
1. Introduction
Natural rubber (NR) is one of the most important
elastomeric materials in industrial applications that
cannot be replaced by synthetic counterparts in many
important applications. This is owing to its unique
excellent properties, including mechanical, dynamic,
and damping properties [1], as well as resilience,
elasticity, abrasion and impact resistance, efficient
heat dispersion, and malleability at low tempera-
tures. Consequently, natural rubber has found unique
applications in heavily loaded tires, aircraft tires, sur-
gical gloves, medical devices, anti-vibration prod-
ucts, and countless other engineering and consumer
products [2]. However, molecular chains in natural
rubber abundantly contain unsaturation, which limits

certain industrial applications due to its poor ther-
mal, aging, and oil-resistant properties [3]. One ap-
proach to diminish or suppress this limitation is to
modify the NR molecular chains, for instance, by in-
corporating some reactive functional groups into NR
molecules. There have been varieties of modified
NR alternatives, including epoxidized natural rubber
(ENR), maleated natural rubber (MNR), and grafted
copolymers of NR with various vinyl monomers [4].
However, the most frequently used modified NR is
epoxidized natural rubber (ENR), with epoxide or
oxirane polar functional groups. ENRs have been
commercially produced, such as Epoxyprene 25
(ENR-25) and Epoxyprene 50 (ENR-50), indicating
25 and 50% epoxidation, respectively. For instance,
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these types of rubbers are manufactured by Muang 
Mai Guthrie Public Company Limited, located in 
Surat Thani, Thailand [5]. ENR typically exhibits 
properties resembling those of synthetic rubbers in 
terms of good oil resistance [6], air permeability [7], 
as well as strength properties [8]. Also, ENR is still 
capable of undergoing strain crystallization since 
oxygen is small enough to fit into the crystal lattice 
with only minor geometrical rearrangements [8]. 
Typically, prior to achieving qualified performance 
with high dimensional stability in various rubber ap-
plications, crosslinking among rubber molecules is 
necessarily commenced through various vulcaniza-
tion or crosslinking systems. This affects the creation 
of crosslinking structures where the linear macro-
molecules of elastomeric material convert to stronger, 
along with a permanent rubber vulcanizate consist-
ing of a three-dimensional crosslinked network. 
Therefore, the basis of vulcanization is the creation 
of chemical crosslinks between rubber macromole-
cules, which leads to the formation of a three-dimen-
sional network, through chemical reactions between 
the reactive functional groups in elastomeric chains 
and suitable curing agents [9]. Sulfur vulcanization 
is the oldest process used in the crosslinking of un-
saturated elastomers and is one of the most important 
curing systems for NR and its derivatives. Typically, 
sulfur curing systems consist of at least three ingre-
dients: sulfur, activators, and accelerators. These com-
ponents lead to the creation of sulfidic crosslinks of 
varying lengths, including one, two, or multiple sul-
fidic linkages (i.e., monosulfidic, disulfidic, and 
polysulfidic) between rubber molecular chains [10]. 
However, there are other potential vulcanization sys-
tems for crosslinking rubber molecules, including 
peroxide [9, 11], phenolic resin [12], dicarboxylic 
[13], and imidazole [14] curing systems. These cur-
ing systems typically create various covalently bond-
ed crosslinked network types, including a group of 
sulfur atoms in a short chain, a single sulfur atom, 
carbon-to-carbon bonds, as well as links among 
polar atoms [15]. However, other types of bonds in-
volving metal atoms have also been developed, such 
as ionic clusters and polyvalent metal ion links [15]. 
In such cases, for instance, a metal compound mix-
ture of zinc oxide (ZnO) and ZnCl2 could accelerate 
the vulcanization of chlorinated poly(isoprene-co-
isobutylene) (CIIR or chloro-butyl rubber) [16]. Ad-
ditionally, magnesium oxide (MgO) could create ionic 
crosslinks in carboxylated nitrile rubber [17].

