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Summary 

 

Dielectric elastomers are of great interest for actuation and energy harvesting devices 

due to their ability to transduce mechanical energy input to electrical energy and vice 

versa. The dielectric elastomer generators can be designed for harvesting waste 

mechanical and vibration energy from automotive vehicles and converting to electrical 

energy to power the wireless sensors. This is to reduce the use of copper cabling and 

batteries, therefore to achieve smart and sustainable operation systems. 

The electroactive properties of dielectric elastomers are related to the relative 

permittivity, electrical breakdown strength and Young’s modulus, although secondary 

factors such as dielectric loss (tan δ), strain at break and cycle lifetime can influence 

the performance of the materials and devices. Whilst dielectric elastomers have 

intrinsically high breakdown strength and good deformability as compared to 

dielectric ceramics, typically their relative permittivity is low (2~3), impacting the 

charge that can be stored within the elastomer during an energy harvesting cycle. To 

enhance the relative permittivity, both intrinsic and extrinsic modification approaches 

are investigated in a number of commodity elastomers in this work.  

Firstly, an unsaturated styrenic block copolymer of styrene-butadiene-styrene (SBS) 

was selected, which is a type of thermoplastic elastomer that are widely applied in 

industry. A number of polar groups were chemically grafted to the polymer backbone 

via a one-step thiol-ene ‘click’ reaction under UV light at ambient conditions. The 

grafting of polar groups enhanced the electromechanical properties of the elastomers, 

as well as enabled autonomous self-healing behaviour at room temperature. The 

mechanisms were investigated from the aspects of polar group types, grafting ratios, 

intra- and inter-molecular interactions.  

Three types of polar groups: methyl thioglycolate (MG), methyl-3-

mercaptopropionate (M3M) and thioglycolic acid (TG) were selected for grafting 

modification of SBS.  The M3M grafted SBS elastomers demonstrated higher self-

healing, strain at break, deformability and breakdown strength as compared to MG-

SBS,  due to the longer carbon chain of M3M. The grafting of TG introduced hydrogen 

bonding through carboxyl functionality into the modified SBS elastomers, which also 

introduced a temperature-dependent self-healing behaviour, giving rise to the potential 
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of using the elastomer for actuation or energy harvesting in higher temperature 

environments.  

MG-SBS showed enhanced relative permittivity and low tan δ loss, whereby the 

relative permittivity increased to 11.4, and was able to autonomously self-heal under 

room temperature conditions. Both M3M-SBS and MG-SBS exhibited excellent 

energy harvesting performances, whilst showing that they could be readily actuated 

and recover their actuation ability up to 85% after failure. Finite Element Modelling 

was used to demonstrate that defects in the elastomers acted as sites for initiation of 

breakdown, preventing the elastomers from recovering their electrical properties fully. 

Furthermore, styrene-butadiene rubber and polybutadiene were investigated and 

modified with both methyl thioglycolate and thioglycolic acid to enhance both the 

electrical properties and mechanical strength through hydrogen bonding. In addition, 

the grafting of a conducting polar group, TANI, to the backbone of SBS enhanced the 

relative permittivity of the elastomers while maintaining a flexible and stretchable 

nature. This was achieved due to the compatibility between the styrene block of SBS 

and tetraaniline via π-π stacking.  

Extrinsic modification of SBS and MG-SBS was investigated via melt compounding 

with polyvinylidene fluoride (PVDF) and multi-walled carbon nanotubes (MWCNTs). 

A third polymer, ethylene vinyl acetate (EVA), was introduced to improve the 

compatibility between SBS and PVDF. Significant enhancements in the relative 

permittivity of the PVDF/SBS/MWCNT composites were observed, whilst tan δ loss 

was suppressed after the first percolation threshold due to a dual-percolation behaviour 

at 1 wt% and 3 wt%. This was in addition to a rheological dual percolation behaviour 

at the same MWCNT weight fractions. 

Overall, this thesis presents a series of intrinsic and extrinsic modification pathways 

for dielectric elastomers and nanocomposites. The demonstrated facile and scalable 

approaches and self-healing dielectric elastomer actuators and energy generators will 

make contribution to smart and high performance soft devices applications. 
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In order of appearance in thesis: 

DEG   Dielectric elastomer generator 

DEA   Dielectric elastomer actuator 

PDMS   Polydimethylsiloxane 

EPDM   Ethylene-propylene-diene monomer rubber 

PVDF   Polyvinylidene fluoride 

SBS   Styrene-butadiene-styrene 

SEBS   Styrene-ethylene-butadiene-styrene 

SBR   Styrene-butadiene rubber 

PVDF-co-HFP Polyvinylidene fluoride-co-hexafluoropropylene 

PVDF-TrFE-CFE        Polyvinylidene fluoride-trifluoroethylene-chlorofluoroethlyene 

TiO2   Titanium dioxide 

BaTiO3  Barium titanate 

PZT   Lead zirconium titanate 

ZrO2   Zirconium dioxide 

EVA   Ethylene-vinyl-acetate 

MG-SBS  Methyl thioglycolate modified styrene-butadiene-styrene 

M3M-SBS Methyl-3-mercaptopropionate modified styrene-butadiene-

styrene 

MG/TG-SBS Methyl thioglycolate/thioglycolic acid modified styrene-

butadiene-styrene 

MG-SBR Methyl thioglycolate modified styrene-butadiene rubber 
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MG/TG-SBR Methyl thioglycolate/thioglycolic acid modified styrene-

butadiene rubber 

PB Polybutadiene 

MG-PB Methyl thioglycolate modified polybutadiene 

MG/TG-PB Methyl thioglycolate modified polybutadiene 

TANI Tetraaniline 

TANI-SBS Tetraaniline modified styrene-butadiene-styrene 

TANI-PB Tetraaniline modified polybutadiene 

MWCNTs Multi-walled carbon nanotubes 

GNPs Graphene nanoplatelets 

GO Graphene oxide 

rGO Reduced graphene oxide 

CCTO   Copper calcium titanate 

PHMS   Polymethylhydridesiloxane 

PVMS   Polyvinylmethylsiloxane 

LCE   Liquid crystal elastomer 

PANI   Polyaniline 

DMPA   2,2-dimethoxy-2-phenylacetophenone 

NMR   Nuclear magnetic resonance spectroscopy 

FTIR   Fourier transform infrared spectroscopy 

E-SBS   Epoxidised styrene-butadiene-styrene 

E-PB   Epoxidised polybutadiene 

GPC   Gel permeation chromatography 

UV-Vis  Ultra-violet visible spectroscopy 

DMTA   Dynamic mechanical thermal analysis 
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DSC   Differential scanning calorimetry 

SEM   Scanning electron microscopy 

AFM   Atomic force microscopy 

SAXS   Small angle X-ray scattering 

P-E loops  Polarisation-electric field loops 

Đ   Dispersity 

Mn   Number average molecular weight 

Mw   Weight average molecular weight 

FoMActuation  Figure of merit for actuation 

FoMHarvesting  Figure of merit for energy harvesting 

TPE   Thermoplastic elastomer 

HSQC   Hetereonuclear single quantum coherence spectroscopy 

HMBC   Hetereonuclear multiple bond correlation spectroscopy 
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1.1 The need for dielectric elastomers in actuators and energy harvesters in the 

automotive industry 

The efficiency and reduction of wasted energy during a vehicle lifecycle is actively 

pursued by automotive manufacturers to increase their desirability to consumers and 

to achieve the stricter emissions and efficiency regulations imposed onto them, 

particularly within Europe1 but also in Brazil, China and the USA.2-4 To achieve this, 

automotive manufacturers utilise a number of approaches including developing more 

efficient internal combustion engines or developing methods to reduce the weight of 

the vehicle, such as light weighting materials to replace current components.5 

However, each new generation of automotive vehicles uses more technology and 

sensors to develop driver aids, semi-autonomous functionality and fully autonomous 

vehicles,6-8 see Figure 1.1. Overall, this improves the smartness, driving comfort and 

convenience of the vehicle whilst reducing manufacturing costs, vehicle usage costs 

and improving their safety.6 

 

Figure 1.1 An example of the range of sensors and driving aids present in a smart, 

modern vehicle. Reproduced from INSIGHTS.9 

To power the smart features of an automotive vehicle, such as sensors, cameras and 

lighting, cabling is required from the battery. A wiring harness within a vehicle can 



Chapter 1  Introduction 

 

3  

 

weight up to 70 kg, be over a mile long and be one of the heaviest components of a 

car.10 The addition of more technology, sensors and lighting only adds to the weight 

of the wiring harness.  

Therefore, to reduce weight, increase efficiency and reduce cost, energy can be 

harvested from dielectric elastomer generators (DEG) within a vehicle. These can 

harvest waste mechanical and vibrational energy from the suspension, body panels 

and tyres, amongst other places.11 Dielectric elastomers are soft, high strain polymers 

and therefore have an increased suitability for this application compared to other types 

of energy harvesting devices such as piezoelectric energy harvesters. The energy 

harvested from a DEG could be stored in a battery and used to power localised sensors 

and lighting, and reduce the length of cabling, and therefore copper, required 

throughout the car. This saves weight, reduces the manufacturing cost and improves 

the efficiency of the vehicle.  

In addition, the elastomer used within the generator could be used inversely in a 

dielectric elastomer actuator (DEA). Energy applied to the material can induce a 

movement or change in shape, removing the need for heavy mechanical parts and 

motors in automated movement components such as wing mirrors or can be used for 

tactile displays within a vehicle.12 

However, before dielectric elastomers can be utilised in DEAs or DEGs, 

improvements in their electroactive abilities need to be realised first. Currently for 

energy harvesting, dielectric elastomers have a low energy harvesting efficiency, 15-

16%, whereas for both energy harvesting and actuation, operating voltages of 5 kV 

are commonly reported.13, 14 In addition to this, the low capacitance of dielectric 

elastomers, due to their typically low relative permittivity (2~3), means that DEGs are 

required to work in tandem with complementary technologies, such as batteries, for 

energy storage as dielectric elastomers cannot store enough energy themselves.  

1.2 Dielectric Elastomers 

Electroactive polymers such as dielectric elastomers are able to exhibit a mechanical 

response to an applied electric field,15, 16 or transduce mechanical energy into electrical 

energy upon mechanical deformation.17, 18 The chemical structures of polymers 
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determine the electromechanical properties, and large elastic deformations are 

required to ensure a repeatable, deformable and flexible behaviour.  

Common, commercially available dielectric elastomers include crosslinked silicone 

based polymers such as polydimethylsiloxane (PDMS) or ethylene-propylene-diene 

monomer rubber (EPDM) elastomers and uncrosslinked styrenic based elastomers, 

shown in Figure 1.2. For dielectric elastomers to be utilised successfully, key 

mechanical and electrical properties need to be optimised. Mechanically, a dielectric 

elastomer requires a high strain at break (> 200%), high tensile strength (> 2 MPa) but 

a low Young’s modulus (≈ 1 MPa) for easy deformability. Electrically, a high relative 

permittivity (> 10), low tan δ loss (< 0.05) and high electrical breakdown strength (50 

MV m-1) is required to ensure a large, efficient electric output or actuation response.16, 

19 The typical properties of some dielectric elastomers are shown in Table 1.1. 

As can be seen from Table 1.1, all elastomers are below the desirable relative 

permittivity of greater than 10. Commercially available acrylic based VHB 4905 has 

the highest relative permittivity for an elastomer of 4.6. Therefore, dielectric 

elastomers in their current state are not suitable to harvest enough energy in a dielectric 

elastomer, or actuate sufficiently without further modification. 

Other high permittivity polymers are available, most commonly utilised are 

polyvinylidene fluoride (PVDF) based, Figure 1.2. Their high polarity from fluorine 

groups on the polymer backbone give rise to a semicrystalline nature, through regions 

of crystallinity. A relative permittivity of 12 is commonly observed, although the 

composition of crystallinity affects this greatly.20 However, PVDF based polymers 

typically have a very low strain at break and are suitable for vibration based or low 

strain applications.21-23  
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Figure 1.2 Structures of different dielectric elastomers and semicrystalline polymers.  

Table 1.1 Summary of key electrical and mechanical properties for dielectric 

elastomers 

Material 

Relative 

permittivity 

(εr) 

Dielectric 

loss (tan δ) 

Electrical 

breakdown 

strength 

(MV m-1) 

Tensile 

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

Strain at 

break 

(%) 

SBS24 3.9 3.0×10-4 65 16.4 0.5 1350 

SEBS25, 26 2.5 5.0×10-4 25 27.1 25.4 518 

PDMS27, 

28 
2.5 2.0×10-4 80 1.1 0.9 200 

EDPM29 3.0 1.0×10-3 20 1.0 0.09 600 

VHB 

490524, 30-

34 

4.6 1.0×10-2 218 0.8 0.4 500 
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1.3 The key electrical and mechanical properties 

1.3.1 Relative permittivity and dielectric loss (tan δ)  

The relative permittivity (εr) of a polymer is related to the polarisation induced upon 

application of an applied field. Polarisation in a material is defined as the dipole 

moment per unit volume,35 as shown in equation 1.1: 

P =
∑d

V
   (1.1) 

 where P is the polarisation, d is the dipole moment and V is the volume. The two 

concepts are linked through equation 1.2:36 

P = ε0(εr − 1)E  (1.2) 

where ε0 is the permittivity of free space, εr is the relative permittivity which is the 

factor by which the permittivity of the material is different compared to the 

permittivity of free space and E is the electric field. The degree under which 

polarisation affects the relative permittivity is governed by the susceptibility, χ, 

defined in equation 1.3: 

𝜒 = 휀0(휀𝑟 − 1)  (1.3) 

and thus equation 1.2 can be rewritten as: 

𝑃 = 𝜒𝐸              (1.4) 

In a polymer, both structural factors and the polarisability of the polymer contribute 

to the relative permittivity of it. The polarisability of a material is defined in equation 

1.5: 

𝑑 = 𝜌𝐸  (1.5) 

where ρ is the polarisability of a material. The Clausius-Mossotti equation can be 

utilised for polymers to link relative permittivity, polarisability and structural 

components, as shown in equation 1.6:37 

𝜌𝑚 =
𝜀𝑟−1

𝜀𝑟+2
×

𝑀

𝐷
=

𝑁𝐴𝜌

3𝜀0
  (1.6) 

where ρm is the molar polarisability, M is the molecular weight of the repeating 

polymer unit, D is the density of the polymer and NA is Avogadro’s constant.  
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The overall polarisation, PT, present in a polymer is a combination of three types of 

polarisation, as shown in equation 1.7: 

𝑃𝑇 = 𝑃𝐸 + 𝑃𝐴 + 𝑃𝑂  (1.7) 

where PE is the contribution from electronic polarisation, PA is the contribution from 

atomic polarisation and PO is the contribution from orientation polarisation.  

All types of polarisation are affected at different frequencies of electric field. 

Orientation polarisation, also known as dipolar polarisation, is the alignment of 

permanent dipoles under an electric field to induce a net polarisation in a given 

direction. Prior to the application of an electric field, the dipoles are orientated in a 

random direction with an overall net zero as they continually change orientation due 

to thermal energy. Orientation polarisation is typically present up to the frequency 

range of 109 – 1012 Hz, although this can be lower for polymers. Furthermore, 

orientation polarisation is frequency dependent, see Figure 1.3. The contribution of 

orientation polarisation to overall polarisation is typically low, and thus under an 

electric field of 105 V mm-1, only 0.01% of the induced polarisation is from aligned 

dipoles.38 

Atomic polarisation arises from the distortion of the atomic nuclei arrangement, such 

as bond bending or twisting. Overall, atomic polarisation is 10% the strength of 

electronic polarisation and is typically present in electric fields below 1013 Hz.  

Electronic polarisation arises from the displacement of the electronic cloud from 

atoms in the polymer. It forms almost instantaneously, is temperature independent and 

is present until an applied field of 1018 Hz.39 

Finally, interfacial polarisation, also known as Maxwell-Wagner-Sillars polarisation, 

is present in low frequencies only. It can be present up to frequencies of 106 Hz, but 

in polymer composites it can relax in the region of 100 – 103 Hz.40 Interfacial 

polarisation arises due to trapped charges from impurities, inhomogeneity, voids and 

poor contact between the polymer and electrode.41 
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Figure 1.3 The effect of frequency on the types of polarisation present in a polymer 

and the relaxation peaks observed in the loss. Adapted from Bibi et al.42 

 The complex form of relative permittivity can be expressed to also express the 

imaginary part, the dielectric loss, in equation 1.8: 

휀∗ = 휀𝑟 − 𝑗휀′′  (1.8) 

where ε* is the complex permittivity, ε’’ is the dielectric loss and j is a constant. 

Relative permittivity and dielectric loss can be combined to calculate the loss tangent, 

tan δ, in equation 1.9: 

tan 𝛿 =
𝜀′′

𝜀𝑟
  (1.9) 

The dielectric loss is a combination of two processes in a real world dielectric. Firstly, 

the frequency dependent process arises from the inability of the polarisation to be 

completed fully in response to the electric field. When the relaxation time is faster than 

the change in the electric field, the contribution of this process to the dielectric loss is 

low. However, once the relaxation is slower than the change in the electric field, 

energy is absorbed and dissipated in the form of heat.37  

The second process is frequency independent and arises from losses attributed to a 

leakage current, and the long range movement of charge.43 

1.3.2 Electrical breakdown strength  

The mechanism of electrical breakdown in polymers is due to three different 

mechanisms: avalanche, thermal and electromechanical. These all occur fast, between 

10-9 – 10-3 s. Thermal breakdown occurs when the heat dissipated by the polymer 
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under an electric field is lower than the heat generated and the polymer is unable to 

achieve an internal thermal equilibrium. This is known as joule heating and is 

calculated using equation 1.10:39 

𝑄𝐽 = 𝐼2𝑅         (1.10) 

where Qj is Joule heating, I is current and R is resistivity. The increase of joule heating 

increases the rate of electron propagation, further increasing the heating of the polymer 

until a mechanical failure is observed. Electrical breakdown is more likely to occur 

when the polymer sample is thick, has high temperature, is placed under an electric 

field for a prolonged time period and has a high dielectric loss.37  

Avalanche breakdown typically happens at low temperatures, where electrons under 

the influence of an electric field accelerate and ionise the polymer via collisions, 

generating more electrons to propagate the electron avalanche.44, 45  

At high temperatures, electromechanical breakdown is the typical breakdown 

mechanism. This is because the polymer softens and exhibits reduced mechanical 

strength. Under an applied electric field, Maxwell’s pressure decreases the thickness 

of the polymer due to the electrostatic force between the electrodes. This increases the 

internal electric field in the polymer, increasing the Maxwell’s pressure and 

propagates until mechanical failure of the polymer.44, 45 

Typically, electrical breakdown in polymers is the result of a combination of 

breakdown mechanisms and not exclusively one pathway.  

1.3.3 Energy storage in polymers 

The capacitance, C, of a polymer is related to the relative permittivity and as well as 

its physical state, given by equation 1.11: 

𝐶 = 휀𝑟휀0
𝐴

𝑡
  (1.11) 

where A is the area and t is the thickness of the polymer. In a linear dielectric material, 

the theoretical energy density, Ud, can be described using equation 1.12: 

𝑈𝑑 =
1

2
휀0휀𝑟𝐸𝑏

2  (1.12) 
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where Eb is the electrical breakdown strength of the material. However, DEG devices 

are not operated under the voltage of the electrical breakdown strength, nor do they 

retain the same size or thickness throughout. Therefore, to calculate the energy stored 

in a polymer capacitor during an energy harvesting cycle, W, equation 1.13 is used: 

𝑊 = 0.5𝐶𝑉2 = 0.5휀𝑟휀0𝐴𝑡𝐸2  (1.13) 

where V is the applied voltage. As seen from equation 1.13, the applied electric field 

is a squared value in the equation, whereas relative permittivity is linear. Reducing the 

applied electric field due to a decreased breakdown strength of the polymer has a large 

effect on the harvested energy. Therefore, it is important to maintain a high breakdown 

strength alongside increasing the relative permittivity of a polymer for energy 

harvesting. 

1.4 Polymer (nano)composites 

Compositing of a polymer matrix to enhance the relative permittivity has been 

investigated with a wide variety of nanofillers. The fillers used can be separated into 

two categories: electrically conducting nanoparticles and high-permittivity 

nanoparticles.19 Fillers typically act to reinforce the mechanical properties, increasing 

the tensile strength and Young’s modulus whilst decreasing the strain at break.46 

Electrically conducting nanoparticles include carbon nanotubes,47-49 graphene50-53 and 

metallic particles such as titanium dioxide (TiO2).
54-56 In a polymer matrix, electrically 

conducting nanoparticles behave as microcapacitors when at low filler loadings to 

store charge and enhance the relative permittivity of the polymer matrix. As the filler 

loading is increased, the number of microcapacitors increases further enhancing the 

relative permittivity.57 As the percolation threshold approaches, the relative 

permittivity increase is more pronounced, Figure 1.4. For carbon nanotubes, the lowest 

reported percolation threshold was 0.07 wt% solution mixed into an EPDM based 

polymer.58 

However, as the percolation threshold is approached for the nanocomposite, the 

distance between the electrically conducting nanoparticles decreases and localised 

conduction pathways form as well an increase in interfacial defects.59 This leads to an 

increased leakage current and dissipates the stored energy in the form of heat, leading 

to an increased dielectric loss.60 This also reduces the electrical breakdown strength of 
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the polymer nanocomposite due to their high permittivity creating an inhomogeneous 

field within the composite.16, 60, 61 

 

Figure 1.4 Schematic graph for the behaviour of the relative permittivity as the filler 

content increased. Reproduced from Yuan et al.62 

However, due to poor interfacial compatibility between electrically conducting fillers 

and the polymer matrix, issues with agglomeration and dispersion are prevalent, 

especially in melt mixing approaches compared to solution mixing approaches. This 

is because it is less preferable for the filler to interact with the polymer matrix, thus 

the fillers tend to agglomerate and remain together via electrostatic forces. This means 

that more electrically conducting filler is added to the composite to enhance the 

electrical properties to desired level for the application. However, adding more 

electrically conducting filler can be detrimental to the mechanical and electrical 

properties63 and increases the cost of production for the composite.  

