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ABSTRACT: Graft polymerization of vinyltriethoxysilane
(VTES) onto styrene-butadiene rubber (SBR) was carried
out in latex using benzoic peroxide (BPO) as an initiator.
The concentration of VTES effecting on vulcanization char-
acteristics, mechanical properties and thermal properties
of VTES-grafted SBR (SBR-g-VTES) were investigated. The
grafting of VTES onto SBR and its pre-crosslinking were
confirmed by attenuated total teflectance-Fourier transform
infrared reflectance and proton nuclear magnetic reso-
nance. The mechanism of graft polymerization was stud-

ied. The results revealed that the minimum torque,
optimum cure time, tensile strength, thermal decomposi-
tion temperature, and glass transition temperature (Tg) all
increased with the increasing concentration of VTES. But
the grafting efficiency of VTES, rate of vulcanization, and
elongation at break of the SBR-g-VTES decreased. VC 2010
Wiley Periodicals, Inc. J Appl Polym Sci 119: 2808–2814, 2011
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INTRODUCTION

Styrene-butadiene rubber (SBR) is an important syn-
thetic rubber with some good properties such as
high strength, outstanding resilience, and high elon-
gation at break. However, SBR is quite sensitive to
heat and stress because of the presence of the double
bond on its backbone chains. These inherent draw-
backs of SBR have limited its application in indus-
try.1 So as to extend its use, physical mixing and
chemical grafting methods have been developed to
improve its properties. The chemical grafting of SBR
can be carried out in latex,2,3 solution,4 or solid
phase.5 Meanwhile, chemical grafting method pro-
vides a potential route for significantly altering the
mechanical properties and thermal stabilities of
SBR.6,7

Recently, many studies8–12 have shown that the
vinyl monomers grafted onto SBR can provide the
compatibility to the polymer matrix. However,
researches on the mechanical properties and thermal
stabilities of the grafted SBR are seldom reported.
As demonstrated by literatures,13–15 rubbers grafted
by organofunctional silane followed by its condensa-
tion reaction in hot latex can improve the mechani-
cal properties and thermal stabilities, finally to
improve its processing behavior.

In this study, graft polymerization of vinyltrie-
thoxysilane (VTES) onto SBR was carried out in latex
using benzoic peroxide (BPO) as an initiator. The
concentration of VTES effecting on vulcanization
characteristics, mechanical properties and thermal
properties of VTES-grafted SBR (SBR-g-VTES) were
investigated. The grafting of VTES onto SBR and its
pre-crosslinking were confirmed by attenuated total
teflectance-Fourier transform infrared reflectance
(ATR-FTIR) and proton nuclear magnetic resonance
(1H–NMR). Finally, the grafting mechanism was also
investigated.

EXPERIMENTAL

Materials

The SBR latex (SBRL1721, 25.9 wt % solid element,
60% butadiene content, 18.7% cis-1,4-polybutadiene,
32.9% trans-1,4-polybutadiene, 8.4% 1,2-polybuta-
diene content, 3% gel content, ML(Mooney
viscosity)(1þ4) of 55.73 at 100�C, Mw ¼ 3.568 � 105,
the medium particle size is 79.13 nm.) was received
from LAN Zhou Petroleum Chemical Industrial
(LAN Zhou, China). VTES (A-151) was provided by
Shandong Nan duo Silicone (Shandong, China). BPO
(CP) was supplied by Shan Pu Chemical (Tianjin,
China). Toluene was received from Tianjin Fuyu
Chemical (Tianjin, China). The blends of N-octyl-N-
Phenyl-q-phenylenediamine and 2,2,4-trimethyl-1,2-
dihydroquinoline (8PPD), methyl trialkyl ammo-
nium chloride (AM-2) and the condensation product
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on dicyandiamide and formaldehyde (TXD), were
supplied by LAN Zhou Petroleum Chemical Indus-
trial (LAN Zhou, China). Zinc oxide (ZnO), stearic
acid (SA), sulfur (S), and N-tere-butyl-2-benzothiazo-
lesulfenamide (TBBS) were commercial products
used as received.

Preparation of grafted SBR

The SBR latex was stirred for 30 min in 500 mL flask
under N2 atmosphere, followed by heating to 68–
70�C. The BPO and the VTES with required amount
were added into the reactor, stirring for 6h to finish
reaction. The SBR-g-VTES latex were agglomerated
by coagulants (8PPD, AM-2 and TXD), washed sev-
eral times with water, and finally dried in a vacuum
oven to remove water at 60�C for 24 h. The recipes
for the preparation of SBR-g-VTES are shown in
Table I.

