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ABSTRACT: Nano silica is generated in situ inside the uncrosslinked chloroprene rubber (CR) by the sol-gel reaction of tetraethoxysi-

lane (TEOS). This results in appreciable improvement in mechanical properties of the CR composites at relatively low filler content.

Furthermore, exploitation of reactive organosilanes, g-aminopropyltrimethoxysilane (g-APS) in particular, in the silica synthesis pro-

cess facilitates growing of spherical silica particles with a size distribution in the range of 20-50 nm. The silica particles are found to

be uniformly dispersed and they do not suffer from filler-filler interaction. Additionally, it is observed that the silica particles are

coated by silane and rubber chains together which are popularly known as bound rubber. The existence of the bound rubber on silica

surface has been supported by the detailed investigations with transmission electron microscopy (TEM), energy filtered transmission

electron microscopy (EFTEM) and energy dispersive X-ray spectroscopy (EDAX). The interaction between rubber and silica, via bi-

functionality of the g-APS, has been explored by detailed FTIR studies. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43717.
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INTRODUCTION

Replacement of conventional reinforcing fillers such as carbon

black and silica, which are used in bulk amount in elastomer,

by a small amount of nanofiller is of immense interest in the

area of elastomeric composites. Consequently, tremendous

research activities have been oriented in this direction.1–3 Silica

was focused as an alternative of carbon black, due to its several

advantages, in few decades back. The fundamentals of reinforc-

ing mechanism of silica into rubber matrix are very much influ-

enced by the state of silica dispersion into rubber matrix and

the interaction between rubber and silica. Silica dispersion and

filler network into rubber matrix mostly depends on rubber–fil-

ler interaction.4–7 The concept of bound rubber helps to iden-

tify the strength of rubber–filler interaction and consequently

the reinforcement effect. Strong affinity of chloroprene rubber

(CR) towards silica particles, in externally silica filled CR com-

posite, that arises due to formation of hydrogen bonding

between the chlorine atom of CR and surface hydroxyl groups

of silica is documented in literature.8 Also, there are few reports

on the improvement of properties of silica filled rubber like NR

and EPDM by addition of a small amount of CR owing to

strong CR–silica interaction that improves the silica dispersion

and mechanical properties of the composites.9,10 In this context,

role of sol–gel derived nanosilica, generated in situ in the CR

matrix, in improving the silica dispersion and mechanical prop-

erties of the CR composites appears to be very promising.6,11,12

In the present work, a small amount of nano silica is allowed to

grow in situ inside the CR matrix and the extent of improve-

ment in the composite properties, relative to unfilled composite,

is found to be better than what is reported in literature for sim-

ilar composites but filled with externally added commercial

silica.8 The significance of this result is that the improvement is

brought by much less amount of silica (up to 10 phr) than the

amount used in case of externally filled CR–silica composites

(30 to 40 phr). Furthermore, this reinforcing effect becomes

much more pronounced by treating silica with organosilanes

during their in situ generation into CR matrix by sol–gel

method. It may be noted that organosilanes are well known as

Additional Supporting Information may be found in the online version of this article.
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surface modifier of silica and used for the enhancement of sur-

face reactivity of silica towards the rubber matrix. Although

many works are reported on the role of silane coupling agents

(organosilanes) in enhancing the reinforcement effect of silica

for different rubbers, however focus on CR is relatively limited

in this regard.13–18 In the present work, two different trialkox-

yorganosilanes viz. g-aminopropyltrimethoxysilane (g-APS) and

g-mercaptopropyltrimethoxysilane (g-MPS), having different

functional groups at one of their ends, are employed (Figure 1).

Selection of the organosilanes was based on the reactivity of the

respective functional groups towards the rubber matrix and it

was anticipated that different functionalities of these organosi-

lanes would influence the structural morphology of the silica

particles in different ways. It may be mentioned that the exis-

tence of a strong interaction between CR and aminosilane was

established in the studies on the moisture curing of CR by g-

APS.19,20 For the other organosilane i.e., g-MPS, it was believed

that the presence of a mercapto group at one of the ends would

form linkages with allylic double bonds of CR and would par-

ticipate in sulfur vulcanization.