Alternatively, high permittivity ceramic nanoparticles can be added into a polymer 

matrix. These include particles such as barium titanate (BaTiO3),
64, 65 lead zirconium 

titanate (PZT)66 and zirconium dioxide (ZrO2).
67, 68 BaTiO3 has a relative permittivity 

of over 100069 and the insulating nature of ceramic nanoparticles arises from a high 

band gap for electron promotion. However, a high filler content is required in order to 

increase the permittivity, in some examples up to 80 wt%. This significantly affects 

the flexibility and strain at break of the nanocomposite. Furthermore, the high 

permittivity particles also disrupt the homogeneity of the electric field within a 

polymer nanocomposite and induce electrical breakdown at a lower applied field.19  
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Therefore, the introduction of extrinsic nanoparticles into polymers to form 

nanocomposites is accompanied by numerous challenges and difficulties, summarised 

in Figure 1.5. 

 

Figure 1.5 The different routes to create high permittivity nanocomposites via the 

addition of extrinsic fillers. Reproduced from Ellingford et al.19 

1.5 Working mechanisms of dielectric elastomer actuator and generator 

For DEGs, a four step energy harvesting cycle exists as the working mechanism to 

convert mechanical energy into electrical energy. In the first step, the dielectric 

elastomer is in the resting, unstrained state and a low resting voltage is applied. Next 

the dielectric elastomer is stretched under a mechanical deformation, increasing the 

capacitance due to an increased area and reduced thickness, see equation 1.11, and 

increasing the stored elastic energy within the elastomer.  

After this, the applied voltage to the DEG is increased from its resting voltage to its 

harvesting voltage, which is below the electrical breakdown strength of the dielectric 

elastomer. This induces charges at the surface of the dielectric elastomer at the 

interface between it and the compliant electrodes. The mechanical deformation 

applied to the DEG is removed, allowing the dielectric elastomer to return to its 
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unstrained state. This decreases the capacitance of the dielectric elastomer as the 

thickness increases and area decreases, increasing the voltage at the surface of the 

elastomer, as seen by equation 1.14: 

𝑄 = 𝐶𝑉  (1.14) 

where Q is the charge in the elastomer. From equation 1.13, the increase in the voltage 

increases the electrical energy present in the dielectric elastomer, which can be 

harvested through discharging the device. A summary of the harvesting cycle is shown 

in Figure 1.6. 

 

Figure 1.6 Schematic diagram for the energy harvesting cycle of a dielectric elastomer 

generator. The difference between the voltage in step (2) and (3) is the harvested 

energy in step (4). Adapted from Ellingford et al.19 

Therefore, the dielectric elastomer used for a DEG device is required to 

simultaneously have a high relative permittivity and high electrical breakdown 

strength to boost the charge storage within the polymer for a given harvesting voltage, 

and to enhance both the maximum operating voltage of the DEG and the lifecycle time 

of the dielectric elastomer. Furthermore, the tan δ loss of the dielectric elastomer needs 

to be as low as possible to prevent losses by heat and ensure effective conversion of 

mechanical energy into electrical energy. Finally, an easily deformable, high elasticity 

material is required to be able to undergo repeated deformations and recover its 

dimensions and capacitance reliably.19, 70, 71 

For actuation in a DEA, a dielectric elastomer is placed between two compliant 

electrodes, with pre-strain applied to force the elastomer to actuate with a preferred 

directionality. Under an applied electric field, Maxwell pressure arises as a purely 
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electrostatic force from the positive and negative charges formed between the 

electrode and the elastomer surface. This reduces the thickness of the elastomer due 

to compression and increases the area of the elastomer in the in-plane direction.32 

Maxwell pressure is proportional to relative permittivity of an elastomer, and thus a 

larger relative permittivity increases the actuation performance of the DEA, see 

equation 1.15: 

𝜎𝑥𝑥 =
1

2
휀0휀𝑟𝐸2  (1.15) 

where σxx is the Maxwells pressure in a given direction. Furthermore, the strength of 

the applied electric field, and the Young’s modulus of the material also dictate the 

actuation response of the dielectric elastomer. 

1.6 Research objectives and thesis structure 

The aim of this thesis is to develop high permittivity dielectric elastomers which retain 

a high strain at break, low Young’s modulus, low tan δ loss; maintain or increase their 

electrical breakdown strength for actuation and energy harvesting applications. The 

relative permittivity of dielectric elastomers can be enhanced through both intrinsic 

and extrinsic polymer modification approaches. Chapter 1 explains the need for 

dielectric elastomer actuators and generators and key parameters associated with 

dielectric elastomers, such as relative permittivity, electrical breakdown strength and 

energy storage, to make them successful for the application.  

Chapter 2 investigates both intrinsic and extrinsic modification approaches to enhance 

the relative permittivity of dielectric elastomers and the effect that this had on their 

performance. Extrinsic modification investigates compositing through the 

introduction of conducting fillers or ceramic fillers whilst intrinsic modification 

investigates the modification of dielectric elastomers through polar groups, mesogenic 

groups and conducting groups.  

Chapter 3 summarises the experimental procedures for synthesis and characterisation 

of the dielectric elastomers presented in this thesis. In addition, the set up and 

procedure for investigating the actuation and energy harvesting properties of some of 

the dielectric elastomers is presented.  
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In this thesis, intrinsic modification of polymer backbones via grafting of polar groups 

and extrinsic modification approaches via the introduction of carbon nanotubes to a 

polymer matrix, and the combination of both intrinsic and extrinsic modification 

approaches, were investigated.  

Therefore, the routes undertaken to produce dielectric elastomers with high 

permittivity, high breakdown strength, high mechanical strain and low loss are 

discussed in Chapter 4-8, as shown in Figure 1.7.  

1. Chemical grafting methyl thioglycolate to an unsaturated styrenic block 

copolymer (SBS) to enhance its relative permittivity (Chapter 4). 

2. Introducing methyl-3-mercaptopropionate as an alternative polar group to SBS to 

adjust the electrical, mechanical and self-healing properties (Chapter 5). 

3. Introducing hydrogen bonding by grafting both methyl thioglycolate and 

thioglycolic acid to SBS for a high permittivity and self-healing dielectric 

elastomers (Chapter 6). 

4. Blending modified SBS with PVDF and carbon nanotubes flexible, stretchable 

high permittivity composites (Chapter 7). 

5. Modification of styrene butadiene rubber (SBR) and polybutadiene (PB) with 

methyl thioglycolate and thioglycolic acid to enhance the electrical properties and 

tailor the mechanical properties of the polymers (Chapter 8). 

6. Grafting electrically conducting tetraaniline to elastomers to enhance the relative 

permittivity (Chapter 8). 

Chapter 9 summarises the work presented in this thesis and provides a future 

perspective for developing high permittivity dielectric elastomers for actuators and 

generator devices.  
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Figure 1.7 Research pathway for high performance dielectric elastomers. 
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2.1 Introduction 

This chapter overviews the modification approaches of dielectric elastomers for 

energy actuation and generation applications. This chapter includes two sections. The 

first section investigates the extrinsic modification approaches to enhance the relative 

permittivity of dielectric elastomers by incorporation of conducting filler, ceramic 

fillers or blending with other polar polymers. The second section investigates the 

intrinsic modification of dielectric elastomers by chemical grafting of polar groups or 

electrical conducting groups to the elastomer main chains, and grafting of mesogens 

to produce liquid crystal elastomers. The introduction of polar organic groups or 

inorganic fillers enhances the polarity and relative permittivity of the polymers. In 

addition, the mechanical properties such as the Young’s modulus or strain at break 

and the electrical properties such as the electrical breakdown strength and dielectric 

loss also need to be considered in order to design high performance dielectric 

elastomers for actuation and energy harvesting applications.  

2.2 Extrinsic modification of dielectric elastomers 

Extrinsic modification of dielectric elastomers is classified into two different 

approaches. The first approach is the blending of different polymers to utilise 

advantageous properties for the polymer blend. The second approach is the addition 

of conducting or high permittivity ceramic nanoparticles into a polymer matrix to 

enhance its electrical properties. In addition to this, the configuration design of the 

composite can be considered to introduce multi-layered devices.1 A multi-layered 

structure can consist of stacked polymer layers between insulating/conducting or 

semicrystalline polymer/elastomer.2 Within this, the thickness and interface are key 

factors for the electromechanical properties of the device.3, 4 For the purposes of this 

literature review on extrinsic modification, the incorporation of conducting and 

ceramic fillers is discussed. For more information on multi-layered devices, please see 

the following review by Luo et al.3 

2.2.1 The addition of conducting fillers 

The addition of conducting fillers such as carbon nanotubes, graphene or metal 

nanoparticles into a dielectric elastomer matrix has the sole purpose of enhancing the 

relative permittivity. However, as mentioned in section 1.4, the direct addition of 
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nanofillers results in issues of agglomeration and dispersion due to poor interfacial 

compatibility between the filler and the polymer matrix.5 Furthermore, the tan δ loss 

typically increases, the electrical breakdown strength decreases and mechanical 

flexibility is reduced. The poorer electrical breakdown strength arises from an 

inhomogeneous electric field experience by the composite from the difference in the 

permittivity of the filler compared to the polymer. 

 

Figure 2.1 Modification of MWCNTs with a RAFT agent and a subsequent grafting 

from reaction to produce polyacrylonitrile and polydiurethane monoacrylate modified 

MWCNTs. Reproduced from Galantini et al.6 

To overcome this, different approaches are used within the literature to homogenise 

the electric field experienced by the composite and also reduce the dielectric loss from 

the addition of the fillers. One recent approach is to surface modify the nanofillers to 

introduce functional groups to interact more favourably with the polymer matrix. 

Galantini et al. surface functionalised multi-walled carbon nanotubes (MWCNTs) 

with a RAFT agent and grew polyacrylonitrile and polydiurethane monoacrylate on 

the MWCNTs in a grafting from polymerisation, shown in Figure 2.1. The 

functionalised MWCNTs were mixed into a polyurethane matrix and 1 wt% 

polydiurethane monoacrylate functionalised MWCNTs increased the relative 

permittivity to 7 whilst 5 wt% of polyacrylonitrile functionalised MWCNTs enhanced 

the relative permittivity to 9 and both retained a low dielectric loss. Therefore, the 

surface modification of these MWCNTs suppressed percolation, as unmodified 
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MWCNTs percolated at 1 wt%. Furthermore, a 1.1% transverse actuation strain was 

observed under a 5.5 V μm-1 electric field for 0.5 wt% of poly(diurethane 

monoacrylate) functionalised MWCNTs, whilst the pure polyurethane actuated 1.2% 

under an electric field of 7.5 V μm-1, showing that the electrical breakdown strength 

reduced after addition of MWCNTs but the electromechanical sensitivity of the 

composite increased.6 Quinsaat et al. demonstrated the advantages of encapsulating 

silver nanoparticles in insulating silica shells of differing thicknesses for enhancing 

the relative permittivity whilst simultaneously supressing the tan δ loss.7 Balancing 

the thickness of the shell was important as shells that are too thick prevent the filler 

from enhancing the relative permittivity of the polymer matrix, whereas too thin 

causes an insulator-to-metal transition for the filler and increases the electrical losses 

of the system.8  

An alternative to this is to surface functionalise the MWCNTs with small functional 

groups such as siliane or nitric acid. Up to 2 wt% of these modified MWCNTs were 

also added into a polyurethane matrix. This had the effect of strengthening and 

stiffening the mechanical properties, whilst also increasing the strain at break, 

however no explanation was given for this. Both types of functionalised MWCNTs 

increased the relative permittivity up to 9.5 at 103 Hz, and they suppressed the tan δ 

loss below 0.05 at 2 wt% addition. A tan δ loss of greater than 0.05 was observed for 

pristine MWCNTs.9 Silane modified MWCNTs were also mixed into a silicone 

elastomer using a solution mixing approach. An increase in relative permittivity from 

2.5 to 3.2 at 102 Hz was observed at 4 phr of silane modified MWCNTs addition, 

whilst the tan δ remained low.10 

A core-shell approach was utilised by Kohlmeyer et al. to modify the MWCNTs with 

an insulating shell. The simplest MWCNTs core-shell is based on hydroxyl groups 

and was used to develop a polydimethylsiloxane core-shell around MWCNTs. This 

reduced the tan δ loss whilst increasing the relative permittivity of a PDMS elastomer. 

It also delayed percolation of the carbon nanotubes from 2 wt% for pristine MWCNTs 

to 4 wt% for MWCNTs with a core shell of OH groups, and thus suppressed the tan δ 

loss in the region of 2 wt% – 4 wt% MWCNTs whilst an increase in the relative 

permittivity was observed.11 
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Nanosilica was used to form an insulating layer over carboxylated MWCNTs 

dispersed in natural rubber, Figure 2.2, through hydrogen bonding between the two. 

With 3 phr nanosilica decorated MWCNTs in natural rubber, the tensile strength 

increased from 21 MPa to 35 MPa and the strain at break remained high at 1306%. 

Percolation was observed at 2 phr of nanosilica decorated MWCNTs. Prior to 

percolation, the relative permittivity of the composite was 10.12 

 

Figure 2.2 Nanosilica decorated carboxylated MWCNTs. Reproduced from George et 

al.12 

An alternative approach is to utilise branched carbon nanotubes to modify a polymer 

matrix instead of linear nanotubes. The addition of 0.5 vol% branched carbon 

nanotubes resulted in a decreased tensile strength and strain at break from 27.5 MPa 

to 20 MPa and 1360% to 810% respectively. However, the relative permittivity of the 

elastomer increased from 7 to 13 at 103 Hz and a low loss was observed.13 

For a DEG device, a silicone elastomer composite crosslinked with a polar crosslinker 

and nanospring carbon nanotubes was devised. With 10 wt% addition of nanospring 

carbon nanotubes, the relative permittivity of the composite increased to 4.6 and had 

a low tan δ loss of 0.03. The composite was able to strain up to 270% and had a higher 

tensile strength than neat PDMS by 0.5 MPa. Furthermore, the electrical breakdown 
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strength of the composite remained high, failing under an electric field of 41 V μm-1. 

This was lower than for pure PDMS. The set-up of the DEG, where an electret was 

used to induce charge, is shown in Figure 2.3. As the DEG was stretched, the pleated 

electret sheet was forced to contact the PDMS composite film, inducing a charge. The 

elastomer composite was able to harvest 14.5 V under a 66% strain and had a 

theoretical maximum energy harvesting of 1.2×10-4 J.14 

 

Figure 2.3 Electret dielectric elastomer generator set-up using nanospring containing 

carbon nanotubes in a PDMS composite. Reproduced from Lee et al.14 

For graphene based nanofillers, there are a broad array of different types that can be 

utilised to enhance the relative permittivity of a polymer.15 Pristine graphene is an 

ideal material of single layer graphene which possesses a high conductivity from both 

a high charge carrier mobility and high charge carrier concentration.15 This means a 

single graphene sheet has a conductivity of up to 6×105 S m-1.16 However due to 

difficulty in its synthesis, this form of graphene is rarely used. Instead, graphene 

nanoplatelets (GNPs), graphene oxide (GO) or reduced graphene oxide (rGO) are 
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commonly utilised. Graphene nanoplatelets are an agglomerated form of graphene15 

but possess high conductivities if less than 50 nm thick.16  

GO is synthesised from the graphite to introduce a large array of oxygenation to the 

sheets in the form of hydroxyl groups, epoxides, alcohols, ketones and carboxylic 

acids,17 and has a significantly lower conductivity.18 Due to the high level of 

functionalisation, the graphene sheets are highly exfoliated and agglomeration is low. 

However, to enhance the conductivity of GO, it can be thermally or chemically 

reduced to form rGO. At low levels of reduction, the increase in conductivity arises 

from tunnelling and hopping between pristine graphene regions on the rGO sheet.15 

High levels of reduction form a percolated network between the graphene regions on 

the sheet to enhance conduction further.15, 19 

Recently, the use of GNPs in silicone rubber enhanced the relative permittivity up to 

8.4 and maintained a low dielectric loss of 1.35×10-2. Whilst no mechanical properties 

are reported in this study, the silicone elastomer was able to actuate 4.1 mm under an 

applied voltage of 2.5 kV.20 

The use of GO showed more promise in carboxylated nitrile rubber whereby either 

GO or dopamine coated GO were introduced into the polymer matrix. The mixing of 

0.5 vol% GO caused percolation within the rubber and increased the permittivity up 

to 171 whilst the dielectric loss increased to 1.33. Thus the rubber could only actuate 

1.7% under a 1 kV mm-1 electric field. However, by coating the GO in insulating 

polydopamine, the permittivity decreased and the dielectric loss was suppressed upon 

a thicker dopamine shell. This also enhanced the electrical breakdown strength of the 

composite up to 4.4 kV mm-1, and enabled it to actuate 4.4% before failure.21 

However, 3 wt% rGO increased the relative permittivity of a polyurethane matrix to 

101.9 whilst maintaining a low dielectric loss of 0.03. A high breakdown strength was 

maintained of 33 V μm-1 and the device was able to actuate in the direction of the 

thickness by 40%. In addition to this, this study also investigated the TiO2 decorated 

rGO to the polyurethane matrix. The hybrid filler approach resulted in weaker and 

more brittle mechanical properties, but was able to actuate up to 70% in the thickness 

up to a breakdown field of 37.5 V μm-1. The superiority of the hybrid filler approach 

was attributed to the strong interfacial interaction between the TiO2 and the polymer, 

forcing the rGO to be more homogenously dispersed.22 
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Based on this approach, silica has also been utilised to decorate rGO to improve the 

dielectric and actuation response of PDMS. By coating rGO in SiO2, the relative 

permittivity of the composite was suppressed for 3 wt%, down to 6 at 103 Hz from 20. 

A denser SiO2 shell around rGO suppressed the relative permittivity further to 4 at 103 

Hz. The dielectric loss of the composite was dependent on the thickness of the SiO2 

shell and the dielectric loss was three orders of magnitude lower for 3 wt% rGO with 

the densest SiO2 shell compared to no SiO2 shell. Furthermore, the actuation 

performance of the densest silica decorated rGO was the highest across all samples 

and peaked at a 1 wt% inclusion, which had an in-plane actuation of 13% and failed 

under an electric field of 25 kV mm-1.23 This was despite 1 wt% silica-shelled rGO 

having low permittivity, and demonstrates the importance of a high breakdown 

strength, low dielectric loss and high deformability of the sample in addition to 

permittivity.  

An alternative core shell structure was developed based on lower conductivity GNPs. 

A polydopamine core-shell was produced around the GNPs, followed by silver 

nanoparticles embedded into the shell, named as Gns@PDA-Ag. The hybrid filler was 

then dispersed into a polyurethane matrix. Upon the addition of up to 4 wt% 

Gns@PDA-Ag, the tensile strength of the composite increased and the Young’s 

modulus decreased relative to the unmodified polyurethane. At 103 Hz, the relative 

permittivity of 4 wt% Gns@PDA-Ag in polyurethane was 8, whilst at lower frequency 

there was a large increase in the relative permittivity due to Maxwell-Wagner-Silars 

polarisation. At 2 wt% addition of Gns@PDA-AG, the electrical breakdown strength 

decreased by 5 kV mm-1 compared to the pure polyurethane, down to 21 kV mm-1. 

Comparatively, at the same filler fraction unmodified GNPs had a lower breakdown 

strength of 16 kV mm-1 due to a poorer interfacial bonding with the polymer matrix.24 

The incorporation of metal nanoparticles has been investigated as a cost effective and 

efficient method to enhance the electromechanical properties of polymers. Recently, 

Yang et al. used TiO2 and created a core-shell from polycatechol/polyamine to 

enhance the performance of natural rubber, see Figure 2.4. The mechanical properties 

of natural rubber increased upon increasing concentrations of modified TiO2 

nanoparticles. No degradation was observed in the strain at break compared to pristine 

natural rubber up to 50 phr of modified TiO2 nanoparticles, but the tensile strength of 

the composite increased from 4 MPa to 16 MPa. As the metal nanoparticles are not 
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conducting due to their smaller size, the fraction of filler added to the matrix is higher 

compared to carbon nanotubes and graphene. The relative permittivity increased at 50 

phr of modified TiO2 compared to pure natural rubber from 2.55 to 3.48, whilst the 

tan δ loss decreased from 9×10-3 to 3×10-3. Furthermore, the electrical breakdown 

strength at this filler concentration was 25 kV mm-1, greater than natural rubber, and 

the composite broke down under an electric field of 90 kV mm-1.  

