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Abstract: The influence of thermal treatment on the thermal stability, thermal properties, dielectric properties and 
intermolecular interaction of binary epoxidized natural rubber (ENR)-salt systems, which may be a candidate for 
solid polymer elec- trolytes (SPEs) was investigated. Solubility of salt in ENR enhances, which may be due to the 
disruption of the lightly-crosslinked microgel under heat treatment. The increase in the ionic conductivities of the 
thermally treated ENR SPEs at constant salt content is correlated to the higher glass transition temperatures, 
development of percolation network and higher extent of intermolecular interactions between ENR and charged 
entities in this study. 

Keywords: thermal treatment; epoxidized natural rubber; macrogel; microgel; glass transition temperature; 
dielectric properties; intermolecular interaction. 

 

Introduction 
 

Epoxidized natural rubber (ENR) has been utilized for commercial applications (e.g. automotive [1], coatings [2, 
3], clamping [4] wire and cabling [5], rubber bearing [6], shoe soles [7], binder [8] etc.) due to its inherited features 
(such as elastomeric and flexibility) and improved properties as compared to natural rubber (NR). Epoxidation on 
NR, i.e. substituting some of the randomly distributed double bonds of along the cis-poly(isoprene) backbone with 
epoxide unit [9–12], enhances the oil resistance, resilience, wet grip and in some cases also for mechanical strength 
[11–15]. The mol% of epoxide group in ENR is referred as the epoxidation level (e.g. ENR-25 marks 25 mol% of 
epoxide group) [9,16]. ENR is comprised of sol and gel. The sol is the soluble part of polymer chains which is not 
connected to the network. It is soluble in organic solvents, whereas the gel is a chemically or physically crosslinked 
network of polymer chains which cannot be dissolved in the solvent in use [11, 17–19]. The presence of a gel 
domain promotes the elastomeric properties in unvulcanized ENR [18, 20–23]. 

Existence of nitrogenous compounds (e.g. proteins) in NR may play an important role in formation of network-
like structure in the gel domain , either via hydrogen bonding [18, 20, 24] and/or physical interactions, which occur 
between phospholipids attached to the α-end of the poly(isoprene) and the proteins at the ω-terminal end of the 
macromolecules [25, 26]. These network-like structures may be correlated to the gel content of NR [27], where the 
amount of gel varies from 1 wt.% ‒ 25 wt.% in different studies [22, 23, 28]. The gel domain comprises two 
fractions, i.e. macrogel and microgel. The macrogel can be separated relatively easy from its sol through simple 
filtration [29–31]. Macrogel is a term for relatively ‘heavy’ crosslinked polymer chains of ENRs. Microgel (also 
known as microaggregates) is lightly crosslinked polymer chains, which presents in ENR with amount less than 
macrogel. Very often, removal of microgel in NR was neglected or not attempted due to the low content of microgel 
and also tedious separation procedures involving ultracentrifugation [32, 33], microfiltration [27], mastication [28, 
34], etc.  
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ENR-salt systems have been studied since the last two decades [35–47] due to the hope for their potential 
application in rechargeable batteries. This amorphous polymer host has low glass transition temperature (Tg) (e.g. Tg of 
ENR-50 at around −20 °C) [40–42, 46, 47] and existence of epoxide groups which may associate with inorganic salts 
[38–40], [42,  46, 47]. Previous studies show that ENR-salt systems with higher epoxide content tend to exhibit higher 
ion conductivity (σDC) at room temperature due to the presence of more coordination sites for the percolation of charge 
entities [37, 41]. However, other studies show ENR-25-salt systems exhibit higher conductivities as compared to ENR-
50 at salt fraction, WS = const above the solubility limit of ENR-50 (0.11 < WS < 0.25), where 𝑊𝑊S = mass of salt

mass of (ENR + salt)
 [40, 

42, 43]. This anomalous behavior is suggested to be the result of phase heterogeneity between ENR-50 and lithium 
perchlorate, LiClO4 mixture due to the maximal solubility, where the salt-poor phase (i.e. the microgel domain) does 
not show dielectric response [46]. Therefore, the maximum order of the ionic conductivity of ENR-50-salt systems 
(σDC ∼ 10−8 S cm−1) is observed to stay constant within 0.11 < WS  < 0.25, meanwhile ENR-25-salt systems show an 
increase in conductivity up to WS < 0.17 (σDC ∼ 10−7 S cm−1).  

Separation of gel from ENR sol is a crucial step in preparation of ENR-salt samples. This is because the gel domain 
may limit the salt penetration into the polymer coils, which is important for intermolecular interaction between epoxide 
groups in ENR and the charged entities [48]. In some studies, simple filtration was adopted in order to remove macrogel 
from ENR sol [32, 40–43, 46, 49, 50]. As for the removal of the microgel domain , ultracentrifugation followed by 
filtration through 0.45−µm pore size and ultrafiltration through 0.20−µm were applied in some cases [27, 51]. However, 
the latter procedure is not viable for commercial application. 

