
1. Introduction
Rubbers are generally amorphous polymeric mate-
rials categorized as elastomers [1]. Depending on the
origin, rubbers can be divided into natural rubber
(NR) and synthetic rubber. NR is obtained from the
coagulation of latex in rubber trees, and Hevea bra -
siliensis is the current dominant species for natural
rubber production [2, 3], while synthetic rubber refers
to those which were synthesized from monomers.
Although the monomers used in rubber synthesis
were mostly petroleum-derived, there are, however
increasing number of initiatives to produce bio-
based synthetic rubbers utilizing materials that were
sourced naturally [4, 5]. According to a report by the
International Rubber Study Group, the world con-
sumption of natural and synthetic rubbers in the year

2021 was reported at 13.77 million metric tons and
15.81 million metric tons, respectively. The consump-
tion of both rubbers is forecasted to increase by 2.8
and 2.9%, respectively, in the year 2023, and the total
rubber demand is expected to grow on an average of
2.4% per annum until the year 2031. The high vol-
ume of rubber consumption is a result of a wide
range of applications of rubber in various fields.
Although NR is irreplaceable in terms of mechanical
strength due to its exceptionally high molecular
weight, good fatigue resistance and ability to under-
go stress crystallization [3, 6, 7], NR’s lack of resist-
ance to strong sunlight, oxidative and oily environ-
ment, as well as inconsistent supply of global NR
stock had made the shift to synthetic rubber inevitable
[2, 3, 8, 9]. Synthetic rubbers provide an extended
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range of applications on top of the applications of
NR. The chemical structure of synthetic rubber can
be varied using different amounts and combinations
of monomers, resulting in rubbers with a vast range
of properties. For example, nitrile-butadiene rubber
(NBR), more commonly called nitrile rubber, is ob-
tained through emulsion polymerization of butadiene
and acrylonitrile. The most significant characteristic
of NBR is its excellent oil resistance contributed by
the polar nitrile group [10]. Commonly, the acryloni-
trile content (ACN content) in NBR ranges from 18
to 50%, and the oil resistance property improves
with the increase in ACN content [3, 10]. ACN con-
tent in NBR can also be used to tailor other proper-
ties such as mechanical properties, glass transition
temperature, Tg, and processability of the rubber [3].
The presence of polar nitrile groups resists the pen-
etration of non-polar oils into the rubber structure,
resulting in lesser swelling, and allows the rubber to
retain its original properties and dimensions when in
contact with oil. This makes nitrile rubber an excel-
lent material for applications such as O-rings, gas-
kets, and hoses in the automotive, aeronautical, oil
and gas industry [11]. Besides oil-sealing purposes,
NBR was also exploited to produce nitrile gloves,
especially after increased public awareness about
latex protein allergy from natural rubber latex gloves.
Wider chemical resistance coverage, higher puncture
resistance, and aging resistance are some of the addi-
tional features that make nitrile disposable gloves
preferred in the medical sector, laboratories, and food
industries [11, 12].
Whilst NBR is an important synthetic rubber, pro-
duction of the rubber could be a highly challenging
ordeal. Butadiene or 1,3-butadiene is a 4-carbon con-
jugated diene that is used in the synthesis of nitrile
rubber. It is a colorless gas that is commercially pro-
duced through steam cracking of crude oil [13]. In
addition to the extra setups necessary to operate a
gaseous monomer, the production of NBR is rela-
tively risky due to the flammability and explosive
nature of butadiene when mixed with air. Incidents
of fire and explosion at processing facilities related
to butadiene could happen even with slight negli-
gence. There were several reported cases in recent
years, such as a chemical plant explosion in Port
Neches, Texas, on November 2019, an explosion and
fire at an emulsion styrene-butadiene rubber produc-
tion plant in Poland on January 2021, and a major fire
at a butadiene rubber plant in Malaysia on February

