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ction modes construction of
various functional SSBR–silica towards high filler
dispersion and excellent composites
performances†

Wei Gao, Jianmin Lu,* Wenna Song, Jianfang Hu and Bingyong Han *

In this study, various interfacial interaction modes between silica and in-chain functionalized solution

styrene butadiene rubbers (F-SSBRs) with –OH (3-mercaptopropanol, MPL), –COOH (11-

mercaptoundecanoic acid, MUA), and –Si–(OCH2CH3)3 (3-mercaptopropyltriethoxysilane, MPTES) were

constructed at the molecular level. As the modes of interfacial interaction followed the order of single

hydrogen bond interactions to dual hydrogen/covalent bond interactions to single covalent bond

interactions, the interfacial interactions presented silica/SSBR-g-MPL < silica/SSBR-g-MUA < silica/SSBR-

g-MPTES. Moreover, the interfacial interactions were enhanced as the grafting percentages of the

functional group increased. The results showed that silica dispersion was enhanced upon improving the

interfacial interaction. As the filler–rubber networks improved and filler–filler networks decreased, the

dynamic mechanical properties of the silica/F-SSBR composites improved and were even superior to

those of the silica/SSBR/bis(g-triethoxysilylpropyl)-tetrasulfide (Si69) composite. The rolling resistances of

silica/SSBR-g-MPL, silica/SSBR-g-MUA, and silica/SSBR-g-MPTES composites decreased by 21.2%, 27.3%,

and 50.8%, respectively. The wet skid resistances of silica/SSBR-g-MPL, silica/SSBR-g-MUA, and silica/

SSBR-g-MPTES composites increased by 112.7%, 161.2%, and 184.3%, respectively. However, the

excessively strong rubber–rubber networks led to poor mechanical properties. Filler–rubber, filler–filler,

and rubber–rubber networks reached equilibrium in the silica/SSBR-g-MUA composite, which had

excellent overall performances of high strength, low rolling resistance, and high wet skid resistance.
Introduction

Silica reinforced solution styrene-butadiene rubber (SSBR)
composites exhibit excellent performance regarding low rolling
resistance.1,2 Therefore, silica/SSBR composites have been
widely used in “green tires”3 from the standpoint of low fuel
consumption. However, owing to the large amount of silanols
on the surface, silica presents high surface energy, which results
in a contradiction between the weak ller–rubber interaction
and strong ller–ller interaction. This is not conducive to the
improvement of silica dispersion and comprehensive perfor-
mances of the composites.4,5 Hence, improvement in the rein-
forcing effect of silica and high performances of the composites
can only be realized if the above contradiction is solved.

Many efforts have been made to improve the interfacial
interaction between silica and SSBR and the dispersion of silica
in the SSBR matrix. These methods include the modication of
ngineering, Beijing University of Chemical
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97
silica,6,7 the addition of silane coupling agents,4,8,9 and func-
tionalization of the SSBRmatrix.10–13 Among the abovemethods,
functionalization of the SSBR matrix, which includes end
functionalization10,11 and in-chain functionalization,12,13 is the
method of solving silica dispersion in composites from the
perspective of rubber synthesis. Compared with end function-
alization, in-chain functionalization is receiving increasing
attention because this method can introduce more functional
groups into SSBR molecules. The in-chain functional groups
can effectively improve the compatibility between silica and
SSBR via polar–polar interaction or chemical linking. More
importantly, the in situ modication of silica by in-chain func-
tionalized SSBR not only restrains the ller–ller networks but
also enhances the ller–rubber networks during the mixing
process, effectively inhibiting the reformation of ller–ller
networks during storage and at the onset of vulcanization.14–17

Interfacial interaction between silica and the functionalized
rubber matrix can be regulated by interaction modes and their
strength. The mode of interfacial interaction depends on the
types of functional group, while its strength depends on the
contents of the functional group. A quite strong interfacial
interaction is not conducive to the slippage of rubber chains
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra02783a&domain=pdf&date_stamp=2019-06-15
http://orcid.org/0000-0001-8313-575X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02783a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009033


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
1:

27
:2

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
when subjected to an external force.18 However, a very weak
interfacial interaction is detrimental to the silica dispersion,
which is crucial for the improvement of the dynamic mechan-
ical properties of the composites.19 To solve the above problems,
it is necessary to clarify the key scientic issue of the mecha-
nism and strength of the interfacial interaction, which has
important guiding signicance for the design of rubber mole-
cules aiming to achieve high performances of the composites.
According to our review of the literature, few theoretical and
experimental studies have systematically researched the effects
of rubber functionalized by different types and contents of
functional group on interfacial interactions with silica.