The ionic conductivity of high molar mass ENR-salt systems is known to be governed by the differences in epoxide 
content of ENR [37, 41, 42], gel content of ENR [52], effect of non-rubber components (e.g. protein and phospholipids) 

[52], sample preparatory pathway [43], etc. We focus on the effect of regulating the microgel content by thermal 
treatment on dielectric properties of ENR-salt systems. LiClO4 salt was used in this study due to its less hygroscopic 
nature and stable in ambient moisture as compared to other Li salts (e.g., Li SO3CF3, LiPF6, LiBF4, etc.) [53–56], low 
lattice energy [53, 54], and acceptable electrochemical stability [53, 57]. Studies on Li salts with different anions (e.g., 
Cl-, ClO4

-, TFSI-, PF6
-, etc.) [55, 58, 59] describe the large polyatomic anions (e.g., ClO4

- and TFSI-) with delocalized 
electron charge has a weak interaction with Li+, which facilitates the dissociation between the cations and anions, and 
consequently promoting high solubility in polymer. Li+ with larger anion such as TFSI-, shows higher interaction with 
polymer [55,58–60], however, it has high hygroscopicity property, which is quite challenging for us to control the 
moisture absorption under our experimental conditions. In our previous study [43], ENR-salt systems were thermally 
treated for the enhancement of ionic conductivity of the systems without removal of microgel. The ‘lightly crosslinked’ 
microgel domain in ENR may be disrupted by thermal treatment at 80 °C for sufficiently long duration. This may lead 
to better solubility of salt at low salt concentrations in ENRs, especially for ENR-50 at WS = const. Influence of thermal 
treatment on gel content, molar masses and thermal stability for neat ENRs will be elucidated. Thermal properties, 
dielectric properties and intermolecular interactions of the thermally treated binary ENR-salt systems will be scrutinized 
subsequently.    

 

Experimental Section 
 
Materials 
 

Table 1 summarizes the properties of the materials used. LiClO4 was dried at 100 °C for 24 h prior usage. ENR-25 and 
ENR-50 were purified before further use by dissolution in tetrahydrofuran (THF) (Merck, Darmstadt, Germany). 
Macrogel was removed by filtrating ENR sol through ~10-µm nylon filter. Then, the filtered ENR sol was precipitated 
in methanol (Merck, Darmstadt, Germany). The sample was dried at 50 °C for 24 h before further dried under vacuum 
at 25 °C for 24 h. This ENR was termed as filtered ENR with removal of macrogel (i.e. still consists of microgel), or 
we simply refer it to ENR. 
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Table 1: Properties of materials used.  
 

Material ENR-25 ENR-50 LiClO4 

Tg 
a ( C)  −43 −23 - 

Molecular 
structure 

HC C

CH3

H2CCH2 CH2

HC

O

C

CH3

H2C
p q

 
For ENR-25: p = 0.75, q = 0.25 
For ENR-50: p = 0.5, q = 0.5 

Cl

O

O

O O

Li

 

Supplier Malaysian Rubber Board 
(Sungai Buloh, Selangor, Malaysia) 

Sigma-Aldrich Chemical 
Co. (St. Louis, MO, USA)  

a Glass transition temperature during the first heating run. 

 
Preparation of Samples 
 
ENR consisting of different LiClO4 concentrations,  𝑊𝑊S = mass of salt

mass of (ENR + salt)
 was dissolved in THF (Merck, Darmstadt, 

Germany) and stirred for 48 h at 50 °C or until a homogenous solution was obtained. The solution was poured in Teflon® 
dish and left at room temperature until solvent evaporated. Then, the sample was dried at 50 °C for 24 h. This was 
followed by isothermal treatment under nitrogen atmosphere at 80 °C with different annealing times, t = 0 and 24 h (i.e. 
without and with thermal treatment) before further drying in vacuum at 25 °C for 24 h. The sample was kept in 
dessiccators at 25° C. The sample was vacuum dried again at 25 °C for 24 h before sample characterization. 
 

Estimation of Gel Content 
 
4% (m/m) of ENR was dissolved in THF and stirred for 48 h at 50 °C or until a homogenous solution was obtained. The 
solution was filtered using 10−µm nylon filter for removal of macrogel. The first insoluble portion (i.e. macrogel) was 
dried at 50 °C to constant mass. The filtrate on the other hand was concentrated using rotary evaporator and then was 
precipitated in methanol and dried at 50 °C for 24 h, followed by drying at 50 °C for 24 h and finally was vacuum dried 
at 25°C for 24 h. 

1% (m/m) of the dry filtered (macrogel-free) ENR was dissolved in THF for 48 h. The microgel fraction was 
separated by centrifugation (Kubota 5500, Tokyo, Japan) at 10,000 rpm for 30 min. The solution was then filtered 
through a 0.45−µm Teflon® membrane filter (Merck Millipore, Burlington, MA, USA). The second insoluble portion 
(i.e. microgel) was dried at 50 °C to constant mass. The purified ENR solution was concentrated using rotary evaporator 
and then was dried at 50 °C for 24 h and finally was vacuum dried at 25 °C for 24 h. This ENR was termed as purified 
ENR with removal of macrogel and microgel. We note here that the (purified) ENR was used to prepare all the ENR-
salt systems and for all further analyses.   

The estimation of macrogel and microgel content was made in at least three replicates as shown in Eq. (1) and Eq. 
(2). 