2022. It is therefore necessary to explore alternative
diene, which is easier and less risky to operate for
the production of synthetic rubber with properties
similar to that of NBR, specifically its superior oil
resistance.
Isoprene or 2-methyl-1,3-butadiene, is a 5-carbon
conjugated diene that is widely used in the rubber
industry. Isoprene is the main constituent of NR and
synthetic polyisoprene (PIP). It is also used in other
synthetic rubbers, such as butyl rubber (IIR) and
styrene-isoprene block copolymers (SIS) [3]. Iso-
prene can be polymerized through various tech-
niques, including anionic, cationic, free radical and
coordination polymerizations. The coordination poly-
merization using Ziegler-Natta catalysts is preferred
in the industrial synthesis of PIP due to the ability to
produce high cis-1,4-polyisoprene content, enabling
the rubber to exhibit properties similar to NR [3, 14].
The polymerization of isoprene is often investigated
and compared alongside butadiene. This is because
they are considered close analogous conjugated di-
enes due to their similarity in chemical structure, of-
tentimes resulting in similar polymerization kinetics
[15, 16]. Some recent research on the polymerization
of isoprene is focused on the emulsion polymeriza-
tion with the objectives of improving the polymer-
ization rate and yield, as conventional emulsion poly -
merization of isoprene had low yield due to low
propagation rate, high termination, and side reactions
[16, 17]. Different initiator systems in the emulsion
polymerization of PIP were investigated by Cheong
et al. [18] in 2004. They found the redox initiator sys-
tems allowed the low-temperature polymerization
temperature at 25 °C, resulting in higher yield poly-
merization and produced PIP with negligible gel
content. Chouytan et al. [19] reported the improve-
ment in monomer conversion in miniemulsion poly-
merization of isoprene by controlling the ratio of sur-
factant-to-monomer concentration, causing an in-
crease in number of stabilized emulsion droplets and
thus the loci for polymerization reaction.
In view of the need to overcome the limitation of bu-
tadiene in nitrile rubber formulation and the lack of
potential alternatives to NBR, this work details the
development of poly(isoprene-co-acrylonitrile), NIR
as a new synthetic rubber with excellent oil resist-
ance. No gaseous monomers were used in the syn-
thesis, and isoprene, which is a liquid diene mono -
mer at ambient temperature, was used to produce the
rubber emulsion in a simple one-pot synthesis setup.
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The nitrile content of the rubber varied from 20 to
35 mol%, and the resultant properties of the emul-
sion and rubber films were evaluated. The chemical
structure of the rubber was characterized using Fouri-
er transform infrared spectroscopy (FTIR) and pro-
ton nuclear magnetic resonance (1H-NMR), while
mechanical properties and oil resistance tests were
conducted on the vulcanized rubber films.

2. Experimental
2.1. Materials
Synthesis grade isoprene (CAS: 78-79-5) and acry-
lonitrile (CAS: 107-13-1) were obtained from Merck
(Germany). Analysis grade potassium peroxodisul-
fate (K2S2O8, CAS: 7727-21-1), sodium dithionite
(Na2S2O4, CAS: 7775-14-6), sodium hydroxide
(NaOH) pellets (CAS: 1310-73-2) and 28–30% am-
monia solution (CAS: 1336-21-6) were obtained from
Merck (Germany). Isooctyl 3-mercaptopropionate
(≥99%, CAS: 30374-02-7), technical grade sodium
dodecylbenzenesulfonate (SDBS, CAS: 25155-30-0)
and chloroform-D (CDCl3) (99.8 atom% D, contains
0.03 v/v% tetramethylsilane (TMS), CAS: 865-49-6)
were obtained from Sigma Aldrich (Germany). Total
Quartz 5000 Future 10W-30 mineral-based engine
oil was obtained from Total Oil Asia-Pacific Pte Ltd,
Singapore. 50 wt% zinc dithiocarbamates (ZDBC)
dispersion, 60 wt% zinc oxide (ZnO) dispersion, and
60 wt% sulphur dispersion were obtained from
Aquaspersions (M) Sdn Bhd. NBR latex was pur-
chased from Crucial (M) Sdn. Bhd. The properties
of NBR used is given in Table 1. All chemicals in-
volved in this work were used as received except for
isoprene and acrylonitrile, which both were washed
with 10 wt% NaOH solution and distilled water to
remove inhibitors prior to usage.

2.2. Synthesis of
poly(isoprene-co-acrylonitrile) emulsion

A series of poly(isoprene-co-acrylonitrile) (NIR) rub-
ber varying in ACN content were synthesized through
emulsion polymerization, and the formulations are

