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Abstract    
Three carbonaceous fillers were compounded into an elastomeric ionomer and assessed using 

dynamic mechanical analysis, static tensile analysis, and electrical conductivity. Carbon black, flaked 

graphite and an expanded graphite product, MesografTM, produced by Grafoid Inc. were mixed into the 

elastomer in different loadings to evaluate their potential to reinforce the material and affect the 

dynamics and yields of peroxide cure chemistry.  

In an attempt to produce an unconventional distribution of filler in the polymer matrix, artificial 

latexes where prepared with the elastomer comprising the dispersed phase in a continuous phase of 

water. The addition of filler to these emulsions confined it to the aqueous phase and polymer/water 

interface, with none entering the polymer phase.  Drying the resulting emulsions produced composites 

with filler located in a segregated network.  Analysis of these composites by mechanical and 

conductivity show differences between this non-uniform filler distribution and the uniform distributions 

produced by conventional rubber compounding approaches.  
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1 Introduction 

This thesis is concerned with the influence on carbonaceous fillers on the physical properties of 

an elastomer that contains a small amount of polymer-bound ionic functionality, which is commonly 

called an ionomer.  The following is a brief overview of filler structure and composition, the properties 

of elastomeric ionomers, and different methods of distributing a filler through an ionomer matrix, 

including an unconventional approach involving emulsified polymer intermediates. 

The motivation for this work is the assessment of Mesograf, an expanded graphite filler 

produced by Grafoid Inc, in elastomeric materials. Carbon Black Vulcan XC 305 and  flake graphite 

provide suitable comparators within the context of elastomer fillers and have been selected to complete 

this study. XC 305 was selected based on Cabot Corporation’s reporting of conductive behaviour for use 

in electrostatic dissipative applications. Flake graphite from Sigma Aldrich was selected due to similar 

mesh size to that of the Cabot product. The other two fillers act as controls for comparison based on 

filler structure as described below. 

1.1 Carbon-based Reinforcing Fillers for Elastomeric Compounds  

The incorporation of finely-divided, high surface area solids into a rubber compound can 

increase mechanical properties such as tensile strength and storage modulus, as well as barrier 

properties such as air impermeability. Carbonaceous fillers are a sub-class of these materials, which are 

comprised predominately of carbon, but often contain other elements such as oxygen, and sulfur, 

depending on production and purification methods. This work is interested in three carbonaceous fillers; 

carbon black, graphite and graphene. 

 Carbon black is produced by the incomplete combustion of heavy petroleum fuels, and features 

a porous, random structure with high surface area-to-volume ratio.  It is widely used industrially due to 

its low production cost and its well-established performance history. It is the principal reinforcing filler 
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used in tires [1, 2], but also finds use in applications that require better thermal and/or electrical 

conductivity.  

Graphite is a naturally occurring material comprised of one-atom-thick sheets of aromatic 

carbon that are stacked to form relatively large assemblies. Its most common use is pencils, whose 

ability to mark surfaces arises from the relatively low shearing stress that is needed to overcome the π-π 

interactions between its  hexagonally coordinated layers.  

Exfoliating graphite into its constituent atomic layers of aromatic carbon yields graphene, whose 

high electron mobility and mechanical strength makes it ideal for increasing mechanical properties of a 

polymer matrix [3, 4]. Isolating pristine graphene in large scales is an ongoing challenge due to its 

tendency to re-establish a -stacked structure [3]. Flaked graphite is a more practical alternative to 

graphene, as it is comprised of multiple graphene layers. Further reduction of layers can be 

accomplished through chemical and mechanical methods to form other carbonaceous fillers such as 

expanded graphite and graphene oxide. 

Graphene oxide (GO) and reduced graphene oxide (rGO) are typically studied in literature due to 

their potential for industrial scalability. GO can form a stable dispersion in water due to a variety of 

oxygen functionality introduced through the oxidation process. This water dispersion stability provides 

an advantage over graphene, which readily flocculates into sheets. The oxygen functionality in GO 

increase the interlayer spacing in comparison to graphite, further decreasing the shearing energy 

required to delaminate the material. However, this oxygen functionality creates defects in the aromatic 

structure of graphene, thereby reducing its electrical and thermal conductivity. These properties can be 

recovered to a significant extent by chemical reduction of GO [5]. The primary use of GO reduction is to 

disperse platelets into a non-polar material, then regenerate graphene-based properties in the resulting 

composite. However, rGO has a major disadvantage to pristine graphene due to the reduction process 
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producing holes within the aromatic structure, visualized in Scheme 1-1. This is caused by carbon dioxide 

release during the reduction process. 

 

Scheme 1-1: Depiction of molecular structures for graphene, graphene oxide and reduced graphene 
oxide [6] 

 

Expanded graphite has a unique characteristic of increased interlayer spacing without oxidation. 

One simple method for expanding graphite is solvent intercalation followed by carbon dioxide expansion 

[7]. The expanded material has a similar benefit to GO in the weakening of interfacial bonding. 

Expansion of graphite is then typically coupled with either mechanical shearing or sonication to reduce 

the number of assembled graphene layers. A stable expanded graphite product would benefit a polymer 

matrix due to the potential for shear mixing to exfoliate the filler while mixing the remainder of 

additives into the polymer matrix. This incorporation method would be advantageous by removing a 

step in the preparation of filler for processing. 

The structure of the polymer used in a composite will affect the strength of its interaction with a 

filler and, as a result, influence the ease with which the filler can be dispersed and distributed.  In the 

case of carbonaceous fillers, especially those with π-π stacking, aromatic functionality is anticipated to 

interact most favourably through the ability of π-π stacking between filler particles and aromatic 

functionality. Although polystyrene might hold great potential, due to it’s aromatic pendant 

functionality, its high glass transition temperature makes it unsuitable for elastomer applications [8]. An 

alternative approach would be to incorporate aromatic functionality into an elastomeric material to 
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enhance filler interaction, such as styrene-butadiene-rubber (SBR) [9]. However, irrespective of the 

elastomer composition, the material must be crosslinked in order to yield creep resistance and/or 

compression set properties when subjected to a static load. These engineering material properties are 

commonly required for most elastomer applications, to increase longevity of reproducible application 

performance. Depending on filler dispersion and distribution, these elastomeric thermosets can be used 

as piezoresistive sensors and/or dielectric actuators (DEA) that provide electro-mechanical responses 

with limited deterioration over the product lifespan [10, 11]. 

1.2 Filler Network Considerations for Emulsification 

The performance of polymer composites is sensitive to the distribution and dispersion of filler 

particles that is generated by a compounding process (Scheme 1-2). A well-distributed, well-dispersed 

condition maximizes interfacial contact between the polymer matrix and filler particles, thereby 

increasing the potential to effect composite properties.  The degree to which particles are dispersed is a 

function of the shear stresses applied during compounding, while distributive mixing is achieved by the 

repeated application of significant shear strain. 