Macrogel content = mass of dried macrogel
mass of ENR

 ×  100 %   (1) 
 

Microgel content = mass of dried microgel
mass of ENR

 ×  100 %    (2) 
 

Visual Inspection on Solubility of ENR after Thermal Treatment 
 
Visual inspection on the solubility of (macrogel-free) 0.5 g of ENR in 50 mL THF at 25°C after isothermal treatment 
under N2 gas at 80 °C at different annealing times was made at 30-min time interval using Canon Camera EOS 400D 
(EOS Digital X) (Ōta, Tokyo, Japan) equipped with a Tamron 90 mm f/2.8 Di Macro Lens (Saitama, Kantō, Japan). 
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Gel Permeation Chromatography (GPC) 

2% (m/v) of neat ENR was dissolved in high performance liquid chromatography (HPLC) grade THF (VWR 
International, Radnor, Pennsylvania, USA) at 25 °C overnight or until the polymer was completely dissolved. The 
sample was filtered with 0.2−µm Teflon® membrane filter (Sartorius AG, Göttingen, Germany) for removal of microgel 
before injecting the sample into GPC. The mass-average molar mass (𝑀𝑀w) and number-average molar mass (𝑀𝑀n) were 
estimated by GPC at 30 °C using Agilent 1260 GPC/SEC (Polymer Standard Service GmbH, Mainz, Germany) coupled 
with 103 Å, 105 Å and 106 Å of styrene-divinylbenzene gel columns (Polymer Standard Service GmbH, Mainz, 
Germany), differential refractometer detector RID model G1362 A (Polymer Standard Service GmbH, Mainz, 
Germany) and UV-Vis detector with wavelength, λ = 260 nm (Polymer Standard Service GmbH, Mainz, Germany). 
HPLC−grade THF was used as eluent at a flow rate of 1 mL min−1. Polystyrene standards (𝑀𝑀w= 682 – 2,570,000 g 
mol−1) with dispersity (Ð) = 1.05 were used for calibration (Polymer Standard Service GmbH, Mainz, Germany). 
 

Proton Nuclear Magnetic Resonance (1H-NMR) Spectroscopy 
1% (m/v) of filtered ENR in deuterated chloroform (CDCl3) (Merck, Darmstadt, Germany) was heated overnight at 50 
°C or until the polymer completely dissolved. The sample was filtered with 0.45-µm Teflon® membrane filter (Merck 
Millipore, Burlington, MA, USA) for removal of microgel. 1H-NMR measurement was performed at 25 °C using Bruker 
Avance 500 Ultrashield NMR Spectrometer (Billerica, MA, USA) with resonancy frequency of 500 MHz. The chemical 
shift (δ) of the sample was referenced to δ = 7.26 ppm for CHCl3. Epoxide content of ENR was estimated using Eq. (3),  

Mol (%) epoxide = 𝐴𝐴2.70
𝐴𝐴5.14+𝐴𝐴2.70

     (3) 

where A2 70 and A5 14 are the intergrated areas of methyne proton of epoxide group and unsaturated methyne proton, 
respectively. 
 

Fourier-Transform Infrared (FTIR) Spectroscopy 
FTIR spectra of the samples were recorded using attenuated total reflection accessory (ATR) on Nicolet iS10 ATR-
FTIR Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a diamond crystal over the range of 
600 – 4000 cm−1 by averaging 16 scans at a maximum resolution of 2 cm−1 at 25 °C. 

The epoxidation content of filtered ENR was estimated using Eq. 4, 
mol (%) epoxidation = 100𝑘𝑘1𝐴𝐴2

𝐴𝐴1+𝑘𝑘1𝐴𝐴2+𝑘𝑘2𝐴𝐴3
     (4) 

where A1 = A837, A2 = A879 + 0.14⋅A837 and A3 = A3460+ 0.019⋅A1377 were deduced from Lambert-Beer law. A837, A879, A1377, 
and A3460 are the absorbances in FTIR spectra at 837 cm−1, 879 cm−1, 1377 cm−1 and 3460 cm−1, which correspond to 
CH olefin out-plane deformation, oxirane ring, CH3 deformation and hydroxyl group, v(OH), respectively. The values 
of k1 and k2 are constants determined using NMR method adopted from ref. [19] with values of 0.77 and 0.34, 
respectively. 
 

Thermogravimetric Analysis (TGA) 
TGA Q500 (TA Instrument, Pittsburgh, PA, USA) was used to study the thermal stability [i.e. decomposition 
temperature (Td) and activation energy of thermal degradation (EA)] of filtered ENR. The sample was heated from 30 to 
600 °C at 10 °C min−1 under nitrogen atmosphere. The decomposition temperature of polymer at the onset (Td,onset), 
inflection (Td,inflection) and total mass loss were extracted from the thermogram of TGA. Td,onset is defined as the onset of 
mass loss curve as a function of temperature and Td,inflection is defined as the temperature of maximum composition rate 
of the mass loss curve for TGA.  
 

Differential Scanning Calorimetry (DSC) 
TA Q2000 (TA Instruments, New Castle, DE, USA) equipped with RCS90 refrigerator cooling system (TA Instruments, 
New Castle, DE, USA) and nitrogen gas purging was used to determine the values of glass transition temperature (Tg) 
and change in heat capacity (ΔCp) of the systems in the heating cycle. The DSC was calibrated with indium and sapphire 
standards. The sample was quenched to −90 °C and kept for 5 min and heated to 80 °C at a rate of 10 °C min−. A 
similar thermal procedure was applied for the sapphire standard and baseline runs. 

The glass transition temperature Tg was determined using Moynihan’s approach [53–56] due to the presence of 
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Both 1H-NMR and FTIR spectra of ENR-25 and ENR-50 may reveal the molecular structure of ENRs. The epoxide 
content of ENR determined by 1H-NMR agrees well with the reported epoxide content of the commercial ENR (Table 
2). Nevertheless, ATR-FTIR remains a convenient tool to differentiate commercial ENR-25 and ENR-50 rapidly 
without any special sample preparation. Isothermal treatment of ENR-25 and ENR-50 at 80 °C for 24 h does not have 
a significant effect on the epoxide content of the ENR, which is illustrated in Fig. 2(a), Fig. 2(b) and Table 2. 