In general, the incorporation of metal ions into reac-
tive polymer molecules with polar functionality can
cause the formation of complexes through coordina-
tion reactions between transition metal ions and lig-
ands [18]. These reactions also lead to the formation
of strong three-dimensional network structures of
rubber molecules, which, in some instances, can
cause reversible changes both at normal and high
temperatures [19]. In addition, various types of metal
ions have been exploited to cure different types of
polar rubber through coordination linkages. For in-
stance, coordination crosslinking networks can be
formed based on Nitrile butadiene rubber (NBR)/
ZnCl2 composites, which result from the coordina-
tion reaction between zinc ions (Zn2+) and nitrile
groups in NBR molecules [20]. High polarity rub-
bers like acrylate rubber (AR) can undergo a cross -
linking reaction through coordination bonds between
the ester groups in acrylate rubber and cupric ions
(Cu2+) present in inorganic metal salts such as cop-
per sulfate (CuSO4) [21]. This type of coordination-
bonded network could occur more favorably at room
temperature, with a higher rate if the reaction tem-
perature is raised. Furthermore, the extent of cross -
linking, crosslinking density, and tensile strength in-
creased with increasing loading of CuSO4 and curing
temperature [21]. In addition, carboxylated nitrile
rubber (XNBR) was also coordination cross linked
by reacting between Cu2+ within anhydrous copper
sulfate (CuSO4) and the nitrile (–C≡N) groups, along
with the formation of ionic bonds between copper
ions and carboxylic groups in XNBR molecules
[22]. In addition, a self-healing XNBR rubber was
prepared based on the metal-ligand coordination be-
tween the 2,6-diaminopyridine (DAP) ligand and dif-
ferent metal ions (Co2+, Ni2+, and Zn2+) moieties at-
tached to the XNBR backbone [23].
In natural rubber containing polar functional groups
such as ENR, coordination crosslinking is favored by
reacting the polar functional epoxirane groups or
their ring-opened products with different types of
metal ions. For instance, the coordination reaction be-
tween ENR and stannous dichloride (SnCl2·2H2O)
has been investigated, revealing the formation of an
ENR and stannous (Sn) coordination (ENR/Sn)
complex wherein stannous dichloride molecules are
inserted into the quaternary and methine carbon
atoms [24]. In this circumstance, Fourier-transform
infrared spectroscopy (FTIR) and proton nuclear
magnetic resonance (NMR) confirmed the formation
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of a four-coordinated Sn complex, while transmis-
sion electron microscopy (TEM) analysis revealed a
ring-coil shape with a thick lining [32]. Additionally,
ferric ions were introduced into an oxygen-abundant
commercially available rubber network using epox-
idized natural rubber and ferric chloride (FeCl3) or
ENR-FeCl3 model compounds. This resulted in the
formation of additional metal-oxygen coordination
crosslinks via complexation, which influenced the
enhancement of strength, toughness, and damping
properties [25]. Additionally, the crosslinking reac-
tion of epoxidized natural rubber with 50 mol% epox-
ide (ENR-50) with ferric ions (Fe3+) from ferric
chloride (FeCl3) has been investigated, as described
in our previous work [26]. This investigation re-
vealed that the Fe3+ ion could interact with the hy-
droxyl groups from the opened oxirane ring products
of ENR to create new –O–Fe–O– linkages between
ENR molecular chains via the alpha (α) and beta (β)
carbon atoms. Moreover, another type of reaction,
called internal polymerization reaction, simultane-
ously occurred during the mixing of ENR-50 and
Fe3+ [26, 27]. Increasing concentrations of FeCl3 re-
sulted in an increase in the cross inking density, mod-
uli, and strength [26]. Furthermore, carbon nan-
otubes (CNTs) filled ENR with coordination and
internal polymerization reactions with Fe3+, resulting
in outstanding mechanical and electrical character-
istics. For instance, enhancements were observed in
the torque difference, modulus, tensile strength, and
electrical conductivity with increasing CNT loadings
[27]. Similar phenomena were observed in ENR-50-
filled hybrid fillers containing both CNTs and con-
ductive carbon black (CCB) [28]. Furthermore, the
metal-ligand coordination between ENR and FeCl3
could enhance the self-healing performance of ENR
compounds [29]. Moreover, an ionic and coordina-
tion hybrid network in a self-healing elastomer was
formed from the reaction of ENR with Zn2+ metal
ions and 2-aminopyridine (AP) grafted onto ENR as
the ligand, creating coordination and ionic bonds to
construct the hybrid network [30]. Furthermore, Zn-
containing zeolitic imidazolate, based on zinc ions
coordinating with different imidazolate ligands, was
added to natural rubber (NR). It was found that the
addition of zeolitic imidazolate facilitated faster vul-
canization of NR at lower cure temperatures [31].
Therefore, among different types of metal ions,
zinc (II) ions may be one of the potential crosslink-
ing agents for polar natural rubber-like ENR.

In this study, we undertook preliminary research on
the coordination reactions of ENR-50 with varying
concentrations of zinc chloride via a dry mixing
process. Firstly, we observed torque responses dur-
ing the curing test using the rotorless moving die
rheometer (MDR) at 160 °C. Infrared spectroscopy
was then employed to verify the newly formed chem-
ical linkages in the epoxidized natural rubber and
zinc chloride (ENR-ZnCl2) compounds, elucidating
the proposed reaction mechanism. Furthermore, we
conducted various comparative analyses, including
assessments of curing, mechanical, dynamic, ther-
mal, thermos-mechanical, and electrical properties
of ENR compounds. Our primary objective was to
investigate the potential coordination reaction be-
tween ZnCl2 and ENR-50, aiming to develop a novel
vulcanization system for natural rubber and advance
the field of self-healing rubber products.

2. Experimental
2.1. Materials
Epoxidized natural rubber with 50±2 mol% epoxide
(ENR-50) was obtained from Muangmai Guthrie
Co., Ltd., located in Surat Thani province, Thailand.
ENR-50 has a Mooney viscosity, ML(1+4) at 100°C,
in the range of 70–100 units, along with an ash con-
tent of less than 0.5 wt%. Reagent-grade zinc chlo-
ride (ZnCl2), used for coordination with ENR-50,
was obtained from Sigma-Aldrich, located in Darm-
stadt, Germany. Toluene, used in the swelling exper-
iment for the determination of the crosslink density
of the ENR vulcanizate, was produced by Carlo Erba
Reagents S.A.S., located in De Rueil, France.

2.2. Preparation of ENR-50 compounded with
zinc chloride

ENR-50 (58.0 g) was first dried in a hot air oven at
60°C for approximately 24 h. It was then mixed with
various concentrations of ZnCl2 at 3, 5, 7, 9, and
12 mmol using the Brabender measuring mixer,
model 50 EHT, manufactured by Brabender Plasti-
corder located in Duisburg, Germany. It is noted that
the weight equivalents of different concentrations at
3, 5, 7, 9, and 12 mmol are 0.43, 0.72, 1.00, 1.29,
and 1.71 g, respectively. The initial temperature for
mixing was set at 60 °C with a rotation velocity of
rotors at 60 rpm. The ENR was masticated for ap-
proximately 3 min before adding the zinc chloride
compound into the mixing chamber, followed by an
additional 8 min of mixing. The rubber compound
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was then removed from the mixing chamber and
conditioned at room temperature for at least 1 h.
Next, the rubber sheet was fabricated by passing it
through a 1 mm nip of an open two-roll mill, model
YFCR 600, from Yong Fong Machinery Co., Ltd.,
located in Samut Sakorn province, Thailand, at am-
bient temperature. The ENR-ZnCl2 rubber sheet was
subsequently conditioned in a desiccator at room
temperature for about 24 h. The torque response was
then investigated at 160 °C using a rotorless moving
die rheometer, MDR 2000, from Alpha Technolo-
gies, located in Hudson, USA. After observing a
positive torque response due to coordination
crosslinking, the vulcanized rubber sheets were fab-
ricated by compression molding. This was done
using a PR1D-W400L450PM molding machine
from Charon Tut Co., Ltd., located in Samut Sakorn
province, Thailand, at 160 °C and a compression
pressure of about 700 kPa, maintaining the respec-
tive cure times as determined by the moving die
rheometer (MDR) test.