Within the context of piezoresistive sensors and DEAs which require electrical and mechanical 

properties, a well-distributed and well-dispersed filler network is preferred. This network allows for 

minimal consumption of filler to meet targeted mechanical properties. The electrical properties of a 

piezoresistive sensor and DEA are affected by filler loading, relative to its percolation threshold. A filler’s 

percolation threshold is the minimum loading at which filler-filler interactions provide a continuous 

conductive network through the selected polymer matrix. Using these concepts, it is then practical to 

use a loading above percolation threshold in a well-distributed, well-dispersed network for the 

applications described above. 
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Scheme 1-2: Filler distribution and dispersion representation 

 

Filler incorporation during polymer compounding is affected by cohesive forces between 

particles, which are, in turn, inversely proportional to particle size. Mechanical shear mixing typically 

provides dispersive mixing that counteracts agglomeration of filler particles. When applied continuously, 

an equilibrium between dispersion and agglomeration is established. One form of distributive mixing is 

through formulation of a master batch containing higher filler loading than the desired product. This 

master batch is then diluted into unfilled material through milling to distribute the stable filler 

dispersion across a larger material volume. This method of distribution is designed to provide uniform 

material properties across the total volume.  

In contrast to conventional polymer compounding that seeks uniformity, segregated filler 

particle networks can be accomplished through emulsification (Scheme 1-3). Emulsions are colloidal 

systems comprised of immiscible aqueous and non-aqueous liquids, the latter being commonly referred 

to as an oil phase. This phase-segregated morphology is a by-product of the immiscibility of the mixture 
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components, and can produce oil-in-water (O/W) and water-in-oil (W/O) emulsions. Generating an 

emulsion requires a mixture of oil, water and surfactant that is subjected to mechanical shear and/or 

sonication to produce the requisite surface area [12].  

 

Scheme 1-3: Depiction of filler network organization, derived from Zhan et al. [5] 

 

As noted above, emulsions have the potential to produce segregated networks of filler particles, 

as pictured in Scheme 1-3. The addition of filler to an artificial latex, formed through post-

polymerization emulsification, can lead to aggregation at the water/oil interface. Particle penetration 

into the oil phase is restricted by surface energy differences, as well as the polymer particle viscosity.  

Upon drying the latex, filler is segregated between polymer particles, resulting in a percolated filler 

network [5]. This has been demonstrated with layered fillers such as silicates that are delaminated, 

charged to latex formulations, and dried to produce segregated composites [13, 14]. The primary 

advantage of utilising an emulsion system with carbonaceous fillers is the ability to create a segregated 

network of filler particles that can provide conductivity through a non-conductive matrix [5]. However, a 
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segregated network would be disadvantageous to mechanical properties mentioned above by creating a 

less dispersed composite. 

Surfactants can be added to stabilize the interface between the dispersed and continuous 

phases. Typical ionic surfactants have a bulky hydrophilic head and a long hydrophobic tail, and can 

include dialkylimidazolium bromide ionic liquids. Utilising 1-vinyl imidazolium bromide as the head 

moiety, allows for oligomerization of the surfactant by radical chemistry, thereby fixing the surfactant 

within the composite. This surfactant with radical reactivity is referred to as a surfactant-monomer, or 

surfmer [15]. 

1.3 Brominated Isobutylene-rich Copolymers 

Poly(isobutylene-co-isoprene) (IIR) is an amorphous copolymer that is valued for its oxidative 

stability, gas impermeability and vibration dampening properties [16]. The primary feature of IIR’s 

structure is the reactive isoprene units randomly distributed within a saturated flexible backbone. The 

vulcanization rates observed in IIR are sufficient for producing goods such as tire inner tubes, but 

heightened reactivity is needed for inner liner compositions. Halogenation of IIR to introduce allylic 

bromide functionality yields brominated poly(isobutylene-co-isoprene) (BIIR), whose susceptibility to 

bromide displacement by sulfur-based nucleophiles increases cure reactivity substantially. Note that the 

allylic bromide content of typical BIIR grades is on the order of 0.2 mmoles / g·polymer, which amounts 

to about 80 functional groups per elastomer chain. 
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Scheme 1-4: Depiction of polymer structures discussed in this work 

 

Brominated poly(isobutylene-co-paramethylstyrene) (BIMS) is a variation of  halogenated 

copolymers [17, 18]. BIMS has the advantage over BIIR, since a fully saturated polymer backbone 

confers increased oxidative stability through a lack of backbone reactive sites. A further benefit is the 

benzylic bromide functionality that reacts readily with a range of nucleophiles without incurring 

uncontrollable dehydrohalogenation. BIMS was selected for this work based on its well-established 

peroxide curable ionomer derivatives. This provides a reliable baseline for a filler reinforcement study 

[14, 15, 19]. Peroxide-curable ionomer derivatives of BIMS are of particular interest since these 

crosslinking reagents are less susceptible to interference from adsorptive fillers than conventional sulfur 

cure systems. This advantage provides more reliable crosslink densities as filler formulations are varied. 

1.3.1 Derivatization 

Although BIIR was developed to react with sulfur nucleophiles for the purposes of vulcanization, 

it can also be used to produce a variety of interesting derivatives [20]. Examples of proven BIIR 
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modifications include the introduction of sulfide, ether, ester, thioester and amine functionality [20, 21, 

22]. These reactions can be used to introduce small pendant groups to the polymer backbone, as well as 

longer side chains that can constitute polymer brushes or other chain architectures. For example, 

phenolic and aliphatic alcohols have been used to form ether derivatives of BIIR that include materials 

with poly(ethylene oxide) side chains [21].  Analogous reactions with thiolate nucleophiles produced 

thioethers based on mercaptopropyl triethoxysilane, which proved useful to produce reinforced silica 

composites [22].  

The reversibility of amine N-alkylation compromises the yields of BIIR derivatization, but this 

limitation can be overcome by using imidazole-based reagents that react to completion (Scheme 1-5) 

[19]. As a result, formulations containing imidazole and base can cure by multiple N-alkylation to give 

stable thermosets, while the use of N-substituted imidazoles yields thermoformable ionomers [14]. Of 

interest are the products of N-vinylimidazole alkylation, since these ionomers contain polymerizable 

functionality that supports a peroxide-initiated curing process. The resulting thermosets are comprised 

of a hybrid polymer network that includes contributions from stable covalent crosslinks as well as labile 

ion-pair associations [23]. 