To ll this research gap, various interfacial interaction
modes were constructed at the molecular level in this study,
including single hydrogen bond interactions, dual hydrogen/
covalent bond interactions, and single covalent bond interac-
tions. The mechanisms of the interfacial interaction and their
strength were investigated. Furthermore, the effects of interfa-
cial interaction on ller dispersion and composites perfor-
mances were explored. Therefore, three kinds of in-chain
functionalized SSBR (F-SSBRs) with –OH, –COOH, and –Si–
(OCH2CH3)3 were prepared via the thiol–ene click addition
reaction. Various interfacial interaction modes and their
strength were analyzed by thermogravimetric analysis (TGA),
bound rubber content, and torque difference of silica/F-SSBR
composites. The silica dispersion was investigated through
transmission electron microscopy (TEM) and the rubber
process analyzer (RPA). Meanwhile, the performances of the
silica/F-SSBR composites were also compared. This work clar-
ies the impacts of the interfacial interaction modes and their
strength on the ller dispersion and composite performances.
Experimental section
Materials

Styrene (St) (analytical reagent), cyclohexane (industrial grade),
and ethanol (analysis grade) were purchased from Beijing
Chemical Reagents Company (Beijing, China). St and cyclohexane
were dried over calcium hydride for 12 h and distilled in dry
nitrogen. Butadiene (Bd) (polymerization grade) was kindly
provided by Beijing Yanshan Petrochemical Corporation (Beijing,
China). N,N-Dimethyltetrahydrofurfurylamine (DMTHFA) was
synthesized in our laboratory. 3-Mercaptopropanol (MPL) (reagent
grade), 11-mercaptoundecanoic acid (MUA) (reagent grade), 3-
mercaptopropyltriethoxysilane (MPTES) (reagent grade), n-butyl-
lithium (n-BuLi, 2.5 M in n-hexane), and lauroyl peroxide (LPO)
were purchased from Aldrich Chemical Co. (USA) and used as
received. The precipitated silica (Ultrasil VN3) was purchased
fromDegussa Chemical. The CTAB specic surface area of Ultrasil
VN3 is 175 m2 g�1. Other materials were commercially available
and used as received. The SSBR samples were synthesized via
a conventional anionic polymerization method (see the ESI†).
Thiol–ene click addition of mercaptans to SSBR

The typical thiol–ene click addition experiment was imple-
mented under a dry nitrogen atmosphere, as described below.
This journal is © The Royal Society of Chemistry 2019
The SSBR solution (synthesized in our laboratory, as described
in the ESI†) was transferred into another 2 L stainless steel
reactor, aer which an appropriate amount of mercaptan was
injected into the SSBR solution. The mixture was heated up to
80 �C and then stirred for 10 min with a stirring speed of
400 rpm. Then a pre-prepared solution of LPO in cyclohexane
was added into the 2 L stainless steel reactor. The LPO/
mercaptan molar ratio was 1 : 120. The thiol–ene click addi-
tion was carried out for 30 min. At the end of the reaction, the
in-chain functionalized SSBR (F-SSBR) solution was transferred
to a 2 L beaker, and then ethanol was added into the solution
dropwise to precipitate the polymer. Aer ltering, all samples
were redissolved and reprecipitated in cyclohexane three times
to remove the ungraed mercaptan. Finally, the F-SSBRs were
dried under vacuum at 60 �C for 24 h. The F-SSBRs, named
SSBR-g-MPL, SSBR-g-MUA, and SSBR-g-MPTES, were SSBRs
functionalized with MPL, MUA, and MPTES, respectively.

Preparation of the silica/F-SSBR composites

Silica was blended with F-SSBR and other required additives
using a 6-inch open two-roll mill according to the conventional
blending technique. The related formulations are presented in
Table S1.† The silica/F-SSBR compounds were vulcanized at
150 �C and 15 MPa to obtain vulcanizates. The optimum cure
time of silica/F-SSBR compounds was obtained by a disc vul-
kameter. Various silica/F-SSBR vulcanizates were prepared from
different F-SSBRs, namely silica/SSBR-g-MPL, silica/SSBR-g-
MUA, and silica/SSBR-g-MPTES. Silica/SSBR vulcanizates
without and with the silane coupling agent Si69 were also
prepared as presented in Table S1,† namely, silica/SSBR and
silica/SSBR/Si69. To calculate the graing percentages of F-
SSBRs based on silica, some of the silica/F-SSBR compounds
without any rubber additives were extracted in a Soxhlet
extractor by using toluene for 96 h to remove the ungraed F-
SSBRs, and they were subsequently dried in an oven at 75 �C
for 24 h. To verify that the purication process was done
correctly, the physically mixed silica/SSBR sample without any
rubber additives was also prepared using a 6-inch open two-roll
mill. The purication process was carried out as described
above.