given in Table 2. The methodology of emulsion
polymerization for NIR rubber was adapted from
[20, 21]. Codename NIR20 was given to NIR with
20 mol% ACN content, and the same codename for-
mat is applicable for NIR30 and NIR35. The highest
ACN content in this work was fixed at 35%, as ex-
cessively high nitrile content in NIR leads to stiffer
material with reduced elasticity. The polymerization
was carried out at 65–70 °C in a 2 l reaction flask
while being constantly stirred at 60–80 rpm with an
overhead stirrer. A double condenser system attached
to cold water supply was used to increase the con-
densation efficiency of low boiling point isoprene
and enable the collection of condensates at the end
of the second condenser, which was then reintro-
duced back into the reaction flask throughout the
synthesis. The reaction setup is shown in Figure 1.
SDBS was dissolved in distilled water bubbled with
nitrogen gas, adjusted to pH 7–9 with ammonia so-
lution, and then transferred to the reaction flask. The
initiator, K2S2O8, was dissolved in 200 ml of dis-
tilled water, while the activator, Na2S2O4, was dis-
solved in 100 ml of distilled water. The initiator and
activator solution were premixed and the mixture
was then added dropwise into the flask over a period
of 12 h, while the monomers mixture was added
dropwise concurrently over the first 8 h. Chain trans-
fer agent (CTA) isooctyl 3-mercaptopropionate was
added into the mixture starting from the second half
of the monomer addition. At the end of the synthesis,
the pH of the mixtures was adjusted to pH 9–10 to
preserve the stability of the emulsion.

2.3. Characterization of rubber emulsions
The total solid content (TSC) of the rubber emulsions
was measured according to ASTM D1417. A clean,
dry aluminum foil dish was weighed (m1), and ap-
proximately 2 ml of rubber emulsion was transferred
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Table 1. Properties of NBR.
Property Quantity

Total solid content, TSC [%] 45
Nitrile content [%] <30
Molecular weight [·105 kDa] 1.45
Viscosity at 25±2°C [mPa·s] 38
pH 8.2

Table 2. NIR rubber formulations.

Ingredient
Formulation

[g]
NIR20 NIR30 NIR35

Isoprene 272.500 238.400 221.400
Acrylonitrile 53.060 79.590 92.860
K2S2O8 4.866 4.866 4.866
Na2S2O4 3.134 3.134 3.134
CTA 4.883 4.770 4.714
SDBS 17.360 17.000 16.820
Water 308.700 296.700 290.700



to the aluminum foil dish with a dropper and weighed
(m2). The aluminum foil dish with rubber emulsion
was then heated in an oven at 170 °C for 15 min be-
fore it was removed and cooled in a desiccator. After
reaching room temperature, the aluminum foil dish
was weighed (m3). TSC was calculated according to
Equation (1):

(1)

The particle size (Z-average diameter) and zeta po-
tential of the emulsions were measured using Malvern
Zetasizer NanoZS at 25 °C. Folded capillary cells
DTS1070 were used in both measurements. The
emulsion was first diluted with distilled water before
analysis to weaken the scattering signal and improve
the accuracy of the analysis. The viscosity of the rub-
ber emulsions was measured using NDJ-1 digital ro-
tary viscometer. The solid content of all emulsions was
adjusted and standardized to 30 w/w% before meas-
urement, and Rotor #1 at a spindle velocity of 60 rpm
was used. The viscosity reported was from the aver-
age of 3 readings. Molecular weight measurement
was carried out utilizing the static light scattering

technique. A series of rubber emulsions with differ-
ent concentrations were prepared through dilution
with distilled water. The scattering intensities were
measured using Malvern Zetasizer NanoZS at a
wavelength of 632.8 nm, scattering detection angle
of 173°, and temperature of 25 °C. Distilled water
was used as the scattering standard and the refractive
index increment (dn/dc) was 0.118. The molecular
weight was determined from the Debye plot.

2.4. Compounding and preparation of NIR
film

Compounding of the rubber emulsions was done
through the addition of 2 parts per hundred parts dried
rubber [phr] ZnO, 1 phr ZDBC, 1 phr sulphur and
0.5 phr ammonia solution per 100 phr NIR rubber.
The mixture was stirred at high-speed using an over-
head stirrer overnight, and the mixture was left for
another day for maturation. The pH of the mixture
was adjusted to 9–10 after compounding. Rubber film
was prepared through solution casting in Petri dishes.
The amount of emulsion introduced into each petri
dish was calculated based on the TSC of the rubber
emulsion. It is necessary to ensure that a comparable

%TSC m m

m m
100

2 1

3 1 $= -

-! $
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Figure 1. Apparatus setup for emulsion polymerization of NIR a) actual setup, and b) schematic diagram.



amount of rubber in each dish so that uniform and
comparable film thickness can be obtained across
different casted films. The Petri dishes were then
dried in the fume hood overnight, followed by thor-
ough drying in a thermal oven at 120 °C. The same
formulation and compounding procedure was used
to prepare NBR film for comparison purposes.