 
Table 2: Epoxide content for ENRs.  
 

ENR 

Estimated epoxide content (mol%) 

 1H-NMR  FTIR 

  t = 0 h  t = 24 h 

ENR-25  25 ± 1  29.2 ± 0.5  28.7 ± 0.6 

ENR-50  50 ± 3  44.5 ± 0.1  44.6 ± 0.2 

 
Estimation of Gel Content 

The existence of non-isoprene compounds in NR [66] or ENR and the higher polarity of the epoxide group in ENR 
are assumed to be involved in the interaction between the polymer chains, leading to the existence of a gel content [9, 
15]. Table 3 demonstrates the macrogel and microgel content of ENR. 

 
 Table 3: Gel content of ENRs. 
 

Gel content (% m/m) ENR-25 ENR-50 ENR-60 

Macrogel 7.2 ± 0.4  9.9 ± 1.0 
55.0 a 

89.0 b 

Microgel 1.8 ± 0.7  2.8 ± 1.3 - 

a Data taken from [67].  
b Data taken from [32]. Standard deviations were not reported. 
 

Both macrogel and microgel content of ENR-50 is higher than ENR-25. Similar observations were also reported 
in [21, 59–61], where higher epoxidation levels of ENR yield higher gel contents. During the epoxidation reactions, 
further ring-opening reaction of epoxide groups is also possible [19]. Typically, acidity, high temperature and the level 
of ENR epoxidation are the main factors for the formation of the ring-opening reaction [10, 19]. The ring-opening of 
epoxide may form ether crosslinks (i.e intermolecular ether), which lead to the formation of gel [9, 32]. The formation 
of the intermolecular ether increases with higher epoxidation level of ENR [19]. Furthermore, the increase in gel content 
may also be attributed to the ring-opening of epoxide groups and reaction with non-isoprene compounds (i.e proteins 
and phospholipids) to form three-dimensional network structures [9, 62, 63]. Consequently, the formation of these 
network structures increases the Tg of ENR due to suppression of polymer chain mobility [72]. This is in agreement 
with the results of this study, where the Tg of ENR-50 is higher than ENR-25 (c.f section Glass Transition Temperature) 
due to higher gel content in ENR-50. 

Very high gel content (> 50 wt.%) of ENR-60 reported in ref. [67] which may involve  complex and tedious 
purification procedures to remove the gel. This is not viable to be used in commercial applications. Hence, the highest 
epoxide content of commercial ENR is 50 mol %. 
 

Visual Inspection on Solubility of ENR after Thermal Treatment 
The thermal treatment of ENR at 80 °C under inert atmosphere may disrupt the ‘lightly crosslinked’ polymer chains 
(e.g. microgel). The disruption of microgel in ENR after extended thermal treatment time may speed up the solubility 
of ENR in solvent. 

Selected micrographs of dissolution of ENR in THF at 25 °C are displayed in Table 4. The visual inspection of 
the micrographs suggests that the dissolution of ENR-50 in THF is slower as compared to ENR-25 due to higher 
microgel content in ENR-50 with and without thermal treatment. After thermal treatment, the complete dissolution of 
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Temperature-dependence of the rates of thermal degradation for ENR-25 and ENR-50 were evaluated using the 
Hoffman’s Arrhenius-like relationship shown in Eq. (5). Estimation of EA from initial stage of the decomposition (i.e. 
solid curves in Fig. 4 and Fig. 5) is tabulated in Table 5. The confidence intervals of the EA refer solely to the regression 
analysis using two-tailed student t-test with 95 % of confidence level for one experiment. 

 

|deriv. mass retained (%)| α exp�− 𝐸𝐸A
𝑅𝑅𝑅𝑅
�    (5) 

 
Table 5: Td,onset, Td,inflection and EA of ENRs. 
 

t 
ENR-25  ENR-50 

Td,onset  ( C) Td,inflection ( C) 
EA 

(kJ mol−1) 
 

Td,onset  ( C) Td,inflection ( C) 
EA  

(kJ mol−1) 
0 h 368 387 271 ± 0.5  370 385 320 ± 0.1 
24 h 366 387 263 ± 1.0  368 385 265 ± 0.4 

 
The EA value of thermal degradation of ENR-50 is slightly higher than ENR-25. In other words, ENR-50 is 

thermally more stable than ENR-25. Quantity EA of ENR without thermal treatment is slightly higher than ENR with 
thermal treatment. ENRs with thermal treatment is thermally less stable as compared to ENRs without thermal treatment, 
which may be due to the disrupted ‘lightly crosslinked’ polymer chains with lower thermal stability. Higher thermal 
stability is associated to the higher crosslink density of polymer chains. This is observed in ref. [65–67] where 
vulcanized NR shows higher thermal stability as compared to unvulcanized NR. 
 
Glass Transition Temperatures 

Thermal treatment of neat ENR-25 and ENR-50 at 80 °C does not change the 𝑇𝑇g values of ENRs significantly (c.f. Fig. 
6). When LiClO4 is added, segmental motion of ENR chains is restricted due to the intermolecular interaction between 
ENR and salt (c.f. Intermolecular Interactions). Besides, ENR-50 has a higher increase in 𝑇𝑇g  values at 𝑊𝑊S = const as 
compared to ENR-25. The extent of solubility of salt in the polymer may be correlated to the amount of epoxide units 
in ENR.  