However, when 10 phr of modified TiO2 was incorporated into natural rubber superior 

actuation was observed and the composite could actuate up to 12% under an electric 

field of 70 kV mm-1. This was due to the decrease in the Young’s modulus of the 

composite, as well as a small increase in the relative permittivity.25 

 

Figure 2.4 Synthesis of core-shell TiO2 with polycatcheol/polyamine shells modified 

with silane. Adapted from Yang et al.25 

An example of a self-healing dielectric elastomer through hydrogen bonding was 

synthesised from sebacic acid and citric acid which was composited through the 

addition of TiO2 with a urea core-shell. After three days, the core-shell TiO2 containing 

composite was able to recover 100% of its stress by leaving the polymer at room 

temperature. The introduction of the TiO2 nanoparticles increased the strain at break 

of the elastomer and reduced the tensile strength and Young’s modulus significantly. 

With 5 wt% addition, the relative permittivity increased to a maximum of 37.5 at 103 

Hz, and had a tan δ loss of 1.15. However, increasing the filler content further to 9 

wt% led to a decrease in relative permittivity to 15.0 and a reduced tan δ loss of 0.74.26 

This was attributed to an increased presence of air voids in the composite from 
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additional filler, reducing the relative permittivity.27 The inclusion of 1 wt% core-shell 

TiO2 into the dielectric elastomer demonstrated the greatest actuation performance. 

Under an 8.5 V μm-1 electric field, it was able to actuate 7.5%. After 24 hours self-

healing, the elastomer was able to recover more than 100% of its actuation 

performance and actuated 7.8%. Additionally, it recovered almost 100% of its 

breakdown strength.26  

Overall, rGO based and TiO2 based composites have exhibited superior actuation 

performance. This typically arises from composites which do not have the highest 

relative permittivity, but experience a reduction in Young’s modulus, a reduction in 

tan δ loss or an increase in the breakdown strength of the material. Additionally, very 

few examples are present for energy harvesting from dielectric elastomers and most 

present actuation results only. This is attributed to two factors, firstly the research 

focus of the author and secondly a DEA is more simple in its fabrication and 

configuration compared to a DEG and thus contributes to the lack of reported DEG 

devices.  

2.2.2 The addition of ceramic fillers  

The addition of high permittivity ceramic fillers into a polymer matrix is used as an 

alternative route to conducting fillers to enhance the relative permittivity of a dielectric 

elastomer. However, typically high weight fractions of ceramic fillers are required to 

achieve this, increasing the brittleness and reducing the flexibility of the composite 

and reducing the electrical breakdown strength.  

In a PZT/PDMS composite by Nayak et al., up to 41.2 wt% PZT was incorporated 

into the dielectric elastomer to enhance its dielectric properties. As the filler loading 

increased to 41.2 wt%, the tensile strength of the PDMS composite decreased from 

5.6 MPa to 4.1 MPa whilst the strain at break decreased from 550% to 320%. The 

large filler fraction enhanced the relative permittivity from 3.5 at 103 Hz to 8.5 but the 

tan δ loss increased from 0.1 to 0.3 at 103 Hz.28 

BaTiO3 was used to composite a hydrogenated nitrile rubber/PVDF blend for a 

flexible, bendable actuator. Up to 15 wt% BaTiO3 was introduced, however a 5 wt% 

inclusion of BaTiO3 demonstrated the superior actuation properties and was able to 

exhibit 8% strain under a 112 kV mm-1 electric field, whilst 10 wt% BaTiO3 could 
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actuate further to 10% strain, but failed under a lower electric field of 105 kV mm-1. 

Actuation could not be observed below 85 kV mm-1 for both of these composites due 

to their high Young’s modulus.29 

To improve the electromechanical properties of ceramic filled composites, a core-shell 

approach can also be utilised to increase the homogeneity of the internal electric field 

when under an applied voltage. Silane and dopamine was used to develop a core shell 

around BaTiO3 for compositing silicone rubber, see Figure 2.5. The core-shell 

approach helped reduce agglomerations of the BaTiO3 nanofillers. The addition of 10 

phr dopamine and silane core-shell BaTiO3 to silicone rubber had the highest actuation 

performance, actuating 8.2% under a 73 kV mm-1 electric field. This was because the 

addition of only 10 phr BaTiO3 reduced the Young’s modulus of the elastomer whilst 

simultaneously enhancing the relative permittivity and maintaining the electrical 

breakdown strength.30 Individual studies on both dopamine and silane modified 

BaTiO3 have also been investigated.31, 32 

 

Figure 2.5 Synthetic pathway for a silane and dopamine core-shell BaTiO3. 

Reproduced from Yang et al.30 

A recent example by Zhang et al. used dopamine modified copper calcium titanate 

(CCTO) to composite silicone rubber for a dielectric elastomer generator. 26 wt% of 

dopamine modified CCTO in silicone rubber exhibited an energy harvesting density 
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of 0.7 mJ cm-3 under a 1.5 kV operating voltage, with an energy conversion efficiency 

of 3.4%.32 Comparatively, the energy harvesting density of BaTiO3 dielectric 

elastomer generators from literature reports was higher, but their energy conversion 

efficiency was lower than using CCTO as a filler.33-35 

A unique approach by Yang et al. developed a slide ring type polymer network with 

an interlocked structure consisting of polyrotaxanes,36 see Figure 2.6. The slide rings 

are able to move along the polymer structure and simulate a pulley system, allowing 

the polymer chains to autonomously equilibrate mechanical stress, thus experience the 

internal force homogeneously.36, 37 This can assist with high actuation strain without 

failure of the polymer. To enhance the actuation properties of this, silane modified 

BaTiO3 was added into the polymer matrix. The addition of 10 wt% silane modified 

BaTiO3 enabled the composite to actuate 26% under a 12 kV mm-1 electric field. This 

was partly due to the high permittivity of the elastomer, 10.5 at 103 Hz, and partly due 

to the gel like nature of the material which had a Young’s modulus of 5.6×10-2 MPa.  

 

Figure 2.6 Schematic diagram of the slide ring structure. Adapted from Noda et al.38 

Overall, for ceramic nanofillers whilst high filler weight fractions enhances greater the 

relative permittivity, the best performing actuators balance the mechanical properties 

and electric properties, so that the composite was still easily deformable.  

2.3 Intrinsic modification of dielectric elastomers 

The intrinsic modification of dielectric elastomers involves the attachment of a polar 

or conducting group to the polymer backbone to enhance the electromechanical 

properties. Typically the relative permittivity of a non-polar polymer is 2~3, primarily 
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due to the low electronic polarisation exhibited. Only a small shift in the position of 

the electronic cloud is observed relative to the atomic nuclei, because the intra-atomic 

field is stronger and reduces the distortion of the electronic cloud.39 

By covalently introducing polar groups into the polymer backbone, the polymer 

structure can be permanently changed and its electromechanical properties enhanced. 

The polar groups increase the atomic polarisation present in the dielectric elastomer, 

because the charge difference across the polymer backbone increases, and thus the 

relative permittivity increases. This also affects the dipole moment of the polymer.40-

42 Furthermore, depending on the introduced polar group, orientation polarisation can 

be incorporated into the polarisation of the polymer. Orientation polarisation will only 

occur when the permanent dipoles are introduced to the polymer backbone which can 

align under an applied electric field. For further information about the contribution of 

polarisation within a polymer, see section 1.3.1.  

However, the grafted polar group size should also be considered. A larger side group 

increases the free volume of the polymer, providing the polar group with more space 

to orientate with the electric field. Furthermore, larger grafted groups decrease 

polymer chain entanglement, reducing the Young’s modulus. The reduction in the 

Young’s modulus is advantageous for actuation,43 see section 1.5, however 

crosslinking in some dielectric elastomers, such as silicone based elastomers, can also 

decrease the elasticity.44 Additionally, the grafting of polar groups affect the physical 

properties of the dielectric elastomer by increasing the water sensitivity of the polymer 

and shifting the glass transition temperature to higher temperatures.45, 46  

This literature review into intrinsic modification of dielectric elastomers is split into 

three major sections: polar groups, mesogenic groups and conducting groups. The 

intrinsic modification of dielectric elastomers with polar groups is further split into 

two categories: silicone based elastomer and styrenic based elastomers.  

2.3.1 Intrinsic modification of dielectric elastomers with polar groups 

A summary of different polymers and intrinsic modifications from the literature is 

shown in Figure 2.7. These graphs show that typically as the relative permittivity of a 

dielectric elastomer is increased, a decrease is observed for the electrical breakdown 

strength. However, semi-crystalline PVDF based polymers do not show this and thus 
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have highly desirable electrical behaviour. Figure 2.7b shows how the Young’s 

modulus for different polymer types changes with respect to permittivity. For 

dielectric elastomers, the Young’s modulus is low, and rarely exceeds 3 MPa, 

irrespective of the relative permittivity. Therefore dielectric elastomers exhibit 

excellent mechanical properties for DEA and DEG applications. However, despite 

their desirable electrical properties, semi-crystalline PVDF based polymers have a 

very high Young’s modulus, approximately 1 GPa, making them too stiff and highly 

undesirable for use in a DEA or DEG device.  

 

Figure 2.7 (a) Relative permittivity vs electrical breakdown strength and (b) Young’s 

modulus vs dielectric permittivity. Adapted from Ellingford et al.47 
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Silicone based elastomers 

Silicone based elastomers are non-polar polymers which require a crosslinking curing 

reaction to convert them from a gel-like state to a solid polymer. Examples of silicone 

based elastomers include polydimethylsiloxane (PDMS) and 

polymethylhydridesiloxane (PHMS). Typically, the relative permittivity for silicone 

based elastomers is between 2 ~ 348 and they exhibit an electrical breakdown strength 

of ~ 80 MV m-1.49  

Silicones have been modified extensively throughout the literature, not just for DEA 

or DEG applications. Modifications include the grafting of esters,50 carboxylic acids51 

and amines50 amongst others.52-55 In most cases, the grafting to the silicone backbone 

is achieved by hydrosilylation, where a vinyl group is grafted at a Si–H bond. The 

reaction is normally in solution, in the presence of Karstedt’s catalyst, and at an 

elevated temperature for a number of hours, see Figure 2.8. Typically hydrosilylation 

reactions occur under an inert atmosphere, in anhydrous conditions, as the reaction is 

water sensitive.49, 56 Thin films, typically 100 – 150 μm thick,57, 58 can be made via 

solution casting onto a film such as Teflon and crosslinked thermally in under an 

hour.49 Due to sensitivity of hydrosilylation, large scale and industrial scale reactions 

have been difficult to realise due to the additional cost and complexity that this 

introduces.  

 

Figure 2.8 General reaction scheme for hydrosilylation of silicone dielectric 

elastomers. Reproduced from Ellingford et al.47 

The grafting of 89 mol% allyl cyanide to silicone enhanced the relative permittivity of 

the polymer up to 15.9 but was accompanied by a high dielectric loss of 2.5. The high 
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loss is attributed to conductivity losses due to the presence of charge carriers.59 By 

reducing the level of grafting to 23 mol% and 8 mol%, the relative permittivity of allyl 

cyanide modified PHMS decreased to 6.5 and 4.2 respectively. This was accompanied 

by large decreases in the dielectric loss to 6.0×10-1 and 4.2×10-3.58, 60  

Therefore to improve the dielectric loss, two different approaches were utilised. 

PHMS-co-PDMS polymer chains were grafted with 62 mol% allyl cyanide, where the 

PHMS/PDMS ratio was 1:2, to form regions of high polarity and regions of non-polar 

polymer. Additionally, a short chain version of allyl cyanide modified PHMS was 

incorporated as a filler into PDMS, called CNATS-993.  

The modified silicone copolymer exhibited a relative permittivity of 4.5, and a low 

dielectric loss of 9.5×10-2. Mechanically, the elastomer was easily stretchable as it had 

a Young’s modulus of 0.8 MPa, but the elastomer was only suitable for DEA 

applications due to a strain at break of 170%. The electrical breakdown strength of the 

copolymer in an actuation device was higher than for pure PDMS, 56 V μm-1 

compared to 49 V μm-1. Furthermore, the copolymer was able to actuate 8% before 

failure, 13 times greater than the unmodified PDMS. This was attributed to the softness 

of the material, easily allowing actuation to take place.61 

For the addition of CNATS-993 into the polymer matrix, the filler acted as both a 

plasticiser and a permittivity enhancer, see Figure 2.9. The addition of 7.3 wt% 

CNATS-993 fractionally increased the relative permittivity above the permittivity 

level of PDMS, and also maintained a low loss. However, the Young’s modulus of the 

elastomer composites were affected significantly by the plasticising effect of CNATS-

993. 7.3 wt% addition of CNATs-993 reduced the Young’s modulus for PDMS from 

0.9 MPa to 0.7 MPa. Further increases in CNATS-993 content reduced the Young’s 

modulus further as the filler reduced the crosslinking density of PDMS.62 This also 

decreased the electrical breakdown strength of the elastomer as well because of the 

material softening.63, 64 High actuation strains of 8 – 10% strain were observed for the 

addition of 7.3 wt% and 19.4 wt% CNATS-993 to PDMS, and had a maximum applied 

electric field of 48 V μm-1. Therefore, both the compositing approach and the 

copolymer approach yielded a good actuation performance from the silicone 

elastomers.  
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Figure 2.9 Pictorial representation of polar CNATS-993 (short chained allyl cyanide 

modified PHMS) in a non-polar PDMS matrix. Reproduced from Risse et al.62 

The actuation performance of grafted allyl cyanide to silicone was investigated 

alongside crosslinkers with different length alkyl chains attached. Crosslinkers with 

an attached butyl chain and the silicone polymer with 33 mol% allyl cyanide grafted 

resulted in the greatest actuation performance of up to 17.5% under a 31 V μm-1 

electric field when 7.5% prestrain is applied. It was able to actuate under a low electric 

field additionally due to its higher permittivity, 7, and soft nature, with a Young’s 

modulus of 0.5 MPa.65 Allyl cyanide modified PHMS was also used to harvest energy 

from small lightweight balls dropped onto a DEG and was able to harvest up to 460 

nJ per impact, up from 94 nJ for an unmodified PHMS elastomer.66 

An alternative polar group grafted to silicone is allyl chloride. The polarity of allyl 

chloride is less than that of allyl cyanide,67 however it has shown that it can enhance 

the relative permittivity and increase the breakdown strength, whilst maintaining a low 

tan δ loss and a reduced Young’s modulus.57 At 20 mol% grafting, the relative 

permittivity was increased to 5.4 and exhibited a low Young’s modulus of 0.3 MPa. 

With 7.5% prestrain, allyl chloride modified silicone could actuate up to 24% under a 

53 V μm-1 electric field. Furthermore, enhancing prestrain up to 30% enabled it to 

stretch up to 30% under a 45 V μm-1 electric field. Allyl chloride modified silicones 

had a better actuation performance compared to allyl cyanide modified silicones due 

to their higher breakdown strength from lower polymer conductivity. Finally, allyl 

chloride modified silicones demonstrated long lifetimes and reliability after 

undergoing 50,000 actuation testing cycles under a 27 V μm-1 electric field.65 

Trifluoropropyl modified silicone elastomers were synthesised and the relative 

permittivity increased linearly with trifluoropropyl grafting up to 9 at 100% grafting. 
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53 mol% grafting of trifluoropropyl exhibited the best actuation performance and 

actuated with 5.4% strain but failed under a low electric field of 7.8 V μm-1. All 

elastomers containing trifluoropropyl experienced electrical breakdown below electric 

fields of 20 V μm-1, however the cause of this was not determined. Possibly it could 

be due to high charge carrier mobility, similar to cyanopropyl modified silicone 

dielectric elastomers.  

A study by Racles et al. into the dipole moment of the grafted polar group at low 

grafting levels (8 mol%) was conducted. They found that the polarity of the grafted 

polar group does not directly correlate with the relative permittivity observed in the 

overall polymer.58 This is because other secondary factors also play a role in the 

relative permittivity. If the polar group increased the hydrophilicity of the polymer to 

atmospheric water vapour, then the permittivity will be increased due to ionic 

conductivity from the presence of water in the sample.68, 69 Such water sensitive 

behaviour was observed for pyridine and carboxylic acid grafted functional groups.  

Bele et al. investigated the grafting of polar groups to the crosslinker used in silicone 

elastomer formation. Overall, this had a small effect on the electrical properties, 

whereby the relative permittivity for the overall elastomer increased with an increase 

in the polarity of the crosslinker used, except for the chloropropyl modified 

crosslinking agent, which produced a dielectric elastomer with a lower relative 

permittivity. This lower relative permittivity was attributed to a larger free space 

volume generated by this polar crosslinker due to the size of the chloro group. 

However, for the mechanical properties the more polar the crosslinker was, the higher 

the tensile strength and lower the strain at break was. This was attributed to the non-

polar crosslinkers having better compatibility with the polymer matrix compared to 

polar crosslinkers, and thus the elastic properties were retained.70 

An alternative approach to the use of hydrosilylation to graft polar groups to silicone 

dielectric elastomers is to use thiol-ene chemistry between a thiol group and a vinyl 

group. For these reactions polyvinylmethylsiloxane (PVMS) is used for the vinyl 

group along the polymer backbone. The reaction can be a thermal or photoinitiated 

reaction, see section 4.1 for more information on the thiol-ene reaction. Typically the 

reaction is carried out under normal atmospheric conditions and the grafting of the 
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polar group to the dielectric elastomer backbone is controlled through UV exposure 

time.  

Cyano groups were introduced via thiol-ene chemistry in different grafting ratios to 

PVMS and were able to increase the permittivity up to 18.4 in the uncrosslinked state 

and 17.4 in the crosslinked state.46, 71 100 mol% cyano group grafting to PVMS yielded 

the greatest actuation performance of 21% under an electric field of 12 V μm-1, and 

failed under an electric field of 15.6 V μm-1. The high actuation performance was due 

to the high relative permittivity and low Young’s modulus that the elastomer 

exhibited. An increased tan δ loss and reduced breakdown strength is attributed to the 

increase in ion conductivity from the polar group.71 When crosslinked with a 

multifunctional crosslinker, where four polymer chains could be crosslinked by 4 

chains at once, the electrical breakdown strength of the polymer was enhanced to 25.5 

V μm-1 and could actuate 14% under an 18 V μm-1 electric field. The higher breakdown 

strength is attributed to a higher purity of starting materials, and improved thin film 

processing with less defects present. Finally, the dielectric elastomer was able to 

actuate at low voltages of 550V and 600V for up to 10 minutes and exhibit observable 

strains.72 

Thioacetic acid, thioglycolic acid and 2-mercaptoethanol modified silicone elastomers 

have also been reported in the literature,73-75 introducing ketone and carboxylic acid 

functionality to the dielectric elastomers. Thioacetic acid modified silicone containing 

10 wt% silica particles exhibited an enhanced relative permittivity of 4.7 and a 

Young’s modulus of 0.2 MPa. This allowed the elastomer to actuate up to 14.5% under 

a 29 V μm-1 electric field. The low breakdown strength of the elastomer was attributed 

to the lack of strain stiffening as the material elongated,76 making it 

electromechanically unstable.73  

The modification of PVMS with 95 mol% methyl thioglycolate, thioglycolic acid and 

2-mercaptoethanol was reported by Sun et al. They found that the higher the level of 

grafting, the higher the permittivity and the softer the resulting silicone elastomer was. 

The lower Young’s modulus was attributed to a combination of two competing factors. 