2.5. Characterization of rubber film
2.5.1. Spectroscopic characterization
Fourier transform infrared (FTIR) spectra of the rub-
ber films were recorded using Attenuated Total Re-
flectance (ATR)-Perkin Elmer Frontier FTIR spec-
trometer in the region 550 to 4000 cm–1 at the reso-
lution of 4 cm–1. The spectrum recorded was from
an average of 16 scans. The 1H-NMR spectra of rub-
ber films dissolved in CDCl3 were recorded using
JEOL ECX-400 FT-NMR spectrometer with traces
of TMS present in the deuterated solvent to produce
an internal reference signal at 0 ppm. It is notewor-
thy that spectroscopic analyses were conducted on
uncompounded rubber films to avoid interference
from the compounding ingredients.

2.5.2. Thermal analysis
Calorimetric analysis was done using the TA Instru-
ments DSC Q20 differential scanning calorimeter
(DSC) to determine the Tg of the rubber films. The
temperature scan rate was 10 °C/min in the temper-
ature range from –40 to 100°C, and the nitrogen gas
flow rate was at 200 ml/min. Thermogravimetric
analysis (TGA) of the rubber films was carried out
using Perkin Elmer TGA4000 with the temperature
scan rate 10 °C/min in the temperature range from
30 to 900°C.

2.5.3. Mechanical testing
A tensile test was carried out according to ASTM
D412. Dumbbell-shaped rubber film with narrow
section having 4 mm width, 10 mm length, and
1 mm thick were cut from the casted rubber films.
The instrument used for the test was Shimadzu
AG-5kNX Universal Tester with a crosshead speed
of 500 mm/min. A tear strength test was carried out
according to ASTM D624. Unnicked 90° sample was
stretched using the same instrument and crosshead
speed as the tensile test mentioned above. Ultimate
tensile strength (TS), elongation at break (EB), mod-
ulus at 100% strain (M100), and tear strength (Ts)

were determined and reported from the average of
3 repetitions.

2.5.4. Oil resistance test
The oil resistance test of the rubber films was carried
out according to ASTM D471. Total Quartz 5000
Future 10W-30, a commonly used mineral-based en-
gine oil, was used to test the oil resistance of the rub-
ber. NR film was included in this test together with
NIR and NBR samples for comparison purposes.
Rectangular samples having a dimension of 25 mm
width, 50 mm length, and 0.3 mm thickness were
weighed (m4) and hung on a self-made hanger using
aluminum wire. The cut rubber samples were im-
mersed in 100 cm3 of testing oil for 72 h in the dark
at room temperature (26±2°C), 70±2 and at 100±2°C.
After the immersion period, the samples immersed
at elevated temperature were cooled down to room
temperature by transferring them into cool clean por-
tion of the engine oil for 30–60 min. The samples
were then dipped quickly in acetone and blotted light-
ly with lint-free filter paper before being weighed
(m5). The change in the mass of the sample was used
to calculate the percentage swelling, which reflects
the oil resistance of the rubber (Equation (2)):

(2)

The changes in the dimension (length, width, and
thickness) of the rubber films from the oil immersion
were measured as well. The changes in dimension
and percentage swelling were calculated individual-
ly, and a repetition of 3 samples was carried out for
each type of rubber.

3. Result and discussion
3.1. Characterization of rubber emulsions
The visual appearance of NIR emulsions and NBR
commercial latex is shown in Figures 2a and 2b. They
were milky white with no noticeable visual difference
between all emulsions. The physical appearance of
all the rubber films, as shown in Figure 2c, was sim-
ilar too, where they are all yellowish white in color.
The stability of the emulsions was investigated using
particle size and zeta potential analyses, and the re-
sult is tabulated in Table 3, while the particle size
distribution curve of all the rubber emulsions is shown
in Figure 3. All the NIR emulsions recorded small
particle sizes, in the range of 90–122 nm, comparable

