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The epoxidized acrylated natural rubber cross-linked by polystyrene was 
synthesized to produce star-shaped functional rubber by iniferter polymerization.
The synthesis was carried out in several steps. The epoxidized acrylated natural

rubber was first obtained by grafting of acrylic acid onto epoxidized natural 
rubber, and then photocross-linking reaction was performed with polystyrene using
star-shaped polystyrene iniferter as a photoinitiator under UV irradiation. The star-
shaped polystyrene iniferter was prepared using 1,3,5-tris(ethyldimethylcar-
bamodithioate)-2,4,6-trimethylbenzene as an initiator. The structure and morphology
were characterized by FTIR, 1H NMR, SEM, GPC and AFM. The characterization
results of FTIR and 1H NMR showed that the desired products and structures were 
successfully obtained. SEM Results revealed that polystyrene microballoons were
grafted to the epoxidized acrylated natural rubber. GPC Results demonstrated that the
number average molecular weight (Mn), weight average molecular weight (Mw) and
polydispersity of the star-shaped polystyrene iniferter using as photoinitiator are 
calculated as 920, 1340 and 1.46 in the above order. AFM Results suggested that poly-
styrene was uniformly distributed throughout the epoxidized acrylated natural 
rubber. The thermal performances of the product were evaluated by TG/DSC and the
results indicated that the product exhibited good thermal stability. The paper presents
a new route to prepare a star-shaped epoxidized acrylated natural rubber cross-linked
by star-shaped polystyrene and provides a convenient manufacturing operation for
those elastic sealing materials using in special complex-shaped parts.

INTRODUCTION

Natural rubbers (NR) have 
attracted considerable interest over
the last few years on account of
their low cost, natural renewable
resources, elastic and electric 
insulating properties in application
of various industrial sectors such as
tyres, adhesives, housing, etc.
[1,2]. In efforts to extend their use, 
various chemical and physical
methods have been developed to

carry out cross-link and improve
their properties [3]. Among them,
the prevulcanization of NR, using
sulphur, peroxide, phenolic resin or
azo compounds as cross-linker, is
the most common method to carry
out cross-link at present. However,
this method easily degrades the NR
performance because of the main
chain degradation [4-7] and always
causes serious environmental
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problems [8,9]. Therefore, it is essential and of 
significant importance to develop new approaches to
replace vulcanization process in the rubber produc-
tion. At present, some polymers which have high
glass transition temperature (Tg) such as polystyrene
or poly(methyl methacrylate) have been used to
cross-link with natural rubber. Kongkaew et al. [10]
prepared polyisoprene-poly(methyl methacrylate)
block copolymers by photopolymerization using
polyisoprene as a macro-iniferter initiated by benzyl
diethyldithiocarbamate. Amornchaiyapitak et al. 
[11] prepared epoxidized natural rubber by in situ
epoxidation reaction using performic acid. Senna et
al. [12] investigated the effect of reactive com-
patibilizers on the mechanical, thermal and 
morphological properties of polymer blends based
essentially on polypropylene and different ratios of
epoxidized natural rubber. A Japanese patent [13]
provides a conductive roll for electrophotographic
equipment which has a natural rubber based on layer 
containing an epoxidized natural rubber and an
organic compound having an ether linkage or a
(meth)acrylate structure. 

In this work, we present a novel process to 
synthesize star-shaped epoxidized acrylated natural
rubber cross-linked by polystyrene using star-shaped
iniferter. At first, epoxidized natural rubber was 
prepared by copolymerization of natural rubber and
epoxy. In the next stage, acrylic acid was grafted onto
the epoxidized natural rubber. Then, the star-shaped
polystyrene iniferter was synthesized by iniferter
process. Finally, the epoxidized acrylated natural 
rubber went under photocross-linking reaction 
with polystyrene using polystyrene iniferter as a 
photoinitiator under UV irradiation. The aim of this
work involved the preparation of star-shaped 
functional rubber using star-shaped macro-iniferter.
The process greatly facilitates manufacturing 
operations for those elastic sealing materials of 
special complex-shaped parts for when the 
synthesized semi-finished products are coated on
their surfaces, the elastic sealing layer would be 
easily formed in between the special complex-shaped
parts under the sunlight or UV irradiation. Besides,
the whole process is friendly to environment and the
involvement of many polymers (such as epoxy,
styrene, etc.) is good to improve the properties of 

natural rubber. Therefore, this interesting method 
provides a new process to replace vulcanization
process in the rubber production. Moreover, other
functional polymers containing double bonds and
other types of polymerization (such as light, heat,
microwave or special-catalyzed polymerization) 
can be used here to replace polystyrene and UV
irradiation to prepare special rubber material. 