Firstly, the interactions from the grafted groups result in a greater cohesive energy 

density and increased the Young’s modulus. However, simultaneously the grafting 

introduced steric hindrance and reduced the density of the elastomer and reduced chain 
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entanglement.57, 75 The reduction in Young’s modulus was accompanied by increases 

in the tan δ loss from the increase in conductivity of the dielectric elastomers. 2-

mercaptoethanol modified PVMS had the greatest actuation performance of the three 

different modifications, and actuated 12.3%, failing under a 17 kV mm-1 field. Methyl 

thioglycolate modified PVMS exhibited the second greatest actuation performance of 

7.8% strain and failed under a 21 kV mm-1 electric field. Finally, thioglycolic acid 

modified PVMS had the worst actuation performance of the three dielectric 

elastomers. It actuated only 6.8% and failed under a 20 kV mm-1 electric field. This 

was attributed to the hydrogen bonding formed between the thioglycolic acid groups 

which inhibit dipole orientation and mobility. For methyl thioglycolate, the larger size 

was attributed to hindering the dipole orientation and mobility, and thus smaller 2-

mercaptoethanol modified PVMS was able to exhibit a higher actuation 

performance.75 

High permittivity has been achieved in PVMS modified by 100 mol% 2-

(methylsulfonyl)-ethanethiol of 22.7 at 103 Hz. However, the polymer was synthesised 

via a six step reaction procedure, five to synthesise the polar group and one step to 

attach it to PVMS, but no mechanical or actuation properties were reported.77 Finally, 

it was recently reported that silicone elastomers can be crosslinked without the need 

for solvent in low molecular weight and low viscosity formulations, increasing their 

viability for use in industry.78 

Styrenic based unsaturated elastomers 

The vast majority of the literature focuses on the use of silicone based dielectric 

elastomers for DEA and DEG applications. However, some examples of styrenic 

based unsaturated elastomers containing vinyl groups exist and are modified using 

thiol-ene chemistry. Modifications for amine,79, 80 carboxylic acid79-81 and ester80, 81 

functionality in addition to other groups have been demonstrated previously.79, 81 

Methyl thioglycolate and thioglycolic acid have been used to modify SBS using 

photoinitiated thiol-ene chemistry to boost its electromechanical activity. The grafting 

of 81 mol% methyl thioglycolate to the butadiene backbone indicated a 

compatibilisation interaction between the butadiene block and the styrene block to 

increase phase mixing, see Figure 2.10. The relative permittivity was increased up to 

6.4 and 12.2 at 40 mol% and 81 mol% grafting and the Young’s modulus was low for 
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both, approximately 0.3 MPa. 81 mol% methyl thioglycolate modified SBS was able 

to actuate 3.3% under an electric field of 15.7 kV mm-1, whilst 40 mol% methyl 

thioglycolate modified SBS was able to actuate 5.4% and failed under a 32.5 kV mm-

1 electric field. Comparatively, pristine SBS actuated 0.8% and failed under a 65 kV 

mm-1 electric field. The difference in electromechanical behaviour between the two 

modified SBS elastomers was due to the localised current generated by the grafted 

polar group to the polymer backbone, increasing the conductivity of the elastomer and 

producing an inhomogeneous electric field.82 However, for thioglycolic acid modified 

SBS, only 1.75% actuation strain was achieved under an electric field of 35 kV mm-1 

due to the increased interchain interactions from hydrogen bonding increasing the 

Young’s modulus of the elastomer.83 

 

Figure 2.10 SEM imaging of (a) SBS, (b) 40 mol% methyl thioglycolate modified SBS 

and (c) 81 mol% methyl thioglycolate modified SBS. Reproduced from Sun et al.82 

An alternative block copolymer of styrene-(2-ethylhexyl acrylate)-styrene was used 

for the grafting of different sized alkyl groups. The purpose of this study was not to 

enhance the permittivity of the dielectric elastomer, but to decrease the Young’s 

modulus through the grafting of different alkyl chain lengths to increase the actuation 

performance. In this example, the length and the branching of the large side chain 

increased the free volume in the polymer matrix and reduced polymer chain 

entanglement. Thus the Young’s modulus decreased to 0.12 MPa for the largest alkyl 

groups, 10 times lower than for smaller side chains used. This enabled the polymer to 

actuate up to 25.2% and fail under an electric field of 35 kV mm-1 despite only having 

a relative permittivity of 3.7.43 
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2.3.2 Liquid crystal elastomers (LCEs) for actuators 

The inclusion of liquid crystals (mesogens) into an elastomer is an alternative method 

to develop an actuation device. By attaching the mesogen groups to a polymer 

backbone, they are able to behave as a soft elastomer and undergo actuation under an 

applied electric field.84 Until recently, the synthesis of LCEs required complicated 

synthetic chemistry85, 86 however recent advances in the use of click chemistry 

reactions and 3D printing have simplified and allowed the facile scale up of LCE 

synthesis.84 In this section, a brief overview of what makes LCEs exciting for actuation 

and energy harvesting applications will be discussed, and recent examples in the 

literature presented.  

The alignment of mesogens are commonly in two classes of order, the Smectic phase 

and the Nematic phase, and their alignment is also affected by how they are 

incorporated into a polymer chain, see Figure 2.11.  

 

Figure 2.11 Mesogen arrangements in a LCE. The method of inclusion of the mesogen 

into the polymer backbone affects the crystal arrangement formed. Adapted from Ula 

et al.84 
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The nematic phase is caused by long range orientational order of the mesogens, but 

short range positional order.87, 88 In comparison, the smectic phase is arranged into 

layers and have a rough long range orientational order. However, the layers have no 

positional order and thus the mesogens can change position within the layers easily.88, 

89 A disordered isotropic phase and a high ordered phase also can exist for mesogens, 

however, these do not contribute to the actuation performance of an LCE.89 Under the 

application of a stimulus such as thermal or electrical, the polar domains from the 

crystal groups rotate and align with the electric field. This rotation, such as from side 

chain groups, reorders the polymer chains and introduces an actuation strain. Removal 

of the electric field allows the crystal groups to randomise and the actuation strain 

disappears.47, 90 Various different synthetic routes for the synthesis of LCE exist,91-95 

and a summary of this is shown in Figure 2.12. 

 

Figure 2.12 Summary of different reaction types to synthesise LCEs. Reproduced from 

Ula et al.84 

Multiple recent examples of LCE actuators are based on a thermoresponsive nature of 

the polymer.96-100 However, an example of a LCE based on a 1,5-pentanedithiol and 

1,4-bis-[4-(6-acryloyloxy-hexyloxy)benzoyloxy]-2-methylbenzene was synthesised 

using a thiol-acrylate reaction and its mechanical response under an electric field was 

investigated. The elastomer was able to strain 5% under a 3 kV applied voltage, whilst 
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under a 0.27 N load. This load was 790 times greater than the weight of the LCE film 

in the device and overall the actuator actuated with a 20% efficiency.101 

Alternatively, a PDMS elastomer was modified with side chain mesogen groups of 

disperse red 19 to act as a ‘push-pull’ azobenzene.102 Disperse red 19 is an azobenzene 

chromophore synthesised from N,N-diethanolaniline and the diazonium salt of 4-

nitroaniline. It is a highly polar molecule with a dipole moment of 9 D.103 The grafting 

of 7.1 wt% disperse red 19 to silicone allowed it to actuate up to 17% strain and it 

failed under an electric field of 70 V μm-1. Comparatively, pristine silicone failed 

under an electric field of 65.7 V μm-1 and actuated just 4%. The grafting of disperse 

red 19 increased the breakdown strength of the elastomer because the polar group 

increased the cohesive energy density of the silicone rubber. However, above a 7.1 

wt% grafting, the electrical breakdown strength decreased again because the higher 

grafting level increased the probability of electron avalanche because of their highly 

polar nature.102, 104 Furthermore, the grafting of disperse red 19 enhanced the relative 

permittivity from 2.5 to 4.5 at 103 Hz, whilst maintaining the same Young’s modulus 

as the pristine silicone. At higher grafting levels of disperse red 19, the Young’s 

modulus also increased, inhibiting its actuation performance. 

No examples currently exist in the literature for the use of LCEs in DEG devices. 

2.3.3 Conducting group grafting of dielectric elastomers 

The grafting of conducting groups to a polymer backbone introduces the opportunity 

to graft microcapacitors to boost the permittivity of a polymer matrix whilst 

maintaining a homogenous dispersion and a high processability. Primarily in the 

literature, the grafting of conducting groups involves either oligomeric or polymeric 

aniline – polyaniline. More information about oligomeric and polymeric aniline can 

be found in section 8.1.  

Several examples have been reported in the literature for DEA and DEG applications. 

Oligomeric aniline doped with camphorsulfonic acid was grafted as endcaps onto 

polystyrene to enhance the relative permittivity. 10.9 wt% grafting as endcaps 

increased the relative permittivity of the elastomer up to 24 at 103 Hz, and maintained 

a low tan δ loss. Furthermore, it was found that the polymer could store 12 times as 

much energy as could be stored in pristine polystyrene, attributed to its highly 
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polarisable nature.105 This indicates its possible use in a DEG device, however, no 

further details were reported.  

Polyaniline was grafted to maleic anhydride grafted SEBS through a ring opening 

reaction. It was found that 2.1 vol% of conductive PANI (where PANI was in the 

emeraldine salt oxidation state) was the percolation threshold for the dielectric 

elastomer and the elastomer became conducting. However, the actuation abilities of 

the modified elastomer were low, and only 2.8% actuation strain was observed under 

a 90 V μm-1 electric field, although the electrical breakdown strength of the elastomer 

was higher at 120 V μm-1.106 Whilst no mechanical properties are reported, it is 

possible that the material has a high Young’s modulus which inhibits its actuation 

abilities. 

A final example for the grafting of conductive groups is based on 14.4 vol% 

conductive polyaniline grafted to a polyurethane via 23 vol% copper phthalocyanine 

rings. The copper phthalocyanine ring contains four copper ions in addition to 

carboxylic acid groups to covalently attach to the polyaniline chains and to the 

polyurethane matrix. Due to the rigidity of the copper phthalocyanine ring and 

polyaniline, the Young’s modulus increased to 80 MPa, but the relative permittivity 

increased to over 200 at 103 Hz, and maintained a low dielectric loss of 0.3. Therefore, 

it was able to actuate over 6% under a 23 V μm-1 electric field, and failed at 24 V μm-

1.107 The actuation response of this modified polyurethane is unexpected and 

represents an example where the relative permittivity was increased sufficiently to 

overcome the large increase in Young’s modulus, and not experience an ultra-low 

breakdown strength.  

2.4 Conclusions 

Overall, both extrinsic and intrinsic modification approaches have been explored to 

enhance the performance of dielectric elastomers in a DEA or DEG device. For 

extrinsic approaches, the addition of conducting and ceramic fillers have been 

explored extensively, but due to issues regarding their interfacial compatibility with 

the polymer matrix, and introduction of inhomogeneous internal electric fields, 

modification approaches such as the core-shell approach are utilised to prevent the 

elastomer from prematurely failing. An example of an electret DEG using a CNT filled 

PDMS was able to harvest up to 14.5V and 1.2×10-4 J per cycle under a 66% strain.  
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The intrinsic approach to the modification of dielectric elastomers has predominantly 

focussed on silicone-based elastomers, using PHMS and PVMS for hydrosilylation 

and thiol-ene reactions. This is partly due to the ease of commercial availability of 

silicone elastomer, and the tunability from tailoring the crosslinking degree of the 

elastomer. The grafting of polar groups enhances the dipole moment of the polymer 

chains to enhance the relative permittivity. However, it is important that the Young’s 

modulus remains low and the electrical breakdown strength remains high to achieve a 

maximum actuation and energy harvesting performance. Only several examples thus 

far have focussed on styrenic-based elastomers or commodity rubbers.  

Furthermore, liquid crystal groups have shown promise DEA and DEG applications 

through the formation of LCE, or by grafting mesogens as side chain groups. The 

liquid crystals reorganise upon application of an electric field and thus induces a strain. 

Until recently, the complicated synthesis of LCEs has held back their development, 

however by utilising click chemistry more examples are reported, albeit most 

examples reported focus on thermoresponsive actuation.  

Finally, the grafting of conducting groups has been demonstrated, primarily through 

aniline based polymers. The grafting of a conducting group to the polymer backbone 

introduces microcapacitors, which can be charged to enhance the permittivity. 

Typically, conductive polymers introduce difficulties such as poor processability and 

this is attributed to why there are only a few works in this field.   
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Chapter 3  

Materials and Methods 

 

3.1 Materials 

Styrene-butadiene-styrene (SBS), Vector 8508A, a linear triblock copolymer was 

purchased from Dexco in pellet form. It has a 29 wt% styrenic content, determined 

experimentally, a diblock content of less than 1 wt%, density 0.41 g·cm-3 (ASTM 

D1895), a melt flow rate of 12 g·10 min-1 (ASTM D1238) and processing temperature 

180 °C – 225 °C.  

Polyvinylidene fluoride (PVDF), Kynar 740, was purchased from Arkema in pellet 

form. It had a melt flow rate of 1.5 – 3.0 g·10 min-1 (ASTM D1238), a density of 0.96 

g·cm-3 and processing temperature of 200 °C – 240 °C. 

Ethylene vinyl acetate (EVA), ELVAX 3190, was purchased from DuPont in pellet 

form and had a 25 wt% vinyl acetate content. It had a density of 0.95 g·cm-1 (ASTM 

D792), melt flow rate of 2 g·10 min-1 (ASTM D1238), a melting point of 77 °C 

(ASTM D3418).  

Non functionalised multi-walled carbon nanotubes (MWCNTs), NC7000, produced 

by catalytic carbon vapour deposition were purchased from Nanocyl S.A. The 

MWCNTs had a purity of > 90%, a length of 1.5 μm and a density of 1.85 g·cm-3. The 

MWCNTs were used as received.  

Styrene-butadiene rubber (SBR), Buna SBR 2300, was purchased from Arlanxeo. It 

had a 27.1 wt% styrene content and a density of 0.95 g·cm-3.  

Polybutadiene (PB), Buna CB 24, was purchased from Arlanxeo. It had a 96% cis 1,4 

butadiene content and a density of 0.91 g·cm-3.  

General reagents methyl thioglycolate (MG, 95%), 2,2-dimethoxy-2-

phenylacetophenone (DMPA, 99%), thioglycolic acid (TG, 99%), methyl-3-

mercaptopropionate (M3M, 98%), N-phenyl-p-phenylenediamine (98%), ammonium 

persulfate (APS, 98%), formic acid (95%), hydrogen peroxide (30% w/w) and 

trifluoroacetic acid (99%) were purchased from Sigma-Aldrich. Ammonium 
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hydroxide (30%), was purchased from Acros Organics. Hydrochloric acid (37%) was 

purchased from Fisher Scientific. Conducting carbon grease was purchased from MG 

Chemicals for a complaint electrode in the DEA and DEG devices. All chemicals were 

used as received. 

Solvents hexane (HPLC grade, > 95%), dichloromethane (DCM, HPLC grade, 99.8%) 

diiodomethane (99%), Toluene-d8 (99.5%) and d-chloroform (99.8%) were purchased 

from Sigma-Aldrich. Tetrahydrofuran (THF, GPR Rectapur, > 99%) was purchased 

from VWR. Methanol (Analytical grade, 99%) and acetone (Extra Pure, 99%) were 

purchased from Fisher Scientific. Distilled H2O was produced using in-house 

distillation equipment. All solvents were used as received. 

 

3.2 Synthesis procedures 

3.2.1 UV light procedure 

An OmniCure Series 2000 200 W UV lamp with a 365 nm wavelength light filter was 

used as a UV light source. The light source was supplied into a walled container and 

placed approximately 15 cm above the reaction solution. The intensity of UV light 

used was 20% (40 W output) for small scale (typically 1 g starting polymer unless 

otherwise stated) reactions and 25% (50 W output) for large scale (typically 10 g 

starting polymer unless otherwise stated) reactions, unless the UV light intensity was 

otherwise stated. 

3.2.2 Synthesis of methyl thioglycolate modified SBS (MG-SBS) 

Following a typical large scale reaction, 10 g SBS was dissolved in 90 g THF. Once 

fully dissolved, 0.2 g DMPA and 46.9 ml (4× molar excess of thiol compared to the 

butadiene block of SBS) was mixed into the solution and the solution irradiated with 

UV light for 20 minutes. Afterwards, the solution was concentrated and precipitated 

in hexane. The precipitated polymer was redissolved in THF and the process was 

repeated a further two times. After the third precipitation, wet MG-SBS was dried in 

a vacuum oven for three days at 40 °C. The mass of the resulting polymer was 21.3 g 

and had a grafting ratio of 97.2 mol%. 1H NMR (400 MHz, CDCl3): δ = 7.06 (br, 3 H, 

Hbenzene), 6.52 (br, 2 H, Hbenzene), 5.40 (br, 4 H, -HC=CH- and HC=CH2), 3.73 (S, 3 H, 

COOCH3), 3.23 (S, 2 H, OOC-CH2-S), 2.75 (br, 1 H, (CH2)2CHS), 2.64 (br, 2 H, 

H2CCH2S), 1.74 (br, 2 H, H2C-CH2-CH), 1.55 (br, 6 H, (-H2C)2CH2), 1.43 (br, 2 H, -
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HCCH2CH2), 1.26 (br, 1 H, (H2C)3CH) ppm. FTIR (cm-1): 2927, 1729, 1435, 1272, 

1128, 1007, 757. 

For the small scale optimisation reactions for the synthesis of MG-SBS in section 4.2, 

the thiol content was varied between 2× (2.35 ml), 3× (3.52 ml), 4× (4.69 ml) and 5× 

(5.68 ml) excess methyl thioglycolate. The UV exposure time was ranged from 5 to 

30 minutes whilst the thiol excess was maintained at 3×.  

For synthesis of MG-SBS (65.1%) and MG-SBS (52.1%) the reaction followed the 

same procedure as for MG-SBS, but the UV exposure time was decreased to 10 

minutes and 5 minutes respectively. 

MG-SBS (65.1%): 16.8 g final mass. 1H NMR (400 MHz, CDCl3): δ = 7.06 (br, 3 H, 

Hbenzene), 6.52 (br, 2 H, Hbenzene), 5.40 (br, 4 H, -HC=CH- and HC=CH2), 3.73 (S, 3 H, 

COOCH3), 3.22 (S, 2 H, OOC-CH2-S), 2.74 (br, 1 H, (CH2)2CHS), 2.63 (br, 2 H, 

H2CCH2S), 2.11 (br, 1 H, (-H2C)2CHCH-), 2.03 and 1.99 (br, 3 H, (-

H2C)2CHCHbenzene and (–CH2)2CH2CH-), 1.73 (br, 2 H, H2C-CH2-CH), 1.55 (br, 6 H, 

(-H2C)2CH2), 1.43 (br, 2 H, -HCCH2CH2), 1.26 (br, 1 H, (H2C)3CH) ppm. FTIR (cm-

1): 2924, 1730, 1434, 1270, 1129, 1006, 757. 

MG-SBS (52.1%): 13.0 g final mass. 1H NMR (400 MHz, CDCl3): δ = 7.06 (br, 3 H, 

Hbenzene), 6.53 (br, 2 H, Hbenzene), 5.41 (br, 4 H, -HC=CH- and HC=CH2), 3.73 (S, 3 H, 

COOCH3), 3.21 (S, 2 H, OOC-CH2-S), 2.74 (br, 1 H, (CH2)2CHS), 2.63 (br, 2 H, 

H2CCH2S), 2.10 (br, 1 H, (-H2C)2CHCH-), 2.03 (br, 3 H, (-H2C)2CHCHbenzene or (–

CH2)2CH2CH-), 1.99 (br, 3 H, (-H2C)2CHCHbenzene or (–CH2)2CH2CH-), 1.73 (br, 2 

H, H2C-CH2-CH), 1.55 (br, 9 H, (-H2C)2CH2 and -HCCH2CH2 and (H2C)3CH) ppm. 

FTIR (cm-1): 2923, 1730, 1434, 1271, 1129, 1006, 967, 757. 

3.2.3 Synthesis of methyl-3-mercatopropionate modified SBS (M3M-SBS) 

Following a typical large scale reaction, 10 g SBS was dissolved in 90 g THF. Once 

fully dissolved, 0.2 g DMPA and 145.3 ml (10× molar excess of thiol relative to the 

butadiene block of SBS) of methyl-3-mercaptopropionate was mixed into the solution. 

The solution was irradiated with UV light for 20 minutes. Afterwards, the solution 

was concentrated and precipitated in hexane. The precipitated polymer was 

redissolved in THF and the process was repeated a further two times. After the third 

precipitation, wet M3M-SBS was dried in a vacuum oven for three days at 40 °C. The 

mass of the resulting polymer was 23.7 g and had a grafting ratio of 95.2 mol%. 1H 
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NMR (400 MHz, CDCl3): δ = 7.08 (br, 3 H, Hbenzene), 6.54 (br, 2 H, Hbenzene), 3.72 (S, 

3 H, COOCH3), 2.78 (t, 2 H, SCH2CH2, J = 7 Hz), 2.61 (t, 2 H, CH2CH2COO, J = 7 

Hz) and (br, 1 H, (CH2)2CHS) and (br, 2 H, H2CCH2S), 1.75 (br, 2 H, H2C-CH2-CH), 

1.57 (br, 6 H, (-H2C)2CH2), 1.45 (br, 2 H, -HCCH2CH2), 1.28 (br, 1 H, (H2C)3CH) 

ppm. FTIR (cm-1): 2928, 1733, 1435, 1243, 1169, 1018, 979, 758. 

3.2.4 Synthesis of methyl thioglycolate/thioglycolic acid modified SBS (MG/TG-

SBS) 

Following a typical large scale reaction, 10 g SBS was dissolved in 90 g THF. Once 

fully dissolved, 0.2 g DMPA and the thiol ratio between methyl 

thioglycolate/thioglycolic acid was adjusted depending on the final product ratio. For 

the ratio of 95/5, 90/10 and 80/20 the thiol added to the reaction was 44.6 ml/1.8 ml, 

42.3 ml/3.7 ml and 37.5 ml/7.3 ml, respectively. This represented overall a 4× molar 

excess of thiol with respect to the butadiene block of SBS. The solution was irradiated 

with UV light for 20 minutes. Afterwards, the solution was concentrated and 

precipitated in hexane. The precipitated polymer was redissolved in THF and the 

process was repeated a further two times. After the third precipitation, wet MG/TG-

SBS was dried in a vacuum oven for three days at 40 °C. The mass of the resulting 

polymer was 20.4 g, 21.5 g and 22.0 g for 95/5, 90/10 and 80/20 methyl 

thioglycolate/thioglycolic acid ratios respectively. Overall, a total grafting ratio of 

97.5%, 97.8% and 93.4% was observed for 95/5, 90/10 and 80/20 methyl 

thioglycolate/thioglycolic acid grafting. This was then split into 95.3%/4.7%, 

92.1%/7.9% and 84.1%/15.9% between the two different thiol groups respectively. 1H 

NMR (400 MHz, CDCl3): δ = 7.09 (br, 3 H, Hbenzene), 6.55 (br, 2 H, Hbenzene), 3.76 (S, 

3 H, COOCH3), 3.25 (S, 2 H, OOC-CH2-S), 2.77 (br, 1 H, (CH2)2CHS), 2.66 (br, 2 H, 

H2CCH2S), 1.76 (br, 2 H, H2C-CH2-CH), 1.57 (br, 6 H, (-H2C)2CH2), 1.45 (br, 2 H, -

HCCH2CH2), 1.28 (br, 1 H, (H2C)3CH) ppm. FT-IR (cm-1): 2929, 1728, 1435, 1273, 

1129, 1007, 757. 