% m
m m

100Percentage swelling
4
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to that of commercial NBR at 114 nm. Emulsion with
smaller dispersed particle sizes was reported to be
more stable as more particles can be distributed on
the interface of the emulsion [22, 23]. All the NIR
emulsions particles were also found to be narrowly
distributed in size (monodisperse), which was evi-
denced by the low polydispersity index of less than
0.07 [24]. The Zeta potential of an emulsion can also
be used to evaluate the stability of an emulsion, with
those recording potential greater than |30 mV| usually

considered sufficiently stable due to the strong elec-
trostatic repulsion between the particles [25, 26].
NIR20 and NIR30 recorded high negative zeta po-
tential exceeding –60 mV, while NIR35 had compa-
rable zeta potential as the NBR at about –50 mV. The
results imply that the synthesized emulsions were
strongly anionic in nature and stable enough for long-
term storage. The stability of the emulsions is also
evidenced by the unnoticeable change in appearance
after 6 months of storage, as shown in Figure 2b. The
TSC of the NIR lattices produced was slightly less
than 30%, and the concentration of all the lattices
was adjusted to a uniform concentration of 30% TSC
prior to viscosity measurement and film casting. It
is noteworthy that the concentration of latex can be
adjusted, for example, by removing water from the
system or via centrifugation to obtain the desired
concentration to suit the types of subsequent fabri-
cation processes such as coagulant dipping, film
casting, etc. The viscosity of all the emulsions was
comparable at 5.6±0.2 mPa·s, suggesting that the
molecular weight of the rubber in the emulsions may
not differ significantly [27]. The molecular weight of
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Figure 2. Physical appearance of rubber emulsions a) at freshly prepared, b) after 6 months storage (from left to right: NBR,
NIR20, NIR30, NIR35), and c) vulcanized rubber films (c1) NBR, c2) NIR20, c3) NIR30, c4) NIR35).

Table 3. Properties of NIR and NBR rubber emulsions.

Sample Particle size
[nm] Polydispersity index Zeta potential

[mV]
Viscosity
[mPa·s]

Molecular weight
[·105 kDa]

NIR20 090.7 0.039 –63.3 5.44 3.44
NIR30 104.2 0.045 –61.0 5.44 1.53 
NIR35 122.0 0.069 –50.1 5.58 0.91
NBR 113.7 0.044 –51.8 5.81 1.45

Figure 3. Particle size distribution curves of rubber emul-
sions.



the rubber obtained from the light scattering analysis
was recorded in Table 3, and NIR30 had the closest
molecular weight to the commercial NBR.

3.2. Characterization of rubber films
3.2.1. Spectroscopic analysis
The FTIR spectrum of all samples is represented in
Figure 4. The band at 1378 cm–1 represents the –CH3
bending from the cis-1,4-polyisoprene unit, while
bands that represent other microstructures, such as
890 cm–1 from =CH2 bending of 3,4-unit and 911 cm–1

from =CH2 bending of 1,2-unit are either very weak
or not observed at all [28, 29]. It was reported that
isoprene may undergo polymerization to produce
4 isomers, namely the 3,4-addition polymer, 1,2-ad-
dition polymer, cis-1,4 and trans-1,4 polyisoprene
[3]. The structures of all 4 isomers are given in
Figure 5. Considering that the bands of other isomers
are not apparent, it could be implied that the NIR
rubbers are made of predominantly 1,4 units, con-
sistent with the results reported by others on emul-
sion polymerization of isoprene [17]. The band at
2250 cm–1 was assigned to the stretching of the ni-
trile group (–CN), and the intense band at 1440 cm–1

was assigned to the bending vibration of the meth-
ylene group (–CH2–). The ratio of these two bands

area, A2250/A1440 reflects the relative amount of nitrile
group present in the rubber, and values are tabulated
in Table 4. The A2250/A1440 value increased in the
order of NIR20, NIR30 to NIR35, and this was well
within expectation and consistent with the ACN con-
tent in the NIR rubber formulation (Table 2). The
band area ratio for the NBR sample was close to
those of NIR20 and NIR30, agreeing with the low
nitrile grade of the NBR (Table 1).
Figure 6a shows the 1H-NMR spectrum of NIR30.
The chemical shift assignments are (CDCl3; δ, ppm),
5.07 (=CH–, 1,4 unit) and 2.69 (CHCN, ACN). Other
peaks at 2.07 and 1.67 ppm are from the resonance
of protons attached to various groups, as labeled in the
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Figure 4. FTIR spectrum of NIR and NBR films.

Figure 5. Chemical structure of isoprene and the respective
polymerization isomers.

Table 4. FTIR absorbance band area.