EXPERIMENTAL

Materials
Toluene, tetrahydrofuran (THF), hydrogen peroxide,
acetic acid and methanoic acid were purchased from
Shanghai Shiji Chemicals Reagent Co. Zinc bromide
and dimethyldithiocarbamic acid sodium salt (40% in
water solution) were purchased from Acros Organics,
and used without further purification. 1,3,5-
Trimethylbenzene and hydrogen bromide (30% in
acetic acid, ca. 5.1 mol/L) were purchased from
Tokyo Chemical Industry Co. Styrene was purchased
from Shanghai Shiyan Reagent Co., freshly distilled
prior to use. Paraformaldehyde was purchased from
Shanghai Jingchun Reagent Co., used directly.
Natural rubber latex (42% drc) was obtained from
Hainan Rubber Plant.

Synthetic Process
Synthesis of 1,3,5-Tris(bromomethyl)-2,4,6-trimethyl-
benzene 
The 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene
was synthesized as follows: 1.50 g (12.5 mmol) 1,3,5-
trimethylbenzene, 2.25 g (75 mmol) paraformalde-
hyde and 5.00 mL acetic acid were stirred in a 
round-bottomed flask, then followed by the addition
of hydrogen bromide (30% in acetic acid, ca. 
5.1 mol/L) dropwise, in which 2.81 g (12.5 mmol)
zinc bromide was dissolved, and refluxed for 16.5 h.
The white precipitate was collected by filtration,
washed successively with water, and dried under vac-
uum to give a white solid. Yield: 92%. 

Synthesis of 1,3,5-Tris(ethyldimethylcarbamodithio-
ate)-2,4,6-trimethylbenzene
The 1,3,5-tris(ethyldimethylcarbamodithioate)-2,4,6-
trimethylbenzene was synthesized as follows: 0.50 g
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(1.25 mmol) 1,3,5-tris(bromomethyl)-2,4,6-trimethyl-
benzene, 0.54 g (3.75 mmol) NaS2CNMe2·3H2O and
40.00 mL methanol were placed in a round-bottomed
flask at refluxing temperature for 4 h, in accordance
with Otsu's method [9]. The white precipitate was 
collected by filtration, washed successively with
mixed solution (Vmethanol/Vdiethylether = 4/1), and
dried under vacuum to give a white solid. Yield: 94%. 

Synthesis of Polystyrene (Macro-iniferter) 
An amount of 0.20 g (0.4 mmol) 1,3,5-tris(ethyl-
dimethylcarbamodithioate)-2,4,6-trimethylbenzene,
0.37 g (3.6 mmol) styrene and 5 mL THF were placed
into a round-bottomed flask. A stream of dry nitrogen
was introduced through a gas inlet to sweep the flask
for 5 min or more. The solution was then irradiated
for 8 h with a 200 W Hg lamp (Spot Cure, SP-9,
Ushio, Tokyo, Japan) in nitrogen atmosphere at 32°C.
Light intensity was set to 25 mW/cm2 at the 
wavelength of 250 nm (UV-B, Beijing, Photoelectric
Instrument Factory of Beijing Normal University,
China). 

Synthesis of Epoxidized Natural Rubber (ENR)
At first, 44.20 g concentrated NR latex (42% drc) was
stirred for 12 h at room temperature to remove 
ammonia. 1.00 g op-10 was added dropwise to obtain
homogeneous latex, stirring was maintained for 
30 min. The latex was then transferred into a flask
equipped with a mechanical stirrer and a reflux 
condenser, and the flask was placed in an oil bath
thermostated at 60°C. A volume of 9.00 mL formic
acid was added dropwise over ca. 15 min. After 
15 min of stirring, the predetermined 45.00 g 
hydrogen peroxide, based on the level of epoxidation
required, was slowly added (over 15 min) under con-
tinuous stirring. The reaction mixture was stirred for
72 h. After reaction, a sample of the latex was taken
to determine the epoxidation rate of ENR, which was
isolated by coagulation in methanol, and then 
successively washed with water and methanol. Before
analysis, it was dried under vacuum until constant
weight.

Synthesis of Epoxidized Acrylated Natural Rubber
(EANR) 
An amount of 3.24 g ENR was dissolved in 10.00 mL

of toluene in a round-bottomed flask at 100°C and
1.44 g (20 mmol) of acrylic acid was then added 
dropwise to the solution. The reaction mixture was
withdrawn at 24 h, precipitated in methanol and dried
at 50°C. Acrylation reaction profile was determined
by using FTIR spectroscopy.