Preparation of the vulcanized SBR-g-VTES

The curing agents and SBR-g-VTES were mixed with
appropriate proportion to get homogeneous blends
using two roll mills, and then the mixtures were put
into a stainless steel mould and hot pressed at
160�C, 10 MPa to prepare the vulcanized SBR-g-
VTES. Table II shows the compounding recipe of
SBR or SBR-g-VTES.

Measurement and characterization

Ungrafted SBR was washed out in a soxhlet extrac-
tor with 60–80�C boiling point petroleum ether for
24 h, and then the residue was extracted in an ace-
tone for 24 h to remove the free polymer of VTES.

The grafting efficiency of VTES (GE)16 ¼ practical
content of silica (w2)/theoretical content of silica

(w1), where w1 ¼ (m2 � 60/190)/m1 and w2 ¼ m4/
m3, m1, m2 represents the total mass of the VTES-g-
SBR and VTES, respectively; m3 denotes the mass of
SBR-g-VTES for muffle furnace burning; m4 denotes
the mass of the ashes (the residue of SBR-g-VTES in
muffle furnace under 800�C for 24 h, washed by
diluted hydrochloric acid and water for three times,
respectively); 60 and 190 are the molecular weight of
SiO2 and VTES, respectively. The grafting ratio of
SBR17 ¼ weight of SBR-g-VTES/total weight of SBR
formed.
The ATR-FTIR of SBR and SBR-g-VTES was veri-

fied by Fourier transform infrared (Bruker model
Tensor 27, German). 1H-NMR spectra was obtained
on Bruker AC 250 MHz NMR, and grafted SBR was
swollen with CDCl3.

18

Thermogravimetric studies were carried out on
DSC-TGA Q600 (TA, American) from 25–750�C,
under nitrogen, at a heating rate of 10�C/min. Dif-
ferential scanning calorimeter (DSC) studies were
carried out on instrument-2910 DSC (TA, American)
from �60 to 60�C, under nitrogen, at a heating rate
of 10�C/min.
The corresponding vulcanization characteristics

were studied using a Moving Die Rhometer (JC-
2000E) at 160�C according to ASTM D 2084-95. Ten-
sile strength was measured using Electron Omni-
potence Experiment Machine SANS-CMT5105

TABLE I
Recipe for Preparation of SBR-g-VTES

Recipe 4% 8% 10% 12% 14%

SBR latex (g) 380.00 380.00 380.00 380.00 380.00
VTES (g) 4.11 8.57 10.96 13.45 16.05
BPO (g) 0.15 0.15 0.15 0.15 0.15
Parameter and reaction conditions

Monomer: DRC ratio (wt %) 4 : 96 8 : 92 10 : 90 12 : 88 14 : 86

TABLE II
Compounding Recipe of SBR/SBR-g-VTES

Materials Content (g)

SBR 100
Zinc oxide 3.00
Steric acid 1.00
Sulfur 1.75
TBBS 1.00 Figure 1 Effect of concentration of VTES on grafted effi-

ciency of VTES and grafted ratio of SBR.
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(Shenzhen New Sansi, China) according to standard
ASTMD 3185-1999.

The particle sizes and particle size distributions
were studied using a Laser Diffraction Particle Ana-
lyzer (LS 13 320, BECKMAN COULTER).

RESULTS AND DISCUSSIONS

Grafting efficiency of the VTES

Figure 1 shows the effects of concentration of VTES
on the grafting efficiency of VTES and the grafting
ratio of SBR.

It can be seen that the grafting efficiency of VTES
decreases with the increasing concentration of VTES.
The grafting ratio of SBR increases with the increas-
ing concentration of VTES. It is due to that the graft-
ing reaction occurs mainly on the surface of the SBR
latex. As grafting processed and a certain thickness
of the polymer of VTES is reached on the surface of
SBR, the contact area between VTES and SBR
decreased. The analysis of particle sizes is used to
confirm this result. Table III shows the effects of
concentration of VTES on the particle properties of
SBR latex. The particle size increases slightly
with the increasing concentration of VTES. The simi-
lar results have been reported by Merkel.19 There-
fore, it is more difficult for graft polymerization