It is worthy to mention that the effect of bound rubber on the

properties of filled rubber composites has been studied since

long. It is a well known fact that the strong rubber–filler inter-

action leads to the formation of bound rubber content on the

surface of filler which may take place via physorption, chemi-

sorption or mechanical interaction.21 A bound rubber model was

suggested in several reports where tightly and loosely bound

rubber, surrounding the filler particles, had been shown to act

as an additional crosslink in the rubber matrix.22–26 In this

study, an effort has been paid to visualise the bound rubber on

the surface of the silica particles by detailed morphological

investigation.

EXPERIMENTAL

Materials

Chloroprene rubber (LANXESS Baypren 116, XD grade) used in

this work was obtained from Heritage Rubber (Nagpur, India).

TEOS (Tetraethoxysilane 98%) and n-butylamine were pur-

chased from Acros Organics (New Jersey, USA). Silane coupling

agent’s viz. g-MPS (g–mercptopropyltrimethoxysilane 99%) and

g-APS (g–aminopropyltrimethoxysilane 99%) were purchased

from Aldrich (USA). Tetrahydrofuran (THF) and toluene were

purchased from Fischer Scientific (India). Other curatives like

sulfur, ZnO (zinc oxide), MgO (magnesium oxide), stearic acid

and CBS (N-cyclohexylbenzothiazole-2-sulfenamide) were col-

lected from Sara Polymer Pvt. Ltd. (Nagpur, India). ETU (Eth-

ylene thiourea) was purchased from National chemicals (India).

In Situ Silica Generation into Chloroprene Rubber by

Sol–Gel Process

Silica particles were generated and grown in situ into unvulcan-

ized CR by sol–gel process. 30 g of CR was dissolved in 400 mL

THF and the mixture was stirred by mechanical stirrer till its

complete dissolution. Silane coupling agent (g-APS or g-MPS)

in calculated amount was added for different sample as modifier

(formulation given in Table I) and stirred for 1 hour at room

temperature for homogeneous mixing. Tetraethoxysilane (TEOS,

silica precursor), water and n-butylamine (as a catalyst) were

added one by another, where TEOS to water mole ratio was

maintained at 1:2 and the catalyst concentration was 0.2 moles

with respect to TEOS. The whole mixture was then stirred for 3

hours at room temperature followed by gelation at room tem-

perature for 4 days. Then it was vacuum dried at 50 8C till

Figure 1. Scheme showing interaction between CR and silica. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Table I. Formulationa of Rubber Compounds in phr (Parts by Weight per Hundred Parts of Rubber)

Compound name Unfilled In Si-4 In Si-6 In Si-8 In Si-10 In Si-10 1 g-MPS In Si-10 1 g-APS

CR 100 100 100 100 100 100 100

In situ silica – 4 6 8 10 10 10

g-MPS – – – – – 1 –

g-APS – – – –– – – 1

a Other curatives: ZnO-5; MgO-4; Stearic acid-1; CBS-1; Sulfur-2; ETU-0.5.
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constant weight is reached. Amount of TEOS was varied to gen-

erate desired content of in situ silica for different samples.

Compounding and Vulcanization of In Situ Silica Filled

Rubber Composites

The curing formulation and silca content of CR composites are

given in Table I. Mastication of the in situ silica filled CR was

done on a two roll mill for 5 minutes followed by compounding

with other crosslinking ingredients for another 10 minutes. The

unvulcanized sheets were then press cured by compression

molding at 160 8C temperature for 25 minutes to obtain vul-

canized rubber sheet of 2 mm thickness.

Characterization Techniques

Stress–Strain Studies. Tensile tests of dumbbell shaped samples

were carried out using material testing machine (Zwick 1456,

Z010, Ulm Germany) with crosshead speed 200 mm/min (ISO

527). Hardness of the composites was determined on Shore A

scale by durometer (BSE testing machines, India).

Dynamic Mechanical Analysis. Dynamic mechanical analysis

was performed with an Eplexor 2000N dynamic measurement

system (Gabo Qualimeter, Ahlden, Germany) using a constant

frequency of 10 Hz in a temperature range 2100 8C to

1140 8C. Analysis was done in the tension mode. For the mea-

surement of the complex modulus, E*, a static load of 1% pre-

strain was applied and then the samples were oscillated to a

dynamic load of 0.5% strain. Measurements were done with a

heating rate of 2 8C/min under liquid nitrogen flow.