2.3. Determination of coordination
crosslinking and curing characteristic

The torque response was utilized to monitor the ex-
istence of coordination and other related reactions
between ENR-50 and ZnCl2. Moreover, for the pos-
itive torque response, the curing characteristics of
the ENR-ZnCl2 compounds were evaluated follow-
ing the standard ISO 6502. This was conducted
using a moving die rheometer, model MDR 2000,
from Alpha Technologies, located in Hudson, USA.
The analysis was carried out at a constant oscillation
frequency of 1.67 Hz and a strain amplitude of 1°,
maintained at 160 °C. This testing procedure gener-
ated the torque-time relationships, or curing curves,
for different ENR-ZnCl2 compounds, which allowed
for the determination of various significant curing
parameters. These parameters encompass scorch
time (ts2), cure time (tc90), minimum torque (ML),
maximum torque (MH), torque difference (MH – ML),
and the reaction rate represented by the cure rate
index (CRI). It is noted that the optimum cure time
(tc90) is the time required for the torque to reach 90%
of the maximum achievable torque and indicates the
time necessary for the cured rubber to achieve its op-
timum properties.

2.4. Infrared spectroscopy
FTIR was utilized to analyze neat ENR-50 along
with various ENR-ZnCl2 compounds with different
concentrations of ZnCl2 (3, 5, 7, 9, and 12 mmol) in
the transmission mode using a Spectrum Two FT-IR
Spectrometer with a deuterated triglycine sulfate
(DTGS) detector, manufactured by PerkinElmer,
Inc., located in Waltham, USA. Thin sheets of rubber
specimens with smooth surfaces were initially fab-
ricated and subsequently subjected to structural
analysis by being placed in the attenuated total re-
flectance (ATR) device of FT-IR for solid contact
sampling. The FTIR analysis was then conducted,
covering a broad wavenumber range from 4000 to
400 cm–1 and at a resolution of 4 cm–1.

2.5. Mechanical properties
Tensile test specimens were initially prepared by me-
chanically die-cutting from the previously prepared
rubber vulcanizate sheets, following ISO 37 stan-
dards. Subsequently, these samples were placed
within the sample holder of a tensile testing machine
sourced from Tinus Olsen Ltd, located in Honey
Crock Lane, UK. The tensile tests were then carried
out at ambient temperature, with extension occurring
at a crosshead speed of 200 mm/min, in accordance
with ISO 37 guidelines. Additionally, the hardness
property of various rubber specimens was evaluated
using a Shore A durometer, model HT 3000 SA by
Montech, based in Buchen, Germany, following the
standard procedure outlined in ISO 868.

2.6. Crosslink density
A swelling experiment was conducted to ascertain
the crosslink density of rectangular rubber speci-
mens measuring 10×10×2 mm. Initially, the weight
of the rubber samples was recorded prior to immer-
sion in toluene at room temperature for seven days
in the dark. Subsequently, the swollen rubber sam-
ples were removed, and any excess liquid on the
specimen surfaces was eliminated using filter paper.
Following this, the specimens were dried in a vacu-
um oven at 40 °C for 24 h. Finally, the original
weight was compared with the final weight before
and after immersion in toluene. The crosslink density
of the rubber vulcanizates was determined utilizing
the Flory–Rehner relation, Equation (1) [32]:
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(1)

where fp is the volume fraction of rubber in the
swollen network, VL is the molar volume of toluene
and χ is the interaction parameter of polymer and
solvent (for ENR and toluene, the value is 0.34) [33].

2.7. Dynamic mechanical properties
The dynamic mechanical properties of pure ENR-50
and ENR-ZnCl2 compounds were evaluated by
measuring the storage modulus (G′) and loss tangent
(tan δ) in relation to strain amplitude. This was ac-
complished using a rubber process analyzer (RPA),
specifically the RPA 2000 from Alpha Technologies
(Ohio, USA). The test involved measuring the stor-
age shear modulus (G′) and tan δ of each rubber
specimen subjected to shear deformation, with strain
amplitude ranging from 0.56 to 100%, at a fixed fre-
quency of 1.0 Hz and a temperature of 100 °C.

2.8. Thermo-mechanical properties
Thermo-mechanical properties during relaxation ex-
periments were monitored through temperature scan-
ning stress relaxation (TSSR) measurements of rub-
ber specimens using a TSSR meter from Brabender
Messtechnik® GmbH & Co. KG (Duisburg, Ger-
many). Dumbbell-shaped specimens (type 5A), as
per ISO 527 standard, were initially prepared and an-
nealed in a hot air oven at 100 °C for about 30 min
to eliminate the thermal history and storage harden-
ing of natural rubber before the TSSR test [34]. Af-
terward, they were cooled to room temperature and
left to rest for around 30 min before initiating the
tests. The specimens were stretched up to 50% of
their original length and conditioned at 23°C for ap-
proximately 2 h to eliminate short-term relaxation of
rubber molecules [35]. Following this, a non-isother-
mal condition was applied by increasing the temper-
ature from 23 to 220 °C or until the specimen rup-
tured, using a constant heating rate of 2 °C/min. The
stress (or modulus) at each relaxation temperature
was then recorded and reported in terms of the rela-
tionship between relaxation stress (or modulus) and
the tested temperature [42].

