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ORIGINAL ARTICLE

SBR/silica composites modified by a polymerizable
protic ionic liquid

Yanda Lei, Zhenghai Tang, Baochun Guo and Demin Jia

A novel functionalized ionic liquid, 1-methylimidazolium sorbate (MimS), was synthesized and characterized. MimS was used to
improve the performance of rubber/silica composites. Substantiated hydrogen bonding between MimS and silica was responsible
for effectively restraining the Payne effect and decreasing the Mooney viscosity of the uncured rubber compounds. The reactivity
of MimS toward rubber and its ability to hydrogen bond with polymerized MimS and silica were characterized. Filler networking,
curing behavior, silica dispersion and mechanical performance of the vulcanizates were fully studied. Remarkable improvements
in mechanical properties were achieved with only a small addition of MimS. Variations in rubber performance were attributed to

the significantly improved silica dispersion and novel interfacial interactions induced by MimS.
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INTRODUCTION

Silica has been extensively studied for its effective reinforcing ability in
rubbers. Its high polar surface (up to 8 silanol groups per nm?!) is an
important factor in determining its reinforceability.>* However, its
intrinsic high polar surface also leads to serious aggregation. To obtain
better mechanical performance, fine dispersion of silica is generally
necessary. Various methods of modifying the silica surface, therefore,
are always of great importance in tailoring filler dispersion and
interfacial interactions for rubber/filler composites.”

Tonic liquid (IL), a novel emerging medium, is getting worldwide
attention for its fascinating properties, such as near-zero vapor
pressure, high thermal stability, high conductivity and wide potential
window.>!? Traditionally, ILs with various inorganic anions have
been extensively used as green solvents (electrolyte and dispersing
agents) owing to their high thermal stability, non-flammability
and non-volatility. For example, 1-butyl-3-methylimidazole
hexafluorophosphate has been widely used as an electrolyte in
electrochemistry,'! as a novel dispersant for carbon nanotubes!!3
and as a medium for synthesizing nanoparticles.'*'® When ILs
are used to synthesize nanoparticles, besides as the reaction medium,
they also have an important role in directing the structure of the
particles.!”-20

Previously, we verified 1-butyl-3-methylimidazole hexafluoropho-
sphate as an effective modifier for improving the performance of
rubber/halloysite nanotube composites.?! This phenomenon is due to
the hydrogen bonding between 1-butyl-3-methylimidazole hexafluor-
ophosphate and the halloysite nanotube. However, most of the
commercial ILs, such as 1-butyl-3-methylimidazole hexafluoropho-
sphate, could not be directly used as the modifier for polymer

composites because of their high polarity and limited compatibil-
ity.22"2* Functional and compatible ILs should be specifically designed
for rubber compounds. In the present work, based on the reactivities
of sorbic acid and its salt towards diene rubber,>> a functional IL,
MimS, was synthesized and verified by 'H nuclear magnetic resonance
and Fourier transform infrared (FTIR) spectroscopy. MimS was
investigated as a modifier for improving the performance of silica-
filled styrene butadiene rubber (SBR) composites. The effects of Mim$
on filler networking, vulcanization behavior, mechanical performance
and morphology were fully studied. The interfacial interactions
induced by MimS were revealed and found to be correlated with the
changes in rubber performance.

EXPERIMENTAL PROCEDURE

Materials

N-methylimidazole and sorbic acid, with 99% purity, were purchased
from Alfa Aesar, Tianjin, China. SBR, with the trade name SBR1502
(styrene content 23.5 wt.%), was manufactured by Jilin Chemical
Industry Company, Jilin, China. Precipitated silica, with the trade
name WL180, was manufactured by NanPing Jialian Chem. Ltd.,
Nanping, China. By using Micromeretics ASAP 2020, the Brunauer—
Emmett—Teller (BET) value of silica was re-determined to be 200 m?g~".
Other rubber additives were industrial grade and were used as received.

Synthesis of MimS and the preparation of model compounds
with Mim$

Synthesis of MimS and its polymerization.
which is similar to the synthesis of other protic ionic liquids,
its polymerization are shown in Scheme 1.

The synthesis of MimS,
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Scheme 1 Synthesis of MimS and its polymerization.

