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Abstract 
 
A simplified and an eco-friendly approach to develop polychloroprene rubber 

composites with high electrical conductivity is reported. The usage of room temperature 

ionic liquid, 1-butyl 3-methyl imidazolium bis(trifluoromethylsulphonyl)imide and a 

low concentration (5 phr) of commercial grade multi-walled carbon nanotubes 

(MWCNTs) in polychloroprene rubber exhibited an electrical conductivity of 0.1 S/cm 

with a stretchability >500%. The physical (cation-pi/pi-pi) interaction between the ionic 

liquid and the MWCNTs is evidenced by Raman spectroscopy. Transmission electron 

microscopy images exhibit an improved dispersion of the BMI modified tubes in matrix 

at various magnification scales. The dependency of dynamic properties on the 

concentration of ionic liquid at constant loading of nanotubes supports the fact that ionic 

liquid assists in the formation of filler-filler networks. The tensile modulus of 3 phr 

loaded modified MWCNT/CR composite is increased by 50% with regard to that of the 

unmodified MWCNT/CR composite. Mooney-Rivlin plot displays the existence of 

rubber-filler interactions. 
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1. Introduction    

   Multi-walled carbon nanotubes (MWCNTs) can be envisaged as number of 

cylindrical shells made of graphitic sheets with fullerene-like end-caps [1]. With 

diameter ranging from 1-100 nm, length up to few millimeter, density range between 1 

and 2 g/cm3 and Young's modulus greater than 1 TPa [2,3], this unique material creates 

plethora of opportunities in the field of science and technology. However, the biggest 

challenge is to disperse the individual tubes as they tend to form agglomerates or 

bundles due to the van der Waals interaction between them. Furthermore, processing of 

the tubes is also rendered difficult due to their poor solubility in aqueous and non-

aqueous solvents [4]. In spite of its complications, carbon nanotubes (CNTs) have been 

extensively studied as reinforcing and electrically conducting filler in most of the 

thermoplastic and thermosetting matrices such as high density polyethylene, 

polycarbonate, polyamide, polystyrene, thermoplastic polyurethane and epoxy [5-7]. 

But all the studies were based on the usage of unmodified CNTs in thermoplastic 

matrices. The effect of CNTs has been dealt with a limited number of elastomers, 

although a variety of applications could be visualised using such composites. 

Considering the case of rubber matrices, dry and wet mixing of the tubes [8-11] have 

been considered so far. The latter necessitates an additional step of ultrasonification for 

dispersion of CNTs in organic solvents and moreover, the employment of such solvents 

is detrimental to the environment. A review article on multiwalled carbon nanotube 

elastomeric composites shows a precise overview of the work attempted so far and deals 



  

 3 

with the difficulties in obtaining a homogeneous dispersion of the tubes in matrices [8]. 

Das et al. described a new route to disperse MWCNTs in elastomeric system and they 

found that the premixing of MWCNTs in ethanol improved the dispersion of the tubes 

in solution styrene butadiene/butadiene rubber and suggested that the wet mixing using 

ethanol is better than the conventional dry mixing of the tubes [9]. With the same 

technique, MWCNTs filled rubber composites with superior mechanical performance 

was developed. With the addition of just 1.6 vol% of CNTs to different elastomer 

systems, significantly steeper stress-strain curves were obtained. Particularly in natural 

rubber system, the fatigue crack propagation resistance, tensile properties and electrical 

conductivity were remarkably improved in the presence of MWCNTs [10]. Endo et. al 

prepared MWCNTs-reinforced fluoro-elastomer for high pressure and high temperature 

sealing application [12]. All the above discussed studies were based on unmodified 

CNTs and not with ionic liquid modified CNTs. 

         Covalent functionalisations [13,14] have been attempted to improve the interfacial 

properties of the tubes. Even though the chemical functionalisation impairs the pi 

electronic conjugation of the tubes, the rubber-filler interaction is said to be improved at 

the cost of electrical conductivity. A prodigious amount of work has been carried out 

with the functionalised tubes in various matrices [15,16]. 