Transmission Electron Microscopy. Morphology of composites

was studied by transmission electron microscopy (TEM) by

ultrathin sections of the samples which was cut by ultramicro-

tome EM UC6/FC6 (Leica) at about 2150 8C and images were

obtained using a TEM Libra 200 (Carl-Zeiss) with an accelera-

tion voltage of 200 kV.

Scanning Electron Microscopy. Scanning electron microscopy

(SEM) images of the filled composite were obtained by using

field emission scanning electron microscope (SEM; Zeiss Ultra

Plus; Carl Zeiss Microscopy GmbH, Jena, Germany) equipped

with an energy-dispersive X-ray spectrometer (EDX; Quad

XFlash 5060, Bruker Corporation, Billerica, MA) at an accelera-

tion voltage of 3 kV. The samples were cut with an ultramicro-

tome and were sputter coated with 3 nm platinum.

FTIR Spectroscopy. FTIR spectra of prepared rubber samples

were recorded in attenuated total reflectance mode (ATR) by

Nicolet Magna IR 750, series-II FTIR spectro-photometer. All

the measurements were recorded in the scan range of 400 cm21

– 4000 cm21.

Swelling Studies. Swelling measurements of the composites

were carried out by soaking the cured sheet of dimension about

(20 3 20 3 2 mm) in toluene for 7 days at room temperature.

After each 24 hour, solvent was changed with fresh toluene.

Sheets were removed after seven days and solvent on the surface

were blotted with blotting paper and weight of the sheets were

noted on analytical balance. Degree of swelling (Q) was deter-

mined by the following eq. (1).27

Q %ð Þ5 Ws2Woð Þ=Wo3100 (1)

where, Ws is the weight of sample after swelling and Wo is the

weight of sample before swelling. Crosslink density m, defined

by the number of elastically active chains per unit volume, was

measured by Flory-Rehner eq. (2) affine model.28

m52 ln 12Vrð Þ1Vr1vV 2
r

� �
=Vs V

1
3
r 2Vr

�
2

� �
(2)

where, Vs is the molar volume of the toluene (106.2), Vr is the

volume fraction of rubber in swollen gel and v is the Flory-

Huggins (CR-Toulene) interaction parameter, which is 0.342 for

CR-toluene system.28

RESULTS AND DISCUSSION

In general, the state of filler dispersion and rubber–filler interac-

tions play crucial role in influencing the mechanical properties

of the elastomeric composites. In this study, silica and CR along

with two silane coupling agents viz. g-APS or g-MPS have been

judiciously selected for the preparation of silica filled CR com-

posites to investigate the direct effect of rubber–filler interac-

tion, brought by in situ derived nano silica, on the

reinforcement of the CR composites. Indeed, the magnitude of

the reinforcing ability of in situ silica has been found to be

directly dependent on the interaction between rubber and filler.

Chemical interactions between CR and silica with and without

coupling agent are described in Figure 1. As can be found in

Figure 2 and Table II, the stress–strain property of the silica

filled CR composites gradually improves with the increase in

silica content in the composite. A significant improvement of

100% and 300% modulus values at 10 phr of silica relative to

unfilled CR composite is clearly evident. Similarly, shore A

hardness values of the in situ silica filled composites are found

to increase consistently with increase in filler content (Table II).

It is worthy to mention here that the reinforcing character of

externally added silica (precipitated silica) is generally

Figure 2. Stress–strain curves of unfilled and filled composites. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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appreciable at relatively higher silica content (30 to 40 phr of

silica or even higher) and the system also needs silane coupling

agent as reported.8 But in present case, the reinforcing character

of in situ derived silica becomes very much significant at rela-

tively lower loading of silica (up to 10 phr) and even without

using any silane coupling agent. The improvement in mechani-

cal properties is attributed to the combined effect of strong rub-

ber filler interaction, arising from formation of hydrogen bonds

between silanol groups of silica with electronegative chlorine

atom present in CR, and increased crosslink density along the

series (Table II).8–10

A further improvement in the mechanical properties of CR com-

posites is brought by using g-MPS and g-APS as coupling agents.