3.2.5 Fabrication of SBS/PVDF/EVA blends and composites 

SBS/PVDF and SBS/PVDF/EVA in a 50/50 wt% ratio and a 50/50/20 wt% ratio 

respectively, were melt compounded in a HAAKE Rheomix OS Lab Mixer under the 

conditions of 190 °C at 60 rpm for 10 minutes. The weight fraction of MWCNTs, 

between 0.3 – 3 wt%, was added to the composite based on the overall total weight of 

SBS/PVDF/EVA 50/50/20. These composites were denoted as 
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SBS/PVDF/EVA/MWCNT 50/50/20/X where X was the weight fraction of 

MWCNTs. All samples were compression moulded using a Rondol manual hot press 

at 190 °C under 10 kN.  

3.2.6 Fabrication of SBS/PVDF and MG-SBS/PVDF blends and composites 

SBS/PVDF and MG-SBS/PVDF polymer blends were fabricated in ratios of 30/70 

wt% to 70/30 wt% by melt compounding using a HAAKE Minilab II twin screw 

extruder at 225 °C and 50 rpm screw speed. MWCNTs were incorporated into the 

50/50 and 70/30 wt% blends at a 1 wt% loading. All blends and composites were 

injection moulded into a HAAKE Minijet Pro injection moulder with a cylinder 

temperature of 225 °C and mould temperature of 70 °C. Injection pressure used was 

400 bar for 10 seconds and a post pressure of 300 bar was used for 15 seconds.  

3.2.7 Synthesis of methyl thioglycolate modified styrene-butadiene rubber (MG-SBR) 

Following a typical large scale reaction, 10 g SBR was dissolved in 90 g THF. Once 

fully dissolved, 1 g DMPA and 61.6 ml (5× molar excess of thiol compared to the 

butadiene region of SBR) was mixed into the solution. The solution was irradiated 

with UV light for 3 hrs. Afterwards, the solution was concentrated and precipitated in 

hexane. The precipitated polymer was redissolved in THF and the process was 

repeated a further two times. After the third precipitation, wet MG-SBR was dried in 

a vacuum oven for three days at 40 °C. The mass of the resulting polymer was 22.7 g 

and had a grafting ratio of 98.1 mol%. 1H NMR (400 MHz, CDCl3): δ = 7.28 (br, 2 H, 

Hbenzene), 7.13 (br, 3 H, Hbenzene), 3.74 (s, 3 H, COOCH3), 3.23 (s, 2 H, OOC-CH2-S), 

2.71 – 1.29 (polymer backbone) ppm. FTIR (cm-1): 2928, 1729, 1452, 1272, 1129, 

1008, 765.  

3.2.8 Synthesis of methyl thioglycolate/thioglycolic acid modified styrene-butadiene 

rubber (MG/TG-SBR) 

Following a typical large scale reaction, 10 g SBR was dissolved in 90 g THF. Once 

fully dissolved, 1 g DMPA, 49.3 ml methyl thioglycolate and 9.6 ml thioglycolic acid 

(total thiol content was 5× molar excess of thiol compared to the butadiene region of 

SBR) was mixed into the solution. The solution was irradiated with UV light for 3 hrs. 

Afterwards, the solution was concentrated and precipitated in hexane. The precipitated 

polymer was redissolved in THF and the process was repeated a further two times. 

After the third precipitation, wet MG/TG-SBR was dried in a vacuum oven for three 
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days at 40 °C. The mass of the resulting polymer was 23.4 g and had a grafting ratio 

of 97.1 mol%. Grafted methyl thioglycolate/thioglycolic acid was 90.5% methyl 

thioglycolate, 9.5% thioglycolic acid. 1H NMR (400 MHz, CDCl3): δ = 7.96 (s, 1 H, 

COOH), 7.20 (br, 2 H, Hbenzene), 7.07 (br, 3 H, Hbenzene), 3.67 (s, 3 H, COOCH3), 3.16 

(S, 2 H, OOC-CH2-S), 2.90 – 1.29 (polymer backbone) ppm. FTIR (cm-1): 2928, 1729, 

1452, 1275, 1131, 1008, 765. 

3.2.9 Synthesis of methyl thioglycolate modified polybutadiene (MG-PB) 

Following a typical large scale reaction, 10 g PB was dissolved in 210 g THF. Once 

fully dissolved, 0.4 g DMPA, 99.2 ml methyl thioglycolate (6× molar excess of thiol 

compared to the butadiene region of PB) was mixed into the solution. The solution 

was irradiated with UV light for 25 minutes. Afterwards, the solution was concentrated 

and precipitated in hexane. The precipitated polymer was redissolved in THF and the 

process was repeated a further two times. After the third precipitation, wet MG-PB 

was dried in a vacuum oven for three days at 40 °C. The mass of the resulting polymer 

was 19.4 g and had a grafting ratio of 99.9 mol%. 1H NMR (400 MHz, CDCl3): δ = 

3.73 (s, 3 H, COOCH3), 3.22 (s, 2 H, OOC-CH2-S), 2.75 (br, 1 H, (CH2)2CHS), 2.08 

(br, 2 H, H2CCH2S), 1.74 (br, 2 H, H2C-CH2-CH), 1.55 (br, 6 H, (-H2C)2CH2), 1.42 

(br, 2 H, -HCCH2CH2), 1.26 (br, 1 H, (H2C)3CH) ppm. FTIR (cm-1): 2928, 1729, 1435, 

1272, 1128, 1008, 627.  

3.2.10 Synthesis of methyl thioglycolate/thioglycolic acid modified polybutadiene 

(MG/TG-PB) 

Following a typical large scale reaction, 10 g PB was dissolved in 210 g THF. Once 

fully dissolved, 0.4 g DMPA, 79.3 ml methyl thioglycolate and 15.4 ml thioglycolic 

acid (total thiol content was 6× molar excess of thiol compared to the butadiene region 

of PB) was mixed into the solution. The solution was irradiated with UV light for 25 

minutes. Afterwards, the solution was concentrated and precipitated in water. The 

precipitated polymer was redissolved in THF and the process was repeated a further 

two times. After the third precipitation, wet MG/TG-PB was dried in a vacuum oven 

for three days at 40 °C. The mass of the resulting polymer was 20.2 g and had a grafting 

ratio of 99.2 mol%. Grafted methyl thioglycolate/thioglycolic acid was 88.0% methyl 

thioglycolate, 12.0% thioglycolic acid. 1H NMR (400 MHz, CDCl3): δ = 3.74 (s, 3 H, 

COOCH3), 3.24 (s, 2 H, OOC-CH2-S), 2.76 (br, 1 H, (CH2)2CHS), 2.05 (br, 2 H, 

H2CCH2S), 1.74 (br, 2 H, H2C-CH2-CH), 1.56 (br, 6 H, (-H2C)2CH2), 1.44 (br, 2 H, -
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HCCH2CH2), 1.26 (br, 1 H, (H2C)3CH) ppm. FTIR (cm-1): 2929, 1729, 1435, 1272, 

1128, 1007, 631.  

3.2.11 Synthesis of tetraaniline (TANI) 

The synthesis of TANI followed a previously reported literature protocol.1 18.5 g N-

phenyl-p-phenylenediamine (0.1 mol) was dissolved into 150 ml of acetone at 0 °C 

followed by the subsequent addition of 100 ml of HCl (8.3 %v/v). Separately, 45.6 g 

(0.2 mol) of APS was dissolved into 80 ml of HCl (8.3 %v/v). Then the APS 

containing solution was added into the N-phenyl-p-phenylenediamine solution 

dropwise under a rate of 2 – 4 ml min-1. The solution was stirred for 1.5 hours and then 

filtered. The filtrate was washed with 30 ml of HCl (8.3 %v/v) and 80 ml H2O. The 

filtrate was mixed into excess ammonium hydroxide and stirred for two hours. The 

solution was filtered and the filtrate was washed with plenty of water until the washing 

solution had a pH of 7. The wet emeraldine base TANI was dried in a vacuum oven at 

25 °C for 48 hours. 9.5 g emeraldine based TANI was obtained. 1H NMR (400 MHz, 

CDCl3): δ = 7.52 (br, 1 H, Hbenzene), 7.37 (br, 2 H, Hbenzene), 7.00 (br, 2 H, Hbenzene), 

6.94 (br, 1 H, Hbenzene), 3.75 (br, 2 H, NH2) ppm. FTIR (cm-1): 3367, 3192, 1598, 1579, 

1513, 1495, 1307, 1155, 818, 748, 694.  

3.2.12 Synthesis of epoxidised styrene-butadiene-styrene (E-SBS) 

3 g of SBS was dissolved in 27 g of toluene followed by the addition of formic acid 

and H2O2. The formic acid and H2O2 addition depended on the desired epoxidation 

level of the backbone of the SBS. For 25 mol% epoxidation, 0.74 ml formic acid and 

2.39 ml H2O2 were added. For 35 mol% epoxidation 1.04 ml formic acid and 3.35 ml 

H2O2 were added. For 50 mol% epoxidation 1.49 ml formic and 4.79 ml H2O2 were 

added. The solution was stirred for 4 hours at 60 °C and the resultant E-SBS was 

precipitated in methanol and dried in air for 2 hours. 1H NMR (400 MHz, CDCl3): δ 

= 7.10 (br, 3 H, Hbenzene), 6.61 (br, 2 H, Hbenzene), 5.45 (br, 4 H, -HC=CH- and -

HC=CH2), 5.00 (br, 1 H, -HC=CH2), 2.96 (br, 1 H, -CH-O-CH-), 2.72 (br, 1 H, -CH-

O-CH-), 2.11 (br, 1 H, (-H2C)2CHCH-), 2.07 (br, 3 H, (-H2C)2CHCHbenzene and -

CH2CH2CH-), 1.61 (br, 2 H, (H2C)2CH2), 1.45 (br, 2 H, (CH)2CH2) ppm. 13C NMR 

(75 MHz, CDCl3): δ = 129.07 (HC=CH and HC=CH2), 125.33 (Cbenzene), 114.80 

(HC=CH2), 58.56 (-CH-O-CH-), 56.86 (-CH-O-CH-), 32.75 ((-H2C)2CH- and -

H2CCH2CH-), 27.43 ((-H2C)2CHCH-) ppm. 
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3.2.13 Synthesis of tetraaniline modified styrene-butadiene-styrene (TANI-SBS) 

E-SBS was dissolved in 50 ml THF and subsequently emeraldine base TANI was 

added. The quantity of TANI was dependent on the epoxidation level of E-SBS. For 

25 mol% E-SBS, 3.6 g TANI was added, for 35 mol% E-SBS 5.1 g TANI was added 

and for 50 mol% E-SBS, 7.2 g TANI was added and the solution was stirred overnight. 

The resultant TANI-SBS was acidified using trifluoroacetic acid, which varied 

depending on the TANI grafting level. For 25 mol% TANI-SBS, 9.6 ml trifluoroacetic 

acid was added, for 35 mol% TANI-SBS, 13.0 ml trifluoroacetic acid was added and 

for 50 mol% TANI-SBS, 18.0 ml trifluoroacetic acid was added and the solution was 

allowed to react for 5 hours. The solution was purified by filtration and then 

precipitated in methanol and dried in a vacuum oven at 40 °C overnight. 1H NMR (400 

MHz, CDCl3): δ = 7.10 (br, 3 H, Hbenzene), 6.62 (br, 2 H, Hbenzene), 5.45 (br, 4 H, –

HC=CH– and –HC=CH2), 5.01 (br, 1 H, –HC=CH2), 4.42 (br, 1 H, –

(CH2)(CHOH)CHNH–), 2.96 (br, 1 H, CHOH), 2.72 (br, 1 H, –CH–O–CH–), 2.11 

(br, 1 H, (–H2C)2CHCH–), 2.07 (br, 3 H, (–H2C)2CHCHbenzene and –CH2CH2CH–), 

1.61 (br, 2 H, (H2C)2CH2), 1.45 (br, 2 H, (CH)2CH2) ppm. 13C NMR (75 MHz, 

CDCl3): δ = 129.07 (HC=CH and HC=CH2), 125.33 (Cbenzene), 114.80 (HC=CH2), 

65.54 (–(CH2)(CHOH)CHNH–), 58.54 (–CHOH–), 32.75 ((–H2C)2CH– and –

H2CCH2CH–), 27.43 ((–H2C)2CHCH–) ppm. FTIR (cm−1): 3262, 2918, 2967, 1781, 

1672, 1667, 1493, 1302.  

3.2.14 Synthesis of epoxidised polybutadiene (E-PB) 

3 g of PB was dissolved in 80 g of toluene followed by the addition of formic acid and 

H2O2. The formic acid and H2O2 addition depended on the epoxidation level on the 

SBS backbone. For 1 mol% epoxidation, 0.021 ml formic acid and 0.22 ml H2O2 were 

added. For 25 mol% epoxidation, 1.03 ml formic acid and 3.32 ml H2O2 were added. 

For 35 mol% epoxidation 1.43 ml formic acid and 4.61 ml H2O2 were added. For 50 

mol% epoxidation 2.06 ml formic and 6.64 ml H2O2 were added. The solution was 

stirred for 4 hours at 60 °C. E-SBS was precipitated in methanol and dried in air for 2 

hours. 1H NMR (400 MHz, CDCl3): δ = 5.42 (br, 2 H, -HC=CH-), 2.95 (br, 1 H, br, -

CH-O-CH-), 2.70 (br, 1 H, -CH-O-CH-) ppm 

3.2.15 Synthesis of tetraaniline modified polybutadiene (TANI-PB) 

E-PB was dissolved in 50 ml THF and subsequently emeraldine base TANI was added. 

The quantity of TANI was dependent on the epoxidation level of E-PB. For 1 mol% 
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E-PB 0.1 g TANI was added, 25 mol% E-PB, 5.0 g TANI was added, for 35 mol% E-

PB 7.0 g TANI was added and for 50 mol% E-PB, 10.0 g TANI was added. The 

solution was stirred overnight. After this, the resultant TANI-PB was acidified using 

trifluoroacetic acid, which varied depending on the TANI grafting level. For 1 mol% 

TANI-PB, 11.99 ml was added, 25 mol% TANI-PB, 13.0 ml trifluoroacetic acid was 

added, for 35 mol% TANI-PB, 18.0 ml trifluoroacetic acid was added and for 50 mol% 

TANI-SBS, 26.0 ml trifluoroacetic acid was added and the solution was allowed to 

react for 5 hours. The solution was purified by filtration and precipitated in methanol 

and dried in a vacuum oven at 40 °C overnight. 1H NMR (400 MHz, CDCl3): δ = 5.42 

(br, 2 H, –HC=CH–), 4.38 (br, 1 H, –(CH2)(CHOH)CHNH–), 2.74 (br, 1 H, CHOH) 

ppm. FTIR (cm−1): 3253, 3068, 3003, 2919, 1672, 1572, 1505, 1370. 

3.3 Characterisation 

3.3.1 Nuclear magnetic resonance (NMR) spectroscopy  

All 1H NMR, 13C NMR, Heteronuclear Single Quantum Coherence (HSQC) and 

Heteronuclear Multiple Bond Correlation (HMBC) spectroscopy were performed on 

a Bruker Avance III HD 400 MHz spectrometer in CDCl3 and all chemical shifts were 

internally referenced to TMS. The spectra were processed using ACD/NMR processor 

ACD/Labs version 12.01.  

3.3.2 Variable temperature NMR spectroscopy 

All variable temperature 1H NMR spectroscopy was performed on a Bruker Avance 

500 MHz instrument between 25 °C and 70 °C in d8-toluene. The spectra were 

processed using ACD/NMR processor ACD/Labs version 12.01. 

3.3.3 Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra was collected on a Bruker TENSOR 27 with a resolution of 4 cm-1 and 

32 sample scans and 32 background scans in transmission mode. Prior to use, the FTIR 

spectrometer was cleaned using isopropanol. For variable temperature measurements, 

an additional Specac Eurotherm 2216e heating stage was attached and used at 10 °C 

intervals between 30 °C – 150 °C. The samples were allowed to equilibrate their 

temperature for 10 minutes before analysis. 

3.3.4 Gel permeation chromatography (GPC) 

GPC was performed on an Agilent 390-MDS with two PLgel mixed-C columns, a 

refractive index detector, a UV detector at 254 nm and THF containing 2% 
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triethylamine and 0.01% butylated hydroxytoluene as an eluent. The results were 

analysed using Agilent GPC/SEC software.  

3.3.5 Compression moulding 

Both thick (~1 mm) and thin (~ 100 – 200 μm) films were hot pressed using a Rondol 

manual hot press at 190 °C for SBS and SBR based samples and 130 °C for PB based 

samples. All samples were pressed under an applied pressure of 5 – 10 kN.  

3.3.6 Density measurements 

The density of samples was recorded using a Mettler Toledo NewClassic Balance 

(model ME204) with a density kit fitted and deionised water used to measure the 

displacement.  

3.3.7 Impedance spectroscopy 

Impedance spectroscopy was performed using a Princeton Applied Research Parstat 

MC with a PMC-2000 card and a homemade two point probe set-up between 100 – 

106 Hz on thin films with a sample thickness of 100 – 200 μm and a 4 cm × 4 cm 

square conducting carbon grease electrode on both sides of the sample.  

For variable temperature impedance spectroscopy, the samples were heated in an oil 

bath between 30 °C – 150 °C and allowed to equilibrate their temperature for 10 

minutes before electrical analysis.  

3.3.8 Mechanical testing 

Tensile testing was investigated using a Shimadzu Autograph AGS-X and samples 

conforming to ASTM-D638-14 type V. The samples were tested at 50 mm min (under 

a strain rate of 10.95% s-1) with a 10 kN load cell and under room temperature 

conditions.  

For stress relaxation testing, a Shimadzu Autograph AGS-X and samples conforming 

to ASTM-D638-14 type V was used. Samples were elongated to 100% strain at 50 

mm min-1 and held until an equilibrium stress was achieved or for a 30 minute time 

period. 

For cyclic stress softening, a Shimadzu Autograph AGS-X and samples conforming 

to ASTM-D638-14 type V was used. The samples were elongated to either 100%, 

300% or 500% for five cycles under a controlled strain rate of 50 mm min-1.  
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3.3.9 UV-Vis spectroscopy 

Solution state UV-Vis spectroscopy was performed using an Agilent Cary 60 

photospectrometer between 200 nm – 800 nm. The solvent used was DCM and the 

samples had a concentration of 1×10-5 mol·dm-3.  

Solid state UV-Vis spectroscopy was performed using an Agilent Cary 60 

photospectrometer between 190 nm – 800 nm. The sample thickness was ~ 200 μm.  

3.3.10 Raman spectroscopy 

Raman spectroscopy was performed using a Renishaw inVia reflex Raman 

microscopy with a 532 nm diode-pumped solid state laser.  

3.3.11 Dynamic mechanical thermal analysis (DMTA) 

DMTA was investigated by using a Triton Tritec 2000 DMA in single cantilever mode 

with a 50 μm amplitude and a 1 Hz frequency. The heating rate was 2 K min-1 from -

120 °C – 135 °C unless otherwise stated. The sample sizes used were 5.0 mm × 10 

mm × 2.3 mm.  

3.3.12 Differential scanning calorimetry (DSC) 

DSC was performed using a Mettler Toledo DSC1 Stare from – 40°C to 175 °C or 225 

°C for PVDF containing samples. All samples were recorded for two cycles at a 

heating and cooling rate of 10 K min-1. 

3.3.13 Oscillatory rheometry 

Oscillatory rheometry was performed using a Haake MarsIII rheometer at 190 °C with 

a frequency range of 0.1 – 100 Hz on 25 mm parallel disc plates with 1 mm separation. 

A pressure of 10 Pa was used in the testing.  

3.3.14 Contact angle measurements 

Contact angle measurements were performed using an Attension Theta Lite utilising 

H2O and CH2I2 as the wetting solvents. Drops of 2.5 μl were deposited on the surface 

on the sample and the contact angle recorded for three seconds and averaged over the 

time period. 

3.3.15 Scanning electron microscopy (SEM) 

SEM images were obtained using a Carl Zeiss sigma field SEM using the InLens 

detector at a working distance of 2.5 mm and an acceleration voltage of 5 kV. Before 

imaging, the samples were cryofractured after submersion in liquid nitrogen for 30 
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mins. The fractured surface was mounted onto an aluminium stub and fixed with 

carbon tape. The sample was sputter coated using a Cressington 108 auto for 40 

seconds under a weak argon atmosphere.  

3.3.16 Atomic force microscopy (AFM) 

AFM was performed using a Bruker Dimension Icon microscope in PeakForce QNM 

mode with ScanAsyst tips in tapping mode at a scan rate of 0.2 Hz.  

3.3.17 Small angle X-ray scattering (SAXS) 

SAXS was performed using a Xenocs Xeuss 2.0 SAXS system equipped with a 1D 

and 2D detector. Thin films of 200 μm were used as samples and investigated at 25 

°C.  

3.3.18 Self-healing investigation 

The mechanical self-healing abilities of polymers were tested by cutting a dogbone 

with a fresh scalpel blade and reconnecting the dogbone under light finger pressure. 

The dogbone was left at room temperature or placed into an oven at 37 °C or 80 °C 

for the self-healing time required before tensile tested.  

Electrical self-healing behaviour was evaluated by testing the electrical breakdown 

using an external DC voltage from a PPM modulus 15A24 high voltage power supply. 