Measurements
1H nuclear magnetic resonance (1H NMR) was conducted with
an ARX400 spectrometer (400 MHz) using CDCl3 as the solvent.
Gel permeation chromatography (GPC) was performed with an
Alliance2690 system (Waters, USA). All polymers were run in
tetrahydrofuran at 30 �C with a rate of 1.0 mL min�1. Linear
polystyrene standards were used for calibration. Differential
scanning calorimetry (DSC) was carried out on a Mettler-Toledo
DSC instrument at a heating rate of 10 �C min�1 from �80 to
160 �C. All the samples were measured under nitrogen atmo-
sphere. The weight loss values of silica/F-SSBR compounds were
measured using a Q5000-TA instrument from 40 to 750 �C
under nitrogen atmosphere. The heating rate was 10 �C min�1.
The bound rubber content was measured according to the re-
ported method.20 Filler networks were analyzed using an RPA
RSC Adv., 2019, 9, 18888–18897 | 18889
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2000 at 60 �C (Alpha, USA). The compounds were analyzed over
the strain range of 0.28–400% at 1 Hz. The vulcanizates were
measured over the strain range of 0.28–41.99% at 10 Hz. The
silica occulation extent during vulcanization was calculated by
measuring the change of storage modulus of the composite
before and aer vulcanization using RPA 2000 instrument
(Alpha, USA). The ller dispersion was analyzed with a Tecnai
G2 20 TEM with an accelerating voltage of 200 kV. The ultrathin
vulcanizates were cut by a microtome at �100 �C. The cure
characteristics of all compounds were measured on a MR-C3
rotorless rheometer at 150 �C and 1.67 Hz. The crosslink
densities of silica/F-SSBR vulcanizates were measured by
swelling experiments with toluene as the solvent according to
the reported method21 (see ESI†). The mechanical properties of
the composites were carried out by a CMT4104 Electrical
Tensile Tester according to ASTM D638 with the tensile rate of
500 mm min�1. The viscoelastic properties of the silica/SSBR
vulcanizates were measured on a VA3000 DMTA at 10 Hz
using a tension mode with a heating rate of 3 �C min�1 from
�80 to 100 �C. The strain amplitude was chosen as 0.1%.
Fig. 2 DSC curves of SSBR and F-SSBRs.
Results and discussion
Synthesis of the F-SSBRs

The in-chain functionalized SSBRs (F-SSBRs) were synthesized via
the thiol–ene click addition reaction. The 1H NMR spectra are
shown in Fig. 1. The appearance of peaks at 3.70–3.85, 2.30–2.40,
and 3.80–3.92 ppm, correspond tomethylene protons in –CH2OH,
–CH2COOH, and –Si–(OCH2CH3)3, respectively, indicating that
MPL, MUA, and MPTES were graed to SSBR. The characteriza-
tions of SSBR and F-SSBRs are presented in Table S2.†

The thiol–ene click addition reaction mainly occurs between
the 1,2-polybutadiene units and sulydryl.12,22,23 Approximately
4.9% and 4.8% 1,2-polybutadiene units reacted with MPL and
MUA; approximately 0.8%, 2.7%, and 4.8% 1,2-polybutadiene
units reacted with MPTES in our experiment. There were approx-
imately 70 MPL and 70 MUA molecules in each SSBR-g-MPL and
SSBR-g-MUA, namely, SSBR-g-MPL70 and SSBR-g-MUA70. There
were approximately 13, 42, and 70MPTESmolecules in three types
of SSBR-g-MPTES, namely SSBR-g-MPTES13, SSBR-g-MPTES42,
and SSBR-g-MPTES70. The graing percentage (ratio of the weight
of graedmercaptan to that of SSBR) of mercaptan based on SSBR
Fig. 1 Typical 1H NMR spectra of (A) SSBR and SSBR-g-MPL, (B) SSBR a

18890 | RSC Adv., 2019, 9, 18888–18897
was calculated from the 1H NMR spectra using eqn (S9).† The
values of SSBR-g-MPL70, SSBR-g-MUA70, SSBR-g-MPTES13, SSBR-
g-MPTES42, and SSBR-g-MPTES70 were 3.6%, 8.7%, 1.7%, 5.8%,
and 9.5%, respectively.

The glass transition temperature values of SSBR and F-SSBRs
were measured using DSC thermograms, and the results are
shown in Fig. 2. The Tg values of F-SSBRs with different func-
tional groups exhibited different variation trends. The Tg of
SSBR-g-MPL70 increased signicantly owing to the graed polar
hydroxyl groups. The Tg of SSBR-g-MUA70 was slightly higher
than that of SSBR; its increased range was lower than that of
SSBR-g-MPL70. This was because the introduction of exible
alkyl side chains partially offset the intermolecular interactions
within SSBR-g-MUA. Moreover, because of the low polar of
siloxane groups, the Tg of SSBR-g-MPTES70 did not change
signicantly compared with that of SSBR.
Silica/F-SSBR interfacial interaction

The mode of interfacial interaction between ller and rubber
can affect the ller dispersion, which largely determines the
performances of ller/rubber composites.24 To investigate the
interfacial interactions between silica and F-SSBRs, ve types of
silica/F-SSBR composites were prepared, and the formulations
are included in Table S1.†
nd SSBR-g-MUA, and (C) SSBR and SSBR-g-MPTES.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02783a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
1:

27
:2

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In the absence of any catalysts, hydroxyl, carboxyl, and
alkoxysilane groups can contribute to various modes of inter-
facial interaction with the silanols of silica in the composites.
The hydroxyl groups contribute to single hydrogen bonds with
the silanols of silica in the silica/SSBR-g-MPL composites
without any catalysts.25–27 The mean energy per hydrogen bond
is 20 kJ mol�1.28 A part of the carboxyl groups can form
hydrogen bonds with the silanols of silica in silica/SSBR-g-MUA
composites. The mean energy per hydrogen bond is
46 kJ mol�1.29 Additionally, the formation of covalent bonds
induced by the esterication reaction between the carboxyl
groups and silanols of silica during the compounding process
on an open-mill at room temperature was conrmed by Jia's
research.30 As a result, dual interaction modes of hydrogen/
covalent bonds exist in silica/SSBR-g-MUA composites.30–32 It is
well known that the alkoxysilane groups of bis(3-
triethoxysilylpropyl)tetrasulde (TESPT) can react in situ with
silanols of silica under shear force during the compounding
process.6 Therefore, the alkoxysilane groups contribute to single
covalent bonds with the silanols of silica in the silica/SSBR-g-
Fig. 3 The schematic diagrams of interfacial interactions between
silica and F-SSBRs.

Fig. 4 (A) TGA curves of silica and silica/F-SSBR compounds and (B) t
(Compounds without any rubber additives were prepared based on Tab

This journal is © The Royal Society of Chemistry 2019
MPTES composites.10,33,34 Fig. 3 presents various modes of
interfacial interaction of silica/F-SSBR composites.

The graing percentage (ratio of the weight of graed F-SSBR
to that of silica) of F-SSBR based on silica was calculated by the
analysis of thermogravimetric results. As shown in Fig. 4(A), the
TGA curve of the physically mixed silica/SSBR sample aer
extraction was similar to that of silica, indicating that the
ungraed SSBR could be removed by an extraction process. The
weight loss of the silica/SSBR-g-MPL compound was similar to
that of silica, which indicated that the SSBR-g-MPL was removed
through a 96 h extraction process. However, the weight losses of
the silica/SSBR-g-MUA70 and silica/SSBR-g-MPTES70
compounds were higher than that of silica, indicating the
successful graing of SSBR-g-MUA and SSBR-g-MPTES onto
silica through covalent bonds. The graing percentages of
SSBR-g-MUA and SSBR-g-MPTES based on silica were 108.1%
and 120.6%, respectively.

In ller-lled rubber composites, the rubber that is chemi-
cally or physically bound to the silica surface is called bound
rubber.16 The ller–rubber interfacial interaction can affect the
bound rubber content.35 Therefore, the measurement of bound
rubber content is usually used to study the interfacial interac-
tion between the ller and rubber.36,37 As the interfacial inter-
action modes between silica and F-SSBRs followed the order
single hydrogen bonds to dual hydrogen/covalent bonds to
single covalent bonds, the compounds were ordered as follows
with respect to the bound rubber contents: silica/SSBR-g-MPL70
< silica/SSBR-g-MUA70 < silica/SSBR-g-MPTES70, as listed in
Table 1. The results indicated that the ller–rubber networks,
which were formed through rubber chain bridges anchored
onto adjacent llers,38–40 increased gradually with the improving
interfacial interactions. Moreover, the bound rubber contents of
the silica/SSBR-g-MPTES compounds increased with increasing
MPTES contents. The results of the bound rubber contents of
silica/F-SSBR compounds indicated that the interfacial inter-
action could be regulated by varying the types and contents of
the functional group.
ime dependence of torque of SSBR, F-SSBRs, and their compounds.
le S1.†)

RSC Adv., 2019, 9, 18888–18897 | 18891
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Fig. 5 TEM micrographs of (A) silica/SSBR, (B) silica/SSBR/Si69, (C)
silica/SSBR-g-MPL70, (D) silica/SSBR-g-MUA70, and (E) silica/SSBR-g-
MPTES70 vulcanizates.
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To further analyze and compare the silica/F-SSBR compos-
ites interfacial interactions, the rotorless rheometer was used to
measure the torque values of SSBR, F-SSBRs, and their
compounds without any rubber additives at 150 �C. The results
are presented in Fig. 4(B) and Table S3.† The torque difference
between MH and ML is usually used to evaluate the cross-link
density. The torque differences of SSBR, F-SSBRs, silica/SSBR,
and silica/SSBR-g-MPL70 compounds were close to 0. This was
because the torque difference caused by weak interfacial inter-
action between silica and SSBR-g-MPL70 was not sufficiently
reected in the rotorless rheometer. However, the torque
differences of the silica/SSBR-g-MUA70 and silica/SSBR-g-
MPTES70 compounds were 12.81 and 51.06 dN m, respectively,
which indicated that the interfacial interactions were improved.
Moreover, the torque difference of the silica/SSBR-g-MPTES70
compound was much higher than that of the silica/SSBR-g-
MUA70 compound owing to the stronger interfacial interaction
resulting from the condensation reaction between the silanols
and siloxane groups.