of VTES onto the surface of SBR than that of homo-
polymerization.20

Vulcanization characteristics of SBR-g-VTES

Torque of the SBR-g-VTES

Figure 2 shows the effects of concentration of VTES
on the minimum and maximum torque (Tmin and
Tmax, respectively) of the SBR-g-VTES.
Both the Tmin and Tmax of the SBR-g-VTES

increase with the increasing concentration of VTES.
The increase of Tmin is due to the stronger rubber–
rubber interaction of SBR-g-VTES, the ASiAOASiA
bond can be formed successfully by the hydrolysis
and condensation of alkoxysilyl (ASi(OC2H5)3)
groups in the SBR-g-VTES, and it causes stronger
intermolecular interactions of SBR-g-VTES. In addi-
tion, the increase of Tmax is due to the increase of
crosslink density of the vulcanized SBR-g-VTES.
Meanwhile, the ASiAOASiA bond can also improve

TABLE III
Effect of Concentration of VTES on Particle Properties of

SBR Latex

Concentration of
VTES (wt %)

Mean value
(nm)

Standard
deviation(S.D)

0 79.90 0.019
4 79.98 0.019
8 80.45 0.020

10 81.03 0.021
12 81.18 0.025
14 81.93 0.028

Figure 2 Effect of concentration of VTES on Tmin and
Tmax of the SBR-g-VTES.

Figure 3 Effect of concentration of VTES on ts1 and the t90 of the SBR-g-VTES.
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rubber–rubber interaction of the vulcanized SBR-g-
VTES.

Vulcanized time of the SBR-g-VTES

The effects of concentration of VTES on the scorch
time (ts1) and the optimum vulcanized time (t90) of
the SBR-g-VTES are shown in Figure 3.

It can be seen that both ts1 and t90 of the SBR-g-
VTES increase with the increasing concentration of
VTES. The results are due to the reduction in the
rate of vulcanization of SBR after grafted by VTES.
The rate of vulcanization is being discussed below.

The kinetic parameters are obtained from the
normalized torque y curves according to the isother-
mal vulcanized model proposed by Kamal and
Sourour21:

h ¼ fkrðt� t0Þn=f1þ ðkrðt� t0ÞÞngg

where y is considered the state of the vulcanization,
kr is the reaction rate, n is the reaction order, and t0
is the scorch time.

The corresponding vulcanized reaction kinetic pa-
rameters are indicated in Table IV. As expected, the
parameters show that SBR-g-VTES makes the rate of

vulcanization decrease, but the reaction order of vul-
canization increase. The decrease of reaction rate is
due to the lower concentration of double bonds in
SBR-g-VTES. Additionally, the formation of steady
ASiAOASiA linkage through hydrolysis of alkoxy-
silyl (ASi(OC2H5)3) groups may increase the reaction
order.

Mechanical properties

Figure 4 shows the effects of concentration of VTES
on the mechanical properties of the vulcanized SBR-
g-VTES.
The tensile strength of the SBR-g-VTES increases

with the increasing concentration of VTES, but the
elongation at break decreases. The tensile strength of
the SBR-g-VTES reaches to 3.92 MPa with 14%
VTES. The increase of tensile strength can be
explained by the increased reinforcement and cross-
link density, which is agreed with the results of tor-
que. The decrease of elongation at break is due to
the formation of complex network structures for
increased crosslink density.

Thermal properties

The TGA curves of ungrafted SBR and SBR-g-VTES
are presented in Figure 5. Table V shows the tem-
perature at 5, 10, 30, and 50% weight loss for the
SBR and SBR-g-VTES samples.

TABLE IV
The Vulcanized Reaction Kinetic Parameters of the SBR-

g-VTES

Concentration of
VTES (wt %)

kr
(min�1) n

t0
(min)

t20
(min)

t50
(min)

0 0.513 0.609 6.30 6.50 8.25
4 0.461 0.641 6.70 6.95 8.87
8 0.415 0.697 7.12 7.45 9.53

10 0.365 0.739 7.18 7.60 9.92
12 0.333 0.748 7.22 7.80 10.22
14 0.260 0.807 7.33 8.02 11.17

Figure 4 Effect of concentration of VTES on mechanical
properties of SBR-g-VTES.

Figure 5 TGA curves of SBR and SBR-g-VTES.