2.9. Thermal properties
Two different approaches were employed to charac-
terize the thermal characteristics of ENR-50 and
ENR-ZnCl2 compounds, namely dynamic mechanical

analysis (DMA), and thermogravimetric analysis
(TGA). In DMA, the analysis was conducted using
DMA 8000 from Perkin Elmer Inc. (Waltham, MA,
USA) in tension mode over a temperature range of 
–100 to 100 °C, with a heating rate of 3 °C/min and
a fixed deformation frequency of 1 Hz. On the other
hand, TGA, the thermal stability of neat ENR-50 and
ENR-ZnCl2 compounds was evaluated using a ther-
mogravimetric analyzer, TGA-SDTA 851 from Met-
tler Toledo (Zurich, Switzerland). Measurements
were carried out under a nitrogen atmosphere within
the temperature range of 30–600 °C, using a heating
rate of 10 °C/min.

2.10. Electrical properties
The electrical properties, specifically electrical con-
ductivity (σ) and dielectric constant (ε′), of pure
ENR-50 and ENR-ZnCl2 compounds, were assessed
at room temperature using an LCR meter, model IM
3533, manufactured by Hioki E.E. Corporation
(Nagano, Japan), across frequency ranges from 1 to
105 Hz. The LCR meter was connected to the elec-
trode plates of a dielectric test fixture, model 16451B,
from Test Equipment Solutions Ltd. (Berkshire,
UK), featuring electrode plates with a diameter of
5 mm. The electrical conductivity (σ) and dielectric
constant (ε′) were determined using the Equa-
tions (2) and (3) relations [36, 37]:

(2)

(3)

where, d and A represent the sample thickness and
the area of an electrode, respectively. The parameter
ε0 denotes the dielectric constant of free space,
which is 8.854·10–12 F/m  and Cp is the capacity of
the capacitor.. The factor ρ signifies the volume re-
sistivity, which is the reciprocal of conductivity.

3. Results and discussion
3.1. Crosslinking reaction and curing

properties of ENR-50 compounded with
ZnCl2

After ENR-50 was compounded with zinc chloride
(ZnCl2) and a positive torque response was ob-
served, a rotorless moving die rheometer, the MDR
2000 manufactured by Alpha Technologies in Ohio,
USA, was further utilized to characterize the curing
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properties of the ENR-ZnCl2 compounds by operat-
ing at 160 °C for a duration of 30 min. The resulting
torque-time relations are presented in Figure 1. It can
be seen that a marginal increasing trend in torque
was observed for the ENR compound containing
3 mmol of ZnCl2. In contrast, no torque response
was observed for pure ENR-50 or for the sample
consisting of 1 mmol of ZnCl2, indicating the ab-
sence of reaction among the ENR molecular chains.
Furthermore, strong increasing trends in torque were
clearly demonstrated with increasing concentrations
of ZnCl2 from 5 to 12 mmol. This analysis reveals
the typical cure curves, or torque-time curves, for a
conventional rubber compound. Initially, there is a
sharp drop in torque after the initial rotation of the
MDR, followed by a gradual rise to reach the mini-
mum torque (ML) at the lowest point of the curve.
Subsequently, a gradual increase in torque occurs

until reaching the maximum torque value (MH)
around the 15 min mark, specifically for ENR-50
compounded with 12 mmol ZnCl2, while the others
demonstrate slightly increasing torque with time-
lapse or marching cure curves. It is noteworthy to
mention that higher concentrations of ZnCl2 result
in a less steep gradient in the torque-time curve, ap-
proaching the equilibrium curing curve, as observed
in the case of ENR compounded with 12 mmol
ZnCl2.
Based on the positive torque responses observed in
the torque-time relations in Figure 1, it is evident
that the crosslinking reaction between ENR-50 mol-
ecules, assisted by ZnCl2, occurred during testing at
high temperatures. This assertion is supported by the
examination of the molecular structure of ENR net-
works after the MDR test using ATR-FT-IR, as de-
picted in Figure 2. In this context, Figure 2a displays
the FT-IR spectra covering the entire range of
wavenumbers from 4000 to 400 cm–1, while
 Figure 2b provides a closer view specifically within
the wavenumber range of 1200 to 400 cm–1. It can
be seen the presence of absorption bands at 1240 and
870 cm–1 (Figure 2a) typically refer to symmetric
and asymmetric deformations of the epoxy rings in
ENR molecules, respectively [38]. Comparison with
neat ENR-50 reveals distinct infrared absorption
peaks in ENR-ZnCl2 compounds at wavenumbers of
442 and 809 cm–1 (Figure 2b), indicating the pres-
ence of –O–Zn–O- coordination bonds [39] linking
ENR molecules. Additionally, new absorption bands
at 1538 cm–1 correspond to –C–O stretching vibra-
tion [40] in the network structure of ENR cross -
linked by Zn2+ ions. Moreover, the new absorption
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Figure 1. Torque-time curves comparing ENR-50 com-
pounded with various concentrations of ZnCl2 (1,
3, 5, 7, 9, and 12 mmol) to pure ENR-50.