The results of the TGA, bound rubber content, and torque
difference of the silica/F-SSBR composites indicated that
various modes and strengths of interfacial interaction could be
constructed at the molecular level. The interfacial interaction
could be regulated by designing the types and contents of
functional group.
Dispersion of silica in the F-SSBR matrix

The dispersion of ller in the rubber matrix is a key factor to
improve the performances of composites.41 To evaluate the
effects of various interfacial interaction modes and their
strength on silica dispersion, silica/SSBR, silica/SSBR/Si69, and
silica/F-SSBR composites were prepared based on the formula-
tions in Table S1.†

Fig. 5 displays the dispersions of silica in silica/F-SSBR
vulcanizates. The dark parts represent silica and the light
parts represent the rubber matrix.6,10,21,42,43 Owing to the weak
interfacial interaction between silica and SSBR, the dispersion
of silica in the silica/SSBR composite was very poor with many
voids and ller-aggregations, as shown in Fig. 5(A). The
dispersions of silica in the silica/F-SSBR composites were quite
uniform with fewer aggregates and voids, as shown in Fig. 5(C)–
(E). In terms of silica dispersions in vulcanizates, it was found
that silica/SSBR-g-MPTES70 > silica/SSBR-g-MUA70 > silica/
SSBR-g-MPL70, which was attributed to the gradually improving
interfacial interactions. The silica dispersions in the silica/
SSBR-g-MPTES composites improved with increasing MPTES
contents (Fig. S1†). Moreover, the dispersions of silica in the
Table 1 Bound rubber contents of silica/SSBR, silica/SSBR/Si69, and sili

Samples
Silica/
SSBR

Silica/SSBR/
Si69

Silica/SSBR-g-
MPL70

Silica/SSBR-g
MUA70

Bound rubber
content (%)

20.56 39.32 55.28 67.82

18892 | RSC Adv., 2019, 9, 18888–18897
silica/F-SSBR composites were even more uniform than that in
the silica/SSBR/Si69 composite.

RPA measurements were conducted to study the inuences
of interfacial interaction modes and their strength on the ller
networks. According to published literature, ller–ller and
ller–rubber networks exist in ller/rubber composites.38–40 The
curves of storage modulus (G0) versus strain amplitude of all the
composites are shown in Fig. 6(A) and (B). Payne found that G0

decreased with increasing strain, which is known as the Payne
effect.44,45 A high Payne effect implies poor ller dispersion and
strong ller–ller networks. As displayed in Fig. 6(A) and (B), the
Payne effects of the silica/F-SSBR composites were lower than
that of the silica/SSBR composite, which resulted from the
decreased ller–ller networks and increased interactions
between silica and F-SSBRs. Moreover, as shown in Fig. 6(A) and
(B), the critical values of the silica/F-SSBR composites at which
the ller–ller networks began to be destroyed were higher than
those of silica/SSBR and silica/SSBR/Si69 composites, which
implied the dependence of G0 on strain reduction. The depen-
dence of G0 on strain can also be evaluated by the derivative dG0/
d3.12 As displayed in Fig. 6(C), the dependences of G0 on strain in
the silica/SSBR and silica/SSBR/Si69 compounds were much
higher than those in the silica/F-SSBR compounds. As shown in
Fig. 6(B), the Payne effects of the silica/F-SSBR vulcanizates were
lower than that of the silica/SSBR/Si69 vulcanizate, indicating
better dispersions of silica in the silica/F-SSBR vulcanizates
ca/F-SSBR compounds

- Silica/SSBR-g-
MPTES13

Silica/SSBR-g-
MPTES42

Silica/SSBR-g-
MPTES70

46.23 57.61 80.20

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 G0–strain curves of the silica/SSBR, silica/SSBR/Si69, and silica/F-SSBR composites: (A) compounds and (B) vulcanizates, (C) first derivative
curves of silica/SSBR, silica/SSBR/Si69, and silica/F-SSBR compounds for storage modulus vs. strain, and (D) loss factor–strain of silica/SSBR,
silica/SSBR/Si69, and silica/F-SSBR vulcanizates.
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than that in the silica/SSBR/Si69 vulcanizate, which was
consistent with the TEM results.