On top of that, upon thermal treatment, at 𝑊𝑊S > 0.065, higher solubility of salt in ENRs and thus increase in 𝑇𝑇g 
can be observed. This effect is especially pronounced for ENR-50. This may be due to higher amount of microgel in 
ENR-50 is “disrupted” (c.f. Table 2) after thermal treatment, which may lead to more salt dissolving in ENR-50. 

Investigation on the Li ions mobility and interaction with polymer using 7Li NMR spectroscopy was widely studied 
[60,76–80]. Nevertheless, the analogue qualitative analysis based on 𝑇𝑇g  from DSC data to elucidate the interaction 
between Li ions and polymer is equivalently useful. Experiments show an increase in 𝑇𝑇g  with ascending salt content and 
constancy in Δ𝐶𝐶P with it. The change in 𝑇𝑇g  is discussed in thermodynamic terms [64], where the discussion adopts 
elements of the Gibbs and DiMarzio approach [81]. In general, an increase in 𝑇𝑇g  implies reduction of segmental mobility 
of polymer chains [69, 70]. 𝑇𝑇g  increases up to the saturation of the polymer-salt mixture [71, 72]. Above saturation of 
the polymer-salt mixture, the system separates into polymer-rich and salt-rich phases.  

Below the saturation of the polymer-salt mixture, addition of salt to polymer may lead to change the glass transition 
temperature from 𝑇𝑇go to 𝑇𝑇g. For Δ𝐶𝐶P = const,  

ln � 𝑅𝑅g
𝑅𝑅go 
� = − Δ𝑆𝑆glass

Δ𝐶𝐶P
     (6) 

where 𝑇𝑇go is the glass transition temperature of neat polymer and Δ𝑆𝑆glass is the change in entropy of the glassy state after 
addition of salt which describes the further deviation from equilibrium.  

When the reduced glass transition temperature (the left-hand side) is greater than unity, Δ𝑆𝑆glass < 0 because Δ𝐶𝐶P 
> 0 is observed. In other words, when 𝑇𝑇g/𝑇𝑇go  > 1 (addition of salt to polymer leads to increase of 𝑇𝑇g of polymer-salt 
mixture), entropy −Δ𝑆𝑆glass reflects freezing in of chain’s degree of freedom by addition of salt. Reduced 𝑇𝑇𝑔𝑔 may also 
be expressed by 

 
𝑅𝑅g
𝑅𝑅go

= 1 + ∆𝑅𝑅
𝑅𝑅go

 where Δ𝑇𝑇 ≡ 𝑇𝑇g − 𝑇𝑇go     (7) 

and for small ∆𝑇𝑇/𝑇𝑇go Eq. (6) can be rewritten as 
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−Δ𝑆𝑆glass = Δ𝐶𝐶P

∆𝑅𝑅
𝑅𝑅go

        (8) 

Linear dependency of 𝑇𝑇g with respect to 𝑊𝑊S can be expressed by 
 

𝑅𝑅g
𝑅𝑅go

= 1 + 1
𝑅𝑅go
� ∂𝑅𝑅g
𝜕𝜕𝑊𝑊S

�𝑊𝑊S  with 𝑊𝑊S ≪ 1   (9) 

 

where the slope, 𝛤𝛤 is 1
𝑅𝑅go
� ∂𝑅𝑅g
𝜕𝜕𝑊𝑊S

�. Parameter 𝛤𝛤 for both ENR-salt systems obtained from the linear regression after Eq. (9) 

are presented in Fig. 6. The relationship of Eq. (6) and Eq. (9) suggests that the parameter 𝛤𝛤 is closely connected to 

partial molar entropy of the polymer in the polymer-salt mixture, Δ�̃�𝑆 ≡ 𝜕𝜕Δ𝑆𝑆glass

𝜕𝜕𝑊𝑊S
. It follows  

 

−Δ�̃�𝑆 =  𝛤𝛤Δ𝐶𝐶P  or      𝛤𝛤 =  − Δ𝑆𝑆
Δ𝐶𝐶P

     (10) 

 
When 𝛤𝛤 is larger than zero, the 𝑇𝑇g/𝑇𝑇go > 1 and subsequently the −Δ𝑆𝑆glass < 0. Hence, the positive slope, 𝛤𝛤 > 0 reflects 
the freezing in of degrees of freedom of the polymer chains, and vice versa. Characteristic quantities for both ENR-salt 
systems at different annealing times are summarized in Table 6. The error of the slope, 𝛤𝛤 was estimated by the 2-tailed 
student t-test with 95% confidence level. 
 

 
Fig. 6: 𝑇𝑇g and  Δ𝐶𝐶P values of (a) ENR-25 and (b) ENR-50 as a function of 𝑊𝑊S for ENR-salt mixtures annealed at 80°C 
with different annealing times under N2 atmosphere, () t = 0 hr and, (•) t = 24 h. Dashed lines are the linear regressions 
after Eq. (9).  
 
Table 6: Characteristics of quantities of the ENR-salt systems. 
 