It can be observed in Figure 2 that g-APS improves the stress–

strain behavior to a considerable extent whereas the effect of g-

MPS is rather limited at 10 phr silica content. g-APS treated in

situ silica filled composite shows much higher modulus and tensile

strength over g-MPS treated in situ silica filled composite. This is

attributed to the uniform and homogenous dispersion of in situ

silica as well as a direct grafting of rubber chains on the surface of

silica particles in the former case (discussed later). Such adsorption

of loosely bound rubber on silica surface via interaction of Cl of

CR and free amino group of g-APS, already grafted on silica sur-

face, results in additional crosslinks (Figure 1, Table II).

To evaluate the reinforcement effect brought by in situ silica in

CR composite, the enhancement in Young’s modulus of the

composites (considered at the low strain where linear stress–

strain relation is followed) are evaluated according to the modi-

fied Guth-Gold equation [eq. (3)].24–26

Ec

Eo

5112:5u114:1u2 (3)

where Ec and Eo are the tensile modulus of the filled and

unfilled composites respectively. Ec/Eo is termed as the modulus

enhancement and u is the calculated volume fraction of silica

in filled composite.

First, the predicted curves for each set, i.e., composites filled

with varying amount of untreated, g-APS treated and g-MPS

treated silica (upto 10 phr) were obtained by putting the calcu-

lated u values in eq. (3). The predicted values are found in the

same range for each set of composites. Next, actual modulus

enhancement values for each set are plotted against correspond-

ing volume fraction. For this purpose, Young modulus value of

each sample (prepared separately) was determined from stress–

strain measurement. The experimental values of modulus

enhancement (Ec/Eo) are found higher than those of the pre-

dicted values for all three sets of composites (Figure 3) and

maximum for g-APS treated silica filled composites. The experi-

mental data are given in Supporting Information Table I. For

each set, the curve that fits best to the experimental data was

determined by putting optimum value of u in eq. (3) that has

been done by trial and error. Thus, it is found that u � 2, 3

and �5 for the series of untreated silica, g-MPS treated silica

and g-APS treated silica filled composites respectively. This

clearly suggests that silane treatment of silica enhances the ten-

sile modulus of composites and the influence of g-APS is more

than that of g-MPS. The value u � 5 for g-APS treated compo-

sites means enhancement in young modulus is much higher

than predicted values and the eq. (3) holds good for this series

with five times higher the coefficients (2.5 and 14.1) value. So it

can be concluded that it is not only the hydrodynamic effect of

the rigid filler that causes modulus enhancement but rubber fil-

ler interaction and adherence of silane chain on the silica sur-

face, that results in effective increment in volume fraction, also

contribute to the modulus enhancement as revealed in this

Table II. Stress–strain, Hardness and Crosslink Density Values of Unfilled and Filled Composites

Sample Code Unfilled In Si-4 In Si-6 In Si-8 In Si-10 In Si-10 1 g-APS In Si-10 1 g-MPS

r50% (MPa) 0.90 0.95 0.98 1.05 1.14 1.16 1.19

r100% (MPa) 1.21 1.31 1.38 1.44 1.74 1.91 1.62

r200% (MPa) 1.83 2.04 2.28 2.59 3.09 3.92 3.08

r300% (MPa) 2.48 3.17 3.33 4.52 4.95 7.13 5.35

Tensile strength (MPa) 11.13 12.72 12.92 16.11 13.79 19.41 14.54

Hardness (Shore A) 61 65 66 71 75 72 73

Crosslink density
(m 3 104 mol/cc)

1.68 2.51 2.53 2.63 3.01 3.38 3.18

Figure 3. Plots of modulus enhancement (Ec/Eo) versus volume fraction

(u) for both predicted and experimental values for each set viz. untreated

silica, g-APS treated silica and g-MPS treated silica filled CR. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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graphical plot. It is reported in literature that the adsorption of