Another phenomenon in Fig. 6(A) that should be discussed
was that the incipient G0 of the silica/SSBR-g-MPTES70
composite was higher than that of the silica/SSBR-g-MUA70
composite. As observed above in the TEM micrographs, the
dispersion of silica in the silica/SSBR-g-MPTES70 composite
was better than that in the silica/SSBR-g-MUA70 composite.
However, why did the Payne effect of the silica/SSBR-g-MPTES70
composite increase? This was because not only the ller–ller
networks but also the ller–rubber networks can lead to the
improvement of G0 in the ller-lled rubber compos-
ites.21,38–40,43,46 For the silica/SSBR-g-MPTES70 composite, the
strong ller–rubber networks resulting from the covalent bond
interactions improved the amount and the extent of F-SSBR
chains that were restricted to movement. Moreover, the varia-
tion of the incipient G0 values in the silica/SSBR-g-MPTES
composites with different MPTES contents could also be
explained by the above reasons.

Fig. 6(D) displays the changes in the tan d values of the
vulcanizates with the strain amplitude. The tan d–3% curves in
Fig. 6(D) could be divided into two zones. In the rst zone (3% <
3.6%), the viscous property of the effective deformable polymer
is the main source of internal friction loss because ller–ller
networks are not easily destroyed at low strains.9,43,45 In the
second zone (3% > 3.6%), the ller–ller networks are gradually
destroyed with increasing strain. The ller–ller friction and
ller–rubber friction account for a large proportion of the
This journal is © The Royal Society of Chemistry 2019
internal friction loss. Owing to the very large aggregates and
weak interfacial interaction, the tan d values of the silica/SSBR
composite increased rapidly with the increasing strain and
were the highest among all of the composites at the same strain.
For the silica/F-SSBR composites, under the combined effects of
less silica aggregates and improved interfacial interactions, the
tan d values increased steadily with the increasing strain.
Moreover, the tan d values decreased gradually in the order of
silica/SSBR-g-MPL70, silica/SSBR-g-MUA70, and silica/SSBR-g-
MPTES70 owing to the gradually improving interfacial interac-
tion; the tan d values in the silica/SSBR-g-MPTES composites
decreased gradually with increasing MPTES contents. The quite
strong interfacial interaction in the silica/SSBR-g-MPTES70
composite led to the lowest tan d values among all of the
vulcanizates within the entire strain range.

The lower tan d value at 7% strain is favorable for rolling
resistance in the tire industry.43,47 As observed in Fig. 6(D) and
Table S4,† the composites were ordered as follows with respect
to the rolling resistances: silica/SSBR > silica/SSBR/Si69 > silica/
SSBR-g-MPL70 > silica/SSBR-g-MUA70 > silica/SSBR-g-MPTES70.
Moreover, the rolling resistances decreased gradually with
increasing MPTES contents. Compared with the silica/SSBR
composite, the rolling resistances of the silica/SSBR-g-MPL70,
silica/SSBR-g-MUA70, and silica/SSB-g-MPTES70 composites
decreased by 21.2%, 27.3%, and 50.8%, respectively.

It is well known that ller–ller networks were formed by
occulation during storage, molding, and the rst few minutes
of vulcanization.14,15 In order to quantify the silica occulation
RSC Adv., 2019, 9, 18888–18897 | 18893
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Table 2 Filler flocculation in silica/SSBR, silica/SSBR/Si69, and silica/F-SSBR composites

Samples DG0 (compounds)a (kPa) DG0 (vulcanizates)b (kPa) dDG0c (kPa)

Silica/SSBR 873.53 4215.09 3341.56
Silica/SSBR/Si69 542.60 3049.16 2506.56
Silica/SSBR-g-MPL70 657.10 1078.07 420.97
Silica/SSBR-g-MUA70 112.03 450.76 338.73
Silica/SSBR-g-MPTES13 216.72 615.57 398.85
Silica/SSBR-g-MPTES42 306.80 592.76 285.96
Silica/SSBR-g-MPTES70 399.96 451.10 51.14

a The difference in G0 between compounds at 0.28% strain and 41.99% strain. b The difference in G0 between vulcanizates at 0.28% strain and
41.99% strain. c The difference in DG0 (vulcanizates) and DG0 (compounds).
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extent during vulcanization at 150 �C and 15 MPa, the differ-
ences in DG0 between compounds and vulcanizates, dDG0, were
calculated.16,33 The DG0 was the difference between the G0 at
0.28% strain and 41.99% strain. As listed in Table 2, the dDG0

values, which indicate the extent of silica occulation,16,33 were
lower in silica/F-SSBR composites than that in the silica/SSBR/
Si69 composite, signifying that the in situ modication of
silica by the F-SSBR matrix could more effectively inhibit the
formation of ller–ller networks during vulcanization at
150 �C and 15 MPa. This was because the modication of silica
by Si69 just restrained the ller–ller networks rather than
improved the ller–rubber networks during the mixing process.
However, the in situ modication of silica by the F-SSBR matrix
could improve the ller–rubber networks and restrained the
ller–ller networks simultaneously. The difference between
silica/SSBR/Si69 and silica/SSBR-g-MPL70 in Fig. 6(A) and (B)
further supported this view. The mechanism is shown in Fig. 7.
Performances of the silica/F-SSBR composites

The crosslink densities of all vulcanizates were determined by
means of equilibrium swelling measurement, and the results
are listed in Table 3. The crosslink densities of the silica/F-SSBR
vulcanizates increased gradually with improving interfacial
Fig. 7 Sketch of improved silica dispersion in silica/SSBR/Si69 and
silica/F-SSBR compounds.