Figure 2.  ATR-FTIR spectra of the neat ENR-50 and ENR-50 compounded with 7 mmol ZnCl2. a) In the wavenumber range
of 400–4000 cm–1, b) in the wavenumber range of 400–1200 cm–1.



in ENR-ZnCl2 compounds at a wavenumber of
745 cm–1, which indicates the C–Cl vibration of
C–Cl bonds [41, 42], appeared in Figure 2b. There-
fore, reactions between ENR-50 and ZnCl2 are pro-
posed, as depicted in Figure 3.
Under elevated temperature and high shear condi-
tions, the oxirane rings within ENR molecules un-
dergo a ring-opening reaction, yielding open-ring
products [43]. These adducts with hydroxyl-termi-
nated groups can react with Zn2+ ions, forming new
linkages connecting ENR molecular chains via the
zinc central atom (–O–Zn–O–). In Figure 3, it is also
anticipated that the nucleophilic chloride ions could
attach to two carbon positions, namely the α-carbon
and β-carbon positions in ENR molecules relative to
the methyl groups. However, the microstructure at
the α-carbon atoms is more reactive due to the pres-
ence of a methyl group, imparting a less nucleophilic
character to the adjacent carbon atom [44]. This may
enhance the likelihood of nucleophilic attack by
chloride ions on the carbon atom lacking the methyl
groups. The epoxide rings, when exposed to metal
ions like Fe3+ ions, undergo an internal polymeriza-
tion reaction [34, 44].
Following the proven evidence of intermolecular
crosslinks via the bridge consisting of zinc atoms
(–O–Zn–O–), the curing characteristics of different
ENR-ZnCl2 compounds were analyzed. Table 1 pro-
vides an overview of the curing properties of ENR-50
compounded with varying concentrations of ZnCl2,
detailing time and torque-related characteristics. The
data display a noticeable trend: as the concentrations

of ZnCl2 increase, both minimum and maximum
torque values rise. However, the torque difference,
or delta torque, follows an increasing trend until it
peaks at a ZnCl2 concentration of 7 mmol before de-
clining. This pattern indicates the level of crosslink-
ing structures within the rubber molecules, reflecting
the extent of coordination reaction to create 
–O–Zn–O– bridges between rubber molecules (as il-
lustrated in Figure 3) alongside the internal polymer-
ization of ENR molecules, both facilitated by the ad-
dition of zinc chloride.
In Table 1, a slight decreasing trend in scorch time
is observed with increasing ZnCl2 contents, indicat-
ing a shorter period during which a rubber com-
pound can be safely processed at a given temperature
before curing. This suggests a more rapid reaction at
the early stage of the crosslinking process with larger
amounts of ZnCl2 present, leading to a rapid onset
of the vulcanization process at the beginning of mix-
ing. Conversely, the curing period required to
achieve a fully vulcanized rubber network was pro-
longed with increasing concentrations of ZnCl2 in
ENR-50. This phenomenon arises from the fact that
higher amounts of ZnCl2 are involved in a higher de-
gree of coordination and internal polymerization re-
actions to form a denser rubbery network, as evi-
denced by the magnitude of delta torque. However,
when more chloride ions are present than the opti-
mum content of zinc chloride at 7 mmol, they play a
more significant role in retarding these reactions
[34]. This is correlated with the decreasing trend of
the cure rate index (CRI), as demonstrated in Table 1.

3.2. Mechanical properties
Figure 4 illustrates the stress-strain behaviors of
ENR-ZnCl2 compounds with varying concentrations
of ZnCl2, ranging from 3 to 12 mmol. It is evident
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Figure 3. Proposed coordination reaction between ENR-50
and ZnCl2, resulting in the formation of cross -
linked rubber networks via complexation at the α
and β-carbon atoms of the polyisoprene backbone.

Table 1. Cure characteristics in terms of minimum torque
(ML), maximum torque (MH), torque difference
(MH – ML), scorch time (ts2), cure time (tc90), cure
rate index (CRI) of ENR-ZnCl2 compounds with
various concentrations of ZnCl2 at 3, 5, 7, 9 and
12 mmol.

ZnCl2
[mmol]

ML
[dN·m]

MH
[dN·m]

MH – ML
[dN·m]

ts2
[min]

tc90
[min] CRI

3 1.33 03.58 2.25 1.36 03.35 50.25
5 1.43 06.64 5.21 1.17 06.11 20.24
7 2.02 10.16 8.14 0.75 09.34 11.64
9 5.21 13.21 8.00 0.51 12.11 08.62

120 8.12 16.11 7.99 0.46 15.31 06.73



that the different levels of ZnCl2 loading impact var-
ious characteristics under tension stress. Specifically,
there is a discernible increase in Young’s modulus,
reflecting the elastic modulus, with the rise in ZnCl2
concentration within the ENR compounds. It is
noted that Young’s modulus can be quantified by ex-
amining the slopes of the stress-strain curve within
the linear elastic region, where stress (force per unit
area) is directly proportional to strain (proportional
deformation) [45]. Moreover, the elastic modulus
serves as a relative measure of a material’s stiffness
[46]. Consequently, the escalation in ZnCl2 content
within ENR-ZnCl2 compounds leads to an increase
in elastic modulus and, consequently, the stiffness of
the ENR vulcanizate. This observation aligns well
with the corresponding increase in hardness, as de-
picted in Table 2. Additionally, the heightened ZnCl2
content also amplifies the area under the stress-strain
relationship, indicating an enhancement in the tough-
ness of the rubber compound [47]. Thus, the aug-
mentation in ZnCl2 content results in elevated elastic
moduli, stiffness, and toughness of the ENR vulcan-
izates, facilitated by the higher coordination reaction

and internal polymerization of ENR-50 with reactive
ZnCl2 compounds.
In Table 2 and Figure 4, there is observable evidence
that the increase in ZnCl2 contents influences a cor-
responding rise in the tensile strength, aligning with
the previously mentioned improved physical prop-
erties, including stiffness, hardness, as well as tough-
ness. Conversely, the escalation in ZnCl2 content
leads to a decrease in the elongation at break or fail-
ure strain. This phenomenon can be attributed to a
higher degree of crosslinking reactions based on co-
ordination reaction (Figure 3) and internal polymer-
ization, resulting in a higher crosslink density of the
rubbery network structures, as depicted in Figure 5.
As a consequence, these highly crosslinked struc-
tures require more force or stress to undergo shorter
or limited elongation before eventual breakage or
failure.