polymer chains to the nanofiller interface leads to a higher

apparent volume fraction of the swollen particles in the polymer

matrix.30

Dynamic mechanical behavior of the CR composites, studied

against temperature sweep at constant strain and frequency, also

supports the superior reinforcing character of in situ derived

sol–gel silica as observed in stress–strain study. Storage modulus

(E0) versus temperature plot [Figure 4(a)] shows that silica

incorporation causes increase in storage modulus in the rubbery

plateau region of the filled composite relative to that of the

unfilled one. Moreover, there is gradual increase in the modulus

values with the increase in silica content. This indicates better

rubber–filler interaction in silica filled composites that arises

due to very strong interaction between CR and silica. It may

happen that, increase in silica content increases the relative

amount of silanol groups on the silica surface. This increases

the interacting sites of silica with CR. As a result, stronger rub-

ber–filler interaction and higher crosslink density are developed

with increase in silica content that restricts the segmental

mobility of the rubber chains and leads to higher storage modu-

lus values. Effect of silanes (g-MPS and g-APS) on the dynamic

mechanical properties of 10 phr in situ silica filled composites is

depicted in Figure 4(b). The results reveal that further increase

in storage modulus is brought by the treatment with g-APS

while the effect of g-MPS is not so significant in this regard.

This clearly indicates that g-APS treatment of silica results in

further improvement in rubber–filler interaction. This is also

reflected in direct grafting of rubber chains on the surface of

silica particles in morphological study (discussed later). Increase

in crosslink density for this composite also contributes towards

storage modulus enhancement as well. The results matches very

well with the highest tensile modulus (r100% and r300%)

observed for this composite in stress–strain study. The glass

transition temperature (Tg) of the silica filled composites, as

observed in the tan d vs. temperature plot [Figure 4(c–d)],

remains almost unaltered with respect to that of unfilled com-

posite. Such findings are reported for reinforced CR11 and

styrene-butadiene-rubber (SBR)31 where Tg of the composites

are found to remain unaffected by the presence of silane

coupled silica particles. However, for the composite with g-APS

integrated in situ silica, maximum reduction in tan d peak

height is observed. This signifies the better reinforcement effect

and strong rubber–filler interaction for this composite.32,33 This

is attributed to the increased crosslink density, unifom distribu-

tion of fine spherical silica particles throughout the rubber

Figure 4. Temperature dependence of (a) storage modulus and (c) tan d of unfilled and untreated in situ silica filled composites at different silica load-

ing, (b) storage modulus and (d) tan d of unfilled, untreated and silane treated silica filled composites at 10 phr filler content. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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matrix in addition to coating of silane over the silica surface

which improves the rubber–filler interaction and constrains the

rubber chain mobility (confirmed in subsequent studies).

Figure 5 shows the plots of dynamic storage modulus over

dynamic strains. In general, a strong dependency of storage

modulus over the dynamic strain suggests occurrence of a

strong filler–filler network (Payne effect) in a highly filled sys-

tem. However, as in the present case the amount of silica (vol-

ume fraction) is much smaller, the filler–filler network is

expected to persist in a local area and not throughout the

matrix. From Figure 5, it could be noted that the strain depend-

ency of the dynamic modulus (Payne Effect) is not very promi-

nent indicating poor filler–filler network of the silica.

Furthermore, it is observed that the relative positions of the

dynamic modulus among the different filler systems are very

much dependent on the type of silica and silane coupling chem-

istry. The higher dynamic modulus indicates higher reinforcing

character of the fillers which is governed by the enhancement of

higher effective volume fraction of the fillers. This can be

explained if the hydrodynamic effect of the silica sphere is

stronger as compared with normal silica. In other words, when

the bound rubber on the silica surface is thicker the effective

volume fraction of the silica is increased. Relatively higher

dynamic modulus of g-APS treated silica system clearly indi-

cates more reinforcing character of the silica, in this case, which

is also corroborating the other observations, noted earlier.29

Morphology of the CR composites at 10 phr silica loading was

studied by TEM. Figure 6(a) shows the presence of spherically

shaped silica particles of different size in the CR matrix filled

with untreated in situ silica. Some particles with finer structure

with a dimension of few nm can also be found. The size of the

smaller particles lies in the range 40-70 nm, whereas the large

Figure 5. Dependence of storage modulus on dynamic strain of different

CR-in situ silica nanocomposites. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 6. TEM images of CR nanocomposites with 10 phr of Silica (a) Untreated in situ silica, (b) in situ silica 1 g-MPS, (c) in situ silica 1 g-APS, (d)