18894 | RSC Adv., 2019, 9, 18888–18897
interaction and were higher than that of the silica/SSBR/Si69
vulcanizate.

Fig. 8(A) and Table S5† present the mechanical properties of
all vulcanizates. The modulus at 100% strain of the silica/F-
SSBR vulcanizates increased with improving interfacial inter-
action. The values of elongation at the break of silica/F-SSBR
vulcanizates decreased because of the restriction of the slip-
page of F-SSBRs resulting from the excessively strong interfacial
interaction when suffering external forces. In addition, the
improved crosslink densities of the silica/F-SSBR vulcanizates
were also responsible for the decrease in elongation at break.
The mechanical properties of the silica/SSBR-g-MUA70 vulca-
nizates were superior to those of silica/SSBR-g-MPL70 and
silica/SSBR-g-MPTES70 vulcanizates. Moreover, the tensile
strength of the silica/SSBR-g-MUA70 vulcanizates increased by
73.3% and 23.8% compared with those of the silica/SSBR and
silica/SSBR/Si69 vulcanizates.

The dynamic mechanical properties of all vulcanizates are
shown in Fig. 8(B) and (C) and summarized in Table S6.† The G0

values of the vulcanizates at the high-elastic region can be used
to evaluate the ller–ller networks.6,10,45,48,49 The lower value of
G0 implies weaker ller–ller networks and better silica
dispersion. As shown in Fig. 8(B), the values of G0 showed that
silica/SSBR > silica/SSBR/Si69 > silica/SSBR-g-MPL70 > silica/
SSBR-g-MUA70 > silica/SSBR-g-MPTES70 at the high-elastic
state, i.e., the gradually improving interfacial interaction was
benecial to the silica dispersion in the silica/F-SSBR vulcani-
zates. This was in accordance with the TEM observation.

The destruction of the ller–ller networks can be ignored
owing to the rather low strain in DMTA experiments;12 there-
fore, the macromolecular chain segment relaxation is the main
source of internal friction loss in the glass-transition zone. The
decreased ller–ller networks reduced the number of rubber
chains trapped in them, enhancing the effective volume of the
rubber chains and leading to a high value of tan d at Tg
(tan dmax).7,9,50–52 However, the tan dmax value will decrease when
enhanced interfacial interactions exist in the vulcanizates.21,43

For silica/F-SSBR vulcanizates, the decreased ller–ller
networks played a leading role; therefore, the tan dmax values of
all vulcanizates increased in the order of silica/SSBR, silica/
SSBR/Si69, silica/SSBR-g-MPL70, silica/SSBR-g-MUA70, and
silica/SSBR-g-MPTES70 (Fig. 8(C) and Table S6†). Furthermore,
the tan dmax values of the silica/SSBR-g-MPTES vulcanizates
This journal is © The Royal Society of Chemistry 2019
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Table 3 Crosslink densities of vulcanized silica/SSBR, silica/SSBR/Si69, and silica/F-SSBRs

Samples
Silica/
SSBR

Silica/SSBR/
Si69

Silica/SSBR-g-
MPL70

Silica/SSBR-g-
MUA70

Silica/SSBR-g-
MPTES13

Silica/SSBR-g-
MPTES42

Silica/SSBR-g-
MPTES70

Crosslink density
(10�4 mol cm�3)

2.24 3.02 4.89 6.37 3.12 4.62 9.59

Fig. 8 (A) Stress–strain curves, (B)G0–temperature curves, and (C) loss factor–temperature curves of the silica/SSBR, silica/SSBR/Si69, and silica/
F-SSBR vulcanizates.
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increased with increasing MPTES contents (Fig. 8(C) and Table
S6†). As listed in Table S6,† the Tg values of the silica/F-SSBR
vulcanizates increased signicantly compared with that of the
silica/SSBR vulcanizate owing to the restriction on movement of
the rubber chains by the “glass polymer layer”.53,54

In the tire industry, it is well known that a high tan d value at
0 �C (tan d (0 �C)) implies excellent wet skid resistance.55 As
presented in Fig. 8(C) and Table S6,† the vulcanizates were
ordered as follows with respect to the wet skid resistances:
silica/SSBR < silica/SSBR/Si69 < silica/SSBR-g-MPL70 < silica/
SSBR-g-MUA70 < silica/SSBR-g-MPTES70, indicating that the
gradually improving interfacial interaction was benecial to
improving the wet skid resistance. The wet skid resistances of
the silica/SSBR-g-MPTES vulcanizates improved with increasing
MPTES contents. Compared with silica/SSBR vulcanizate, the
wet skid resistances of silica/SSBR-g-MPL70, silica/SSBR-g-
MUA70, and silica/SSB-g-MPTES70 vulcanizates improved by
112.7%, 161.2%, and 184.3%, respectively (Table S6†).
Conclusions