Synthesis of Epoxidized Acrylated Natural Rubber
Cross-linked by Polystyrene (SEANR)
An amount of 2.00 g EANR and 0.21 g (0.2 mmol)
polystyrene was dissolved in 5.00 mL of toluene in a
round-bottomed flask. A stream of dry nitrogen was
introduced through a gas inlet to sweep the flask for 
5 min or more. The solution was irradiated for 8 h
with a 200 W Hg lamp (Spot Cure, SP-9, Ushio,
Tokyo, Japan) in nitrogen atmosphere at 32°C. Light
intensity was set to 25 mW/cm2 at the wavelength of
250 nm (UV-B, Beijing, Photoelectric Instrument
Factory of Beijing Normal University, China). A
gelatinous production was generated and character-
ized by FTIR spectroscopy.

Measurements
The FTIR spectroscopic measurements were 
conducted on a Nicolet FTIR spectrophotometer
(Nexus 470, Thermo Electron Corporation), using
KBr disks at room temperature (25°C). The 1H NMR
spectrum was recorded by a Bruker (Advance DPX
400, Switzerland) spectrometer with TMS as the
internal standard operating at 400 MHz. The polymer
solution was prepared by dissolving ca. 50 mg poly-
mer in about 3.00 mL of deuterated chloroform
(CDCl3).

The morphology of SEANR was recorded on a
JXA-840A scanning electron microscope (SEM) at an
activation voltage of 5 kV. Surface topography of the
films was characterized by atomic force microscope
(AFM, MicroNano D3000, Zhuolun, Shanghai,
China) under ambient conditions. All imaging was
performed in tapping-mode using silicon tips.
Topographic and phase images were obtained simul-
taneously using a resonance frequency of approxi-
mately 165 kHz for the probe oscillation. 

GPC Analyses were carried out using an RI K-
2301 refractive index detector (Knauer, Germany)
equipped with TSK-GEL G4000 PWXL column 
(30 cm × 7.5 mm). Analyses were carried out in 
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isocratic mode using THF as mobile phase at a 
flow-rate of 0.3 mL/min.

Thermogravimetric/differential scanning calorime-
try (TG/DSC) analysis was carried out using a 
thermal analyzer (Netzsch STA 449C, Germany)
from 20 to 600°C, at a rate of 10°C/min in a 
continuous nitrogen flow.

Cross-linking density of the product was meas-
ured on a Niumag NMR cross-linking density analyz-
er (MicroMR, Niumag Electric Corporation, China)
using a 0.5T magnet.

RESULTS AND DISCUSSION

The 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene
was synthesized according to Scheme I. The structure
was confirmed by a 400 MHz 1H NMR using CDCl3:
δ 4.603 (s, 6H, CH2), δ 2.489 (s, 9H, Me-Ar).

The 1,3,5-tris(ethyldimethylcarbamodithioate)-
2,4,6-trimethylbenzene was synthesized according to
Scheme II. The structure was confirmed by a 400
MHz 1H NMR using CDCl3: δ 4.460 (s, 6H, CH2), δ
3.587 (s, 9H, N-Me), δ 3.352 (s, 9H, N-Me), δ 2.421
(s, 9H, Me-Ar).

The star-shaped polystyrene iniferter was 
synthesized according to Scheme III. The number
average molecular weight (Mn), weight average
molecular weight (Mw) and polydispersity of the 
star-shaped polystyrene iniferter were calculated by
the gel permeation chromatography (GPC) using
THF as eluent. The GPC results are shown in Table 1.

The epoxidized natural rubber was synthesized
according to Scheme IV. The structure was confirmed
by 1H NMR as shown in Figure 1. 

The epoxidation rate of ENR was calculated from
the integrated area of proton peaks obtained from the
1H NMR spectrum appearance of olefinic proton 
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Scheme I. Synthesis of 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene.

Scheme II. Synthesis of 1,3,5-tris(ethyldimethylcarbamodithioate)-2,4,6-trimethylbenzene.

Scheme III. Synthesis of polystyrene iniferter by photo-polymerization.



Table 1. GPC Results of polystyrene (macro-iniferter).

(5.14 ppm) and methine resonance (2.70 ppm). The
epoxidation rate of ENR was calculated according to
the following formula was 36.1%.

A(2.70) = Integration area of proton adjacent to 
epoxide ring at 2.70 ppm. 
A(5.14) = Integration area of olefinic proton at 
5.14 ppm in isoprene units.

The EANR and SEANR were synthesized accord-
ing to Schemes V and VI, respectively. 