Close view of TEM image showing single silica particle with adsorbed rubber chains (in situ silica 1 g-APS).
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silica aggregates are of 200–500 nm size. Silane integration of

silica in reactive sol–gel method influences the size of silica par-

ticles remarkably. A reduction in the agglomeration as well as in

the size of silica particles is evident in both g-APS and g-MPS

based systems. In g-MPS treated composite, smaller particles

show the size distribution in the range of 30-50 nm and larger

aggregates in the range of 100–200 nm [Figure 6(b)]. Notably,

reduction in particle size and agglomeration are much more

pronounced in case of g-APS system, where the shape and the

size of silica particles are found to be more uniform with the

narrower size distribution ranging around 20-50 nm [Figure

6(c)]. This suggests that different functionality of two organosi-

lanes (g-APS and g-MPS) and their chemistry with the rubber

matrix play an important role in tuning the final structure of

the silica particles.34,35 In case of g-APS, most probably, the

presence of basic amino group increases the rate of hydrolysis

and condensation of TEOS (silica precursor) that contributes to

better filler dispersion with simultaneous reduction in size.35 A

more critical inspection to one of the enlarged image [Figure

6(d)] of g-APS treated silica filled composite reveals very dis-

tinct features of the silica particles with a hard core and diffused

shell morphology. It can be assumed that the rubber chains are

adsorbed on the surface of hard silica particles due to very

strong rubber–filler interaction via bridging g-APS and form a

layer type arrangement surrounding the spherical silica particle.

This also helps in preventing the self assembling of silica par-

ticles to form large aggregates into rubber matrix.

Increase in bound rubber content (for CR) after external modi-

fication of silica by g-APS is reported in literature although

existence of bound rubber is not visualized by detailed morpho-

logical study.13 To establish the existence of bound rubber over

silica surface, scanning electron microscopy equipped with

energy dispersive X-ray spectroscopy (SEM EDS) was performed

for a selected sample (untreated) and the results are shown in

Figure 7. It is evident here that the chlorine (Cl) atom is uni-

formly distributed over the rubber matrix. It can also be seen

that the outer surface of the silica particles appears to be

brighter compared to the core part of the silica particles. This

indicates the presence of chlorine atom on the outer surface of

silica particles and suggests that the CR chains are adsorbed on

the silica surface. This is attributed to the strong interaction

between chlorine atom of CR and surface silanols of silica (Fig-

ure 1). More details are given in FTIR discussion.

The coating of organosilane over silica surface present in the in

situ silica filled g-APS treated CR matrix is further evidenced by

EFTEM study. A zero loss image, obtained from EFTEM study,

of g-APS treated CR – in situ silica filled composite at 10 phr,

[Figure 8(a)] shows the presence of rough edged spherical silica

particles uniformly distributed in the rubber matrix. The ele-

mental mapping of C, O, and Si atoms are shown in Figure

8(b,c,d) respectively. In the C mapped image, the denser (dark)

regions around the surface of silica particles (core) indicate that

the carbon atoms are uniformly covered over the silica par-

ticles.36 Furthermore, O mapping and Si mapping clearly show

appearance of brighter region at the same location, in addition

to center core region.37 So, the presence of C atom in combina-

tion with Si and O atoms on the surface of the silica particles

suggests the presence of organosilane (i.e., C, O and Si atom

from g-APS) on the surface of silica particles. This reveals the

core and shell morphology of the silica particles, where core

silica particles are surrounded by a thin layer of silane. Such

coating of silane derived by the in situ surface modification of

silica in the reactive sol–gel system is expected to play a crucial

role in enhancing the rubber–silica interaction and the mechan-

ical properties of the composites.

Here we would like to add that it has been a matter of challenge

and controversy to give a direct support in favor of the existence

of a thin rubber layers on the surface of solid particles as far as the

concept of bound rubber and related chain dynamics are con-

cerned. In several literatures the dynamics of such relatively rigid

glassy like layers are discussed.22–26 Nevertheless, in present case

the existence of such rubber chains on the silica surface is directly

evidenced through detailed morphological investigation.