Polymer 𝑇𝑇go (K) 𝛤𝛤 Δ𝐶𝐶P ������(J mol-1 K-1) Δ𝐺𝐺 (kJ mol-1) Correlation coefficient 
(r2) 

ENR-25, t = 0 h 230 0.03 ± 0.02 68.4 ± 4.0 0.4 0.65 
ENR-25, t = 24 h 230 0.08 ± 0.01 62.7 ± 18.7 1.2 0.85 
ENR-50, t = 0 h 252 0.18 ± 0.05 61.8 ± 15.5 2.9 0.66 
ENR-50, t = 24 h 253 0.39 ± 0.04 78.3 ± 7.4 7.7 0.93 

 
Without thermal treatment, the ENR-25 salt system shows 𝑇𝑇g/𝑇𝑇go ≈ 1 which approximately yields −Δ𝑆𝑆glass ≈ 0. It 

reflects the salt behaves neutrally to the polymer. On the other hand, with thermal treatment, the system shows 𝑇𝑇g/𝑇𝑇go > 
1 announcing −Δ𝑆𝑆glass < 0 which reflects the freezing in of chain’s degrees of freedom. A slightly different behavior is 
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displayed by the ENR-50-salt systems. The system shows 𝑇𝑇g/𝑇𝑇go > 1 even without thermal treatment, which reflects that 
salt is slightly active in ENR-50. The freezing in of ENR-50 chain’s degree of freedom is further increased with thermal 
treatment. 

The parameter 𝛤𝛤 is always higher for ENR-50 as compared to ENR-25. This is due to higher the epoxide content 
in ENR-50 which may form more intermolecular interactions of salt with the ENR chains. A higher value of 𝛤𝛤 is 
presented for both thermally treated ENR-salt systems as compared to the untreated ENR-salt systems. It implies higher 
freezing in of chain’s degrees of freedom after thermal treatment. 

The glass transition is not accompanied by a change in enthalpy. Accordingly, we formulate the related chemical 
potential or molar partial Gibbs free energy by 

 
−Δ𝐺𝐺 =  −𝑇𝑇goΔ�̃�𝑆     (11) 

 
Eq. (11) reflects the deviation of the state function of the ENR from equilibrium after addition of salt. Following Eq. 
(11), one observes ENR-salt systems are driven away from equilibrium with salt because the chemical potential is 
positive. It yields higher value for ENR-50 as compared to ENR-25 due to higher epoxide content. With thermal 
treatment, the chemical potential becomes higher for both ENR-salt systems which reflects the ENRs are further driven 
away from equilibrium. 
 

Impedance Spectrocopy 

Electrochemical impedance spectroscopy (EIS) was adopted to study the dielectric relaxation of ENR-salt systems. Fig. 
7 illustrates the Nyquist plots of Z' versus Z" for both ENR-salt systems at selected salt contents. 
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Fig. 7: Nyquist plots of ENR-25 and ENR-50 at selected 𝑊𝑊S of different annealing times. The solid curves are the 

semicircles of the Z" with their centres and radius at Rb
2

, where �Z" − Rb
2

 � = �Rb
2
�

2
. 

 

Both ENR-25 and ENR-50 show inclined spikes starting from origin, which depict that a percolation network has 
yet to establish in neat ENRs, thus very low ionic conductivities are recorded (σDC ~10−11 S cm−1, c.f Table 7). In general, 
addition of LiClO4 in ENR promotes the formation of a percolation network at higher salt content, thus leads to the 
observation of semicircles in Nyquist plots. At 𝑊𝑊S = 0.13, ENR-50 exhibits a lower Rb value (Rb = 5.0×106 Ω) as 
compared to ENR-25 (Rb = 4.0×108 Ω) suggesting that ENR-50 shows a slightly higher ionic conductivity (c.f Table 6). 
This may be due to the higher content for epoxide groups, which may serve as the coordination site with salt (which 
leads to higher Tg) in ENR-50 as compared to ENR-25. Thermal treatment may disrupt the microgel network in ENR-
salt systems, thus the solubility of salt in ENR enhances, and consequently an increase in conductivity is observed. 
Therefore, at 𝑊𝑊S = const, Rb value of ENR-salt systems with thermal treatment is lower than ENR-salt systems without 
thermal treatment. 

 
Table 7: Dielectric properties of ENR-salt systems. 
 

ENR-25; t = 0 h 

𝑊𝑊S f  max
  Z (s−1) Z′ (f  max

  Z ) (Ω) Rb (Ω) σDC (S cm−1) f  cross
  Z'-Z (s−1)  τ  max

  Z  (s) τ  cross
  Z'-Z  (s) 

0 n.a. n.a. 6.2×108 2.2×10−11 n.a. n.a. n.a. 
0.02 n.a. n.a. 4.2×108 3.0×10−11 n.a. n.a. n.a. 
0.048 n.a. n.a. 3.8×108 2.3×10−11 n.a. n.a. n.a. 
0.13 n.a. n.a. 4.0×108 3.0×10−11 n.a. n.a. n.a. 
0.20 n.a. n.a. 4.4×108 3.0×10−11 n.a. n.a. n.a. 