      Ionic liquids (ILs) are organic salts, widely promoted as “Designer Solvents” 

because the properties can be tailored based on the choice of cations and anions and as 

“Green Solvents” because of their low vapour pressure [17]. They are non-flammable, 

thermally and chemically stable and found to be a promising replacement for traditional 

organic solvents. Fukushima et.al have found that imidazolium based room temperature 

ionic liquids can be employed to disperse single walled carbon nanotubes (SWCNTs) 
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by means of cation-pi/pi-pi interaction [18]. It has been mentioned that the highly 

entangled SWCNTs bundles are exfoliated to give much finer bundles which aids in 

better dispersion. This new approach with ionic liquids offers possibilities for various 

applications of elastomer, e.g. a rubber-like stretchable active matrix using elastic 

conductors [19]. In this work, vinylidene fluoride-hexafluoropropylene copolymer-

SWCNTs composite coated with PDMS (poly-dimethyl-siloxane rubber) was prepared 

and the elongation at break was found to be 134%. The material has limited 

applicability due to the low mechanical performance. It has been reported that the 

coupling activity of functional ionic liquid between MWCNTs and diene elastomer 

shows improvement in the tensile strength and the electrical conductivity [11]. 

Although the studies based on wet mixing and covalent functionalisation of the tubes 

manifest new strategies to ease the dispersion of the tubes, the full exploitation of the 

extra-ordinary reinforcement of elastomers using MWCNTs is still a question, and a 

new area of research is expected. In order to get high conducting elastic materials with 

the incorporation of carbon nanotubes, the dispersion and the CNTs network play a vital 

role. To the best of our knowledge, there is still no report about the development of 

elastic materials with high electrical conductivity and stretch ability using ionic liquid 

modified MWCNTs. In the present study, on the basis of the findings discussed earlier, 

an elastomeric conductor is developed employing IL modified MWCNTs and 

polychloroprene rubber (CR). The modification of MWCNTs was accomplished with 

imidazolium based room temperature IL and the resultant black mix obtained after 

modification was directly admixed into CR without the necessity of an organic solvent. 

This eco-friendly method, apart from the reduction in mixing cycle, improves the 

electrical conductivity and the dispersion of the tubes in CR which were confirmed by 
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conductivity and TEM measurements respectively. Furthermore, the influence of varied 

proportions of IL on the elastomer was also studied. This relatively new field of 

research provides a lot of opportunities to combine the characteristics of 

electroconductive MWCNTs and ion conductive IL in a non conducting/conducting 

polymer matrix and several new applications in the field of electrochemistry such as 

batteries, capacitors, actuators and sensors can be developed [20,21]. The CR is chosen 

considering the polarity factor of the elastomer and IL respectively. Moreover, the effect 

of MWCNTs on CR is not dealt so far. In the current paper, the efficacy of ionic liquid 

modified MWCNTs on CR is discussed. 

 

2. Experimental 

2.1 Materials 

The commercial multiwalled carbon nanotubes were procured from Nanocyl S.A.      

(Nanocyl 7000), Sambreville, Belgium. The diameter of the tubes ranges from 10 to 20 

nm and the average length is 1.5 µm. The carbon content of the material is 90% and the 

rest is metal oxide (impurity). The polychloroprene rubber (Baypren 611, Mooney 

viscosity ML(1+4) at 100°C: 43±6) and ionic liquid, 1-butyl 3-methyl imidazolium bis 

(trifluoromethylsulphonyl) imide (BMI) were obtained from Lanxess, Germany and 

Sigma-Aldrich, Steinheim, Germany respectively. Table 1 provides the chemical 

structure of the above materials. The zinc oxide (ZnO), magnesium oxide (MgO), 

stearic acid and ethylene thiourea (ETU) used in this study were of industrial grades.  
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2.2 Preparation of composites 