TABLE V
Analysis on Thermogravimetric of VTES-Modified SBR

Sample
T5%

(�C)
T10%

(�C)
T30%

(�C)
T50%

(�C)

SBR 340.0 375.0 411.0 430.7
VTES/SBR-g-VTES ¼ 0.17 361.3 390.7 418.1 437.8
VTES/SBR-g-VTES ¼ 0.19 361.3 390.7 422.9 444.5
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It can be seen that there is no difference between
SBR and VTES-g-SBR at the beginning stage. The
moment is mostly due to the degradation of un-
grafted SBR chains. When the temperature increases
to above 300�C, the temperature of VTES-g-SBR is
higher than that of ungrafted SBR at the same
weight loss, which reveals that thermal stability of
SBR has been improved after grafting.

Meantime, the thermal decomposition temperature
increases with the increasing concentration of VTES.
It reveals that the thermal stability of SBR improves
after grafting. It is attributed to the presence of the
remaining silanol groups in the SBR-g-VTES net-
work.22 The thermal stability of silanol groups is bet-
ter than hydrocarbon groups.

The DSC curves of SBR and SBR-g-VTES are pre-
sented in Figure 6. The corresponding glass transi-

tion temperature (Tg) and the enthalpies are listed in
Table VI. It can be seen that the Tg increases with
the increasing concentration of VTES. The results are
ascribed to the formation of steady ASiAOASiA
bond. The presence of ASiAOASiA bond can impose
restrictions on the molecular motions between the
SBR-g-VTES chains, and finally to make the Tg

increase.

Mechanism of graft polymerization

The overall graft polymerization for SBR may
involve two steps and is (i) the VTES grafted onto
SBR, (ii) the formation of steady ASiAOASiA link-
age through hydrolysis of alkoxysilyl (ASi(OC2H5)3)
groups in the hot SBR latex. The tentative schematic
grafting mechanism and pre-crosslinking of SBR are
presented in Figure 7. The similar results have been
reported by Azanam and Alagar.23,24 The ATR-FTIR
and 1H-NMR analysis are used to confirm the
mechanism of grafting reaction between SBR and
VTES.
The ATR-FTIR spectra of SBR, SBR-g-VTES, and

the corresponding ashes are shown in Figure 8.
Compared with the ungrafted SBR, the new peaks

of organofunctional silane groups occur in the SBR-

TABLE VI
The Enthalpies and Tg of SBR and SBR-g-VTES

Concentration of VTES (wt %) DH (J/g) Tg (�C)

0 0.70 �26.08
12 0.85 �25.22
14 0.94 �23.9

Figure 7 Schematic representation of grafting and pre-crosslinking for SBR.

Figure 6 DSC curves of SBR and SBR-g-VTES.
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g-VTES [Fig. 8(a)]. The bands at 2931 and 1607 cm�1

can be assigned to the stretching vibration peaks of
CAH and C¼¼C groups, respectively. And the band
at 1452 cm�1 can be attributed to the rocking vibra-
tion of ACH2. Additionally, the absorption peaks of
ASiAOASiA bond at 1046 cm�1and ASiAOACA
bond at 1129 cm�1 appear in the SBR-g-VTES,
respectively.

The ashes of the SBR and SBR-g-VTES are shown
in Figure 8(b). The appearance of ASiAOASiA bond
at 1095 cm�1 shows that SBR-g-VTES contains Si ele-
ment. It can prove that VTES has been grafted onto
the SBR on the other hand.

The 1H-NMR spectra of SBR and SBR-g-VTES are
shown in Figure 9. The peaks at 7.0–7.5 ppm are
attributed to the phenyl group. The peaks at 5–
5.5 ppm are attributed to ¼¼CH. Compared with
the ungrafted SBR, the new peaks at 2.5–2.6 ppm

are attributed to SiAOH. The interpretations
prove the mechanism of the graft polymerization in
latex.

CONCLUSIONS

SBR grafted by VTES was prepared via graft poly-
merization in SBR latex, using BPO as an initiator.
The minimum torque, optimum vulcanized time, ten-
sile strength, thermal decomposition temperature,
and the glass transition temperature (Tg) of the SBR-
g-VTES increased with the increasing concentration
of VTES. But the grafting efficiency of VTES, vulcan-
ized rate, and the elongation at break of SBR-g-VTES
decreased. ATR-FTIR and 1H-NMR analysis proved
that the VTES had been successfully grafted onto the
SBR.

Figure 8 ATR-FTIR spectra of SBR, SBR-g-VTES, and the ashes.

Figure 9 1H-NMR spectra of SBR (a) and SBR-g-VTES (b).
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