A binocular microscope with a Leica camera (Plan APO 1.0×) was attached and used 

to visualise the breakdown area. To clear the breakdown site, a micropositioner (KRN-

09S, J micro Technology, Inc) with a needle probe (ProbePoint W20, J micro 

Technology, Inc) was utilised. After clearing of the site, the healed site was recovered 

using finger pressure application for 5 minutes and electrodes reapplied to investigate 

the breakdown strength recovery. 

3.3.19 Polarisation-electric field (P-E) loops testing 

The P-E loop response of polymers was investigated using a Radiant RT66B-HVi 

Ferroelectric Test system with a maximum applied voltage of 4 kV under room 

temperature conditions. The loop test was completed over a 10 ms time period. The 

conductive silver electrode size was 1.3 – 1.5 cm2 and the samples had a thickness of 

1.09 – 1.21 mm.  
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3.3.20 Electrical properties under strain 

Dogbone samples were fitted into a Hounsfield test machine and wires attached via a 

conductive epoxy resin were attached to the gauge length of the sample. This was 

attached to a Solatron 1260 and 1296 Dielectric interface which recorded the samples 

electrical behaviour upon application of up to 30% strain. 

3.3.21 Actuation testing 

To investigate the actuation properties of the polymers, films with a thickness of 300 

μm were pre-strained by 33% within a rigid frame. Conductive carbon grease was 

applied as a circular electrode with a diameter of 15 mm. The applied voltage was 

increased incrementally from 0 kV to 10 kV and the actuation performance was 

recorded by a camera until electrically induced failure. 

 

Figure 3.1 Electrode configurations for (a) DEA in strain after pre-strain and setup for 

actuation strain measurement; (b) dielectric elastomer actuation in force mode to pre-

strain and setup for actuation force measurement; (c) a voltage input sequence of 

voltage enhancements for increasing the actuation response. Reproduced from 

Ellingford et al.2 
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The electrical self-healing was investigated by using a needle probe to mechanically 

damage the elastomer film and finger pressure was applied for five minutes to self-

heal it. The film was stretch to 120% to investigate the damage region and to ensure 

self-healing had taken place. The healed elastomer was allowed to heal for three days 

before its actuation properties were investigated. The change in its electrical 

breakdown strength corresponded to its electrical self-healing and the change in its 

actuation performance corresponded to its healed actuation abilities.  

3.3.22 Energy harvesting testing 

Polymer films with a thickness of 300 μm were mounted onto an air chamber with a 

volume of 55 cm3 without the application of pre-strain. Circular conductive carbon 

grease electrodes were applied in the undeformed state with a radius of 1.5 cm and 

subsequently reapplied during the deformed state to ensure continuous electrode 

coverage. A typical energy harvesting cycle lasted for 20 seconds where under t = 0 –

10 s the air chamber was pressurised until the volumetric change was achieved. The 

air chamber was depressurised between t = 10 – 20 s to atmospheric pressure. The 

entire region of the elastomer (radius = 2.25 cm) deformed uniformly in a spherical 

shape in axial deformations (λa) of λa = 1.3 – 3.0. The λa was approximated from the 

volumetric change in the air chamber and was confirmed via recorded videos and 

photography. The failure voltage and electrical breakdown strength of both pristine 

and healed elastomers were evaluated to determine the electrical self-healing and 

energy harvesting recovery of the polymers in a DEG.  
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4.1 Introduction 

The structure of the polar group for the intrinsic modification of a dielectric elastomer 

dictates how the electromechanical properties are affected. Mechanically, the 

dielectric elastomer requires a high tensile strength and strain at break but a low 

Young’s modulus to be able to elastically deform without failure in an actuation or 

energy harvesting device.1 Additionally, the relative permittivity needs to be high and 

the tan δ loss low to maximise actuation performance and energy harvesting 

efficiency.2 To prevent electrically induced failure, a high electrical breakdown 

strength allows actuation and energy harvesting devices to be operated under a higher 

electrical field for maximum performance.3 

Utilisation of thiol-ene chemistry demonstrated an ideal reaction pathway to 

successfully develop elastomers with an enhanced electromechanical activity whilst 

simultaneously being scalable, quick and straightforward to synthesise.4 There are two 

potential routes for thiol-ene chemistry: via thermally induced initiation and via photo 

induced initiation. A thermally induced reaction typically requires a longer reaction 

time and results in a lower grafting efficiency due to its slower rate.5 Comparatively, 

a photoinitiated reaction has a faster reaction rate5, 6 as long as the photo initiator is 

miscible with the reaction system but the choice between two classes of photo 

initiators affects this greatly,5 see Figure 4.1 for radical mechanisms. 

For Type I photoinitiators, the absorption of a photon from UV light causes 

unimolecular cleavage to form radicals7 which can either react directly with a vinyl 

group or remove a proton to initiate the thiol-ene reaction.6 Examples of Type I photo 

initiators include 2,2-dimethoxy-2-phenylacetophenone (DMPA) and diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide.  

For Type II photoinitiators, sulfenyl and ketyl radicals are formed via cleavage upon 

application of UV light. However, ketyl radicals are unreactive for thiol-ene chemistry 

due to steric hindrance and stabilisation of the radical through delocalisation.6 Thus, 

only sulfenyl radicals can react with vinyl groups on a polymer backbone. Examples 

of Type II photo initiators include benzophenone, thioxanthone and camphorquinone.  

Therefore, due to the structural differences between Type I and Type II photoinitiators, 

Type I photoinitiators have a faster reaction rate and higher efficiency for grafting 
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compared to Type II photoinitiators.8, 9 Type I photoinitiators form excited singlet and 

triplet states with short lifetimes, inhibiting quenching of the radical from the thiols.6, 

10 Thus using a Type I photoinitiator such as DMPA for a photoinitiated thiol-ene 

reaction is the optimum pathway.  

 

Figure 4.1 (a) Type I photoinitiator photo decomposition and subsequent reaction 

pathway and (b) Type II photoinitiator photo decomposition and subsequent reaction 

pathway 

However, as noted by Silverstein et al., the thiol-ene reaction is a competitive reaction 

between the desired coupling between thiol groups and vinyl groups and intrachain 

cyclisation reactions and interchain cross-linking reactions,11 and the products formed 

are shown in Figure 4.2. Crosslinking is more prevalent in thermally initiated thiol-

ene reactions compared to photoinitiated reactions due to the slow rate of reaction.12 

Therefore, low degrees of functionalisation from the thiol-ene reaction are inversely 

proportional to the interchain crosslinking formed.13 However, by controlling the 

excess of thiol used, the coupling reaction between the vinyl groups and thiol groups 

can be promoted and the rate of intrachain cyclisation and interchain crosslinking is 

inhibited.11 Finally, the application of UV light to a polymer chain can induce polymer 

chain scission through photo-aging.14 This increases the dispersity of the polymer, 

leading to vastly different chain lengths present, possibly affecting the physical 

properties.  
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Figure 4.2 Possible products formed during thiol-ene reaction on an example of 

styrene-block-butadiene, showing vinyl group coupling to thiol group, intrachain 

cyclisation and interchain crosslinking 

In this chapter, commercially available SBS was chosen as the polymer for 

modification via thiol-ene chemistry due to its mechanical properties from hard/soft 

blocks and ability to be modified. SBS has a low dielectric tan δ loss and a high 

electrical breakdown strength, strain at break, deformability and strength.15 In 

addition, the commercial availability of SBS allows the easy scale up of a reaction 

procedure as well as industrial implementation. A unique feature of SBS arises from 

its block copolymer structure, whereby its mechanical properties arise only from chain 

entanglement and its phase separated structure, and is not dependent on any 

crosslinking, unlike polysiloxanes. Thus the grafting of the polar groups to SBS can 

be tuned to directly influence the electromechanical properties 

The polar group selected for grafting to SBS via thiol-ene chemistry was methyl 

thioglycolate. Methyl thioglycolate introduces polarity to the backbone of the non-

polar elastomer through its ester functionality without any expected interactions.15 

Furthermore, methyl thioglycolate was easily obtained in quantities suitable for large 

scale synthesises to SBS, increasing the long-term viability of use for the resulting 

methyl thioglycolate modified SBS (MG-SBS) elastomer. Initially, the reaction 

conditions including the excess of methyl thioglycolate required for efficient thiol 

group and vinyl group coupling and minimal interchain crosslinking were 

investigated.  

Afterwards, this chapter investigates the effect of grafting of methyl thioglycolate to 

the backbone of SBS on the electrical and mechanical properties. An unexpected self-

healing ability of MG-SBS was discovered and its cause was investigated through 

structural characterisation and changes in the self-healing conditions. This was further 
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investigated through its ability to recover its electrical properties after both mechanical 

damage and electrical failure. Improvements to the recovery of the electrical properties 

after electrical breakdown via a mechanically based cleaning method of the defect site 

was also demonstrated.  

In addition to this, the actuation abilities of pristine MG-SBS and after recovery from 

mechanical and electrical failures were investigated by placing thin elastomer films 

on a rigid frame and subjected to increasing electrical fields. Finally, to explain the 

nature of electrical recovery of MG-SBS finite element modelling was used to 

discover the effect of surface defects and voids within the failure site on the localised 

electric field experienced by the elastomer. 

This work demonstrates that SBS elastomers can be successfully modified using thiol-

ene click chemistry to enhance their electromechanical properties for use in actuation 

and energy harvesting devices, and electrostatic interactions can be utilised to increase 

the longevity of the material within a device. 

4.2 Results and Discussion 

4.2.1 Grafting of methyl thioglycolate to styrene-butadiene-styrene (MG-SBS) 

The reaction conditions of grafting methyl thioglycolate (MG) to styrene-butadiene-

styrene terpolymer (SBS) under a photo-initiated thiol-ene reaction were investigated. 

The molar excess of thiol relative to SBS and the UV-light exposure time were varied 

to determine their effects on the grafting efficiency of methyl thioglycolate modified 

SBS (MG-SBS). To determine the quantity of thiol required for different thiol excess 

ratios, the composition of SBS and, more specifically the concentration of vinyl groups 

within SBS, was established.  

The assigned 1H NMR spectrum of SBS is given in Figure 4.3. The peaks at 7.1 and 

6.6 ppm are attributed to the aromatic ring from the styrene block, containing three 

protons and two protons at the combined meta- and para- positions and ortho- 

positions, respectively. The alkene peaks from the butadiene block are present at 5.4 

and 5.0 ppm. The peak at 5.4 ppm contains four protons in its environment, two from 

the exo and two from the endo alkene of butadiene, and the peak at 5.0 ppm is from 

the remaining proton environment on the adjacent carbon in the exo alkene of 

butadiene and agrees well with 1H NMR spectra of SBS observed in the literature15. 
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Comparison of the integration values between these two peaks confirmed that the 

alkenes in SBS are 19.6% exo and 80.4% endo.  

 

Figure 4.3 1H NMR spectrum at 400 MHz in CDCl3 of SBS 

Furthermore, the ratio of alkene to styrene in SBS was calculated via the integration 

values to obtain the relative concentrations of each using equations 4.1 and 4.2: 

∫ 𝑠𝑡𝑦𝑟𝑒𝑛𝑒

∫ 𝑠𝑡𝑦𝑟𝑒𝑛𝑒+∫ 𝑏𝑢𝑡𝑎𝑑𝑖𝑒𝑛𝑒
× 100 = %𝑠𝑡𝑦𝑟𝑒𝑛𝑒 𝑖𝑛 𝑆𝐵𝑆  (4.1) 

∫ 𝑏𝑢𝑡𝑎𝑑𝑖𝑒𝑛𝑒

∫ 𝑠𝑡𝑦𝑟𝑒𝑛𝑒+∫ 𝑏𝑢𝑡𝑎𝑑𝑖𝑒𝑛𝑒
× 100 = %𝑏𝑢𝑡𝑎𝑑𝑖𝑒𝑛𝑒 𝑖𝑛 𝑆𝐵𝑆  (4.2) 

where ∫styrene and ∫butadiene are the proton adjusted integration values of the styrene 

block and the butadiene block in SBS respectively. From the alkene peak at 5.4 ppm 

and styrene peak at 6.6 ppm, the butadiene content of SBS was 82.1 mol% and styrene 

content of SBS was 17.9 mol%. From this, the weight fraction, Wf, of styrene and 

butadiene was calculated to be 29.6 wt% and 70.4 wt% using equation 4.3 and 4.4. In 

addition, it was established that on average there was 13.01 mmol of butadiene per 

gram of SBS which was used to calculate the excess of thiol for the reaction.  

𝑚 = 𝑛 × 𝑀𝑤  (4.3) 
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𝑊𝑓 =
𝑚𝑎

𝑚𝑎+𝑚𝑏
  (4.4) 

where n is number of moles, Mw is the weight average molecular weight of butadiene 

or styrene and m, ma and mb are the mass of butadiene or styrene. To understand the 

effect of thiol excess on the grafting degree of MG-SBS and rate of interchain 

crosslinking side reactions during the thiol-ene click reaction, the thiol excess of 

methyl thioglycolate was varied between 2× – 5× excess whilst a constant UV light 

exposure time of 10 minutes was maintained. MG-SBS synthesised using a 2× thiol 

excess formed a gelled product during the reaction due to interchain crosslinking from 

a free radical side reaction between the SBS chains11 and could not be redissolved for 

purification. However, MG-SBS could be successfully synthesised with a 3× thiol 

excess without crosslinking side reactions affecting the final product. This is despite 

literature recommendations that a 10× excess of thiol is required to produce an 

uncrosslinked product during the thiol-ene reaction.11  

The effect on the grafting degree is observed in the 1H NMR spectra, given in Figure 

4.4a for 3×, 4× and 5× excess methyl thioglycolate reactions. The grafting of methyl 

thioglycolate introduced two additional peaks at 3.7 ppm and 3.2 ppm attributed to the 

CH3 and CH2 environment of the methyl thioglycolate ester. Additionally, the alkene 

peak at 5.4 ppm reduced significantly in intensity relative to styrene due to the thiol-

ene reaction. Two methods were used to calculate the grafting ratio. Firstly, the 

calculation of the grafted thiol was calculated by equation 4.5: 

%𝑔𝑟𝑎𝑓𝑡𝑖𝑛𝑔 =
∫ 𝑡ℎ𝑖𝑜𝑙

∫ 𝑠𝑡𝑦𝑟𝑒𝑛𝑒+ ∫ 𝑏𝑢𝑡𝑎𝑑𝑖𝑒𝑛𝑒
  (4.5) 

where ∫thiol is the integral value for the CH2 group at 3.2 ppm of MG-SBS and ∫styrene 

and ∫butadiene are the integral values from SBS before the modification reaction. 

From this, the thiol grafting was calculated to be 71.5%, 88.3% and 94.1% for 3×, 4× 

and 5× thiol excess respectively. However, the degree of side reactions from the thiol-

ene reaction is not quantified. To calculate this, the reduction in the alkene peak can 

be used as a second measure of grafting, calculated by equation 4.6: 

%𝑟𝑒𝑎𝑐𝑡𝑒𝑑𝑎𝑙𝑘𝑒𝑛𝑒 =
∫ 𝑏𝑢𝑡𝑎𝑑𝑖𝑒𝑛𝑒′

∫ 𝑠𝑡𝑦𝑟𝑒𝑛𝑒+∫ 𝑏𝑢𝑡𝑎𝑑𝑖𝑒𝑛𝑒
  (4.6) 

where ∫butadiene’ is the new integration value for the butadiene peak at 5.4 ppm after 

the reaction. Thus, the alkene reacted was 82.6%, 96.2% and 98.0% for 3×, 4× and 5× 
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thiol excess respectively, indicating that the degree of side reactions reduced upon a 

greater thiol excess as the free radical addition of methyl thioglycolate had a higher 

rate of reaction. Therefore, this shows that the quantity of thiol used in the reaction 

has an effect on the structure of MG-SBS formed, and can be used to minimise side 

reactions occurring.  

The second parameter to control for the reaction was the exposure time to UV light. 

The UV light exposure time was varied between 5 minutes and 30 minutes whilst 

maintaining a constant methyl thioglycolate excess of 3×. The 1H NMR spectra in 

Figure 4.4b show an identical MG-SBS structure to that seen in Figure 4.4a 

demonstrating that the increased UV light exposure time also affected the grafting 

efficiency of MG-SBS. Thus the grafting of methyl thioglycolate was 57.7%, 71.5%, 

87.9%, 88.1% and 95.1% for 5 minutes, 10 minutes, 15 minutes, 20 minutes and 30 

minutes of UV light exposure time respectively. Additionally, the gap between the 

reacted alkene ratio and thiol grafting closed upon increased levels of grafting (i.e. 

reacted alkene after 10 minutes UV exposure was 82.6% compared to 30 minutes 

exposure of 97.7%). This indicates that the amount of side reactions such as interchain 

crosslinking reaction was low during the reaction.  

 

Figure 4.4 (a) 1H NMR spectra at 400 MHz in CDCl3 of MG-SBS synthesised using 

different methyl thioglycolate excesses and (b) 1H NMR spectra at 400 MHz in 

CDCl3of SBS and MG-SBS synthesised with different UV light exposure times 

Therefore, optimised conditions for the synthesis of MG-SBS were devised from these 

results. UV light exposure was limited to 20 minutes whilst maintaining a 4× methyl 

thioglycolate excess to obtain a maximum grafting efficiency with minimal side 
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reactions. 1H NMR confirmed the successful nature of these conditions in a small, 1 g 

scale reaction by a thiol grafting efficiency of 96.1% and alkene reaction of 98.9% on 

the butadiene backbone. Subsequent scaling up of the synthesis to produce 21.3 g MG-

SBS showed that there was no reduction in the thiol grafting efficiency nor increase 

in side products (97.2% thiol grafting efficiency, 97.9% reacted alkenes).  

FTIR was used to further confirm the successful grafting of methyl thioglycolate to 

SBS, as shown in Figure 4.5a. Prior to the reaction, SBS exhibited a C-H alkene stretch 

at 3006 cm-1, which disappeared after the reaction. In addition, a C=O stretch for the 

ester group of methyl thioglycolate appeared at 1729 cm-1, and an asymmetric C-O 

stretch and a symmetric C-O stretch at 1272 cm-1 and 1020 cm-1 appeared respectively. 

Finally, Gel Permeation Chromatography (GPC) was used as final confirmation of the 

successful synthesis of MG-SBS, as seen in Figure 4.5b. Prior to the reaction, SBS 

had a number average molecular weight (Mn) of 86,000 g mol-1, a weight average 

molecular weight (Mw) of 101,000 g mol-1 and a dispersity (Đ) of 1.17. After the 

reaction, the Mw increased to 204,000 g mol-1 to confirm the successful grafting and 

formation of MG-SBS. A high molecular weight shoulder is present which indicates 

the presence of some soluble crosslinked polymer chains. Additionally, the Mn 

decreased to 79,000 g mol-1 and the Đ increased to 2.57 indicating UV-initiated 

polymer chain scission had taken place. The polymer chain scission was further 

confirmed by the UV light detector trace at 254 nm in Figure 4.5c. Only a low 

concentration of UV active styrene was detected at high retention times (lower 

molecular weight) and thus most polymer cain scission took place in the polybutadiene 

block of SBS. 
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Figure 4.5 (a) FTIR spectra of SBS and MG-SBS with key peaks labelled, (b) GPC 

trace of SBS and MG-SBS in THF and (c) GPC trace of MG-SBS in THF with the 

UV light detector at 254 nm and Refractive Index detector against retention time. 

4.2.2 Electrical and mechanical properties of MG-SBS 

The grafting of methyl thioglycolate had a significant effect on the electrical properties 

of SBS, Figure 4.6. The presence of the intrinsic polar groups on the polymer backbone 

produced a giant permittivity elastomer which increased the relative permittivity of 

SBS from 2.8 at 103 Hz to 11.4 at 103 Hz in MG-SBS. In addition, the tan δ loss of 

MG-SBS (where tan δ = dielectric loss/relative permittivity) was 0.01 at 103 Hz, very 

similar to that of unmodified SBS (tan δ = 0.009 at 103 Hz). An increase in both 

relative permittivity and tan δ was observed in MG-SBS between 1 Hz and 50 Hz. 

This was attributed to electrode polarisation, where charge build up at the 

electrode/polymer interface occurred due to electrode blocking.16-18 The effect of the 

grafting on the phase angle of the elastomers is seen in Figure 4.6c, where the phase 
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angle remained at -90° for MG-SBS and SBS. This indicated that the elastomers are 

both purely capacitive in nature. However, due to electrode polarisation, MG-SBS 

displayed a deviation from -90° between 1 Hz and 50 Hz. The AC conductivity for 

both SBS and MG-SBS displayed a frequency dependent behaviour across all 

frequency ranges. Prior to modification, the AC conductivity of SBS was 1×10-9 S m-

1 at 103 Hz, whilst for MG-SBS, the AC conductivity increased only marginally to 

6×10-9 S m-1.  