The MWCNTs were modified with BMI by grinding them in different ratios by weight 

of CNTs to BMI, till a black paste was obtained. The modification was done in the 

following ratios, 1:1, 1:5, 1:10 and 1:20 respectively. The amount of the tubes used in 

the study is 0.5, 1, 2, 3, 5 and 10 parts per hundred rubber (phr). The modified 

MWCNTs were mixed with CR in a laboratory scale two roll mixing mill (Polymix 

110L, size: 203 X 102 mm, Servitech GmbH, Wustermark, Germany) at 40°C with a 

friction ratio of 1:1.25.  The curing package (in phr) of CR consist of ZnO - 5, MgO - 4, 

stearic acid - 0.5 and  ethylene thiourea - 1 and was incorporated into the matrix after 

the admixing of MWCNTs. The process is illustrated in Figure 1. Samples were 

prepared in four categories. Category 1: CR with curatives; category 2: CR with BMI 

(5, 10 and 20 phr); category 3: CR with unmodified tubes; category 4: CR with BMI 

modified tubes.The optimum cure time (t90) was determined in a moving die rheometer, 

shortly referred as MDR (Scarabaeus V50, Scarabaeus GmbH, Langgöns, Germany) at 

160°C for 60 minutes. The definition of the terms associated with the vulcanisation is as 

follows: The difference between the maximum (MH) and the minimum torque (ML) of 

the vulcanisation curve is defined as the ultimate rheometric torque (MH-ML). The time 

required to reach 90% of (MH-ML) is termed as t90. The mixed stocks were cured in a 

standard hot press at 160°C,150 kN pressure and at an optimum cure time (t90) of the 

samples. The samples were designated as CTmBMIn where C, T and BMI are referred to 

CR, tubes and BMI respectively. The alphabet m and n indicates the amount of the 

tubes and BMI respectively. For instance, CT0 is assigned to neat CR without tubes; 

CT1BMI1 is assigned to CR composite consisting of 1 phr of tubes admixed with BMI 

in the ratio 1:1; CT3BMI20 is assigned to CR composite consisting of 3 phr of tubes 



  

 7 

admixed with BMI in the ratio 1:20; CT0BMI10 is assigned to CR containing 10 phr of 

BMI and so on.  

 

2.3 Characterisation 

The Raman spectroscopy was performed with a Raman spectrometer Holoprobe 785 

(Kaiser Optical Systems), which is equipped with a 400 mW diode laser with an 

excitation wavelength of 785 nm. Transmission Electron Microscopy images were 

obtained on a Libra 120 transmission electron microscope at an acceleration voltage of 

120 kV. Samples were sectioned by ultramicrotomy at a temperature of -140 °C. 

Electrical volume resistivity measurements were determined at room temperature 

depending on the sample resistivity.  A Keithley Electrometer 6517A was employed 

with 8009 resistivity fixture (resistivity > 107 �cm) and four point text fixture (low 

resistivity) respectively. Dynamic Mechanical Thermal Analysis (DMTA) was 

performed on Eplexor 150 N (Gabo Qualimeter, Ahlden, Germany) in the tension mode, 

at a constant frequency of 10 Hz, static load at 1% strain, dynamic load at 0.5% strain, 

heating rate of 2 K/min under nitrogen flow and the temperature range from -100 to 100 

°C. Strain sweep measurement was performed on Eplexor 2000 N (Gabo Qualimeter, 

Ahlden, Germany) in the tension mode at room temperature, at a constant frequency of 

10 Hz, static load at 60% strain and dynamic load, 0.01 to 30%. Tensile testing was 

done on a Universal Testing Machine, UTM (Zwick 1456, Z010, Ulm, Germany) with a 

crosshead speed of 500 mm/min using dumb-bell shaped specimens.  

 

3. Results and discussion 

3.1 Characterisation of BMI modified MWCNTs 
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The Raman spectrum of the pristine and the modified MWCNTs is shown in Figure 2. 

Similar to graphite, two strong peaks are observed. The peak around 1600 cm-1 

originates from the tangential vibrations of the carbon atoms and is referred as G band. 