 

Scheme 1-5: Functionalized imidazoles of interest for peroxide curing systems 

Introduction of pendant functionality through described chemical modification provides 

opportunities for increased filler-polymer interaction. Tsou and Mann of Exxon-Mobil introduced 

pendant pyrene functionality by a Williamson etherification of BIMS with 1-pyrenemethanol and 

exploited the aromatic interactions between the polymer and graphene nanoplatelets (GNP) to produce 

highly reinforced elastomer composites [24]. The incorporation of GNPs eliminated complications 

N

N
CH2
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N CH2
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N CH3
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associated with pyrene group aggregation to give an IMS-g-pyrene/GNP masterbatch that improved the 

properties of a tire inner liner compound. Similar pyrene-graphene interactions have been utilised for 

non-covalent functionalization of graphene [9]. Mann et al. demonstrated a strong interaction of pyrene 

functionality through model compounding use of a single pendant moiety and a trifunctional species 

allowing for a tripod-shaped configuration. The tripod configuration successfully produced a pendant 

functionality which is bound to the graphene surface without laying flat against the graphene sheet. This 

ability for basal plane functionalization with extended pendant functionality is analogous to the 

previously described interaction of a styrene-functionalized elastomer. These examples support the 

concept used in this work of aromatic imidazolium pendant functionality interacting with aromatic 

graphite fillers. 

1.3.2 Ionomer Structure and Properties 

Ionomers are defined as polymers in which the bulk properties are governed by ionic 

interactions in discrete regions of the material, the ionic aggregates [25]. When a non-polar polymer 

backbone is functionalized with pendant ion pairs, their poor solvation the matrix results in ion pair 

aggregation into quadruplets, sextuplets or higher known as multiplets [23]. These regions of high 

electrostatic interaction act as crosslinks within the material, however the aromatic functionality was 

found to plasticise, lowering the glass transition temperature (Tg) [26]. The crosslink behaviour is a result 

of decreased chain mobility for the polymer backbone segments containing ionic functionality. Due to 

the ionic clusters there is also an increase in the mechanical response of the material. It is important to 

note the ionic network slows relaxation where covalent networks restrict relaxation.  

Imaging of ion pair aggregates has been accomplished by scanning transmission electron microscopy 

(STEM) as well as X-ray scattering techniques [23, 27, 28]. Mechanical and thermal analysis for ionomers 

includes differential scanning calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA) [29]. 

Vissen and Cooper found that ionomer properties vary with polymer bound anion functionality. 



 

11 
 

Mordvinkin et al. [30] studied the effect of side chain alkyl length of 1-alkyl imidazolium bromides 

through the examination of micro and macro structures along with dynamic properties. They discovered 

a trend of longer cluster relaxation with increasing alkyl chain length using solid-state NMR analysis. 

Dynamic properties of these ionomers were studied by cyclic uniaxial tensile tests to determine shear 

force hysteresis and self healing ability. The trend associated with side chain length with respect to 

hysteresis of response was a positive relationship. They concluded that increasing hydrophobicity of the 

alkyl sidechain increases the lability of ion clusters. 

The introduction of pendant vinylimidazolium bromide groups to a BIMS starting material yields 

a peroxide-curable ionomer materials that, upon peroxide-initiated crosslinking, produces a hybrid 

network (Error! Reference source not found.). The material contains ion clusters that act as labile 

crosslinks, while the covalent network establishes permanent connections between chain segments. 

This combination allows for mixed response between a softer labile network and a covalent crosslinked 

material.  
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Scheme 1-6: Polymerization of IMS-VImBr to form covalent crosslinking bond within ionic domains 

1.3.3 Emulsification 

Functionalized ionomers derived from BIMS can be emulsified to form an O/W artificial latex, 

which can be exploited to manipulate the distribution of fillers in a composite. Latex formation of IIR 

derivatives has been accomplished previously by dispersing a polymer cement in water using a surfmer 

to stabilize the oil-water interface [15]. Zhan et al. prepared a similar latex from natural rubber using in 

situ reduction of GO to produce a segregated network of conductive filler [5]. They found that a 

vulcanised elastomer composite, prepared through latex dispersion of filler, formed a conductive 

material with a percolation threshold of 0.62 vol% graphene. This combination of factors suggests that 

an imidazolium bromide derivative of BIMS can provide a pathway to control the dispersion and 

distribution of fillers through an emulsion system. 

Kleczek formed an artificial latex from imidazole-modified BIIR rubber for the purpose of thin-

film formation and curing [15]. The BIIR ionomer was dissolved to form a hexanes/hexanol cement along 

with an organic peroxide. An aqueous phase was prepared using 1-vinyl-3-dodecylimidazolium bromide 
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as a surfmer. The two phases were combined and homogenised using sonication resulting in a milky-

white emulsion. The organic solvents were removed through rotary evaporation to leave an artificial 

latex with a solids content of 8 wt%. Dynamic light scattering (DLS) analysis revealed two populations of 

droplets, with mean sizes of 250 nm and 1650 nm. The latex was film-cast and cured at high 

temperature, and its properties were compared to a conventionally produced ionomer thermoset.  The 

emulsion-based material provided higher tensile strength, higher curing rate and improved stress 

relaxation resistance. The films were tested for surfactant leaching, which showed that the surfmer was 

incorporated into the thermoset by co-oligomerization with BIMS-bound vinylalkylimidazolium groups. 

This latex is the basis for the carbonaceous filler distribution ideas explored in the present work. 

 

1.4 Research Objectives 

This thesis project has the following technical objectives: 

1. Assess the influence of carbon black, graphite and expanded graphite on physical properties of a 

BIMS-based allylimidazolium bromide ionomer.  This includes the rate and yield of peroxide-

initiated curing, dynamic oscillatory shear rheology of cured compounds, static tensile 

properties of vulcanized composites and electrical conductivity. 

2. Develop a method to produce a segregated filler network within a cured BIMS ionomer based 

on BIMS ionomer emulsification. 

These objectives will provide an understanding of the feasibility for the studied composites in 

applications such as piezoresistive sensors and dielectric actuators. 
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2 Experimental 

2.1 Materials 

Brominated poly(isobutylene-co-paramethylstyrene) (BIMS, 0.22 mmol benzylic bromide 

functionality/g, 1.2mol%) was used as received from Exxon Mobil Chemical (Exxpro 3745). 1-

vinylimidazole (≥99%), 1-bromododecane (97%), 1-hexanol (98%), phenylhydrazine (97%), dicumyl 

peroxide (DCP, 99+%) and flaked graphite (99% carbon basis, (<44µ, ≥99%) were all used as received 

from Sigma-Aldrich. Ethyl ether anhydrous (99%), hexanes (99%) and acetone (99.5%) were all used as 

received from Fisher Scientific. 1-allylimidazole (97%) was used as received from Alfa Aesar. Ethyl 

acetate (99%) was used as received from Caledon Laboratories. MesografTM (MG) was used as received 

from Grafoid. Graphene oxide water dispersion (95% monolayer content) was used as received from 

Graphenea. Carbon Black Vulcan XC 305 (CAS: 1333-86-4, <20ppm 325 mesh residue, ESD applicable) 

was used as received from Cabot. 