Sample
Band area

A2250 A1440 A2250/A1440

NIR20 64.47 499.4 0.129
NIR30 78.04 531.1 0.147
NIR35 138.700 574.2 0.242
NBR 85.55 549.1 0.156

Figure 6. 1H-NMR spectra of a) NIR30 and b) NBR.



figure. Consistent with the FTIR analysis, 1H-NMR
spectra of the NIR rubbers suggest that the polymer
does not contain 1,2- and 3,4-microstructure units.
From the 1H-NMR spectrum of NBR in Figure 6b,
the chemical shift assignments are (CDCl ; δ, ppm),
5.394 (=CH–, 1,4-unit), 4.953 (=CH–, 1,4-unit and
=CH2, 1,2-unit), 2.568 (CHCN, ACN), 2.266 (–CH2–,
1,4-unit), 2.058 (>CH–, 1,2-unit), 1.639 (–CH2 , ACN)
and 0.820 (–CH2–, 1,2-unit). Like isoprene, butadi-
ene could undergo polymerization to produce several
isomers, which includes the 1,4- and 1,2-addition
polymer. From the 1H-NMR spectrum, it showed
that the NBR contained both the isomers of polymer-
ized butadiene.

3.2.2. Thermal analysis
DSC thermograms of the rubber films in Figure 7
show that the Tg values of NIR are –9.4 °C for
NIR20, 6.2 °C for NIR30, and 20.2°C for NIR35. Tg
of NIR shifted towards higher temperatures with in-
creasing ACN content in the rubber. At high loading
of ACN, there are more nitrile groups in the rubber
to yield stronger dipolar interaction, which could re-
strict the movement of rubber chains, and conse-

quently increases the Tg of the rubber film. Because
of the strong dipolar interaction between the nitrile
groups, pure poly(acrylonitrile) is a brittle plastic
with Tg around 85–110 °C, and acrylonitrile is re-
garded as a hard monomer. Linear poly(isoprene) with
high 1,4-units, on the other hand, reported Tg of
about –70 °C [19, 30, 31]. Considering that NIR is
produced from the copolymerization of both the soft
and hard monomers, it is reasonable to expect the Tg
of the resultant NIR rubber to lie between those of
poly(acrylonitrile) and poly(isoprene). Typical Tg of
NBR was reported to be from –38 °C in 18% ACN
content up to –2 °C in 50% ACN content [32, 33].
Overall, the Tg of NIR in this work lies within the ex-
pected region, albeit slightly higher than that of
NBR. More importantly, the Tg of the rubbers, espe-
cially NIR20 and NIR30 are well below room tem-
perature, enabling them to remain rubbery at ambient
operating temperature, while NIR35, which recorded
relatively high Tg, behaved more like plastic.
TGA was used to determine the decomposition be-
havior and thermal stability of the rubber. TGA and
DTG curves of all samples are shown in Figure 8.
The temperature at 10% weight loss (T90) was used to
compare the thermal stability of the rubber samples,
and the temperatures recorded for NIR20, NIR30,
and NIR35 were 361.3, 366.2, 369.9 °C, respective-
ly. The thermal stability of NIR increased with in-
creasing ACN content, and the same trend was re-
ported by Lee and Ha [34] on the effect of ACN con-
tent on the thermal stability of NBR. The increase in
thermal stability of the NBR was attributed to the
higher decomposition temperature of the nitrile unit
compared to the butadiene. This could be the result
of the higher energy required to break the strong
dipolar interaction contributed by the nitrile group
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Figure 7. DSC curves of NIR and NBR.

Figure 8. a) TGA curves and b) DTG curves of NIR and NBR.



compared to the weak non-polar diene counterpart,
resulting in a delay in the overall decomposition of
the rubber [34]. Some of the recent reports on de-
composition temperatures of NBR are summarized
in Table 5, with the value varying from each other
due to the differences in the composition of the rub-
ber and its composites. In general, the reported max-
imum decomposition temperature (Tmax) of NBR
was within a relatively narrow range (418 to 480°C),
while the range of onset decomposition temperature
(Tonset) and T90 varied greatly at 258– 414 °C and
264–396°C, respectively. Although the thermal sta-
bility of NIR is slightly lower compared to the NBR
(control) in this study, they are still well within the
reported range in the literature and sufficiently high
to be used for most elastomeric applications.

3.2.3. Mechanical properties of rubber films
Mechanical property is one important consideration
when selecting rubber for a particular application. The
mechanical properties of rubber films produced in
this work were evaluated according to ASTM D412
for tensile properties and ASTM D624 for tear
strength. Stress-strain curves comparison and key me-
chanical properties are shown in Figure 9 and Table 6,
respectively. The TS and EB follow a similar trend re-
ported in NBR [35, 42], where TS increased while EB
decreased with increasing ACN content. This is at-

tributed to the high strength of dipole interaction be-
tween nitrile groups to strengthen the rubber and, at
the same time, restrict the rubber chain movement.
NIR35 has very low EB, exhibiting the behavior of
a typical plastic material with necking, as shown in
its stress-strain curve. On the other hand, NIR20,
NIR30, and NBR films exhibit typical elastomeric
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Table 5. Comparison between decomposition temperature of various NIR and NBR resulted from this work to the recently
reported values of NBR in the literature.