The band around 1300 cm-1 is assigned as D band and it may be caused by the 

significant defects or disorders in the nanostructures [22]. The radial breathing mode 

(RBM) of the tubes, which normally observed at 100 - 200 cm-1, could not be clearly 

observed as in Single Walled Carbon Nanotubes (SWCNTs). Since MWCNTs contain 

an ensemble of the tubes ranging from lower to higher diameter, the RBM signal from 

the large diameter tubes is usually too weak to observe [23]. For the modified tubes, 

there exists a slight shift of 3-4 cm-1 for both D and G bands and no new vibrations are 

observed in opposition to the pristine MWCNTs. It has also been reported that no shifts 

in D and G lines were observed in SWCNTs modified with ILs [24,25]. The up shift in 

the spectra is probably due to the cation-π interaction between BMI and the tubes and/or 

the perturbation of π-π stacking of multi-walls of the tubes. To conclude, it can be 

stated that the modification is activated physically, without chemical impairment of 

MWCNTs, in accordance with the earlier results [24,25].  

 

3.2 Electrical conductivity 

Carbon nanotubes can be considered as wires in which the electrons can propagate 

freely. The insulating rubber matrix becomes conducting after a critical concentration of 

the tubes, called the percolation threshold (φc) wherein a continuous network of filler is 

formed across the matrix. CNTs have low φc because of the high aspect ratio of the 

nanotube bundles which improves the probability of particle-particle contact. Low φc of 

single walled carbon nanotubes in polymer hosts ranges from 0.005 vol% to several 
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vol% [5]. However, such low φc was not reported in any of the rubber matrices. The 

percolation threshold and conductivity depend strongly on the type of the polymer, 

aspect ratio of CNTs, disentanglement of CNT agglomerates, distribution of individual 

CNTs and degree of alignment [26]. Figure 3a illustrates the electrical conductivity of 

gum CR and the composites with BMI modified tubes. The electrical conductivity of 

pristine rubber is found to be 4.69x10-11 S/cm. As known, the increase in the amount of 

MWCNTs results in a proportional increase in the conductivity. Two different ratios of 

MWCNTs to BMI (1:1, 1:20) were compared as shown in the figure. The plot shows 

that higher the ratio of MWCNTs to BMI, higher the conductivity. It is worthy to note 

the conductivity of CT3BMI20 which is in the range of 10-2 S/cm and it is ~105 times 

higher than the value reported at the same concentration of the tubes in the literature 

[9,27]. Nevertheless, the mixing strategy and the employed system were different and 

moreover, the studies were based on either using unmodified or covalently modified 

CNTs. 

             As BMI has an inherent property of ionic conductivity, the contribution of ions 

to the conductivity of the composite should also be discussed. Figure 3b and 3c show 

the influence of BMI on the ionic and electrical conductivity of the composites 

respectively. The ionic conductivity of the CR/BMI mixture increases from 10-11 S/cm 

(neat CR) to 10-9 S/cm  (5 phr) and remains unchanged upon loading till 20 phr of BMI 

(Figure 3b). Similarly, the electrical conductivity of the composite at constant loading 

of the tubes with variations in BMI (ratio) also shows a drastic increment initially and a 

marginal difference is noted later on (Figure 3c). From the figures, the following 

conclusions are made. (a) The conductivity of the composite is the synergistic effect of 

electrons and ions (b) By increasing the amount of BMI, a proportional increase in 
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conductivity is not observed (c) The improved dispersion (as seen from TEM images 

discussed later) and the formation of percolating CNTs network with the BMI modified 

tubes also leads to increased conductivity (d) Even though the amplitude sweep 

measurement (discussed later) illustrates the strengthening of filler-filler network upon 

increasing BMI, a corresponding increment in conductivity is not observed. 