2.2 Elastomer Composite Production and Analysis 

2.2.1 Elastomer Chemical Modification 

IMS-AlImBr was prepared as previously described, with minor modifications [19]. BIMS (35 g, 8 

mmol benzylic bromide) was mixed with 1-allylimidazole (1.75 g, 16 mmol, 2 equiv) at 100 °C and 30 

rpm using a Haake Polylab R600 internal batch mixer for 30 min. Benzylic bromide conversion was 

confirmed at 100% by 1H NMR 400 MHz, CDCl3: IMS-AlImBr δ 5.49 (m, 4H), δ 5.28 (dd, 2H), δ 5.17 (dd, 

2H), δ 5.03 (s, 2H), δ 4.59 (d, 2H). 

2.2.2 Ionomer Composite Preparation and Rheological Analysis 

Composites were produced from IMS-AlImBr by mixing elastomer with filler at 1phr, 5phr and 

15phr (mass basis) in a Haake Polylab R600 internal batch mixer operating at 60 rpm, 100°C for 10 min. 

Low bulk density necessitated a staged addition for FG and MG.  
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Dynamic oscillatory rheological data was collected on an Advanced Polymer Analyser 2000 

equipped with biconical disks. Peroxide-curing samples were prepared by solution-coating 5 g of 

material with a measured amount of DCP dissolved in acetone (18µmol DCP/g·polymer). Samples were 

left to evaporate the acetone and passed through a two-roll mill ten (10) times.  

Composite samples were loaded to the instrument for a 30 min cure at 160 °C, 3° arc and 1 Hz, 

before cooling to 100 °C. Rheological analyses at 100 °C involved consecutive measurement of a strain 

sweep from 0.1° arc to 5° arc with a constant frequency of 0.1 Hz., a frequency sweep from 0.1 Hz to 10 

Hz with a constant strain of 1° arc, and a temperature sweep from 100 °C to 200 °C in 10 °C intervals 

followed by cooling from 200 °C to 100 °C at a constant strain of 3° arc and frequency 1 Hz. 

Composites used for static tensile testing were prepared by compression molding yielding 

macrosheets of 2mm thickness. Each composite sample was prepared by solution coating 35 g of 

material with a measured amount of DCP dissolved in acetone (18µmol DCP/g·polymer). Samples were 

left to evaporate the acetone and passed through a two-roll mill ten (10) times before being loaded into 

the mold. Samples were cured at 160 °C, 20 MPa for 30 min before cooling to room temperature for 

cutting. Five (5) dog-bones were cut using a specimen cutter described in ASTM D4482 [31]. Each sample 

was then loaded into an Instron 3369 tensile tester equipped with tension heads and extended at a rate 

of 500 mm/min at 23 °C.  

2.3 Latex Sample Preparation and Analysis 

2.3.1 Elastomer Chemical Modification 

IMS-VIm was prepared as previously described, with minor modifications [19]. BIMS (35 g, 8 

mmol benzylic bromide) was mixed with 1-vinylimidazole (1.5 g, 16 mmol, 2 equiv) at 100 °C and 30 rpm 

using a Haake Polylab R600 internal batch mixer for 30 min. Benzylic bromide conversion was confirmed 

at 100% by 1H NMR 400 MHz, CDCl3: IMS-VImBr δ 5.58 (s, 1H), δ 5.30 (dd, 2H), δ 4.92 (d, 2H) 
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2.3.2 Synthesis and Characterization of 3-Dodecyl-1-Vinylimidazolium Bromide 

3-dodecyl-1-vinylimidazolium bromide was prepared as previously described with minor 

modifications [32]. To a 100 mL round bottom flask equipped with magnetic stir bar, 1-vinylimidazole 

(5.00 g, 53.1 mmol), 1-bromododecane (13.90 g, 55.8 mmol) and ethyl acetate (12.5 mL) were added. 

The solution stirred and refluxed under nitrogen for 16 h, the product was then cooled to -4 °C, inducing 

crystallization of the product. The powder was ground and triturated in 200 mL of diethyl ether before 

collection through vacuum filtration and dried in vacuo overnight. The purified product was isolated as a 

white powder and characterized by 1H-NMR. 1H-NMR 400MHz, CDCl3: δ 10.93 (s, 1H), δ 7.89 (m, 1H), δ 

7.55 (m, 1H), δ 7.48 (dd, 1H), δ 5.99 (dd, 1H), δ 5.37 (dd, 1H), δ 4.38 (t, 2H), δ 1.93 (m, 2H), δ 1.21 (m, 

18H), δ 0.84 (t, 3H) (yield: 91%).  

2.3.3 Latex Formation 

An oil phase containing ionomer was formed by adding IMS-VImBr (10g) into a stirred solution 

of hexanes (50 g) and hexanol (10 g) until mostly dissolved. Due to high viscosity additional hexanes (10 

g) was added to the mixture. An aqueous phase was formed by dissolution of surfmer (1.5 g) into DI 

water (50 g). The two phases were combined in a Silverson high shear laboratory mixer L5M-A equipped 

with square hole high shear screen for 1 min to form a semi-stable emulsion. 

2.3.4 Film Formation 

Aqueous GO dispersion (25 mL, ~100mg GO) was added to the latex and stirred using a Cole-

Parmer three-blade impeller for 5 min. To the mixed emulsion was then added phenyl hydrazine (100 

mg) for in situ reduction of dispersed GO, the system was stirred for an additional 5 min before film 

casting. The latex was cast into a 34 cm x 24 cm pan, and excess solvents were continuously removed by 

pipetting as polymer coagulated. Films of approximately 1 mm thickness were left to dry under air flow 

overnight and confirmed dry by consistent mass. 
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2.3.5 Cure Rheology and Analysis 

Latex films followed identical preparation for rheological analysis as in 2.2.1 with exception of 

using a two-roll mill. This was done to preserve any segregated filler network. Films were prepared to fit 

the rheometer cavity by folding in thirds twice to form a 9 layered material while preserving the filler 

network. 

2.4 Instrumentation and Analysis 
1H NMR was performed on a Bruker 400MHz spectrometer using CDCl3 as a solvent. All polymer 

samples were very dilute using 64 scans and a relaxation time of 5 s per scan.  

Surface conductivity was measured using chrono potentiometry on an Autolab with an Agilent 

34405A 5 ½ digit multimeter in a 4-point probe apparatus. The methodology used was derived from Van 

der Pauw technique utilising an apparatus for square orientation of probes [33] [34]. 

3 Solid State Composites for Reinforcement and Conductivity 

3.1 Introduction 

Isobutylene-co-paramethylstyrene (IMS) based ionomer thermosets provide a unique 

combination of ionic and covalent networks, as well as a thermally and oxidatively stable polymer 

backbone. Carbon black is the most common reinforcing filler used industrially, with grades differing in 

terms of primary particle size and surface activity. This study is a comparison of a carbon black filled 

benchmark composite with those derived from layered carbonaceous fillers, namely flaked graphite and 

expanded graphite.  