Strong interaction between CR and silica via g-APS, that causes

adsorption of rubber chain on silica surface, is established by

FTIR analysis. FTIR spectrographs of the pure CR, g-APS

treated silica filled CR and g-MPS treated silica filled CR sam-

ples without any crosslinking additives are shown in Figure 9

and the characteristics bands are given in Table III. The IR

Figure 7. (a) Chlorine mapped SEM EDS image and (b) EDAX pattern of untreated in situ silica filled CR composite at 10 phr. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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spectrum of g-APS treated CR sample shows additional peaks

at 1580 cm21 (NAH bending), 680 cm21 (NAH wagging) and

1110 cm21 (CAN stretching) with reference to IR spectra of

others. Bands around 1100-1000 cm21 (SiAOASi stretching)

derived from g-APS are also noted.38 Furthermore, the intensity

of the bands at 670 cm21 and 550 cm21 (CACl stretching) and

at 485 cm21 (CACl in-plane bending) is diminished in case of

g-APS treated CR, as compared to those of pure CR.39 These

results confirm the existence of strong interaction between g-

APS and CR that arises via chlorine of CR and amine group of

g-APS. g-MPS treated CR compound shows almost similar

spectra as that of pure CR, except appearance of extra bands at

1100 cm21 due to SiAOASi stretching and broad peak in the

range 3200 cm21 to 3550 cm21 due to stretching of silanol

(AOH).34 So, in this case, there is no such interaction with CR

as found in case of g-APS.

Figure 8. Energy Filtered Transmission Electron Microscopy (EFTEM) images of g-APS treated CR – in situ silica filled composite at 10 phr: (a) Zero

loss image; (b) C map image; (c) O map image and (d) Si map image. [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 9. FTIR spectrographs of the pure CR, g-APS treated CR and g-

MPS treated CR. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table III. Characteristics Absorption Peaks in FTIR Spectra38,39

Wavenumber Assignment of peaks

485 cm21 CACl in-plane bending

670 cm21, 550 cm21 CACl stretching

3200 cm21 to
3550 cm21

Stretching of silanol (OAH group)

1100 cm21 SiAOASi stretching

680 cm21 NAH wagging

1580 cm21 NAH bending

1110 cm21 CAN stretching vibration
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The formation of well defined spherical silica particles into g-

APS treated silica filled CR matrix can be explained on the basis

of inverse micelle formation.12,40 The reaction between chlorine

atom of CR and amine group of g-APS results in the formation

of g-APS modified CR. This increases the length of hydrocar-

bon chain of g-APS at one side (hydrophobic end). On the

other side of g-APS, it has hydrolyzable trimethoxy groups

which after hydrolysis increase its polarity (hydrophilic end).

Thus, g-APS treated CR can behave like a surfactant and takes

part in inverse micelle formation. In rubber solution, hydro-

lyzed TEOS and water molecules form the core part of the

micelle while g-APS treated CR chain, as a surfactant, forms a

surface layer of the micelle, facing the polar hydrolyzed trime-

thoxy groups (hydroxyl) towards the centre of the micelle as

depicted in Figure 10. Eventually, hydrolyzed TEOS and hydro-

lyzed trimethoxy (hydroxyl) groups of g-APS get condensed to

form solid silica particles.40 As a result, g-APS treated CR chain

gets coated over the silica surface as observed in morphological

study [Figure 6(d)]. Such formation of a reverse micelle plays a

vital role in controlling the spherical morphology of the silica

particles which is schematically presented in Figure 10.

CONCLUSIONS

Finely dispersed nano silica is generated in situ into CR matrix

that brings appreciable improvement in mechanical properties

at much lower silica content (6-10 phr) in comparison to

reported results with externally silica filled composites (30-40

phr). This is attributed to uniform silica dispersion, strong

silica–CR interaction and increased crosslinking density as

revealed from morphological investigation, dynamic mechanical

analysis and swelling studies. Further improvement in silica dis-

persion, composite properties and rubber–filler interaction is

brought by in situ silane treatment of silica, with g-APS in par-

ticular. FTIR study establishes the strong CR–silica interaction

brought by bifunctionality of g-APS. TEM picture of g-APS

treated silica filled composite, at higher resolution, shows that

the silane and rubber chains are adsorbed on the surface of

hard silica particles and forms a layer type arrangement sur-

rounding it. The coating of bound rubber via organosilane over

silica surface is directly evidenced by SEM EDS and EFTEM

studies. Thus, g-APS appears to be an efficient surface modifier

for silica particles, when employed during in situ silica genera-

tion in CR matrix by sol–gel process, in controlling the spheri-

cal morphology of the particles in the nano range. Proper

formulation of such system comprising CR and silica with vary-

ing dosage of appropriate silane, could be very effective in deliv-

ering the improved composite properties.
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