 

Figure 4.6 Impedance spectroscopy of SBS and MG-SBS with (a) relative 

permittivity, (b) tan δ loss, (c) phase angle and (d) AC conductivity 

MG-SBS also exhibits very different mechanical properties to that of unmodified SBS, 

Figure 4.7a. Before modification, SBS exhibited a Young’s modulus of 51.7 ± 6.4 

MPa, a strain at break of 857 ± 45.8% and a tensile strength of 8.92 ± 0.7 MPa. MG-

SBS exhibited a significantly reduced Young’s modulus of 2.87 ± 0.6 MPa, a reduced 

tensile strength of 3.13 ± 0.12 MPa and a reduced strain at break of 569 ± 25.9%. The 

reduced Young’s modulus of the material is advantageous for both actuation and 

energy harvesting as it makes the elastomer more responsive to electric fields and more 
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responsive to mechanical deformations.2 The reduced tensile strength and strain at 

break are greater than the desired tensile strength and strain at break for energy 

transducers from Madsen et al.19  

 

Figure 4.7 (a) Stress-strain curves of SBS and MG-SBS from mechanical testing and 

(b) Images of the self-healing process of MG-SBS 

4.2.3 Mechanical self-healing abilities of MG-SBS 

MG-SBS displayed a time dependent self-healing behaviour, requiring no external 

stimulus at room temperature. After adhering two dogbone pieces together by 

reconnecting them, the MG-SBS dogbones were allowed time for recovery, followed 

by tensile testing, see Figure 4.7b.   

MG-SBS displayed a time dependent self-healing nature, whereby leaving it for longer 

time periods allowed a greater healing to be observed. From Figure 4.8, immediate 

tensile testing after cutting of the dogbone resulted in a strain at break recovery of 

12.3% (68.9 ± 4.0% strain at break) and a tensile strength recovery of 10.0% (0.32 ± 

0.01 MPa tensile strength) due to excellent tack between the two polymer pieces. 

However, once left for three days, the strain at break recovery increased to 20.9% 

(116.6 ± 8.5% strain at break) and the tensile strength recovery increased to 25.4% 
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(0.80 ± 0.03 MPa tensile strength). This time dependent behaviour was attributed to 

the ability of the MG-SBS polymer chains to bridge the gap between the two pieces 

and re-entangle the polymer chains, which was assisted by a weak electrostatic 

interaction between the polymer chains.20 

 

Figure 4.8 Self-healing of MG-SBS at room temperature results up to three days with 

(a) strain at break recovery and (b) tensile strength recovery 

To fully understand the mechanism of self-healing in MG-SBS, dynamic mechanical 

thermal analysis (DMTA) was carried out on both SBS and MG-SBS to determine the 

effect of the grafting on the two polymer blocks of styrene and butadiene, see Figure 

4.9. Prior to modification, SBS exhibits two glass transition temperatures (Tg), one for 

the butadiene block at -83 °C and one for the styrene block at 97 °C as SBS exhibits a 

phase separated morphology.21 However, after modification, MG-SBS exhibits only 

one Tg at -22 °C, indicating that the two phases have been compatibilised by the 

modification and resulted in just one polymer phase. The storage and loss modulus for 

SBS and MG-SBS are observed in Appendix Figure 1.  
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Figure 4.9 DMTA tan δ results of SBS and MG-SBS for the Tg transitions of the 

elastomers 

This singular polymer phase was further supported by small angle X-ray scattering 

(SAXS) and atomic force microscopy (AFM), in Figure 4.10. AFM visually depicts 

the cylindrical worm-like structure of phase separate SBS, surrounded by a butadiene 

matrix. The height distribution graph shows two peaks for the two phases of SBS as 

well. After the reaction, the cylindrical styrene phase disappeared to show one almost 

uniform polymer phase in MG-SBS, as increased intermolecular interactions and 

phase compatibility can influence the polymer morphology evolution. Additionally, 

the height distribution graph also shows one peak for one polymer phase. However, 

the existence of a disordered arrangement of several dark dots remained, which are 

attributed to the remainder of the uncompatiblised styrene phase. SAXS elucidates 

further the structures within SBS and MG-SBS. In SBS, 2D SAXS showed that SBS 

exhibits partial long-range order in one direction. The 1D spectra also showed strong 

q peaks at √3 and √7, as well as a small peak at √4. This demonstrates that SBS has 

hexagonally arranged cylindrical styrene microdomains in a butadiene continuous 

phase.22, 23 In contrast to SBS, the 2D image of MG-SBS showed a solid and 

homogenous intensity indicating a spherical morphology is present. From the 1D 

graph, a small secondary q-peak at √3 remains, indicating that the morphology of MG-

SBS shifted to misaligned spheres rather than spheres or cylinders, as no q-peaks are 

present at √2, √4 or √7. The transition from a hexagonally arranged cylindrical styrene 

phase to a more disordered misaligned spherical morphology indicates that there is an 
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increase in compatibility or a higher degree of mixing between the two polymer 

blocks, reinforcing the observations from DMTA and AFM. 

 

Figure 4.10 (a) 1D and 2D SAXS measurements of SBS and MG-SBS and (b) height 

distribution and indentation imagery from AFM 

To understand the macromolecular interactions present within the polymer matrix, 

UV-Vis, FTIR and Raman spectroscopy were performed. Solid state and solution state 

UV-Vis spectroscopy were implemented to probe the effect observed on the styrene 

block of SBS, see Figure 4.11a-b. From the solution state UV-Vis spectroscopy, the 

major peak observed is at 262 nm, attributed to the π-π* transition for free styrene. A 

secondary, broad peak is observed at 290 nm attributed to the π-π* transition for π-

stacking styrene groups. In contrast, the solid state UV-Vis spectrum of SBS revealed 

that the π-π* transition for π-stacking styrene has a strong intensity in the solid state, 

indicating that this interaction is diminished in the solution state. Additionally, solid 

state UV-Vis showed the π-π* transition for alkene groups on the butadiene block at 

205 nm.  

For MG-SBS, the absorbance peak for the π-π* transition of free styrene blue shifts to 

247 nm in the solution state, and 248 nm in the solid state, a shift of 15 nm and 16 nm 

respectively. Likewise, the π-π* transition for π-stacking styrene was not visible in the 

solution state but was present in the solid state, albeit blue shifted to 274 nm which 
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was a shift of 20 nm. Finally, the π-π* transition for alkene groups on butadiene was 

not visible, providing further evidence of the high grafting efficiency of MG-SBS from 

1H NMR. The blue shift observed indicates that there is an increase in the transition 

energy for electron promotion within the styrene groups, because of weak interactions 

removing delocalised aromatic electron density away from the styrene ring, and 

increasing the energy required to promote a remaining delocalised aromatic electron.24 

Thus, UV-Vis spectroscopy demonstrated that the compatibility of the two polymer 

phases is due to an interaction with the styrenic block.  

To further understand this interaction, FTIR and Ramen spectroscopy were used to 

indicate which bonds within the polymer were affected, see Figure 4.11c-d. Both FTIR 

and Raman observed a large red shift in the wavenumber of the C=O and two C-O 

stretches compared to unreacted methyl thioglycolate in FTIR (or MG-SBS with a 

very low grafting efficiency – see section 4.2.5 for more information). In addition, the 

C-C aromatic bond observed a 2 cm-1 red shift in both FTIR and Raman spectroscopy 

for styrene. Normally, a shift in wavenumber of less than 4 cm-1 is attributed to normal 

variance within the equipment, however as the exact same behaviour is observed in 

both FTIR and Raman, it is considered to be important in this case. Overall, the 

elongation of the C-C aromatic bonds of styrene and the ester group of methyl 

thioglycolate indicate that these two are the interacting groups and result in the 

compatibilisation and the observed self-healing. More specifically, self-healing is 

likely to originate from either the δ+ CH2 or δ+ CH3 group on either side of the MG 

ester, which accepts electron density from the δ- aromatic ring, as shown in Figure 

4.12. As the electron density within the aromatic ring decreases, the HC-CH aromatic 

bonds experience a weaker pull from the centre of the ring, increasing the bond length 

slightly. A similar interaction is observed in nature to give proteins their secondary 

structure.25 
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Figure 4.11 (a) Solution state UV-Vis spectra of SBS and MG-SBS in DCM, (b) solid 

state UV-Vis spectra of SBS and MG-SBS, (c) FTIR spectra of SBS and MG-SBS 

with key peak shifts and (d) Raman spectra of SBS and MG-SBS with key peak shifts 

 

Figure 4.12 Diagram for the suggested electrostatic self-healing interaction present in 

MG-SBS 

To understand the effect further of grafting of methyl thioglycolate on the self-healing 

properties of MG-SBS, an elastomer with a lower grafting degree of 65.1 mol% 

grafting was synthesised (MG-SBS (65.1%)). The 1H NMR and FTIR spectra are 

shown in Appendix Figure 2a-b. The 1H NMR spectrum for MG-SBS (65.1%) is 
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similar to MG-SBS, however the alkene peak at 5.40 ppm is increased, demonstrating 

the reduced level of grafting in this material. Additionally, the FTIR spectrum of MG-

SBS (61.5%) showed a combination of peaks from both MG-SBS and SBS due to its 

lower grafting level. MG-SBS (65.1%) also had a higher tensile strength and a higher 

strain at break of 4.73 ± 1.2 MPa and 668 ± 96% respectively, with a stress strain curve 

shown in Appendix Figure 3.  

Self-healing testing was performed on MG-SBS (65.1%) up to 3 days at room 

temperature, as seen in Figure 4.13a-b. The results show that there is an initial self-

healing recovery in both the strain at break and the tensile strength immediately, 

similar to MG-SBS. However, this recovery is very low, only 2.2% and 4.0% for strain 

at break recovery and tensile strength recovery respectively. Additionally, MG-SBS 

(65.1%) does not show an increase in the self-healing recovery with respect to time. 

This is because the self-healing interaction between methyl thioglycolate and styrene 

is significantly weaker from the reduced methyl thioglycolate grafting level. The 

initial self-healing effect is therefore provided by the tackiness of the elastomer 

holding the two pieces together. 

To further understand the limits of the self-healing ability of MG-SBS, the self-healing 

abilities were evaluated at an elevated temperature of 37 °C, see Figure 4.13c-d. The 

immediate self-healing of MG-SBS at 37 °C is similar to MG-SBS at room 

temperature with a strain at break recovery and a tensile strength recovery of 9.9% and 

13.7% respectively. However, the self-healing recovery plateaus at approximately 

13% and 16% for strain at break recovery and tensile strength recovery after five 

minutes respectively. This is because the increased thermal energy within the 

elastomer increased the rate of breaking and reforming the electrostatic interaction, 

and increased the mobility of the polymer chains to re-entangle across the failure point. 

However, the maximum self-healing recovery for both strain at break and tensile 

strength was lower due the increased temperature overcoming more of the electrostatic 

interactions at any one time in the elastomer, compared to self-healing at room 

temperature. Therefore, the temperature increases the rate of self-healing, but reduces 

the self-healing recovery overall.  

The final self-healing investigation demonstrated the potential to heal MG-SBS more 

than once. This involved re-utilising the cut dogbones of MG-SBS for the self-healing 
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process once more, see Figure 4.13e-f. Compared to the first self-healing test (see 

Figure 4.8), the strain at break recovery and the tensile strength recovery have a 

broadly similar recovery rate in the first 30 minutes of the testing, reach a strain at 

break recovery of 14.6% and a tensile strength recovery of 14.7%. However, when left 

for 1 day and 3 days, the recovery is lower than the first self-healing investigation. 

The strain at break recovery is 19% after 3 days and the tensile strength recovery is 

18%, compared to the original self-healing results of 21% and 25% respectively. The 

cause behind this could be due to several factors, including damage to the contact 

surfaces, preventing the wetting and chain entanglement processes of self-healing, by 

the repeated pulling apart, or by dirt and dust contaminating the contact surfaces. 

 

Figure 4.13 (a) Self-healing of MG-SBS (65.1%) at room temperature for strain at 

break recovery and (b) tensile strength recovery. (c) Self-healing for MG-SBS at 37 
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°C for strain at break recovery and (d) tensile strength recovery. (e) Retesting self-

healing for MG-SBS at room temperature for strain at break recovery and (f) tensile 

strength recovery 

4.2.4 Electrical self-healing under low electrical field 

Thus far, the mechanical self-healing abilities of MG-SBS has been demonstrated. 

However, within a dielectric energy harvesting or actuation device, a significant stress 

is applied to the material due to high operating electrical fields. Therefore, the ability 

of MG-SBS to recover its electrical breakdown strength is of significant importance 

for a longer material lifetime and potential reusability. As seen from Figure 4.14, 

impedance spectroscopy was performed on MG-SBS to obtain (a) the AC 

conductivity, (b) the capacitance and (c) the phase angle prior to electrical breakdown, 

after electrical breakdown and after healing MG-SBS for 24 hours at room 

temperature. Prior to breakdown of MG-SBS, Figure 4.14a shows that the AC 

conductivity has a frequency independent response at low frequencies, where the AC 

conductivity is less than 1 × 10-9 S m-1. The response of the polymer becomes 

frequency dependent above 103 Hz for the AC conductivity. This behaviour is defined 

as the universal dielectric response and is observed in many insulating materials.26 The 

capacitance for MG-SBS in Figure 4.14b demonstrated a frequency dependent 

capacitive response, also observed in the phase angle in Figure 4.14c. In a capacitive 

material, the ac current lags ac voltage by -90°, thus the phase angle is -90° above 102 

Hz, but frequencies <102 Hz, the phase angle tends towards 0° due to the small 

presence of conductivity within the elastomer.  

To test the electrical self-healing abilities of MG-SBS, a 425 μm thick elastomer film 

was subjected to electrical breakdown by placing the electrode region under a 20 MV 

m-1 (8.5 kV) nominal electric field (see section 4.2.6 for more information about the 

electric fields used) until electrical breakdown was detected in the voltage monitoring 

channel of the high-voltage power supply. This resulted in a pinhole formation in the 

elastomer with a radius of 50 μm, as seen in Figure 4.14d, caused by localised Joule 

heating creating thermal ‘hot-spots’ for thermal runaway. This acts as a positive 

feedback loop as the Joule heating increases the electrical conductivity at these hot-

spots, increasing the degree of localised heating until the material breaks down.27 To 
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prevent propagation of the material failure, the voltage supply was switched off 

immediately upon detection of electrical breakdown.  

The result of electrical breakdown is seen clearly in the AC conductivity, capacitance 

and phase angle responses of MG-SBS. After breakdown, the AC conductivity 

increases to 1 × 10-4 S m-1 and displays a broadly frequency independent response. The 

phase angle is close to 0° across the entire frequency range as the voltage and current 

are now in-phase, typical of a pure conductor. Additionally, the capacitance increased 

significantly, with a larger response at lower frequencies. The now frequency 

dependent response of the capacitance is common in conductive materials.17  

MG-SBS was then allowed to self-heal autonomously for a 24 hour period before re-

testing the electrical response under a 2.5×10-3 MV m-1 electric field. As seen in Figure 

4.14a-c, the AC conductivity, capacitance and phase angle exhibit the same response 

as prior to electrical breakdown, demonstrating that MG-SBS has been able to recover 

some of its electrical properties and its insulating nature.  

 

Figure 4.14 Electrical self-healing testing at low electrical fields (2.5×10-3 MV m-2) 

using impedance spectroscopy to obtain (a) AC conductivity, (b) capacitance and (c) 
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phase angle vs Frequency. (d) SEM image of the pinhole defect formed in MG-SBS 

upon breakdown of the elastomer  

4.2.5 Effect of self-healing on the mechanical behaviour of MG-SBS 

The effect of self-healing on the mechanical behaviour of MG-SBS has been 

investigated using cyclic stress softening and stress relaxation with different degrees 

of grafting of methyl thioglycolate. Therefore MG-SBS and MG-SBS (65.1%) were 

selected due to differing strengths of self-healing, whilst a new variation of MG-SBS, 

MG-SBS (52.1%) was synthesised which displayed no self-healing ability whilst 

being influenced by the methyl thioglycolate grafting. 1H NMR and FTIR for MG-

SBS (52.1%) are available in Appendix Figure 4 and the results are consistent with 

previously synthesised MG-SBS versions.  

Figure 4.15a-c shows the cyclic stress softening of all four elastomers for the first and 

fifth cycle at elongations of 100%, 300% and 500% respectively. Visually, the 

behaviours of SBS and the chemically modified MG-SBS based elastomers within 

these cycles are different. SBS has a significantly more thermoplastic response and 

demonstrates an increase in stress at higher strains due to polymer chain crystallisation 

from the polymer chains in the soft butadiene block orientating with the direction of 

elongation,28 and large hysteresis loop. In contrast, MG-SBS displays a more linear, 

elastic response with a significantly smaller hysteresis loop as the side groups inhibits 

polymer chain crystallisation upon elongation due to steric hinderance28. The 

hysteresis losses were calculated, Figure 4.15d. Across all three elongations, SBS and 

MG-SBS (52.1%) demonstrate similar hysteresis energy loss from the material, 38.6% 

and 40.2% at 100%, 58.0% and 48.3% at 300% and 64.8% and 56.4% at 500% 

respectively. The high hysteresis loss is due to large viscous losses attributed to the 

lack of self-healing interactions between the polymer chains and a lack of 

compatibilisation between the styrene and butadiene blocks of SBS. As the grafting is 

increased in MG-SBS (62.1%) and MG-SBS, the viscous losses decrease significantly. 

Both of these elastomers exhibit a degree of self-healing, arising from the electrostatic 

interaction between methyl thioglycolate and styrene (explained further in section 

4.2.3) preventing losses in the elastomer, as well as the compatibilisation of the two 

blocks of SBS to form a single polymer phase. 
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Figure 4.15 Cyclic strain softening of SBS, MG-SBS, MG-SBS (65.1%) and MG-SBS 

(52.1%) at (a) 100%, (b) 300% and (c) 500% strain. In these graphs, the darker colour 

is the first strain cycle and the lighter colour is the fifth strain cycle for the respective 

materials. (d) Summary of the hysteresis loss of the elastomers between the first cycle 

and fifth cycle. (e) Normalised stress relaxation testing of over varying time periods 

until 30 mins. Samples tested until deemed to be in equilibrium. 

This behaviour was explored further through stress relaxation testing in Figure 4.15e. 

In SBS, the elastomer decreased to a normalised stress equilibrium of 0.6 MPa after a 

30 minute time period. This decrease was attributed to polymer chain slippage in SBS. 



Chapter 4  Results and Discussion 

 

87  

 

Comparatively, MG-SBS (52.1%) decreased significantly more to a normalised stress 

equilibrium of 0.2 MPa. The difference in behaviour between MG-SBS (52.1%) and 

SBS was due to grafted polar groups of methyl thioglycolate reducing chain 

entanglement between the polymer chains and an inability for polymer chain 

crystallisation to take place upon elongation,28 causing polymer chain slippage to 

occur to a much greater degree.  

As the grafting degree is increased in MG-SBS (62.1%), the normalised stress 

equilibrium resides at a similar level to SBS between 0.55 - 0.60 MPa. The recovery 

in the normalised stress value of MG-SBS (62.1%) is attributed to the self-healing 

interaction present resulting in the interchain electrostatic interaction holding polymer 

chains in place and preventing them from slipping, despite the reduced polymer chain 

entanglement.  

The behaviour of MG-SBS shows a normalised equilibrium stress at 0.8 MPa, higher 

than SBS. MG-SBS has the strongest interchain electrostatic behaviour present, 

holding the polymer chains in place. In fact, a small recovery in the normalised stress 

values can be observed in the elastomer. This is attributed to a small recovery of the 

polymer chain slippage due to self-healing.  

Overall, this shows that the degree of grafting within MG-SBS has a large effect on 

its mechanical properties. MG-SBS exhibits the most consistent mechanical 

behaviour, for use in energy harvesting devices over long lifetimes compared to SBS, 

MG-SBS (52.1%) and MG-SBS (62.1%) and MG-SBS could recover some of its 

mechanical properties in-situ during stress relaxation testing.  

4.2.6 Investigating the actuation abilities of MG-SBS using dielectric elastomer 

actuators (DEA) 

As dielectric elastomers are able to behave as energy transducers, they are able to 

convert mechanical energy to electrical energy and vice versa. Therefore, the 

investigation into the actuation abilities of MG-SBS is key to develop highly 

electroactive materials able to respond to the application of an electric field. To 

quantify theoretically the actuation abilities of elastomers, a Figure of Merit, 

FoMActuation, from equation 4.7 was used: 

𝐹𝑜𝑀𝐴𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 =
3𝜀0𝜀𝑟𝐸𝑏

2

𝑌
  (4.7) 
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where ε0 is the permittivity of free space, εr is the relative permittivity, Eb is the 

electrical breakdown strength of the material and Y is the Young’s modulus of the 

material and all FoMActuation values were normalised to FoMActuation(SBS).2, 29 This 

allowed the theoretical actuation behaviour to be calculated for different elastomers. 

Table 4.1 shows the experimentally measured properties of SBS and MG-SBS below. 

The calculated FoMActuation for MG-SBS is 161.1 indicating that the elastomer is 

significantly better at actuating than SBS, attributed to the lower Young’s modulus, 

the higher εr and the higher Eb of MG-SBS. 

Table 4.1 Table of experimentally determined properties of SBS and MG-SBS and the 

theoretically determined FoMActuation 

 

Young’s 

modulus 

(MPa) 

Elongation 

at break 

(%) 

Elongation 

at break 

after self-

healing (%) 

Elongation 

recovery 

(%) 

Normalised 

stress 

relaxation 

(MPa) 

εr at 

1 

kHz 

Eb 

(MV 

m-1) 

FoMActuation 

SBS 51.7 857 
Not self-

healable 
- 0.55 2.8 17.7 1.0 

MG-

SBS 
2.4 569 

117% at RT 

for 3 days 
21 0.8 11.4 29.8 161.1 

 

Experimental actuation of SBS and MG-SBS as indicated by the FoMActuation 

demonstrated vast differences in the actuation performance of SBS and MG-SBS. 