Elastomers are amorphous polymers with a Tg below application temperatures.  They are 

classified as viscoelastic materials, in that a portion of the energy imparted to the material is stored 

elastically, and a portion is lost as heat through viscous dissipation. The proportion of stored versus 

dissipated energy is measured by the shear stress response of the polymer to an oscillatory shear stress. 
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The complex modulus (G*) is comprised of in-phase and out-of-phase components (Equation 1). The 

storage modulus (G’) is the in-phase component of the strain which represents the elastic response, the 

loss modulus (G”) is the out of phase component which represents the viscous liquid response.  

𝐺∗ =  𝐺 + 𝑖𝐺" (1) 

The elastomer composites described in this work are highly elastic even in the uncured state, 

owing to the high molecular weight of BIMS and its aggregated ion pair network.  As such, the analyses 

are focused on variations of the elastic modulus. The contribution of a reinforcing filler to G’ will be 

assessed by comparison to unfilled material that serves as an appropriate benchmark. Insight into filler 

dispersion and distribution can be gained by examining the response of G’ to strain amplitude, applied 

frequency and the analysis temperature. 

Static tensile analysis is complementary to dynamic oscillatory rheology date, as it involves 

pulling the sample at a fixed extension rate while measuring the resistive force exerted by the sample. 

This provides insight into the elongation behaviour of each composite, including the initial stiffness 

(Young’s modulus), the tensile stress at break, and the elongation at break.  

3.2 Results and Discussion 

3.2.1 Curing 

Peroxide-initiated crosslinking by oligomerization of allylimidazolium bromide renders a BIMS 

ionomer thermoset.  The resulting covalent bonds serve as anchor points between polymer chain 

segments, thereby restricting disentanglement when subjected to an applied deformation. The 

dynamics and yields of an ionomer cure are important to produce a reliable product. Dakin previously 

demonstrated the difference in curing properties of vinyl and allyl functionality within BIMS ionomer 

derivatives, highlighting the scorch-sensitivity of the vinyl system [19]. Scorching is an overly rapid 

increase in a compound’s storage modulus, which can make it difficult to mold the material into the 
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desired shape prior to thermosetting. Therefore, the ionomer used throughout this study of filler 

reinforcement is the allylimidazolium bromide derivative of BIMS, IMS-AlImBr. 

Note that the oligomerization-based curing process increases a compound’s modulus at a rate of 

the peroxide initiator breakdown. The contribution of the ionic network to modulus, as well as that 

provided by a reinforcing filler, do not vary throughout the curing process based on constant 

temperature. As such, plots of storage modulus versus time that are generated at a fixed temperature 

reflect crosslink density alone.  Key features of these plots include the difference between the ultimate 

storage modulus and its initial value, which reflects the covalent crosslink density and the rate of storage 

modulus evolution, which is needed to design an efficient compression molding process.  

Filled compounds are expected to have a final modulus that increases in proportion with the 

amount of incorporated filler. However, the filler’s effect on cure reactivity is more challenging to 

predict due to the potential for quenching of radical intermediates to form termination products and/or 

radicals that do not readily support allyl group oligomerization [35] [36]. Note that macroradicals are 

derived from the reaction of initiator-derived alkoxy and methyl radicals with allylic functionality. This 

can involve radical addition to the C=C bond and H-atom abstraction from allylic methylene groups.  

Quenching by reactive functionality within carbon black and graphite at reaction rates that are 

competitive with ionomer can stunt the crosslinking process. While this could provide better filler-matrix 

interaction, it would come at the expense of cure extent.  

IMS-AlImBr composites were prepared through solid state chemical modification of BIMS using 

1-allylimidazole as described in 2.2.1. The resulting ionomer composites were subjected to peroxide-

initiated crosslinking within an oscillatory shear rheometer as described in 2.2.2. The observed cure 

responses are plotted in Figure 3-1.  
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Unfilled IMS-AlImBr crosslinked with dynamics that are consistent with the first order 

decomposition kinetics of dicumyl peroxide.  This initiator has a half-life of 6 min at 160 °C, with a cure 

time of 30 min increasing the storage modulus by 100 kPa. This extent of curing for an unfilled 

compound serves as a baseline for assessing the influence of filler systems. The presence of varying 

amounts of MG, FG or CB did not affect the first-order cure dynamics that are intrinsic to the initiator 

thermolysis [19].  That is, each composite crosslinked with essentially the same first-order time 

constant, irrespective of the filler presence as seen in the rate of increase in modulus.  This suggests that 

radical quenching by these fillers is not problematic.  Were the fillers active radical traps, higher 

amounts in a compound would heighten their effect on cure dynamics. 



 

21 
 

 

Figure 3-1: Cure profile of various filled IMS-AlImBr composites at 160 °C, 3° arc, 1 Hz, [DCP] = 18 
µmol/g·polymer (a)MesografTM, b) flaked graphite, c) carbon black. 

 The change in storage modulus (G’=G’max – G’min) recorded for each composite reflects the 

extent of ionomer crosslinking as well as the intensity of interaction between the filler and the newly-

established covalent network. Each of the filler systems used in IMS-AlImBr raised the initial modulus 

(G’min) of the ionomer, as expected of a reinforcing additive. The fillers also increased the final modulus 

(G’max) recorded for each composite, as illustrated by the G’ data plotted in Figure 3-2. Clearly, none of 

a) 
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the fillers stunted the extent of crosslinking, as every composite demonstrated a G’ greater than the 

100 kPa observed for the unfilled system.  However, significant differences in final material stiffness 

were observed between the three fillers, with G’ values increasing in the order of MG< CB<FG. It is 

important to note the values presented in Figure 3-2 are from single runs with no replicate due to the 

limited supply of raw materials. 

 

Figure 3-2: Storage modulus change (G’) of cured IMS-AlImBr composites (160 °C, 3° arc, 1 Hz) 

Carbon black is the filler used throughout the rubber industry, due to its favourable cost and 

performance characteristics.  As such, it is the benchmark of this study, and the G’ data plotted in 

Figure 3-2 are consistent with expectations, with the extent of thermoset reinforcement being 

proportional to CB loading [37]. This indicates that CB is readily dispersed and distributed throughout 

the ionomer matrix during conventional compounding [1].  Although the highest amount of filler used in 

this study, 15 phr, is at the low end of the range used in most industrial products, it is appropriate for 

studies of intrinsic filler dispersibility.  
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The behaviour observed for the FG system illustrates an issue with layered carbonaceous fillers, 

limited incorporation to the polymer. The flaked graphite outperformed CB at the 1 phr and 5 phr 

loadings, providing G’ values well in excess of its benchmarks. This is evidence of good FG dispersion, 

which heightens the interfacial area between the ionomer and filler particles, such that improved 

reinforcement is realized.  However, the 15 phr FG composite barely outperformed the CB benchmark, 

suggesting that the efficacy of batch compounding diminishes as the flaked graphite content is 

increased. One possible explanation for this is saturation of the polymer-filler interactions within the 

composite. This would lead to increased filler loading adding filler-filler interactions which, as discussed 

in 1.1, is the basis of graphite pencil marking through interlayer slipping. 