 

3.3 TEM measurement 

The TEM images of CR composites are shown in Figure 4. In case of CT3BMI0 (Figure 

4 a and 4 b), the state of dispersion of CNTs is poor. CT3BMI1 depicts the existence of 

agglomerates in the system (Figure 4 c and 4d) where as CT3BMI5 and CT3BMI10 show 

fine dispersion of the tubes with few agglomerates as the presence of agglomerates 

become inevitable at concentrations > 3phr (Figure 4 e-h). The former can be attributed 

to the insufficient amount of BMI to disperse the tubes in the matrix and the efficacy of 

the excess BMI is clearly observed in the latter. The exfoliation of the bundles of 

entangled MWCNTs in the presence of BMI leads to a better dispersion of the tubes. In 

order to ensure improved dispersion and distribution of the tubes in the composites, 

sufficient quantity of BMI is required. At a lower magnification scale (1000 nm), it is 

seen that the dispersion of the tubes in the matrix is enhanced with an increasing 

proportion of BMI. The presence of tube-tube contact and improved dispersion in the 

case of modified MWCNT/CR composites is the reason behind good electrical 

conductivity. 
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3.4 Amplitude sweep 

The strain amplitude dependence of E' for CR and the composites is illustrated in Figure 

5. The filled elastomers are generally considered as ‘non-linear viscoelastic materials’ 

due to the fact that their dynamic mechanical properties depends on dynamic strain 

amplitude in addition to temperature and frequency [28]. The storage modulus, E' 

decreases from E'0 (zero-amplitude plateau) to E'� (high-amplitude plateau) and the 

non-linear behaviour is attributed to the breakdown of the secondary aggregate network 

of fillers and termed as Payne effect [29]. CT0 almost shows a straight line in the figure 

(Figure 5a). It is important to note that even at 1 phr loading of MWCNTs, Payne effect 

is observed in the composite. This could be associated with the network formation of 

exfoliated MWCNTs in the rubber matrix, which is broken down with the increase in 

the strain amplitude. The observation of Payne effect at low loading of MWCNTs can 

be possible only by its fine dispersion with the use of BMI. The Payne effect exhibited 

by CT10BMI1 is tremendous, wherein E'0 increases from ~3 MPa to ~63 MPa, which is 

exceptionally high and is basically attributed to the decrease in the distance between the 

tubes at high loading (10 phr) and the filler-filler networks increases [30]. It is 

interesting to perceive the influence of BMI on E' upon increasing the strain amplitude 

and the proportion of BMI (Figure 5b). An increase and a decrease in Payne effect is 

reported with a better dispersion of the CNTs and silica fillers in matrices respectively 

[30, 31]. In our study, at a constant loading (3 phr) of fillers, E' is found to increase just 

by varying the proportion of BMI. It is amazing to note the rise in E'0 from ~7 MPa 

(CT3BMI0) to ~13 MPa (CT3BMI20), which emphasises the significance of BMI that 

aids in the dispersion of the tubes and thereby strengthening the filler network. In the 

present case, from the TEM images of BMI modified MWCNT/CR composites (Figure 
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4), the presence of agglomerates is found to be minimum and the dispersion of the tubes 

is well-marked. Hence, it is believed that the bundles of MWCNTs is disturbed due to 

the reduction in the inter-tubular attraction between CNTs in presence of BMI and 

filler-filler networks are found to be improved with well dispersed MWCNTs by 

increasing the proportion of BMI. A scheme shown in Figure 5c illustrates the 

formation of MWCNT networks in presence of BMI.  

 

3.5 Dynamic mechanical thermal analysis 

The storage modulus (E'), loss modulus (E'') and loss tangent (tanδ) as a function of 

temperature for CR composites are illustrated in Figure 6. At the glass transition 

temperature (Tg), the molecular chains obtain sufficient energy (from thermal sources) 

to surmount the energy barriers for bond rotation. In this changeover regime, the fall in 

E' is typically few orders of magnitude and large peaks occur in the values of E'' and 

loss tangent, tanδ  (E"/E'). From the figure (Figure 6a) it is apprehended that, CT3BMI0 

shows an increase in E' in the plateau region in opposition to CT0, which can be 

attributed to the hydrodynamic reinforcement, filler-filler and the rubber-filler 

interactions. From the loss tangent curves (Figure 6b), it is noticed that the peak height 

of tan δ decreases for CT3BMI0 with regard to CT0, which can be ascribed to the rise in 

E' of the composites described above, as tan δ is a ratio of E'' to E' and to the reduction 

in the quantity of bulk rubber as a result of interaction of rubber chains with MWCNTs. 

