ca. 2.5 ethoxy-groups per Si-unit. 

Fig. 8: EtOH evolution depending on water content of silica during the reaction with Si 69 at 
140 °C in decaneiv 

The proposed mechanism is presented in Figure 9viii: Firstly, the presence of water results in 
a hydrolysis reaction at the Si-unit of the silane by the release of EtOH. Finally, the 
hydrolysed Si-unit undergoes a condensation reaction with a silanol group at the silica 
surface. 



Fig. 9: Proposed mechanism of the influence of water on the silanization reactionviii

But is the silanization reaction also possible in the absence of water even at lower 
temperature? A further study in a model system was carried out to answer this question. The 
reaction between a fumed silica and a silane was investigated at 20 °C. The pyrogenic silica 
had a moisture content of 0.4%. The reaction efficiency was evaluated using the pure silica 
and silica together with a small amount of water (Tab. 1). 

Tab. 1: Reaction conditions for the evaluation of the influence of water

Figure 10 shows the resulting TGA curves of the untreated silica, the reaction product of 
silica with silane and the reaction product of wetted silica with silane. The higher the weight 
loss in the TGA curve, the higher the degree of coverage of the silica surface by the silane. 
It is shown that the use of the pure silica without the addition of extra water leads already to 
a significant yield at room temperature. 

This leads to two possible conclusions: the presence of water enables even in a catalytic 
amount (due to the presence of 0.4% on the silica surface) a good coupling reaction. If the 
water content is increased, the rate of reaction is increased significantly. The yield after a 
given time and temperature is significantly higher in the presence of extra water.  



Fig. 10: TGA curve of the untreated silica, the reaction product of silica with silane and the 
reaction product of wetted silica with silane

To clarify the role of water finally, a further experiment was carried out:

In order to study whether the silica-silane coupling occurs in the absence of the moisture, 
the same pyrogenic silica grade was modified in a fluidized bed at 200 °C. The silica was 
fluidized with an inert gas in a glass column and kept at 200 °C for 1h prior to the reaction to 
remove the silica moisture. Subsequently, the fluidized particles were exposed to the 
vaporized silane for various times. Figure 11 confirms the successful deposition of the silane, 
resulting in ca. 3% of TGA weight loss. This observation confirms that the silica-silane 
coupling can take place not only without the addition of water, but also in the absence of the 
silica moisture.

Fig. 11: TGA weight loss of a gas phase modified silica in the absence of water compared to 
the unmodified silica

This investigation delivers a further hint that the current theory does not fit completely (Fig. 
12). 



Fig. 12: Latest conclusions about the current theory about the silica / silane coupling by 
considering the reaction possibility in the absence of water

The next question as a basis for a further evaluation of a new theory was the following: How 
is the accessibility of the Si-OH groups? A molecular model study was carried out, using the 
semi-empirical method PM3 (parameterized model number three) including Hyperchem 7.0 
softwareix (Fig. 13).

Fig. 13: molecular modelling of the accessibility of the Si-OH groupsix

A model reaction between a silica cluster and a mercapto-silane (Si 263®) was investigated. 
It shows that two Si 263® molecules can only react with two Si-OHs with a distance higher 
than 0.4 nm (=4 Å). This means that the number of silanes grafted on silica depends on the 
amount of isolated and geminal Si-OH groups and the distance that separates the isolated 
and geminal Si-OH groups. 

Taking this result into account, the current theory has to be further adjusted (Fig. 14). 



Fig. 14: Summary of the latest conclusions about the current theory about the silica / silane 
coupling 

The summary of the above described findings is the following:

• Silanes react exclusively with isolated (and geminal) SiOH

• About 25% of all Si-OHs have reacted = 75% Si-OHs remain

• Moisture supports the silanization reaction but a direct coupling seems to be also 
possible in the absence of water

• Two VP Si 263 molecules can only react with two Si-OHs with a distance higher than 
0.4 nm (=4 Å)

These results were now used to develop a new structure proposal for the modification 
reaction of the silica surface by silane (Fig. 15 and 16). Fig. 15 shows the different steps of 
the modification as a 2D view, Fig. 16 gives an impression of the finally modified silica in 3D. 
As a modifying agent TESPT (Si 69) is considered. The reaction starts by the adsorption of 
silanes at the silica surface, preferable at isolated and geminal Si-OH groups. Due to the fact 
that the precipitated silica surface contains water, a hydrolysis step is proposed. If there is a 
lack of water, also a direct coupling reaction is possible. Finally, the silane is coupled to the 
isolated and geminal silanol groups. The vicinal silanol groups remain unreacted, they are 
stabilized by internal hydrogen bonding. This status describes the primary reaction step. 



Fig. 15: New proposal of silanization reaction in 2D
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In the next step, described by the secondary reaction, further silane molecules are 
approaching and can react e.g. with a silane molecule which is already coupled to the silica 
surface. The uncoupled approaching TESPT molecule can react theoretically with all 
remaining ethoxy-groups at the already at the silica surface coupled TESPT molecule. One 
possible coupling is presented in Fig. 15 which leads to an additional shielding of the 
unreacted vicinal silanol groups. Considering in the next step, that at another place at the 
silica surface, a further silane has reacted with an isolated silanol, another side reaction 
between two already to the silica surface coupled TESPT molecules can occur. These are 
only two reactions which might occur, a lot more secondary reactions are possible.

Finally, this modified silica can couple to the polymer. This is presented at the bottom of Fig. 
15 and as a 3D image in Fig. 16. Also here, there is only one possibility shown for such a 
coupling, many other different ways are also likely. 

Fig. 16: New proposal of the silanization reaction in 3D

As a final proof that the silica is indeed covered by the silane and to visualize the silane 
grafted on the silica surface, the TEM elemental mapping was carried out on the silica 
modified with a silane coupling agent. The image is shown in Figure 17. It shows that the 
average size of the primary particles of modified silica is around 20 nm. The elemental 
mapping was obtained to identify the distribution of carbon (Fig. 17 (b)) and silicon (Fig. 17 
(c)) on the silica surface. After the silica-silane modification, Figure 17 (d) exhibited that a 
carbon layer (depicted in green) with a thickness of ≈ 1 nm were achieved on the silica 
surface (depicted in red). 

    



    
    

Figure 17. The TEM elemental mapping image from silane grafted silica

Conclusion

The use of the silica / silane system inside a tire tread compound enables a significant 
improvement in the rolling resistance and the wet traction of the tire. In order to improve 
the performance of such a tread compound further, a deep understanding of the coupling 
mechanism of the silica to the polymer is essential. In this paper a new proposal for the 
picture of a modified silica surface is presented to understand this coupling of a silica via a 
silane towards the polymer in a tire tread compound in a better way.
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