N-methylimidazole and sorbic acid were stoichiometrically reacted
at 35 °C, with stirring, for 1h, which yielded a light yellow transparent
product. This product was characterized by FTIR spectroscopy
(Bruker Vertex 70 FTIR spectrometer; Bruker, Buchen, Germany)
and 'H nuclear magnetic resonance (Bruker AVANCE Digital nuclear
magnetic resonance spectrometer; Bruker, 300 MHz). H nuclear
magnetic resonance (CDCl;, 300 MHz):3273% 12.34(s, 1H, H(3));
7.65(s, 1H, H(2)); 7.23-7.32(m, 1H, H(7)); 7.09-7.10(t, J;=1.11Hz,
J,=1.35Hz, H(4)); 6.880-6.884(d, J=1.23, 1H, H(5)); 6.17-6.21(m,
J=10.59Hz, 1H, H(8)); 6.12-6.14(m, H(9)); 5.79-5.84(d, J=3.70 Hz,
1H, H(6)); 3.07(s, 3H, H(1)); 1.83-1.86 (d, J=6.45Hz, 3H, H(10)).
FTIR (KBr):3¢40 3414(N-H), 3125(imidazole-H), 3024 and 1000
(C=C-C=C-H), 1690 (C=0), 1420 (C-0), 1650 (C=C in imidazo-
lium cation). Anal. calculated for MimS (CgH;4O,N;): C 61.79,
N 14.42, H 7.21. Found: C 60.59, N 14.43, H 8.18. The melting
point and the melting heat were 16.5°C and 15.2kJ mol~!, respec-
tively. The viscosity was 105mPas (25°C). Bulk polymerization of
MimS was conducted with 2,2-azobisisobutyronitrile (1wt.%) as
the initiator under a nitrogen atmosphere. Polymerized Mim$
(poly(MimS)) was characterized by FTIR spectroscopy.

MimS/silica interaction. The silica was dispersed in Mim$S under
sonication, and the resultant suspensions were subjected to centrifuga-
tion to test the formation of the MimS/silica gel. X-ray photon
spectroscopy (Kratos Axis Ultra DLD; Kratos Analytical, Eppstein,
Germany) was performed on the silica and the MimS-coated silica to
reveal the interaction between them. The binding energy for each
spectrum was calibrated to its Cls reference at 285.0eV. A Gaussian
function was used in the fitting program.*!

Polymerized MimS in the presence of silica and grafting of MimS onto
SBR. To verify the affinity of MimS towards silica and its reactivity
towards SBR chains, polymerization assays were conducted. Polymer-
ization of MimS in the presence of silica was conducted following
the procedure described above. Grafting copolymerization of MimS$
onto SBR was performed in a toluene solution of SBR with
2,2’-azobisisobutyronitrile as the initiator. The weight ratio of
SBR/Mim$/2,2"-azobisisobutyronitrile was 10/5/0.15. All polymeriza-
tions were conducted at 70°C for 12h. The MimS grafted SBR
(poly(SBR-g-MimS)) was extracted with plenty of deionized water
to remove poly(MimS). Poly(MimS)/silica and poly(SBR-g-MimS)
were verified by FTIR spectroscopy. Differential scanning calorimetry
experiments were performed on poly(MimS) and poly(MimS)/silica
to explore the possible interactions between poly(MimS) and silica.
The samples were heated from —85 to 20°C at 10°Cmin~! with
nitrogen as the purging gas.

Preparation of SBR/silica compounds

SBR and other additives were mixed on an open two-mill moll. The
composition (in per hundred parts of rubber, p.h.r.) was as follows:
SBR 100, silica 40, zinc oxide 5, stearic acid 1, dicumyl peroxide 1,
N-isopropyl-N’-phenyl-p-phenylenediamine 1.5 and MimS variable.
The dependence of shear modulus (G’) on the strain of uncured
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rubber compounds was measured using visco-elastography rubber
processing analyzer (Gottfert-Werkstoff-Priifmaschinen GmbH,
Ahlden, Germany). The temperature and frequency were set to
70°C and 1Hz, respectively. The Mooney viscosity was determined
following ISO standard 289-2005 at 100°C. In the below text,
RxMimS means the rubber sample with x p.h.r. MimS.

The curing characteristics of the rubber compounds were deter-
mined using a UR-2030 vulcameter (U-CAN, Nantou, Taiwan) at
170°C. Then, the rubber compounds were vulcanized at
170 °CxTc90. Tensile, tear and hardness tests of the vulcanizates
were performed following ISO 37-2005, ISO 34-2004 and ISO 7619-
2004, respectively. Dynamic mechanical analysis of the vulcanizates
was performed on an EPLEXOR dynamic mechanical analyzer (Gabo
Qualimeter Testanlagen GmbH, Ahlden, Germany). The samples were
scanned from —100 to 100 °C at 3°Cmin~'. The tensile mode was
adopted. Cross-link densities of the vulcanizates were determined
using the equilibrium swelling method.*?