3.3. Dynamic mechanical properties
The dynamic mechanical properties of the ENR-
ZnCl2 compound were characterized under dynamic
shear conditions at 100°C by RPA, employing a con-
stant oscillating frequency of 1 Hz, coupled with a
sweep strain amplitude ranging from 0.56 to 100%.
Figure 6 illustrates the range of storage shear mod-
ulus (G′)-strain magnitude relationships of ENR-
ZnCl2 compounds with varying concentrations of
ZnCl2. It is clearly seen that strain hardening be-
comes evident at deformation in the low-strain
regime, particularly below 5% strain. This phenom-
enon is likely attributable to the behavior of the
ENR-ZnCl2 compound, as depicted by the marching
cure curves (Figure 1), where the ENR compounds
still have opportunities for further crosslinking during
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Figure 4. Stress-strain characteristics of ENR-50 compound-
ed with various concentrations (3, 5, 7, 9, and
12 mmol) of ZnCl2.

Figure 5. Crosslinking densities of ENR-50 compounded
with ZnCl2 at various concentrations of 3, 5, 7, 9
and 12 mmol.

Table 2. Mechanical properties in terms of modulus at 100%
elongation, tensile strength, elongation at break, and
hardness of ENR 50 compounded with ZnCl2 with
various concentrations of 3, 5, 7, 9, and 12 mmol.

ZnCl2
[mmol]

Tensile
strength
[MPa]

Elongation
at break

[%]

Modulus at
100%
[MPa]

Hardness
[Shore A]

3 0.36±0.02 427.4±7.7 0.254±0.03 29.47±1.47
5 0.61±0.08 261.6±4.7 0.378±0.10 33.97±1.69
7 1.18±0.02 215.0±1.2 0.655±1.10 39.60±1.98
9 1.64±0.12 183.3±8.6 0.912±2.31 43.87±2.19

12 2.13±0.02 143.0±6.4 1.533±2.67 48.67±2.43



prolonged curing at high temperatures. Notably, ma-
terials with higher concentrations of ZnCl2 demon-
strate a wider length of this strain range, correlating
with an extended curing time (as indicated in
Table 1) when ZnCl2 content increases in the ENR
compound. Following the initial low-strain regime,
the storage shear modulus tends to decrease upon
achieving full vulcanization of ENR, as evidenced
by the strain-softening regions. This decline can be
attributed to the deterioration of some crosslinks or
other weak bonds due to shear deformation under
high heat conditions. In Figure 6, when considering
the storage modulus-strain amplitude curves, it is ev-
ident that the curve rises higher with increasing con-
tent of ZnCl2 in the ENR compound. This is due to
the enhanced crosslinking reaction facilitated by co-
ordination (as depicted in Figure 3) and internal
polymerization reactions, consequently leading to a
higher crosslinking density (as shown in Figure 6).
This correlation aligns well with the strength prop-
erties observed in Figure 4 and Table 2.

Figure 7 depicts the tan δ-strain amplitude rela-
tionships for ENR-50 compounded with varying
concentrations of ZnCl2 at 3, 5, 7, 9, and 12 mmol. It
is noted that tan δ represents the ratio of the viscous
(G′′) to elastic response (G′) of a viscoelastic mate-
rial, such as rubber in this study. Therefore, a lower
tanδ value indicates a higher elastic response, as ob-
served in the results of this work where tan δ values
are below 1.0, indicating a high elasticity of the ma-
terial resulting from these reactions. Furthermore,
during the further crosslinking reaction at the low
strain regimes to form more and stronger ENR net-
works via -O–Zn–O- coordination bonds, the tan δ
gradually decreases due to gaining more elastic re-
sponse until fully formed networks are created. Sub-
sequently, as described in Figure 6, the tan δ gradu-
ally increases due to the rising trend of viscous
response resulting from the breakage of chemical
bonds in the ENR networks. Additionally, it is elab-
orated that the level of tan δ at a given strain magni-
tude decreases with increasing ZnCl2 in ENR-ZnCl2
compounds because a stronger crosslinking structure
is formed to gain a more elastic response and hence
a higher elastic nature for the ENR vulcanizate.

3.4. Thermo-mechanical characteristics
Thermo-mechanical analysis of ENR-ZnCl2 com-
pounds was conducted by means of temperature
scanning stress relaxation (TSSR) analysis, as relax-
ation modulus-temperature relations depicted in
 Figure 8. Hence, assessing the thermo-elastic prop-
erty at constant strain reveals the modulus-tempera-
ture relationship, as depicted in Figure 8. It is evident
that a slight increase occurs within a narrow temper-
ature range in the initial moduli. The slope and extent
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Figure 6. Storage shear modulus-strain amplitude relation-
ships for ENR-50 compounded with varying con-
centrations of ZnCl2 at 3, 5, 7, 9, and 12 mmol.

Figure 7. tan δ -strain amplitude relationships for ENR-50
compounded with varying concentrations of ZnCl2
at 3, 5, 7, 9, and 12 mmol.