*based on synthesis formulation

Description of sample ACN content
[%]

Decomposition temperatures
[°C] References

Tonset Tmax T90

NIR20 *20* 376.4 426.1 361.3
NIR30 *30* 383.0 434.3 366.2
NIR35 *35* 385.4 428.7 369.9
NBR – 430.9 472.0 400.3
Unfilled NBR

34
– – 396.6

[35]
+ waste ceramic dust filler – – 344.3–381.8
In situ zirconia filler 34 409.4–414.4 455.4–458.2 – [36]
Silane-treated silica filler 34 265.0 445.0 – [37]
Unfilled NBR

34
260.0 418.0 –

[38]
+ In situ silica filler 258–267 437.0 –
Nano ZnO filler + disulfochloride benzene crosslinker 40 288.0 – 350.0 [39]

Sulfur nd carbon black filler
18 – 449.8 –

[34]28 – 453.4 –
34 – 456.4 –

Silica sand nanoparticle filler
40

– 446–456 270–317
[40]

Fumed silica filler – 450–467 264–286
Rice bran carbon filler 34 – 461.5–479.9 – [41]

Figure 9. Stress-strain curves of NIR and NBR.

Table 6. Mechanical properties of rubber films.

Sample TS
[MPa]

EB
[%]

M100
[MPa]

Ts
[kN/m]

NIR20 1.61 321 0.585 03.68
NIR30 2.83 253 1.302 07.10
NIR35 8.23 040 n/a 30.53
NBR 6.69 672 1.438 11.03



stress-strain curves. The TS and EB of NIR20 and
NIR30 are, however, lower than that of NBR control
films used in this study. This is possibly due to the
loss of some unsaturation in the NIR rubber through
the formation of crosslinking during the high-tem-
perature emulsion polymerization, which subse-
quently reduces the effectiveness of the vulcaniza-
tion process [18]. Although the obtained results for
NIR rubber films were lower than the control, the
mechanical properties of NIR30 fall well within the
reported values for NBR in literature, with TS lying
between 1.39–9.50 MPa, and EB between 227 to
761%, suggesting the viability of NIR to be used for
many elastomeric applications [43–46]. M100 was
used to evaluate the stiffness of rubber, and the value
increased in the order of NIR20 < NIR30 < NBR.
This implies the low rigidity of NIR20 and NIR30
compared to NBR, which could also be attributed to
the less effective vulcanization mentioned above. On
the other hand, the results of M100 indicated that
M100 increased as ACN content increased. M100 for
NIR30 is higher than NIR20. The material stiffness
enhanced upon ACN content increase, resulting in
an increase in modulus. At the same time, it also led
to a decrease in EB and the M100 of NIR35 was not
measured as the EB was <100%. The reported M100
value of NBR in literature lies between 0.40 to
4.80 MPa [47, 48]. Tear strength, Ts, is defined as the
maximum force required to tear the test specimen
per unit thickness. The Ts increase with the ACN con-
tent in NIR rubber, a trend which was also observed
in NBR [42]. Similar to TS, the rubber was strength-
ened by the increased strength of dipole interactions
of nitrile groups, improving the resistance of rubber
to tearing force. Considering the TS values of the
rubbers in this work, it was not surprising that NBR
has higher Ts than NIR20 and NIR30.

3.2.4. Oil resistance of rubber film
Figure 10a shows the swelling percentage of the rub-
ber film samples in mineral-based engine oil. The oil
resistance of the rubber films was evaluated through
the percentage of swelling of the films in the hydro-
carbon oil. Higher swelling is equivalent to lower oil
resistance as the large weight change of the rubber
samples indicates higher penetration of oil into the
rubber and reduces the entanglement between the
rubber chains. Further immersion of rubber samples
in oils will cause the formation of pits and cracks
through chain scission from thermo-oxidative