Moreover, the value of plateau modulus increases for CT3BMI5 and decreases for 

CT3BMI20. Though the excess BMI enhanced the dispersion of the tubes, its surplus 

presence affects the storage modulus of the composite, as it acts as a plasticizer. This 
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argument is in agreement with the tensile modulus data (from stress-strain 

measurements) discussed later.  

         The Tg of the elastomer is often taken to be the temperature of the maximum loss 

modulus (E"max) or the maximum loss tangent (tanδmax). However, there are several 

arguments in favor of defining Tg in terms of E"max instead of tanδmax [32,33]. It has 

been affirmed that Tg by E" becomes a more consistent and an appropriate index than 

tan δ. The Tg based on E"(-33 °C) and tanδ  (-25 °C) almost remains the same for neat 

elastomer and the composites. Most of the investigations report an increase or decrease 

in Tg and in some cases no change in Tg upon adding conventional and nano-sized fillers 

in elastomers [8,9,34]. Nevertheless, it depends on the interfacial interactions between 

filler and elastomer. It is also important to note that the peak in tanδ occurs 8 °C higher 

than the peak in E", which confirms the behaviour mentioned elsewhere [32]. A 

secondary shoulder seen in E" curve of CT3BMI5 (-76 °C) and CT3BMI20 (-79 °C) is 

attributed to the relaxation process associated with IL. Probably, this could be related to 

free ILs that are not associated with CNTs. Ionic liquid, which exhibits disordered and 

fragile structure, can also form glassy-like state and could be traced by calorimetric 

measurements [35]. Here, it is found that, with the increase in the proportion of ionic 

liquid, the glass transition temperature of the ionic liquid decreases.  

 

3.6 Mechanical characterisation 

Figure 7a illustrates the stress strain curves of neat CR and the composites. A typical 

non-linear curve is noticed. At a given strain, a significant increment in stress is 

observed with an increase in the amount of MWCNTs. Even the samples with high 

loading of MWCNTs (5 and 10 phr) exhibited a strechability of >500%. The influence 
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of BMI on the tensile modulus of the unmodified and modified MWCNT composites at 

300% elongation is shown in Figure 7b. It is seen that, the increment in tensile modulus 

is proportional to the increment in the amount of BMI at a constant loading of fillers (3 

phr). Tensile modulus of 3 phr loaded modified MWCNT/CR composite is increased by 

50% with regard to unmodified MWCNT/CR composite. However, for CT3BMI20, 

tensile modulus decreases. It is correlated to the fact that the excess BMI employment 

can act as plasticizers as discussed earlier and affects the physical properties. Although 

there is an improvement in the dispersion of the tubes with an increase in the proportion 

of BMI, there is no corresponding improvement in the mechanical properties of the 

composite. Therefore, an optimal amount of BMI can be chosen based on the 

requirements.  

The Mooney-Rivlin equation [36,37] describes the stress strain behaviour of unfilled 

elastomers:  

 

 

� is the tensile stress (force divided by undeformed cross sectional area), � is the 

extension ratio (ratio of the final length in the direction of stretch (L) to the initial length 

before deformation (L0)) and C1 and C2 parameters characteristic of the rubber 

vulcanisate. The value of C1 is directly proportional to the elastically active network 

chains per unit volume of the rubber and C2 is related to the number of elastically 

effective trapped entanglements, number of steric obstructions and other network 

defects. In the case of filled systems, the matrix is prevented from deforming uniformly 

by adhesion of the rubber to the surface of the filler. So, the overall apparent strain is 

less than the strain occurring locally [38]. For filled systems, a strain amplification 
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factor X is considered which takes into account both the disturbance of strain 

distribution and the absence of deformation of fillers. The factor is derived from Guth 

equation [39]. 

                                  

c is the filler volume concentration. 

The modified extension ratio �* of filled rubbers is calculated from the following 

equation. 