Figure 8. Relaxation modulus-temperature relationship of
ENR-ZnCl2 compounds at various ZnCl2 concen-
trations (3, 5, 7, 9, and 12 mmol) compared to pure
ENR-50.



of this curve are closely linked to the crosslink den-
sity of rubber vulcanizates [48]. This appears to be
positively correlated with the rising concentration of
ZnCl2 in ENR-ZnCl2 compounds. Beyond this tem-
perature range, the relaxation moduli decrease as
temperature rises, attributed to the softening effect
caused by increased mobility within the rubbery net-
works at higher temperatures.
Furthermore, this decreasing trend relates to physical
or chemical-induced structural changes in the mate-
rials. Physical relaxation processes include segmen-
tal motions along with disentanglements of chain
molecules and other reversible structural changes.
On the other hand, chemical relaxation processes are
caused by the cleavage of crosslinks or scission of
polymer chains, leading to irreversible structural
changes [44]. This trend persists until certain inter-
molecular forces start to weaken, eventually result-
ing in the breakdown of the crosslink structure and
the polymer backbone [49]. As a consequence, the
rubber sample ultimately fails at the final test tem-
perature.
Comparison among different types of ENR-ZnCl2
compounds reveals that pure ENR-50 exhibits the
lowest relaxation-temperature curve. However, with
the incorporation and increasing concentration of
ZnCl2, a noticeable rise in these curves is observed.
This increase can be attributed to the crosslinking re-
action of ENR, facilitated by coordination and inter-
nal polymerization, which intensifies as ZnCl2 con-
centration increases. Consequently, stronger rubbery
networks form, leading to higher heat resistance and
improved performance under stress relaxation con-
ditions. This correlates well to strength properties
(Table 2), crosslink density (Figure 5), and storage
moduli (Figure 6).
The thermo-mechanical characteristics of ENR-
ZnCl2 compounds were further analyzed using T50
and the rubber index (RI). It is noted that T50 indi-
cates the relaxation temperature at which the force
decreases by approximately 50% compared to the
original force. It has been used as the upper limit of
the service temperature range [50] alongside com-
pression set resistance [51]. Furthermore, the rubber
index (RI) has been used to indicate the elastomeric
nature of the material, determined from the area
under the normalized force–temperature curve [51].
These results are shown in Figure 9. It is evident that
T50, or the upper limit of the service temperature
range [50], shows an increasing trend with higher

concentrations of ZnCl2. This corresponds to the in-
creasing trend of the rubber index (RI). This suggests
that the upper limit of the service temperature range,
as well as the elastomeric nature (indicating in-
creased thermal resistance and a superior loss tan-
gent, as shown in Figure 7), is higher for the ENR-
ZnCl2 compound with higher ZnCl2 concentration.
This is due to enhanced crosslinking reactions (based
on reactions depicted in Figure 3), increased cross -
link density (Figure 5), and a higher storage modulus
during shear deformation at different strain ampli-
tudes (Figure 6).

3.5. Thermal properties
Two distinct methodologies were employed to ex-
plore the thermal properties and stability of ENR-
ZnCl2 compounds: dynamic mechanical analysis
(DMA) and thermogravimetric analysis (TGA).
 Figure 10 depicts DMA thermograms illustrating the
storage modulus (E′) and loss tangent (tanδ) as func-
tions of temperature for ENR-50 compounded with
varying ZnCl2 concentrations of 3, 5, 7, 9, and
12 mmol. It is evident that higher storage moduli in
the glassy region are observed with increasing ZnCl2
concentration in ENR compounds compared with
pure ENR-50 without the addition of ZnCl2. This is
likely due to the formation of a stronger rubber net-
work based on coordination (as depicted in Figure 3)
and internal polymerization, resulting in an increased
crosslink density (as shown in Figure 5). In Figure 10a,
as the temperature increases towards the glass transi-
tion region, a clear and abrupt decrease in moduli can
be observed, indicating the onset of the glass transi-
tion temperature (Tg) of the materials. Therefore, the
glass transition temperature (Tg) of various materials
can be assessed within this temperature range by ex-
amining the peak of the tanδ-temperature relation-
ship, as depicted in Figure 10b, as summarized in
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Figure 9. Rubber index (RI) and T50 of ENR-ZnCl2 com-
pounds at various ZnCl2 concentrations (3, 5, 7, 9,
and 12 mmol) compared to pure ENR-50.



Table 3. From the thermal analysis, it appears that
the glass transition temperatures (Tg) of ENR-ZnCl2
compounds are higher than that of pure ENR-50, in-
dicating greater mobility restriction due to the pres-
ence of stronger network structures in the rubber
structure. Additionally, a slight increasing trend in Tg
is observed with increasing ZnCl2 concentration in
the coordination reaction, resulting in a stronger and
more rigid rubber vulcanizate, consistent with the
stiffness (Figure 4) and hardness (Table 2). In
Table 3, the glass transition temperatures (Tg) of all
ENR compounds are lower than the freezing temper-
ature, reflecting their elastomeric nature.
In Figure 10a, increasing the test temperature be-
yond the glass transition region causes a further de-
creasing trend in storage moduli, albeit at lower gra-
dients, thus forming the rubbery and rubbery flow
regions. Furthermore, the final storage modulus at
100°C increases according to the content of ZnCl2
utilized in the curing reaction.

The thermal stability and resistance of ENR-ZnCl2
compounds with various ZnCl2 concentrations were
investigated using the TGA technique, as shown in
the TGA and derivative thermogravimetry (DTG)
thermograms in Figure 11. The TGA thermograms
in Figure 11a exhibit a single degradation stage, oc-
curring between 360 and 450 °C, corresponding to
the peaks in the DTG curves shown in Figure 11b.
The degradation temperatures (Tds) of different
ENR-ZnCl2 compounds are summarized in Table 3.
This degradation stage is attributed to the deteriora-
tion of the hydrocarbon content within ENR mole-
cules. Table 3 clearly indicates that the degradation
temperature increases with decreasing weight loss,
resulting in higher thermal resistance in the ENR
compounds with the incorporation and increasing
concentrations of ZnCl2. This enhancement in ther-
mal resistance is due to the formation of stronger
crosslinking networks via coordination reactions
(Figure 3) and internal polymerization, containing
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Figure 10. Storage modulus-temperature (a) and tan δ-temperature (b) plots for ENR-50 compounded with various concen-
trations of ZnCl2 at 3, 5, 7, 9 and 12 mmol.