The structures of polystyrene, EANR and SEANR
were confirmed by IR spectra as shown in Figure 2. In
Figure 2a, the characteristic peak at 699 cm-1

corresponds to the Ar-CH group in the polystyrene
structure [14]. In Figure 2b, the peak at 810 cm-1 is
assigned to the -CH=CH2 twisting vibration of 
acrylate unit, 1730 cm-1 is the -C=O stretching 

Figure 1. 1H NMR Spectrum of epoxidized natural rubber.

vibration and 1403 cm-1 is the =CH2 deformation of
the ester unit in the epoxidized acrylated natural 
rubber [15]. In Figure 2c, the peaks at 699 cm-1, 
810 cm-1 and 1730 cm-1 obviously correspond to 
Ar-CH, -CH=CH2 and -C=O, respectively, which 
suggested that epoxidized acrylated natural rubber
cross-linked by polystyrene was obtained. The 
disappeared characteristic peak at 1403 cm-1

corresponding to the =CH2 deformation of the ester
unit [11] indicated that the double-bonds of 
epoxidized acrylated natural rubber were cross-linked
with that of polystyrene. The cross-linking density of 
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Figure 2. IR of polystyrene (a), epoxidized acrylated natural
rubber (b) and epoxidized acrylated NR cross-linked by
polystyrene (SEANR) (c).

epoxidized acrylated natural rubber cross-linked by
polystyrene was measured on a Niumag NMR cross-
linking density analyzer. The value of the cross-
linking density is 10.9e-5 mol/cm3, which is much
higher than the natural rubber and also an indication
of success of the reaction process.

The surface morphology of SEANR was 
determined by using SEM and AFM. Figure 3 
presents the SEM image of SEANR. As shown in
Figure 3a, the product shows a flat and smooth 
surface and the fine polystyrene particles in spherical
form are well distributed in the epoxidized acrylated
natural rubber matrix. The polystyrene particles in
spherical form are about 1-2 μm in diameter as shown
in Figure 3b, acting as reinforced filler which thus
contribute to the improvement of epoxidized 
acrylated natural rubber.

Figure 4 shows the atomic force microscopy
(AFM) images of SEANR. As shown in Figure 4a,
SEANR displays a flat and smooth surface, which is 
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(a) (b)

Figure 3. SEM Images of epoxidized acrylated NR cross-linked by polystyrene (SEANR).

 

 

 

 

(a) (c)

(b) (d)

Figure 4. AFM Micrographs of epoxidized acrylated NR cross-linked by polystyrene (SEANR).



Figure 5. TG-DSC Curves of epoxidized acrylated NR
cross-linked by polystyrene (SEANR).

in accordance with the result of SEM. Figure 4b is the
topographic atomic force microscopy image, which
brings a clear show of the flat surface. Figures 4c and
4d are the phase imaging with different amplification
factors. The white spots in the figures are polystyrene
particles and the others are the epoxidized acrylated
natural rubber matrix. It is obvious that the 
polystyrene particles are well distributed in the 
epoxidized acrylated natural rubber matrix, which 
is in accordance with the result of SEM. This 
implies that the existence of polystyrene plays an
important role in the cross-link of modified natural
rubbers. 

The TG and DSC studies of SEANR were 
performed over the range of temperature 20-600°C
under a flowing nitrogen atmosphere, as shown in
Figure 5. The product underwent large mass loss
twice. The first mass loss of 42.87% from 20 to 300°C
in TG curve may be due to the dehydration process of
the product, corresponding to the endothermic peak at
130.1°C in DSC curve. The second mass loss of
45.82% from 300°C to 600°C in TG curve may be
attributed to the thermal decomposition of poly-
styrene, epoxy acrylate and natural rubber groups
because these groups are always decomposed at 
315-465°C, 380-450°C and 450-550°C, respectively
[16,17]. The exothermic peak of 348.6°C and 452.6°C
in DSC curve may be related to cross-linking and 
curing. 

CONCLUSION

In summary, a new process was provided to 
synthesize star-shaped epoxidized acrylated natural
rubber cross-linked by star-shaped polystyrenes. 
First, the star-shaped polystyrene iniferter was 
prepared using star-shaped 1,3,5-tris(ethyldimethyl-
carbamodithioate)-2,4,6-trimethylbenzene as an 
initiator. Then, the epoxidized acrylated natural 
rubber was prepared by grafting of acrylic acid onto
epoxidized natural rubber. Finally, the epoxidized
acrylated natural rubber underwent photocross-
linking reaction using polystyrene iniferter as a 
photoinitiator under UV irradiation. FTIR, 1H NMR
and GPC results show that the desired products 
were successfully synthesized. SEM and AFM 
results suggest that the polystyrene particles are well
distributed in the epoxidized acrylated natural 
rubber matrix, playing an important role in the 
cross-linking of modified natural rubbers. The 
whole process is friendly to environment and can
greatly facilitate manufacturing operations for 
those elastic sealing materials using between the 
special complex-shaped parts, providing a new 
route to replace vulcanization process in the 
rubber production. Moreover, the star-shaped 
epoxidized acrylated natural rubber cross-linked by
polystyrene might have promising applications in 
special rubber materials since functional polymers
can be easily introduced using 1,3,5-tris
(ethyldimethylcarbamodithioate)-2,4,6-trimethylben-
zene as an initiator. 
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