The in-chain functionalized SSBRs (F-SSBRs) with –OH, –COOH,
and –Si–(OCH2CH3)3 could contribute to various interfacial
This journal is © The Royal Society of Chemistry 2019
interaction modes at the molecular level with the silanols of
silica in the composites, including single hydrogen bond
interactions, dual hydrogen/covalent bond interactions, and
single covalent bond interactions. As the modes of the interfa-
cial interaction followed the order single hydrogen bonds to
dual hydrogen/covalent bonds to single covalent bonds, the
composites were ordered as follows with respect to the inter-
facial interactions: silica/SSBR-g-MPL < silica/SSBR-g-MUA <
silica/SSBR-g-MPTES. Moreover, the interfacial interactions
were improved with increasing graing percentages of func-
tional group. As the interfacial interactions were enhanced, the
ller–ller networks decreased and the ller–rubber networks
increased gradually. As a result, the silica dispersions, low
rolling resistances, and wet skid resistances of the silica/F-SSBR
composites greatly enhanced with the improving interfacial
interactions, and they were even better than those of the silica/
SSBR/Si69 composite. The rolling resistances of the silica/SSBR-
g-MPL, silica/SSBR-g-MUA, and silica/SSBR-g-MPTES compos-
ites decreased by 21.2%, 27.3%, and 50.8%, respectively. The
wet skid resistances of the silica/SSBR-g-MPL, silica/SSBR-g-
MUA, and silica/SSBR-g-MPTES composites increased by
112.7%, 161.2%, and 184.3%, respectively. However, although
the ller–rubber networks and the ller dispersion improved,
RSC Adv., 2019, 9, 18888–18897 | 18895
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the intermolecular interaction of the rubber also signicantly
increased. The excessively strong rubber–rubber networks led to
poor mechanical properties. Therefore, to achieve excellent
performances of the composites, it was necessary to achieve
a balance between the ller–ller, rubber–rubber, and ller–
rubber networks. This meant that the graing percentages of
the functional group had an upper application limit for
improving the overall performances of the composites. The
above balance was achieved in the silica/SSBR-g-MUA70
composite, which had excellent overall performances of high
strength, low rolling resistance, and high wet skid resistance. It
is expected that this research will provide a positive and
meaningful reference for the development of high-performance
“green tires”.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant no. 51473010 and 51373009) and
the National Basic Research Program of China (Grant no.
2015CB654701).

References

1 Z. Sun, Q. Huang, Y. Wang, L. Zhang and Y. Wu, Ind. Eng.
Chem. Res., 2017, 56, 1471–1477.

2 A. Hilonga, J.-K. Kim, P. B. Sarawade, D. V. Quang,
G. N. Shao, G. Elineema and H. T. Kim, J. Ind. Eng. Chem.,
2012, 18, 1841–1844.

3 L. Qu, G. Yu, L. Wang, C. Li, Q. Zhao and J. Li, J. Appl. Polym.
Sci., 2012, 126, 116–126.

4 Z. Tang, J. Huang, X. Wu, B. Guo, L. Zhang and F. Liu, Ind.
Eng. Chem. Res., 2015, 54, 10747–10756.

5 T. Xu, Z. Jia, Y. Luo, D. Jia and Z. Peng, Appl. Surf. Sci., 2015,
328, 306–313.

6 Y. Li, B. Han, L. Liu, F. Zhang, L. Zhang, S. Wen, Y. Lu,
H. Yang and J. Shen, Compos. Sci. Technol., 2013, 88, 69–75.

7 Y. Li, B. Han, S. Wen, Y. Lu, H. Yang, L. Zhang and L. Liu,
Composites, Part A, 2014, 62, 52–59.

8 J.-Y. Lee, N. Park, S. Lim, B. Ahn, W. Kim, H. Moon, H. Paik
and W. Kim, Compos. Interfaces, 2017, 24, 711–727.

9 Y. Wu, Q. Zhao, S. Zhao and L. Zhang, J. Appl. Polym. Sci.,
2008, 108, 112–118.

10 X. Liu, S. Zhao, X. Zhang, X. Li and Y. Bai, Polymer, 2014, 55,
1964–1976.

11 T. E. Hogan, A. Randall, W. L. Hergenrother and C. J. Lin,
Rubber World, 2010, 242, 38–42.

12 L. Qu, L. Wang, X. Xie, G. Yu and S. Bu, RSC Adv., 2014, 4,
64354–64363.

13 Y. Luo, L. Qu, H. Su, T. W. Chan and S.Wu, RSC Adv., 2016, 6,
14643–14650.
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