Figure 11. TGA (a) and DTG (b) thermograms of ENR-50 compounded with various concentrations of ZnCl2 at 3, 5, 7, 9,
and 12 mmol.



higher contents of high thermal stability –O–Zn–O–
linkages in the ENR vulcanizates. These findings are
consistent with our previous results from the TGA
thermograms of ENR-FeCl3 compounds with 
–O–Fe–O– linkages [26]. Moreover, these findings
are consistent with the thermal resistance observed
during the relaxation experiment conducted via a
TSSR test, specifically the relaxation modulus-tem-
perature curves (Figure 8) and the T50 values 
(Figure 9), which increase with higher concentra-
tions of ZnCl2, indicating improved thermal stability
and thermal resistance.

3.6. Electrical conductivity
Figure 12 illustrates the frequency-dependent electri-
cal conductivity of ENR-ZnCl2 compounds at various
concentrations of ZnCl2 (3, 5, 7, 9, and 12 mmol)
compared to pure ENR-50. Both pure ENR-50 and
ENR-ZnCl2 compounds demonstrate a rising trend in
electrical conductivity as the concentration of ZnCl2
increases. This phenomenon can be attributed to the
enhancement of electron mobility with increasing fre-
quency of the applied field, consequently elevating
the conductivity level [52]. Notably, at a given

 frequency, the augmentation of ZnCl2 in ENR com-
pounds leads to an amplified electrical conductivity
owing to the increased coordination linkages char-
acterized by –O–Zn–O–, resulting in higher AC con-
ductivity, as depicted in Figure 12. Furthermore, the
presence of unreacted ZnCl2 may also contribute to
the increase in the electrical conductivity of the
ENR-ZnCl2 compounds.

4. Conclusions
ENR-ZnCl2 compounds were prepared with various
concentrations of ZnCl2 (1, 3, 5, 7, 9, and 12 mmol)
in an internal mixer at 60°C. The torque response was
subsequently assessed using a moving die rheometer
(MDR 2000). It was observed that a positive torque
response in the sample indicates the occurrence of
chemical crosslinks among ENR molecular chains
during shear deformation at 160 °C. Subsequently,
FT-IR analysis was employed to distinguish the mo-
lecular characteristics between ENR-50 and ENR-
ZnCl2 compounds. It was observed that the distinct
infrared absorption peaks in ENR-ZnCl2 compounds
at wavenumbers of 442 and 809 cm–1 indicate the
presence of –O–Zn–O– coordination bonds linking
ENR molecules in the ENR compounds. Addition-
ally, internal polymerization of ENR molecules in
the presence of Zn2+ ions was also identified. The
curing properties of various ENR-ZnCl2 compounds
exhibiting a positive torque response were then test-
ed, unveiling a typical curing curve of rubber com-
pounds characterized by slight reversion and a grad-
ual increase in torque with increasing testing time.
Increasing concentrations of ZnCl2 resulted in higher
minimum and maximum torques and longer cure
times but decreased scorch time and cure rate index
(CRI). Mechanical, dynamic, thermo-mechanical,
thermal properties and electrical conductivity were
then characterized. The results showed that mechan-
ical properties improved with increasing ZnCl2 con-
centrations, evidenced by enhanced tensile strength,
Young’s moduli (stiffness), moduli at 100% elonga-
tion, and toughness (from the area under stress-strain
curves), as well as increased hardness. This improve-
ment is attributed to increased coordination and in-
ternal polymerization reactions, leading to a higher
crosslink density of the ENR vulcanizates. However,
the ultimate elongation at break tended to decrease
due to the stronger crosslinking network. Dynamic
mechanical tests confirmed the enhancement of dy-
namic shear moduli, reflecting the elastic response
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Table 3. Degradation temperature (Td), glass transition tem-
perature (Tg), as well as percentage weight loss
under N2 atmosphere.

ZnCl2
[mmol]

Td
[°C]

Weight loss
[%]

Tg
[°C]

Pure ENR 50 390 99.5 –20
3 413 98.4 –19
5 422 98.1 –18
7 422 97.9 –17
9 426 94.2 –17

12 431 92.3 –14

Figure 12. Frequency-dependent electrical conductivity of
ENR-ZnCl2 compounds at different concentra-
tions of ZnCl2 (3, 5, 7, 9, and 12 mmol).



of the material and correlating with the improved
strength properties. Additionally, decreasing loss
 tangent (tan δ) values indicated an increasing trend
of rubber elasticity. In thermo-mechanical character-
ization by TSSR tests, the initial moduli and the level
of relaxation modulus-temperature curves increased
with higher concentrations of ZnCl2 due to intensi-
fied coordination and internal polymerization reac-
tions and increased crosslink density. This correlated
with an increased rubber index (RI) and enhanced
thermal resistance, as indicated by rising T50 values.
Thermal property characterization of ENR com-
pounds using DMA showed a slight increase in glass
transition temperature (Tg) with higher ZnCl2 con-
centrations due to molecular restriction from stronger
crosslinking networks. TGA analysis revealed en-
hanced thermal stability of ENR-ZnCl2 compounds,
with higher degradation temperatures and reduced
weight loss. Furthermore, increasing ZnCl2 concen-
trations also improved the electrical conductivity of
the ENR compounds. Therefore, this crosslinking
system can be an alternative type of crosslinking
agent for ENR in future applications.
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