The challenge in dispersing graphite-based fillers is further demonstrated by the MG filler 

system, whose reinforcement potential matched CB at the 1 phr level, but failed to provide substantial 

improvements at the 5 phr and 15 phr levels.  The relatively poor incorporation of MG stems, in part, 

from the low bulk density of this expanded graphite material, which makes it difficult to charge to a 

batch mixing device, and forces its addition to the compound in aliquots during the compounding 

process. It is unclear from the manufacturer regarding the possibility of MG to undergo exfoliation 

through shear mixing operations used in this study. This information would provide an explanation for 

the low reinforcement observed using MG filler. Samples were found to have even colouration, 

consistent with good distribution, while dispersion cannot be observed without advanced imaging. No 

imaging was performed on these samples due to time constraints. Clearly, this staged mixing process 

was relatively ineffective, as high MG loadings provided no tangible change in the final modulus of the 

composite.  

3.2.2 Progressive Strain Analysis 

Measuring the dynamic shear modulus of an elastomeric composite from low to high oscillatory 

strain amplitude provides insight into the state of filler aggregation. If particles interact with one 
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another directly, the resulting filler-filler network can provide significant reinforcement at small strains.  

However, this stiffness recedes at higher strains where particle-particle interactions are broken down. 

Although such filler networks are undesirable in cured rubber compounds, being referred to as “boardy” 

compounds, they can be valued in applications that require electrical conductivity, for which the 

percolation of a carbonaceous filler is the desired state of filler dispersion.   
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Figure 3-3: Strain sweep of cured MS-AlImBr composites at 100 °C,  0.1 Hz; [DCP] = 18 µmol/g·polymer 

Payne et al. showed that composites that contain a network of filler particles provide a constant 

modulus value at low strains, but demonstrate a yield point when this network is disrupted [1, 2]. The 

so-called Payne effect is examined by measuring the dynamic modulus as a function of ever-increasing 

strain amplitude, and is frequently examined for a series of compounds that contain different amounts 

of filler [38]. The responses of cured IMS-AlImBr  composites to increasing oscillatory angles (0.1° to 5°) 

are plotted in Figure 3-3.  
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 The unfilled vulcanizate serves as the baseline of a Payne analysis of its filled analogues. As 

expected, the storage modulus of the unreinforced material was relatively low, with 280 kPa at an 

oscillatory arc of 0.1°. The storage modulus declined when the material was subjected to strains greater 

than 1° arc, reaching a value of 255 kPa at 5°.  This is the inherent response of the hybrid ionic/covalent 

network within cured IMS-AlImBr, to which the behaviour of filled composites is compared. 

The carbon black samples show a progressive increase in storage modulus with increasing 

amounts of filler (Figure 3-3c), as expected from the cure rheology data presented in Figure 3-1.  The 

shear sensitivity of the 1phr and 5phr CB samples mirrored that of the unfilled ionomer, which indicates 

a lack of filler aggregation.  However, the modulus decline in the 15phr sample was the most significant 

change observed in this study, falling from a high of 560 kPa to a low of 440 kPa over the applied shear 

strain amplitude. This is consistent with an aggregated filler network.  In contrast, data acquired for the 

cured MesografTM and flaked graphite suggest that filler-polymer interactions dominate over filler-filler 

interactions, with flake graphite showing higher magnitudes of filler-polymer interactions. For both filler 

systems, the decline of storage modulus with shear strain mirrored that of unfilled IMS-AlImBr.  

3.2.3 Frequency Sweeps 

The properties of viscoelastic materials depend on the frequency of the applied oscillatory 

strain. Low frequency measurements on the order of 0.1 Hz provide greater opportunity for stress 

relaxation through large-scale mobility of polymer chain segments. Higher frequency measurements, on 

the order of 10 Hz, limit the time available for this type of response, forcing the material to respond with 

short-range changes to polymer chain conformation. The exact response of a composite to a frequency 

sweep experiment is dependent on its characteristic relaxation time(s), which are, in turn, a function of 

polymer composition, crosslink network density, and polymer-filler interactions.  Therefore, frequency 

sweep data were acquired for the various IMS-AlImBr composites to further define the nature of their 

filler distribution. The acquired data are plotted in Figure 3-4.   
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Figure 3-4: Frequency sweep of cured IMS-AlImBr composites at 100 °C,1° arc; [DCP] = 18 
µmol/g·polymer 
 

 

As expected, all of the materials tested showed higher stiffness with increasing oscillation 

frequency. Differences between composites echoed those observed in the rheology studies described 

above. This includes the reinforcement provided by MG being the lowest and the reinforcement 
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provided by FG being noticeable at low loadings, but its effects diminishing strongly at the 15 phr level.  

In contrast, the CB system showed the highest extent of reinforcement at 15phr. The consistency 

between cure rheometry, progressive strain analyses and frequency sweep experiments provides 

confidence in the insights generated to this point in the study. 

 

3.2.4 Temperature Sweeps 

The response of cured elastomeric ionomers can differ substantially from non-ionic materials, 

owing to differences in the types of crosslink networks. Peroxide-cured IMS-AlImBr samples contain a 

covalent network of carbon-carbon bonds and an ionic network comprised of aggregated imidazolium 

bromide functionality.  Covalent networks are thermally stable, and respond to increasing temperature 

with a greater restorative force, due to entropy-driven mechanism of chain elasticity [39].  On the other 

hand, the strength of ion pair associations declines with temperature, resulting in a loss of this network 

contribution as the material temperature is increased. [25].  This complex response is further impacted 

by incorporation of filler, which interacts with both the covalent network and the ionic network.  

The response of the cured ionomer composites to cooling from 200 °C to 100 °C is illustrated in 

Figure 3-5. The storage modulus of the unfilled vulcanizate declined significantly with increasing 

temperature, indicating that the covalent network established by the allylimidazolium functionality was 

less extensive than previous studies of vinylimidazolium-based ionomers. Ozvald’s studies of 

vinylimidazolium bromide derivatives of BIIR showed that the modulus of these cured, unfilled ionomers 

was not sensitive to temperature, as the strengthening of the covalent network is offset by a loss of 

strength in the ionic network [14].  The unfilled IMS-AlImBr material used in the present work becomes 

significantly weaker over the same temperature range, presumably due to the reduced reactivity of allyl 

groups in the radical oligomerization cure compared to vinyl groups. 
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Figure 3-5: Temperature sweeps of cured IMS-AlImBr composites at 3° arc and 1 Hz [DCP] = 18 
µmol/g·polymer 

 

For each of the filled ionomer samples, the temperature response of the storage modulus to 

temperature paralleled that of the unfilled material.  Therefore, while the carbonaceous fillers provide 

reinforcement to the cured ionomer, the resulting polymer-filler interactions are not affected by 
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temperature to the point where finite differences in composite properties are observable. This is true 

for the unstructured CB system, as well as the graphitic MG and FG fillers.  As noted previously, CB 

provided the highest and most predictable reinforcement potential of the three filler materials. 