Scanning electron microscopy was performed for cryogenically
fractured vulcanizates with a LEO 1530 VP scanning electron micro-
scope (LEO Elektronenmikroskopie GmbH, Oberkochen, Germany).
Before the observations, a thin layer of gold was sprayed on the
fractured surface. Transition electron microscopy observations were
performed on slices generated with an ultra microtome (~ 200 nm)
using a Philips Tecnai 12 transmission electron microscope (Philips,
Eindhoven, Netherlands) with an accelerating voltage of 30 kV.

RESULTS AND DISCUSSION

Interaction between MimS and silica

To verify the interaction between MimS and silica, the silica/Mim$
mixture was subjected to sonication and centrifugation. As revealed in
Figure 1, the silica/MimS gel was generated, indicating a strong
interaction between MimS and silica. Having been washed by acetone
and centrifuged, the vacuum-dried samples were characterized by
X-ray photon spectroscopy, as shown in Figure 2. The Si atoms were
present in two chemical environments: SIOH (105.0eV) and SiOSi
(103.7 €V).*3 However, after being centrifuged and vacuum dried, no
silanol group was found according to the fitting program. We propose
that SiOH, after interacting with the anion, decreased the binding
energy value of the related Si atom. The binding energy value of the
Si atom in SiOSi increased for the hydrogen bonding between SiO
and the cation in MimS. As a result, the binding energy value for Si
atoms in the two environments overlapped and could not be easily
distinguished by the fitting program.

Effect of MimS on filler networking in uncured rubber compounds
Silica networks in MimS containing rubber compounds were studied
by the dependence of the shear modulus (G’) on strain (Figure 3).
Conventionally, there is a high modulus at small strain (<1%), which
mainly contributes to the production of the filler network. For
increasing strain, G* does not show a linear decrease and drops to a
low value. This phenomenon is related to the filler network in the
rubber matrix and is termed the Payne effect.%#®** The shear modulus
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Figure 1 Silica/MimS gel with different weight ratios. A full color version of this figure is available at Polymer Journal online.

discrepancy (AG’) between G’ at small strain (~0.5%) and G’ at large
strain (~100%) is always used to estimate the filler network in filled
rubber compounds. As shown in Figure 3, with increasing MimS, AG’
consistently decreased, implying that the silica network was effectively
restrained and that filler dispersion improved. The restrained silica
network was ascribed to a strong interaction between MimS and silica,
which was substantiated above.

Keeping in mind that the filler network was restrained, the proces-
sability of the rubber compounds, which is essential for rubber
compounding, was also estimated by the Mooney viscosity, which
was firstly decreased from 104 (ROMimS) to 74 (RIMimS) and further
decreased to 63 (R4MimS). It can be seen that with increasing Mim$S
loading, the Mooney viscosity dramatically decreased. The Mooney
viscosities of R3MimS and R4MimS decreased substantially by about
40% as compared with ROMimS. This could be related to the decreased
effective filler volume originating from the restrained filler network.®
Our report on the greatly improved processability of rubber com-
pounds by functional IL suggests that functional ILs could potentially
be applied as safe, green process ingredients to substitute for canceri-
genic, polycyclic, aromatic hydrocarbons and their derivatives.*>~

Reactivity of Mim$S on SBR and the interaction between
poly(MimS) and silica
Many researchers, including us, have confirmed the polymerizability
of sorbyl substances such as sorbic acid and sorbates.?>—27:48-50
Although the reactivity of sorbyl in MimS should be different from
sorbic acid, it is believed that it can undergo polymerization via the
free radical mechanism. The polymerization of MimS was character-
ized by FTIR spectroscopy (Figure 4). The stretching mode of C=0
around 1690 cm™! could be related to the anion of MimS, which is
supposed to be unconsumed during polymerization.>® The relatively
reduced absorption of the diene group around 1650 cm~! indicated
the polymerization of the diene group in the anion.

The reactivity of MimS on SBR chains was also revealed. The FTIR
spectrum of poly(SBR-g-MimS) is shown in Figure 5. The presence of
aromatic hydrogen (~3060 and ~3020cm~!), CH, (2912 and
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Figure 2 XPS spectra of silica (a) and centrifuged silica (b). A full color
version of this figure is available at Polymer Journal online.
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Figure 3 Strain dependence of G’ of the SBR/silica compounds. A full color
version of this figure is available at Polymer Journal online.
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Figure 4 FTIR spectra of MimS and its polymerization product. A full color
version of this figure is available at Polymer Journal online.
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Figure 6 FTIR spectra of silica, poly(MimS) and poly(MimS)/silica. A full
color version of this figure is available at Polymer Journal online.