 
ENR-50; t = 0 h 

𝑊𝑊S f  max
  Z (s−1) Z′ (f  max

  Z ) (Ω) Rb (Ω) σDC (S cm−1) f  cross
  Z'-Z  (s−1)  τ  max

  Z  (s) τ  cross
  Z'-Z  (s) 

0 n.a. n.a. 5.2×108 2.0×10−11 n.a. n.a. n.a. 
0.02 n.a. n.a. 2.8×108 4.2×10−11 n.a. n.a. n.a. 
0.048 3.9×102 1.2×107 2.4×107 5.2×10−10 4.5×102 4.1×10−4 3.5×10−4 
0.13 9.5×102 2.5×106 5.0×106 3.4×10−9 1.2×103 1.7×10−4 1.3×10−4 
0.20 9.7×102 1.7×106 3.5×106 4.4×10−9 1.6×103 1.6×10−4 1.0×10−4 

 

ENR-25; t = 24 h 

𝑊𝑊S f  max
  Z (s−1) Z′ (f  max

  Z ) (Ω) Rb (Ω) σDC (S cm−1) f  cross
  Z'-Z  (s−1) τ  max

  Z  (s) τ  cross
  Z'-Z  (s) 

0 n.a. n.a. 1.0×108 1.3×10−10 n.a. n.a. n.a. 
0.02 n.a. n.a. 1.0×108 1.2×10−10 n.a. n.a. n.a. 
0.048 n.a. n.a. 1.0×108 8.3×10−11 n.a. n.a. n.a. 
0.13 4.4×102 2.2×106 4.5×106 3.8×10−9 5.7×102 3.6×10−4 2.8×10−4 
0.20 6.7×102 1.4×106 2.8×106 5.5×10−9 8.7×102 2.4×10−4 1.8×10−4 

ENR-50; t = 24 h 

𝑊𝑊S f  max
  Z (s−1) Z′ (f  max

  Z ) (Ω) Rb (Ω) σDC (S cm−1) f  cross
  Z'-Z  (s−1) τ  max

  Z  (s) τ  cross
  Z'-Z  (s) 

  0 n.a. n.a. 1.0×108 1.0×10−10 n.a. n.a. n.a. 
0.02 n.a. n.a. 2.1×107 5.7×10−10 8.0×101 n.a. 2.0×10−3 
0.048 1.3×103 3.3×106 6.7×106 1.9×10−9 1.7×103 1.2×10−4 9.3×10−5 
0.13 4.3×103 6.9×105 1.4×106 1.1×10−8 5.4×103 3.7×10−5 2.9×10−5 
0.20 1.2×104 4.0×105 8.1×105 2.1×10−8 1.7×104 1.3×10−5 9.6×10−6 

        
n.a. = not detected under the experimental condition 

A Bode plot shows frequency information explicity whereas frequency information is hidden in a Nyquist plot. 
For Bode plots of Z' and Z" versus frequency as shown in Fig. 8, Z' represents the Ohmic resistance of the systems, 
meanwhile Z" denotes as the non-Ohmic resistance (i.e. capacity resistance as the consequence of samples acting as 
capacitor). The quantity Z" displays characteristic frequencies especially for dielectric (or dipole) relaxations resulting 
from local motion of charged entities. In general, if there is an intersection between Z' and Z", this suggests the 
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percolation of charge entities develops [86]. Percolation of charge entities does not develop up to 𝑊𝑊S = 0.20 for ENR-
25 without thermal treatment as an intersection between Z' and Z" is not observed [c.f. Fig. 8(a)]. This is consistent with 
the results of a constant 𝑇𝑇g  = −42 °C for ENR-25-salt systems without thermal treatment for different salt contents [c.f. 
Fig. 6(a)]. A development of a percolation path can be detected at 𝑊𝑊S ≥ 0.048 for ENR-50-salt systems without thermal 
treatment which is correlated to a sudden increase in 𝑇𝑇g  at 𝑊𝑊S = 0.048 in Fig. 6(b). Thermal treatment disrupts the lightly 
crosslinked polymer chains, which may enhance the solubility of salt in polymer. Thus, the percolation path develops 
at lower 𝑊𝑊S for both ENR-25-salt systems (𝑊𝑊S ≥ 0.13) and ENR-50-salt systems (𝑊𝑊S ≥ 0.02). For systems with no 
intersection of Z' and Z", Z" > Z' within the frequency range studied. Hence, these systems are electric capacitors. 
Besides, at higher salt content, the difference of Z' and Z" at f = const at low frequency regime (f < 105 Hz) (c.f. Fig. 8) 
becomes smaller, which is due to the increase in Z' for both ENR-salt systems. 

 
 

 

 
 

Fig. 8: Bode plots of Z', Z" versus frequency at selected 𝑊𝑊S of different annealing times. Solid marker – Z", open marker 

a) t = 0 h b) t = 24 h 
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– Z'. 
 

For systems with a development of percolation paths, f  max
  Z"

 can be observed under the experimental condition. 

When f  cross
  Z'-Z"

 = f  max
  Z"

, a Debye relaxation of charge entities (i.e. just one relaxation time for ideal case) is suggested [74–

76]. However, for ENR-salt systems with high salt concentration, f  cross
  Z'-Z"

 > f  max
  Z"

 is shown and the distance between f  max
  Z"

 

and f  cross
  Z'-Z"

 (∆f) is larger at higher salt content (c.f. Fig. 8). This implies that the deviation from Debye relaxation increases 
at higher salt content and thus a broader distribution of relaxation times is noted. We always have dispersion of 
relaxation times due to the macroscopic dipole (e.g. interaction between dipolar entities) in this case. At 𝑊𝑊S = const, 
ENR-50 also deviates from a Debye relaxation and shows a distribution of relaxation times where ∆f of ENR-50 is 
larger than ENR-25 due to the association of salt with higher epoxide content in ENR-50. 

 Besides, f  min
  Z"

  is not observed for Z" as a function of f under the experimental conditions. Negligible electrode 
polarization is suggested here, because there is no accumulation of dipoles in the interfacial region of the electrode-
electrolyte under the experimental condition. This points towards the mobility of the macroscopic dipoles are restricted 
to localized motions. 