3.2.5 Static Tensile Analysis 

Static tensile analysis involves measuring the force required to lengthen a polymer sample at a 

steady extension rate.  The force data are normalized by the sample cross-sectional area (8 mm2) to 

provide the engineering stress, while the applied extension is normalized by the initial sample length 

(78.74 mm) to provide the engineering strain.  The data acquired in this work were acquired at room 

temperature at a fixed strain rate of 0.1 s-1 .  The values plotted in Figure 3-6 are the average of 5 test 

specimens, and include the initial slope of the stress-strain curve (Modulus, MPa), the stress at which 

the sample broke (Tensile Strength, MPa) and the extension at which this failure occurred (Elongation at 

Break, mm). 
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Figure 3-6: Tensile analysis of cured IMS-AlImBr composites at extension rate of 500 mm/min, 5 
replicates, ASTM D4482 dog-bone cutter 
 

As was done in the dynamic rheology analysis, the unfilled cured ionomer was used as a 

benchmark to which the various cure systems were compared. Incorporating a reinforcing filler typically 

raises modulus and tensile strength, while decreasing elongation at break. This behaviour was observed 

for all three systems with the extent depending on the nature of the filler and its dispersion in the 

polymer matrix. A deviation from the typical trends is the tensile strength data in Figure 3-6b, showing 

three different responses to filler loading. The CB composites increase in tensile strength, MG with a 
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plateau response and FG with a drop followed by increase, all with respsect to increasing filler loading. 

The differences in response are attributed to the dispersion of the filler and the resulting polymer-filler 

interactions. The modulus of cured compounds was impacted most by CB, followed by FG and MG, 

which is consistent with trends observed in the rheology work. Moreover, the CB composites produced 

material failure characteristics that were consistent with expectations, in that the tensile strength 

increased while the elongation declined as the CB content was raised.  

MesoGrafTM exhibited the poorest reinforcement potential of the three fillers, having the least 

influence on modulus, tensile and elongation characteristics. The flaked graphite system was 

intermediate between CB and MG, although it produced lower elongation at break values than 

expected, especially for the 15 phr composite. This decreasein performance is most emphasized at the 

1phr loading of both graphitic composites (MG and FG) in Figure 3-6b. This may result from poor filler 

dispersion, yielding large particles that cause the material to fail prematurely.  It performed in 

accordance with expectations for the 1 phr and 5 phr samples.  However, the FG system produced a very 

low elongation at break when applied at the 15 phr level, presumably due to poor dispersion.  

3.2.6 Conductivity 

Carbonaceous fillers are capable of providing electrical conductivity to a composite if a sufficient 

number of particles is dispersed in the polymer such that a continuous filler-filler network is established.  

Each of the three fillers tested holds potential for conductivity, layered structures are analogous to 

graphene while the carbon black selected is labeled as a static-discharge aid. However, the data 

discussed to this point suggests that such a particle network does not exist.  Recall that the Payne 

analysis showed no signs of network yielding, and the tensile modulus values were not excessive as 

would be expected for a “boardy” compound.   

Conductivity measurements on all the composites showed no improvement relative to the 

unfilled vulcanizate, indicating a lack of a conductive filler network. No vulcanizate sample registered 
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any non-zero values on the Autolab used for chrono potentiometry.  Clearly, the relatively small amount 

of fillers, combined with their distribution through the material, prohibited the formation of the 

required particle-particle interactions. The potential for generating a different filler distribution pattern 

using emulsified intermediates is presented in the following chapter.   

3.3 Conclusion 

Dynamic rheological analysis, coupled with static tensile data, indicate that carbon black 

provides superior reinforcement to an ionomeric elastomer when compared with graphitic fillers using 

conventional compounding methods.  The low bulk density of MesoGrafTM caused particular issues 

during the compounding process that limited its efficacy for this elastomer system. Flaked graphite 

showed intermediate performance when compared with the other fillers, however featured increased 

storage modulus at low filler loadings relative to carbon black. 
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4 BIMS-based Ionomer Latex  

4.1 Introduction 

The composites described in Chapter 3 describe conventional compounding of a filler within an 

IMS ionomer matrix. This chapter describes attempts at using an ionomer latex to generate a network of 

filler particles that provide electrical conductivity. This oil-in-water latex was designed to encourage the 

aggregation of a filler at the oil / water interface, such that film casting and drying confines the filler 

within interstitial voids between rubber particles. The coalesced film can be peroxide-cured to yield a 

thermoset that contains a continuous particle network.  

The elastomer used in this study was the vinylimidazolium bromide salt of BIMS, IMS-VImBr, 

whose high cure reactivity requires relatively little peroxide initiator to reach full conversion [14, 19].The 

surfactant chosen to stabilize the emulsion was vinyldodecylimidazolium bromide, commonly called a 

surfmer due to its dual reactivity as a monomer and a surface-active compound.  It is designed to co-

oligomerize with IMS-VImBr in cast films of the emulsion, thereby binding the surfmer to the polymer 

matrix and preventing its leaching from the final cured article [15]. 

The fillers used throughout this study were graphene oxide (GO), chosen for its dispersibility in 

water, and its chemical derivative, reduced graphene oxide (rGO), chosen for its high electrical 

conductivity. By confining GO to the oil-water interface in an emulsion and then reducing it to rGO, it is 

hoped that the aggregated filler will provide the network required for electrical conductivity in the 

composite. The experimental program detailed below includes independent analyses of GO-filled and 

rGO-filled composites of cured IMS-VImBr latex material. 

Studies of each filler system included an unfilled material that served as a control, a filled 

material prepared by film casting, and a filled material prepared by film casting and milling on a two-roll 

mill. Subjecting a filled ionomer to the high shear of a mill disturbs the aggregated filler condition that is 
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established by the latex process, yielding a filler dispersion and distribution that is similar to the 

conventionally mixed compounds described in Chapter 3.  By comparing the product of film casting to 

that of film casting + milling, insight into the state of the filler network can be gained. 

The techniques used to characterize these five types of sample (unfilled, film-cast and milled 

variations of GO and rGO composites) include all of the methods employed in Chapter 3.  This cure 

rheology to monitor the dynamics and yields of the peroxide-initiated crosslinking process and 

progressive strain analyses to identify particle-particle networks, as well as frequency and temperature 

sweeps to assess the influence of each filler and filler distribution on material properties.   