 

e is the ratio of the extension length (�L) to the initial length (L0). From Figure 7c, it is 

seen that the curves display upturn in the stress at higher deformation. CT0 shows an 

abrupt increase in the reduced stress at higher deformation which can be correlated to 

the strain induced crystallisation of CR. It is worthy to note that the upturn at higher 

deformation occurs at lower strain for CT3BMI1, which indicates an existence of 

interaction between the MWCNTs and CR and the type of interaction is not identified 

so far. 

    

4. Conclusion 

A feasible and easy method for the preparation of highly electro-conducting and truly 

elastic materials at a low concentration of commercially available MWCNTs is 

developed. CR based elastic conductor using ionic liquid modified MWCNTs with 

conductivity as high as ∼0.1 S/cm and a stretchability >500% was prepared. Extremely 

fine dispersion as well as a strong secondary network of MWCNTs is the reason behind 

such high conductivity. This eco-friendly method, apart from the reduction in mixing 

cycle, exhibits an easy technique to fabricate high performance elastomeric materials 

eΧ+=1*λ

21.145.21 cc ++=Χ
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which can be tailored to the desired applications without any additional steps in the 

rubber compounding process.  

      We note that such systems are of basic interest also from another point of view. 

Obviously, the ionic liquid assisted route of preparation of novel MWCNT-elastomers 

leads to the formation of highly stretchable and rubber reinforcing granular networks. 

Recently, Ahir et al. [40] have demonstrated via stress relaxation experiments that pure 

MWCNT mats have an effective modulus that is temperature invariant, but have a 

strong (viscoelastic) time-dependence. Such a non-thermal system is most similar to a 

transient network of elastic rods, or a ‘sticky’ granular network. Note, this is not the 

case for single-wall tubes which displayed entropic behaviour akin to a pure polymer 

network. Furthermore, Ahir et al. [41] showed that exposure of the MWCNT network to 

near-IR light causes a fully reversible photomechanical expansion, almost four decades 

larger than would be expected through simple lattice thermal expansion/contraction 

arguments. Having these points in mind, we may argue that our MWCNT/CR 

composite is the first hyperelastic ‘double network’ consisting of an entropic 

permanently crosslinked rubber network reinforced by a transient wire-like non-thermal 

network. 
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Figure captions 

Figure 1 Illustration of the preparation process 

Figure 2 Raman spectra of the pristine and modified MWCNTs upon excitation at 

785nm 

Figure 3 (a) Electrical conductivity of gum CR and the composites with BMI modified 

tubes  (b)  Influence of BMI on the electrical conductivity of the CR/BMI mixtures. 

(c) Influence of BMI on the electrical conductivity of the composites with BMI 

modified tubes . 

Figure 4 TEM micrographs of CR composites (a&b) CT3BMI0 (c&d) CT3BMI1, (e&f) 

CT3BMI5 , (g&h) CT3BMI10  

Figure 5 (a&b) Strain dependence of E' for CR and the composites measured using 

Dynamic Mechanical Thermal Analyser at a frequency of 10 Hz.  

(c) Schematic illustration of the formation of MWCNT networks in presence of BMI. 

Figure 6 (a) Storage modulus (E') and loss modulus (E'') vs temperature curves of neat 

CR and the composites at 10 Hz frequency.  

(b)  Loss tangent (tan � ) vs temperature curves of neat CR and the composites at 10 Hz 

frequency; Inset: A zoomed plot of the loss tangent curve in the temperature range of  -

90 to -50°C to point the secondary shoulder. 

Figure 7 (a) Tensile stress vs strain plots of neat CR and the composites.  

(b)  Influence of BMI on the tensile modulus at 300% elongation. 

(c)  Mooney-Rivlin plots of CT0 and CT3BMI1. 

    

Table captions 

Table 1 Chemical Structures 
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Table 1 

Material Chemical Structure 

Polychloroprene Rubber 

Cl n  

1-butyl 3-methyl imidazolium bis 

(trifluoromethylsulphonyl) imide  

CH3

CH3

N

N
F3C        S       N        S         CF3    

O O

O O
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