2843 cm™1), trans C=CH (964 cm~!) and phenyl (694 cm™!) indicate
the backbone of SBR.>>? The stretching mode of aromatic C=CH at
3080 cm~! and the stretching mode of C=C in imidazole at 1640 cm™!
indicate the presence of the imidazole cation on the graft product
poly(SBR-g-MimS). The stretching mode of C=0 at 1701 cm™! 3840
could be ascribed to the carboxyl anion. Consequently, it was verified
that during vulcanization, MimS was grafted onto SBR chains.

Possible interactions between poly(MimS) and silica were verified
via the model compound (poly(MimS)/silica), which was prepared by
polymerization of MimS in the presence of silica (10 wt% relative to
MimS). The FTIR spectra of poly(MimS)/silica and silica are pre-
sented in Figure 6. It can be seen that the peaks around 3425, 1100 and
470 cm~! should be related to the silanol groups and Si-O bonds.>
Although the adsorption of Si—O bonds on poly(MimS)/silica over-
lapped with the bands for poly(MimsS), the shift of C-N in the
imidazole ring (~1000cm™!) could be used to examine the interac-
tions related to the imidazolium cation.?’ It is observed that the C-N
stretching is blue shifted from 1002 to 999 cm~!, indicating hydrogen
bonding between the cation of poly(MimS) and the Si—-O bond of
silica. Simultaneously, the stretching mode of the silanol group above
3000 cm ™!, which overlaps with that of the N-H bonds in MimS,
shows a relatively weak absorption and is shifted from 3414 to
3460 cm™!, indicating that hydrogen bonding occurs between the
silanol group (SiOH) and the carboxylic anion (COO~) in poly
(MimS), which is in agreement with another report.2’ The absorption
strength of the silanol groups above 3000 cm~! was reduced due to
surface anchoring of poly(MimS) molecules by silica.

As the disclosed interaction between poly(MimS) and silica may
affect the mobility of polymer chains, the glass transition of poly
(MimS) and poly(MimS)/silica was measured by differential scanning
calorimetry. According to the differential scanning calorimetry curves
(not shown), the glass transition temperature (Tg) shifted from
—68 °C for poly(MimS) to —64 °C for poly(MimS)/silica. The higher
Tg implies that the presence of silica could effectively restrain the
mobility of the polymer chains. This phenomenon may be due to
hydrogen bonding between silica and poly(MimS).

Vulcanization behavior of SBR/silica compounds
Curing curves of the rubber/silica compounds are shown in Figure 7.
It can be seen that with increasing MimS incorporation, the minimum
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Figure 7 Vulcanization curves of the SBR/silica rubber compounds. A full
color version of this figure is available at Polymer Journal online.

torque (Tpyip) is greatly reduced. We suggested that the restrained silica
network could decrease the effective filler volume and may be
responsible for the phenomenon. The maximum torque (Tp,,,) during
vulcanization, however, took a maximum value for RIMimS and then
obviously decreased. To explain this interesting phenomenon, several
factors should be considered. First, incorporation of Mim$S may
suppress adsorption of dicumyl peroxide on the silica surface. Second,
the polymerization of MimS may consume part of dicumyl peroxide.
Last but not least, the altered filler network mentioned above may
exert a significant influence on Tj,ax. The cross-link density (Ve) for
ROMimS-R4Mims is 3.32, 3.40, 3.13, 2.96 and 2.61x10~*molcm >,
respectively. This may have resulted from the altered initiating
efficiency of dicumyl peroxide due to the first two factors. The
gradually restrained Payne effect may lower Tjpay.

Morphology observations of SBR/silica vulcanizates

The morphology of SBR/silica composites was studied by scanning
electron microscopy and transition electron microscopy. As shown in
Figure 8, silica is uniformly dispersed in the rubber matrix. The
average size of the aggregates is much smaller than the sizes of those in
the ROMimS sample. Both scanning electron microscopy and transi-
tion electron microscopy indicated that the dispersion of silica in the
rubber matrix obviously improved. Two factors may be responsible for
these changes in morphology. First, the polarity of the silica particles
decreased due to hydrogen bonding with MimS. Second, the double
bond in MimS reactive toward rubber chains might enhance inter-
facial bonding by the chemical bond via the radical mechanism, as
substantiated above.