 

4.2 Results and Discussion 

IMS-VImBr was prepared by the N-alkylation of vinylimidazole with BIMS as previously described 

[19]. The ionomer was dissolved in a mixture of hexanes/hexanol to produce a cement of reasonable 

viscosity. Vinyldodecylimidazolium bromide was prepared as previously reported [32] and dissolved in 

water to produce the required aqueous phase. The two phases were combined in a shearing stand mixer 

at high rpm to produce an oil-in-water emulsion.   

4.2.1 GO Filled Latex Analysis 

The artificial latex described above was mixed for 5 min with an aqueous dispersion of GO using 

an impeller to provide relatively low-energy stirring . This material was cast into thin films and allowed 

to dry to constant weight. The dried films were solution-coated with a measured amount of DCP 

dissolved in acetone (18 µmol/g·polymer) and left for the acetone to evaporate. These peroxide-loaded 

films were folded to fit within the rheometer chamber and subjected to the dynamic rheology tests 

described in 2.3.5. Milled samples underwent identical treatment with 10 passes through a two-roll mill 

prior to this analysis. The data collected for GO samples is plotted in Figure 4-1. 
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Figure 4-1: Summary of DMA results for GO filled IMS-VImBr latex samples, cast and milled. a) Cure 
profiles at 160°C, 3° arc, 1Hz, [DCP] = 18 µmol/g·polymer. b) Strain sweep conducted at 100°C and 0.1Hz. 
c) Frequency sweep conducted at 100°C and 1° arc. d) Temperature sweep conducted at 3° arc and 1Hz. 

 

The unfilled material cured rapidly and extensively under the action of DCP, as evident from a 

storage modulus increase from 60 kPa to 490 kPa over 30 min at 160°C (Figure 4-1a).  This is 
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considerably greater reactivity than the allylimidazolium ionomer described in Chapter 3 (Figure 3-1). 

Surprisingly, the GO sample demonstrated significant evidence of filler reinforcement, despite the 

intention of localizing particles as opposed to dispersing and distributing them uniformly throughout the 

polymer matrix.  Subjecting the GO composite to mill mixing had the expected effect, increasing the 

extent of filler reinforcement by improving dispersion.   

The response of cured IMS-VImBr to progressively increasing strain amplitude was more 

pronounced than for cured IMS-AlImBr, presumably due to vast differences in covalent network density 

(Figure 4-1b).  The presence of GO increased the storage modulus of the cured materials, but did not 

affect their strain sensitivity in a manner that suggests an extensive particle-particle network, even in 

the unmilled composite. In fact, the observed decline in G’ was less for the GO-filled vulcanizate than for 

the unfilled system.   

While the frequency sweep data plotted in Figure 4-1c are expected, the temperature sweep 

results are quite unexpected (Figure 4-1d).  The modulus of the unfilled material increased significantly 

with temperature, apparently due to the dominance of the covalent network over the ion aggregation 

network.  In contrast, the modulus of the unmilled GO sample was relatively stable across the 

temperature range of interest. Modulus values recorded for the unfilled ionomer and the unmilled GO 

composite approached one another quite closely at 200 °C, due to distinct differences in temperature 

sensitivity.  The origin of this difference is unclear, but its discovery is indicative of a complex interplay of 

covalent network, ionic network, and polymer-filler effects.   The milled GO composite was also 

relatively insensitive to temperature, suggesting that this interplay persists in a well-dispersed system.    

4.2.2 rGO Filled Latex Analysis 

rGO samples were prepared using identical steps to GO samples, wherein after mixing of the 

GO, phenylhydrazine was added and stirred for an additional 5 min. The intention was to chemically 

reduce oxygen-based functionality of GO to transform the filler into a closer approximation to graphene, 
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which is known to provide good electrical conductivity [5, 40]. Physical properties of the resulting film-

cast and film-cast + milled materials are illustrated in Figure 4-2. 

 

Figure 4-2: Summary of DMA results for rGO filled IMS-VImBr latex samples, cast and milled. a) Cure 
profiles at 160°C, 3° arc, 1Hz, [DCP] = 18 µmol/g·polymer. b) Strain sweep conducted at 100°C and 
0.1Hz. c) Frequency sweep conducted at 100°C and 1° arc. d) Temperature sweep conducted at 3° arc 
and 1Hz 

The cure reactivity of the rGO formulations presented below those of their GO analogues, 

presumably due to the effect of phenylhydrazine and/or its residues on the peroxide initiation process.  
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As such, a direct comparison between these fillers is invalid, as is the use of the unfilled benchmark 

material used in the GO study described above.  It is interesting to note the greatly increased properties 

of the milled rGO material relative to the unmilled material in terms of final storage modulus.  After 

milling, the rGO filler network is distributed among the material, better providing reinforcement across 

all temperatures. 

The initial motivation for a latex system is the ideal segregated filler network to allow for a 

continuous path of conductive filler, imparting electrical properties to a flexible material. The 

expectation is, therefore, that a cast film will exhibit conductive behaviour if the loading is sufficient to 

produce a percolated condition, and the composite synthesis succeeded in generating a continuous 

network.  

Despite the segregated network formed, none of the latex composites showed conductivity. This 

can be attributed to the excessive resistive properties of the isobutylene-rich backbone within the 

polymer matrix. Due to the high resistive barrier, a larger filler loading, or a more conductively 

compatible polymer matrix selection is required, necessitating reformulation of the emulsion procedure.  

4.3 Conclusion 

Within the latex dispersion samples a segregated filler network was formed. This network did 

not provide sufficient conductivity for the sacrificed mechanical properties. Upon milling, the latex films 

are well mixed to provide a much more suitable filler network for mechanical properties, as expected. 

Further improvements can be made in way of a higher filler content or less resistive polymer matrix. An 

expansion within this study would be to confirm the milling impact on curing properties, through 

variation of milling extent. 
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5 Future Work 

This work has provided insight into the interactions of carbon black, flaked graphite and 

MesografTM with an isobutylene-rich, ionic-functionalized elastomer. This insight can be furthered 

through the expansion of analytical tools used, such as scanning electron microscopy (SEM) or 

transmission electron microscopy (TEM), toprovide an understanding of the physical system which has 

been analysed here using rheology. In addition to these analytical tools, a variation within the current 

rheological methods could allow for better understanding of the underlying filler-matrix and filler-filler 

interactions. This can be achieved through something as simple as the order of analysis used providing 

such as temperature sweeps before frequency or strain sweeps to determine any thermal relaxation 

impact on the composites. The latex analysis could be expanded upon with higher filler loadings, which 

requires a new method of incorporation. The use of an aqueous GO dispersion creates an obstacle with 

regard to the limited stability of the latex studied here. This could be remedied by concentrating the GO 

dispersion prior to use or possibly attempting a form of in-situ delamination of another graphitic filler. 
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