degradation at elevated temperatures, an environ-
ment that is common for oil sealing applications in
the automotive industry [49]. These deformations
could eventually lead to deterioration in the mechan-
ical properties of the rubber. Hence, an oil resistance
test was carried out at room temperature (26 °C) and
elevated temperatures of 70 and 100°C to mimic the
usage conditions of oil sealing rubber in the automo-
tive sector. The least oil-resistant synthetic rubber in
this work was NBR, with the maximum swelling of
5.46% at 100 °C. For NIR rubber samples, the high-
est swelling is observed in NIR20, followed by
NIR30 and NIR35. Thus, the oil resistance increases
in the order from NIR20 < NIR30 < NIR35. The in-
crease in ACN content increases the polarity of NIR
rubber, enabling it to repel the penetration of non-
polar oil molecules into the rubber matrix through
the strong dipolar interaction between nitrile groups.
The same phenomenon is also reported in other rub-
ber or blends that exhibit improved oil resistance
with increasing polarity, such as in chlorinated NBR
[50], NR/dichlorocarbene modified SBR blend [51],
and NR/chloroprene blend [52]. The swelling of NBR
increases with the testing temperature, which agrees
with the reported trend of oil resistance resulting in
most rubbers [53, 54]. On the contrary, this trend was
not obvious in NIR, possibly due to the minimal
swelling of less than 2% in the whole NIR range.
The dimension change of NBR rubber at different
testing temperatures is shown in Figure 10b. Al-
though the effect and trend from increasing oil tem-
perature on the dimensional changes of the rubber
were not that pronounced, possibly because it in-
volves small changes only (<3%), NBR films at
100°C experienced notably higher dimensional in-
crease than the rest. On the other hand, there was no
measurable change in the dimension of all NIR films,
and this agrees with the minimal weight changes of
the rubber reported in Figure 10a. The NIR and NBR
have excellent oil resistance; hence the appearance
of NIR20 and NBR did not change noticeably during
the oil resistance test as shown in Figures 10c to 10e.
NR film was included as a positive control to reflect
the superior oil resistance of both synthetic rubbers
(NBR and NIR) and validate the experimental pro-
tocol. From the comparison in Figures 10c to 10e, it
is obvious that NR is the only sample that experi-
enced significant dimensional change post-immer-
sion in mineral oil. Furthermore, the NR sample
recorded percentage swelling of 111 and 156% in the
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oil at room temperature and at 100°C, respectively,
indicating the poor oil resistance of NR compared to
NBR and NIR [3]. NIR30 and NIR35 exhibited the
best oil resistance with swelling of less than 2% at all
testing temperatures. Considering that NIR30 has ad-
equate mechanical properties with superior oil resist-
ance, the rubber may potentially serve as an alterna-
tive to NBR in applications that requires good oil
resistance, such as joint seals and automotive parts.

4. Conclusions
In this work, a series of poly(isoprene-co-acryloni-
trile), NIR rubbers with varying ACN content were

synthesized via free radical emulsion polymeriza-
tion. NIR rubber emulsions have good stability, ev-
idenced by the small particle size of the emulsion in
the range 90.7 to 122.0 nm, monodisperse (polydis-
persity indices <0.07), and high magnitude of zeta
potential, –63.3 to –50.1 mV. The chemical structure
of the synthesized rubber was characterized using
FTIR and 1H-NMR, and the results indicated that the
polymerization was successful, and the polymerized
isoprene in the rubber was predominantly of 1,4-mi-
crostructure. The vulcanized NIR films displayed
glass transition temperatures from –9.4 to 20.2°C, of
which NIR20 and NIR30 exhibit rubbery behavior
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Figure 10. Oil resistance of NIR and NBR films, a) oil swelling, b) dimension change of NBR, and physical appearance of
rubber films c) before, and after oil resistance test at d) room temperature and e) 100°C (from left to right: NIR20,
NBR and NR).



at ambient temperature while NIR35 behaved more
towards plastic. The synthesized rubber also record-
ed good thermal stability, comparable to the control
nitrile rubber used in this study. As for mechanical
property, ultimate tensile strength and tear strength
of the NIR rubbers increased, but elongation at break
decreased with ACN content, and although the val-
ues are within the reported range in literature, it falls
short compared to the NBR control used in this
study. On the contrary, the oil resistance of NIR rub-
ber films is superior to the NBR control. In conclu-
sion, NIR has decent thermal stability, mechanical
strength, and excellent oil resistance and could serve
as an alternative to NBR which had been tradition-
ally used for oil resistance applications. Using iso-
prene in NIR formulation instead of butadiene gas
in NBR formulation could be advantageous in terms
of ease of production setup and lower hazard risk.
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