Mechanical performance of the SBR/silica vulcanizates

The mechanical properties of the modified SBR/silica vulcanizates are
shown in Figure 9. It can be seen that the mechanical performance was
substantially changed. When 4 p.h.r. of MimS was used, the tensile
strength and tear strength increased by 43 and 47%, respectively.
This improved mechanical strength may be due to a combination of
effects, such as the improved dispersion of silica and the improved
interactions between silica and the ionic unit via hydrogen bonding. As
shown in Figure 9, hardness decreased slightly with an increasing load
of MimS. The reduction of hardness may be related to reduced
cross-linking density and the restrained filler network when sufficient
Mim$ was used.
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Figure 8 Morphology of ROMimS and R4MimS vulcanizates (the insets are
SEM photographs).

The modulus (studied by the stress at 300%) for the samples first
decreased from 7.39MPa (ROMimS) to 6.21 MPa (R1IMimS) and
further decreased to 5.35 MPa (R4MimS). The reduced modulus may
have been related to interfacial hydrogen bonding and decreased cross-
link density. Elongation at the breaking point consistently increased
with MimS loading. Simultaneously, the tensile strength of the ultra
deformation also increased substantially. There are two possible expla-
nations for the altered mechanical performance. First, filler dispersion
was largely improved by hydrogen bonding between the silica surface
and the ion units in poly(MimS) and poly(SBR-g-MimS). Second, the
interfacial bonding between silica and rubber was partially caused by
hydrogen bonding, which may facilitate molecular mobility in the
interfacial area. The facilitated chain mobility enables a higher degree
of chain orientation, which is essential for the reinforcement of rubber.
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Figure 9 Mechanical comparisons of the SBR/silica vulcanizates. A full color version of this figure is available at Polymer Journal online.
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Figure 10 Dynamic mechanical comparisons of the SBR/silica vulcanizates.
A full color version of this figure is available at Polymer Journal online.

Dynamic mechanical performance was also evaluated and is shown
in Figure 10. The glass transition temperature (Tg) of the vulcanizates
was practically unchanged. The compounds with MimS possessed a
higher mechanical loss above Tg as compared with the unmodified
sample. Interfacial interactions via non-covalent bonding such as the
ionic bond or the hydrogen bond may lead to higher hysteresis. When
the elastic sample (T>Tg) is loaded with dynamic strain, the rubber
chains in the interfacial region may readily be deformed due to a
weakened filler network and altered interfacial structures.””>* Aggra-
vated interfacial chain motion then leads to higher loss at tempera-
tures above the glass transition.

Suggested interfacial structure in SBR/silica/Mim$ composites

Owing to the described interaction between MimS$ and silica and
MimS’s reactivity to SBR chains, the MimS-modified SBR/silica
interfacial structure may differ somewhat between uncured rubber
compounds and the corresponding vulcanizates. The role of MimS in
the vulcanizate is illustrated schematically in Figure 11. For interac-
tions between MimS and silica (as revealed by gel formation, FTIR
spectroscopy and the X-ray photon spectroscopy spectra), it is
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proposed that in uncured rubber compounds, MimS is strongly
adsorbed onto the silica surface by hydrogen bonding between
MimsS and silica. Hydrogen bonding could restrain the filler network
and facilitate filler dispersion due to weakened interactions among
silica particles. After vulcanization, Mim$S molecules, which may have
limited interactions with SBR chains because of their high polarity,
can be chemically bonded to SBR chains via the graft product
poly(SBR-g-MimS). Owing to this modified interface structure and
improved filler dispersion, the greatly improved mechanical perfor-
mance of SBR/silica composites was successfully achieved.

CONCLUSIONS

A novel functional IL, MimS, was successfully synthesized, character-
ized and explored as a modifier in an SBR/silica composite. MimS was
found to be polymerized and/or grafted onto SBR molecules during
vulcanization. The interactions between silica and the ionic units were
substantiated to be hydrogen bonding. Both the cation and the anion



in the ionic unit could have been interacting with the silica surface via
hydrogen bonding. The silica network in the rubber matrix was
effectively restrained. Silica dispersion and the mechanical perfor-
mance of the vulcanizates were effectively improved. The altered
performance of the rubber compounds was related to altered filler
dispersion and interfacial bonding, which originated from the reac-
tivity of MimS with rubber chains and the hydrogen bonding between
silica and the ionic unit induced by MimS.
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