Table 7 lists the relaxation times (τ) of the systems. Quantity τ denotes the average time required for the dipole 
moments of the charge entities to revert to a random distribution after removal of the applied electrical field. ENR-50-
salt systems show smaller τ due to higher σDC (or lower Rb) as compared to ENR-25-salt systems. At higher salt content, 
τ is smaller at 𝑊𝑊S = const. Besides, smaller τ is recorded for systems after thermal treatment at 𝑊𝑊S  = const, hence higher 
conductivity is observed. This observation is may be due to the disruption of the lightly-crosslinked microgel in the 
thermally treated ENR-salt systems especially for ENR-50 and is correlated to the higher 𝑇𝑇g  and higher extend of 
intermolecular interaction (c.f. Glass Transition Temperature and Intermolecular Interactions sections) between ENR 
and charged entities.  
 

Intermolecular Interactions 
The intermolecular interactions between salt and ENRs with and without thermal treatment was studied by FTIR 
spectroscopy. Fig. 9 and Fig. 10 illustrate the FTIR spectra for ENR-25 and ENR-50 at selected salt concentration, 
respectively. The important absorption bands that will be highlighted are 1664 cm-1 and 1069 cm-1 which are associated 
to C=C and C−O−C vibration modes, respectively. 

For ENR-25-salt systems without thermal treatment, the absorption band at 1664 cm-1 assigned to C=C vibration 
mode does not show any shift or change in intensity with the addition of salt. However, for WS > 0.02, a new absorption 
band at 1626 cm-1 is observed and increases slightly in absorbance with ascending salt concentration. As for thermally 
treated ENR-25-salt systems, the 1664 cm-1 absorption band is slightly broadened and absorbance of the new absorption 
band at 1626 cm-1 continues to increase progressively with higher salt concentration. It is noteworthy that C=C bonds 
experience different electron environment in the neighborhood of the epoxide groups. The coordination between salts 
and epoxide groups causes the vibration mode C=C bonds to shift to lower wavenumbers according to their positions 
relative to the epoxide group [45]. The absorption band at 1626 cm-1 is assigned to the one next to the epoxide group 
while the broad 1664 cm-1 is assigned to the C=C bonds that are further away from the epoxide groups [45]. Thermally 
treated ENR-25-salt systems show higher absorbance of 1626 cm-1 absorption band as compared to the ENR-25-salt 
systems without thermal treatment which implies more intermolecular interaction of salts with C=C is observed after 
thermal treatment. 

A similar behavior is observed for the ENR-50-salt systems without thermal treatment. The absorption band at 
1664 cm-1 becomes broadened and a new band at 1620 cm-1 increases in absorbance with ascending salt concentration. 
Interestingly, upon thermal treatment, the absorption band of 1664 cm-1 disappears completely and intensity of 1620 
cm-1 absorption band increases notably. The isothermal treatment at 80 °C may have disrupted the ‘lightly crosslinked´ 
ENR-50 chains in which may aid more molecular interaction of salt with oxygen atom of epoxide group. Consequently, 
the absorbance of the absorption band of 1620 cm-1 (C=C bond next to epoxide group) increases in thermally treated 
ENR-50-salt systems. However, no change in the absorbance and band shift for this C=C vibration mode is observed 
which suggests that salts prefer to coordinate with epoxide oxygen rather than with the C=C bonds. 

The absorbance of the band at 1069 cm-1 which is assigned to the C−O−C vibration (vC−O−C) of the epoxide 
group increases with ascending salt concentration for both ENR-25 and ENR-50 without thermal treatment, with more 
pronounced increment observed in ENR-50. Upon thermal treatment, ENR-25 with salts show an upshifting of the 
C−O−C absorption band from 1069 cm-1 to 1093 cm-1. Meanwhile, ENR-50 shows a downshifting from 1069 cm-1 to 
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1052 cm-1. This downshifting implies that more salts form complexes with epoxide group in thermally treated ENR-50 
as compared to thermally treated ENR-25 [45]. This concurs closely with the observations in the variation of 𝑇𝑇g and σDC 
discussed in section Glass Transition Temperature and Impedance Spectroscopy, respectively. 

 

 
Fig. 9: FTIR spectra of ENR-25-salt systems for (a) t = 0 h and (b) t = 24 h at selected salt concentration. 
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Fig. 10: FTIR spectra of ENR-50-salt systems (a) t = 0 h and (b) t = 24 h at selected salt concentration. 
 
 

Conclusions 
ENR-25 and ENR-50-salt systems were thermally treated at 80 °C for 24 h under inert atmosphere. The ‘lightly 
crosslinked’ ENR chains which were formed either through chemical or physical crosslink network of the chains may 
be disrupted upon thermal treatment and the dissolution of Li salt in ENR may be enhanced. This network disruption is 
also reflected by the lower thermal stability recorded for both thermally treated ENR-25 and ENR-50. Upon addition of 
salt into thermally treated ENRs, the increment of 𝑇𝑇g with ascending salt concentration is more prominent especially in 
thermally treated ENR-50. It reflects higher molecular interactions of polymer chains and salt after thermal treatment. 
Consequently, higher ionic conductivity is exhibited in thermally treated ENRs and more pronounced in thermally 
treated ENR-50-salt systems. This concurs closely with the FTIR analyses where thermally treated ENRs show spectral 
changes which imply more molecular interaction of salt and polymer chains. It is deduced that thermal treatment plays 
an important role in the disruption of ‘lightly crosslinked’ ENR chains and thus improves the solubility of salt in ENR-
salt systems, especially systems with higher epoxide content. 
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