Under actuation testing, SBS with 300 μm initial thickness did not demonstrate 

significant actuation ability before failure under an electric field of 17.7 MV m-1 when 

under equal bi-axial pre-strain of 33%. When pre-strain is applied, electric field is 

defined as the true electrical field and follows equation 4.8: 

𝐸 =
𝑉

𝐻
× 𝜆2  (4.8) 

where E is true electrical field, V is applied voltage, H is thickness of sample and λ is 

applied strain. 

Introducing an applied pre-strain forces the material to actuate preferentially in the 

direction of the applied pre-strain, whilst simultaneously reducing the thickness of the 

material and the breakdown voltage.30 In comparison, under the same conditions MG-

SBS with a thickness of 510 μm demonstrated a radial actuation strain of up to 4.2% 

under a 29.8 MV m-1 electric field before electrical breakdown took place shown in 
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Figure 4.16. This corresponded to an areal actuation strain of 8.7% before failure. The 

actuation abilities of MG-SBS demonstrate that the FoMActuation value of 161.1 with 

respect to SBS is valid. The excellent actuation performance of MG-SBS is explained 

by consideration of three factors. Firstly, the lower Young’s modulus of MG-SBS 

results in a larger material deformation under the same Maxwell pressure. Secondly, 

the higher relative permittivity of MG-SBS generates a larger Maxwell pressure under 

the same driving voltage and electric field compared to SBS. Finally, the higher 

breakdown strength of MG-SBS allows a higher driving voltage, and thus a higher 

electric field, to be applied as there can be a larger actuation stress in planar directions, 

Δσ1,2, larger actuation strain in the radial direction, ΔSr, and a larger change in area due 

to actuation, ΔSa according to equations 4.9 – 11: 

𝛥𝜎1,2 ∝ 휀𝐸2  (4.9) 

𝑆𝑟 ∝ 휀𝐸2,
1

𝑌
   (4.10) 

𝑆𝑎 = 𝑆𝑟
2  (4.11) 

where ε is the permittivity of a dielectric elastomer (휀 = 휀𝑟휀0), E is the applied electric 

field and Y is the Young’s modulus of the elastomer.  

The force generated by MG-SBS under actuation was also investigated and compared 

to SBS and VHB 4910. VHB 4910 is regarded as the best commercially available 

dielectric elastomer for actuation due to its relative permittivity of 4.531 and a 

breakdown strength of 20 MV m-1 without pre-strain32 and 55 MV m-1 with 15% equi-

biaxial pre-strain.30 In this experiment, the pre-strain of the elastomers was changed 

to 20% uniaxial strain, increasing the thickness of the samples and increasing the 

electrical breakdown strength. The actuation force is defined as the difference in the 

force in the unactuated and actuated state. 

SBS exhibited an actuation force of 0.03 N under at 32.1 MV m-1 applied electric field 

and showed no actuation force below 20 MV m-1, Figure 4.16c. Comparatively, VHB 

exhibited a weak actuation response at 16.5 MV m-1 however it actuated with a force 

of only 0.02 N under a 32.1 MV m-1 electric field. Instead, MG-SBS demonstrated an 

actuation response of 0.015 N when investigated at 12 MV m-1 which increased to 

0.12 N at an electric field of 32.1 MV m-1. This response is four times greater than for 

SBS and up to six times greater than for VHB. The actuation force of the elastomers 
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solely depends on the Maxwell pressure generated by the material, and is independent 

of Young’s modulus. Therefore, from equation 4.9 as the actuation force of MG-SBS 

is four times greater than for SBS, it agrees well with the increase in relative 

permittivity observed (from 2.8 to 11.4).  

 

Figure 4.16 (a) Radial actuation strain and (b) areal actuation strain of MG-SBS under 

different electric fields. (c) Actuation force of SBS, MG-SBS and VHB 4910 under 

increasing electric field 

However, as previously stated, MG-SBS has a mechanical self-healing and has 

indicated an electrical self-healing ability, from impedance testing in section 4.2.4. To 

quantify the electrical self-healing ability, the electrical response of MG-SBS can be 

retested using polarisation-electric field loops to quantify how strong an electric field 

can be withstood before electrical breakdown occurs. As can be seen in Figure 4.17, 

the polarisation-electric field loops of pristine MG-SBS up to 4 kV displayed a linear 

response due to its capacitive nature. As the samples in polarisation-electric field loop 

testing were not pre-strained, their breakdown is compared to the nominal electric field 
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at which MG-SBS suffered electrical breakdown at 18.1 MV m-1, given by equation 

4.12: 

𝐸 =
𝑉

𝐻
  (4.12) 

Additionally, the gradient of the response is constant as the material is insensitive to 

the change in electric field, due to the insulating nature of the elastomer. The 

polarisation-electric field loop of pristine MG-SBS could not be tested at a higher 

electric field due to limitations in the equipment.  

In comparison, self-healed MG-SBS also demonstrated a linear response and a 

constant gradient as the material recovered its capacitive and insulating nature. 

However, the elastomer experienced electrical breakdown at a significantly lower 

electric field. If left for 24 hours, MG-SBS recovered its electrical breakdown strength 

6.9% to an electric field strength of 1.25 MV m-1 (not shown). This low self-healing 

ability was attributed to the healed region containing electrically conductive material 

generated from electrical breakdown, such as carbon. The conductive material can 

concentrate the electric field, leading to localised Joule heating in the healed region, 

increasing the conductivity further and thus limiting the self-healing effect.27 It was 

observed that the application of a small mechanical compression (by utilising a small 

amount of finger pressure) to the pinhole region increased the electrical breakdown 

strength recovery of the material up to 17.6% (at 3.1 MV m-1), as observed in Figure 

4.17b. This recovery agrees well with the recovery in mechanical properties observed 

for MG-SBS in section 4.2.3. The reason behind this can be rationalised by 

considering the self-healing cycle. The application of pressure increases the surface 

contact of the in the damage region. The contact assists surface wetting and thus leads 

to a greater polymer chain diffusion taking place, increasing the observed electrical 

breakdown strength recovery.33  
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Figure 4.17 Polarisation-electric field loops for (a) pristine MG-SBS up to 4 kV and 

(b) healed MG-SBS up to 1 kV 

Thus, this evidence of electrical breakdown strength recovery led to three important 

questions. Firstly, is the electrical breakdown recovery affected by the method of 

failure in the elastomer i.e. would 17.6% electrical breakdown recovery be observed 

if the elastomer was mechanically damaged rather than electrically damaged? 

Secondly, can the pinhole defect site be cleaned to remove the conductive material 

present and increase the observed electrical recovery? Thirdly, if MG-SBS suffers 

both a mechanical and an electrical failure, to what degree can the elastomer recover? 

To introduce mechanical damage to MG-SBS, a sharp scalpel blade was used to cut a 

25 mm slit through a 510 μm film, Figure 4.18a, and was allowed to self-heal at room 

temperature under the application of a 5 N load to assist with a planar surface contact 

between the exposed surfaces. After healing, MG-SBS is able to be stretched at the 

healed site, demonstrating that the mechanical damage has been macroscopically 

closed (see Figure 4.18a(2)).  

Thus a cross-section of the healing site was imaged using Scanning Electron 

Microscopy (SEM) to visualise the microscopic healing of MG-SB in Figure 4.18b-c. 

The edge of the MG-SBS cross-section shows a gap between the two polymer surfaces 

of up to 50 μm, which decreases as the two polymer pieces re-join. This area is 

irreversibly damaged from the pressure of the scalpel blade deforming the elastomer 

to cut through it. Away from the edge in Figure 4.18c, a white scar line is observed 

immediately where the two sides of MG-SBS reconnect. This scar line was attributed 

to an incomplete self-healing taking place, possibly with chain diffusion occurring but 

not full chain randomisation, according to the self-healing theory by Kim and Wool.20 
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However, the scar line fades and becomes unobservable in the bulk elastomer 

demonstrating that polymer chain entanglement took place and randomised fully, 

bridging the two pieces of MG-SBS.  

 

Figure 4.18 Diagram of mechanical damage to MG-SBS for self-healing actuation test. 

Adapted from Zhang et al.34 SEM imaging of self-healed MG-SBS after mechanical 

damage with (b) image of the microscopic damage present, the scar and the bulk 

healed polymer and (c) close image of the scar in the healing site of MG-SBS and its 

disappearance 

To assess the self-healing of MG-SBS from mechanical damage, impedance 

spectroscopy was initially performed to confirm an initial recovery of the electrical 

properties. As can been seen from Figure 4.19a-b, both the AC conductivity and phase 

angle recovery to similar to the original value of 5×10-10 S m-1 and -90 ° respectively. 

Self-healed MG-SBS does display a slightly higher AC conductivity, higher loss and 

a stronger phase angle response towards conducting at lower frequencies due to the 

residual damage at the healed site across the electrode region. In addition, Figure 

4.19c-d demonstrate the polarisation-electric field loops of both MG-SBS and self-

healed MG-SBS after mechanical damage. After healing, the loops remain linear and 

with a constant gradient demonstrating that the elastomer is still capacitive and 

electrically insulating.  
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Figure 4.19 Impedance spectroscopy of pristine MG-SBS and healed MG-SBS after 

mechanical damage for (a) AC conductivity, (b) phase angle. Polarisation-electric 

field loops of (c) pristine MG-SBS and (d) healed MG-SBs after mechanical damage 

Nonetheless, a comparison of the polarisation-electric field loop of MG-SBS and 500 

μm thick self-healed MG-SBS under a 5.9 MV m-1 electric field in Appendix Figure 

5 shows that there is a widening of the loop for the healed elastomer compared to the 

pristine MG-SBS. This agrees well with the observed increase in AC conductivity and 

phase angle of Figure 4.19a-b for healed MG-SBS.  

However in terms of electrical breakdown strength recovery, whilst 500 μm thick 

pristine MG-SBS broke down at a nominal electrical field of 18.1 MV m-1, self-healed 

MG-SBS after mechanical damage broke down under an electric field of 6.7 MV m-1 

corresponding to a recovery of 38% as seen from Figure 4.19d.  

As recovery after mechanical damage showed an increased electrical breakdown 

strength compared to recovery after electrical breakdown (38% compared to 15%), 



Chapter 4  Results and Discussion 

 

95  

 

next it was investigated whether the conductive material formed during electrical 

breakdown could be removed to increase the electrical breakdown strength recovery. 

To determine whether this is feasible, SEM imaging of the pinhole site formed during 

electrical breakdown of MG-SBS is shown in Figure 4.20. 300 μm thick MG-SBS was 

electrically broken down under a nominal electric field of 32.8 MV m-1 leading to a 

pinhole defect 90 μm in diameter. According to Zakrevskii et al., electrical breakdown 

is the ionisation, electron avalanche and formation of a conducting channel arising 

from pores or low density regions within a polymer.35 Conducting carbonised debris 

is visible around the edge of the pinhole.36 The carbonised debris is formed by 

vaporised polymer reacting with air during electrical breakdown.34  

 

Figure 4.20 SEM imaging of MG-SBS (a) after electrical breakdown forming a 90 μm 

pinhole defect, (b) after clearing debris with needle probe and (c) after application of 

finger pressure for self-healing of MG-SBS. (d) Cross-sectional view of MG-SBS after 

cleaning of pinhole failure with a needle probe and subsequently self-healed 

To clear the debris, one of two methods was utilised – either penetrating the pinhole 

region using a hollow hypodermic needle or by puncturing with a needle probe which 

had a thinner, solid needle, with optical images of both needles shown in Appendix 

Figure 6. This cleared the pinhole and produced smooth walls with less visible 

carbonised debris making it more suitable for self-healing, as observed in Figure 
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4.20b. Finally, after the application of finger pressure for self-healing, the SEM image 

in Figure 4.20c shows elastomer is visibly self-healed and exhibits a similar nature to 

other polymers which have been punctured.37 As there is still some damage on the 

surface of the elastomer, a cross-sectional SEM image in Figure 4.20d demonstrated 

the extent of the healing of MG-SBS. MG-SBS indicates complete self-healing within 

the middle of the film, as no damage was visible. However, the edges of MG-SBS had 

not successfully healed. This is either due to remnant carbonised material or damage 

to the polymer chains in this region from electrical breakdown inhibiting self-healing. 

Therefore, the use of a hypodermic needle or needle probe demonstrates a simple, easy 

way to remove carbonised material to heal elastomers after electrical breakdown and 

retain self-healing at room temperature  

After demonstrating the clearing of the pinhole defect improves the polymer contact 

sites for self-healing, the improvement in the electrical recovery was quantified. 

Figure 4.21a-b demonstrates the AC conductivity and phase angle of pristine MG-SBS 

and after MG-SBS has been healed by clearing the pinhole defect site with a needle 

probe. The graphs show that MG-SBS recovered to an almost identical behaviour of 

pristine MG-SBS of 3×10-10 S m-1 and -90° at 103 Hz respectively, certainly closer in 

behaviour than the recovery of MG-SBS after mechanical damage.  

Figure 4.21c-e show the polarisation-electric field loops of 300 μm thick pristine MG-

SBS, hypodermic needle assisted self-healed MG-SBS and needle probe assisted self-

healed MG-SBS respectively. Overall, all three graphs show a linear and constant 

gradient polarisation response indicating the recovery of their insulating and 

capacitive nature. However, there is a slight different in polarisation-electric field loop 

behaviour for these materials when the electric field loops of 10 MV m-1 are compared 

in Appendix Figure 7. As noted from Figure 4.21c, e, both pristine MG-SBS and 

healed MG-SBS with needle probe withstood an electric field of 13.8 MV m-1, 

demonstrating a minimum electrical breakdown recovery of at least 47%, whereas 

healed MG-SBS with a hypodermic needle failed under an electric field of 10.7 MV 

m-1. This corresponded to an electrical breakdown recovery of 36%. The difference in 

the self-healing ability of the two MG-SBS elastomers is directly related to the method 

of cleaning the pinhole defect. The larger, hollow hypodermic needle was significantly 

bigger than the pinhole defect formed (90 μm diameter) and removed the conducting 

carbonised material from the pinhole defect site less effectively, as noted by the wider 
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polarisation-electric field loop in Appendix Figure 7 indicating a higher conductivity38 

compared to MG-SBS and healed MG-SBS using a needle probe.  

 

Figure 4.21 (a) AC conductivity of MG-SBS before and after self-healing assisted 

using a needle probe, (b) phase angle of MG-SBS before and after self-healing assisted 

using a needle probe, (c) polarisation-electric field loop of pristine MG-SBS, (d) 

polarisation-electric field loop of MG-SBS after self-healing assisted using a 

hypodermic needle and (e) polarisation-electric field loop of MG-SBS after self-

healing assisted using a needle probe 
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Thus far, MG-SBS demonstrated good electrical recovery properties after both 

electrical failure and mechanical damage. However, this has not considered the 

actuation performance of the healed materials, nor has it established the true recovery 

of healed MG-SBS using a needle probe. Therefore, the actuation performance of MG-

SBS healed after mechanical damage and MG-SBS healed using a needle probe was 

investigated and compared to the actuation performance of pristine MG-SBS. 

Additionally, the breakdown recovery of MG-SBS both mechanically damaged and 

electrically broken down MG-SBS was also investigated.  

500 μm thick MG-SBS was actuated with 33% pre-strain applied after either electrical 

breakdown or mechanical damage, and actuated until electrical failure, see Figure 

4.22a-d. The electrical breakdown pinhole defect formed was 1.5 mm, significantly 

larger than the 90 μm defect formed when no pre-strain was applied. The pre-strain 

caused elastic deformation at the breakdown site and can act as a site for additional 

mechanical damage in the elastomer film whereas a self-healing ability in elastomers 

can prevent this from occurring. Therefore it is equally important that the self-healing 

ability of an elastomer heals both the mechanical and the electrical properties of the 

elastomer to a high degree, otherwise the elastomer can mechanically fail under 

deformation.  

To heal MG-SBS after electrical failure, the carbon grease electrode in Figure 4.22a 

was removed, before clearing debris with a needle probe followed by subsequent self-

healing as seen in Figure 4.22b. The elastomer was then subjected to an applied 

electric field. As seen in Figure 4.22e-f, pristine MG-SBS failed at 29.8 MV m-1, 

actuating radially 4.2% and exhibited an areal actuation of 8.7%. Comparatively, 

healed MG-SBS after electrical breakdown experience an electrical recovery of 66.7% 

to 19.9 MV m-1. Before failure, the elastomer was able to actuate radially 2.9% and 

exhibited areal actuation of 6.0%, a 69% recovery in the actuation ability. This 

demonstrates that the solid needle was able to very efficiently clear away conducting 

carbon debris, especially compared to the efficiency of using a large hollow needle.  

MG-SBS mechanically damaged by a 25 mm slit demonstrated a lower electrical 

recovery of 39%, failing under an electric field of 11.6 MV m-1. Before failure, 

mechanically damaged MG-SBS actuated radially 1.7% and exhibited an areal 

actuation of 3.5% corresponding to a actuation recovery of 40%. The healing 
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efficiency from this failure mode is significantly lower than after electrical failure 

despite no presence of conducting debris from failure. This was attributed to the large 

size of the mechanical failure.  

Therefore, MG-SBS was also punctured with a small hole (1.5 mm in diameter) and 

then healed. MG-SBS recovered 79% of its original electrical breakdown strength, 

failing under an electric field of 23.7 MV m-1. The smaller hole allowed better contact 

at the failure site within MG-SBS, enabling stronger self-healing to take place. MG-

SBS was also able to recovery its actuation abilities by 90%, actuating radially by 

3.8% before failure and exhibiting an areal actuation of 7.8%. 

 

Figure 4.22 (a) MG-SBS after electrical breakdown in actuation device. Pinhole size 

is 1.5 mm. (b) MG-SBS after self-healing using a needle probe to remove carbonised 

debris, (c) mechanically damaged and healed MG-SBS and (d) mechanically damaged 

and healed MG-SBS after electrical breakdown and pinhole formation. Adapted from 
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Zhang et al.34 (e) Radial actuation strain and (f) areal actuation strain under different 

electric fields for MG-SBS, MG-SBS after electrical breakdown, MG-SBS after 

damage through a mechanical slit, MG-SBS after damage through a mechanical 

puncture and MG-SBS after both damage from a mechanical slit and electrical 

breakdown 

Thus far, the investigation into the electrical recovery of MG-SBS only considers one 

failure mode at one time. Subjecting MG-SBS to both mechanical and electrical failure 

enables the recovery of MG-SBS to be further demonstrated. Initially, MG-SBS 

recovers 39% of its electrical properties after mechanical failure from a 25 mm slice. 

After further electrical breakdown, MG-SBS recovered 86% and 33% of its healed 

breakdown strength after mechanical damage and of its total breakdown strength 

respectively. This corresponds to a breakdown field of 9.9 MV m-1, a radial actuation 

of 0.7% and an areal actuation of 1.4%. 

4.2.7 Finite element modelling of MG-SBS electrical breakdown recovery 

The presence of voids and defects in the healed MG-SBS elastomers led to 

inhomogeneity in the electric field distribution under an applied electric field, leading 

to premature electrical breakdown of the elastomer. To model this, a finite element 

model was created to simulate MG-SBS under different self-healing conditions. The 

first model simulated the geometry of the MG-SBS elastomer, and contained surface 

defects at the top and bottom which are present after healing of the pinhole, see Figure 

4.23. Under application of an electric field, the surface defects demonstrate an increase 

in the localised electric field which act as the site for initiation of electrical breakdown 

in the elastomer. The conductive phase grows as electrical breakdown is propagated 

through the material to form a channel, as the increased localised electric field 

remained at the edges of the defects in the sample. Once electrical breakdown has 

propagated far enough, the electric fields from the two defect sites begin to overlap 

with each other and generate an increased electric field across the remaining thickness 

of the sample. Once this localised electric field increased to failure point, it created a 

conducting pathway through the elastomer and completed electrical breakdown. As 

small defects remain after self-healing, despite clearing away conducting carbonised 

debris, MG-SBS does not recover 100% of its electrical properties. 
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Figure 4.23 (a) Propagation of conductive phase during electrical breakdown in a 

material and (b) concentration of electric field across the material containing small 

defects at the surface after self-healing. Adapted from Zhang et al.34 

However, the model in its current form does not elaborate why application of finger 

pressure increased the electrical recovery of MG-SBS from 6.9% to 17.6%, nor why 

the cleaning step with a needle was necessary to enhance the recovery. Therefore, the 

model was adjusted to incorporate pores and voids into the self-healed point of the 

material, see Figure 4.24. Under the application of an electric field, the regions 

containing the voids also experience an increased electrical field, representing more 

sites of electric field inhomogeneity within the elastomer. These act as a site for 

electrical breakdown initiation, forming a conductive path through the material. Once 

electrical breakdown has been initiated, the high electric field in the next void along 

assists the propagation of electrical breakdown further through the material, as if 

hopping from void to void until an electrically conducting channel is formed. This 

caused electrical breakdown to be experienced by the material under a lower electric 

field.  
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Figure 4.24 (a) Conduction pathway formed and (b) concentration of electric field in 

a material with surface defects and pores/voids along the healed site of the material. 

Adapted from Zhang et al.34 

4.3 Conclusion 

In this chapter, the synthesis conditions for MG-SBS with a high grafting efficiency 

were optimised. The conditions of 9:1 THF solvent to polymer ratio, 4× excess methyl 

thioglycolate, 20 minute UV light exposure at 50 W, 0.6 mol% of photoinitiator 

DMPA at room temperature were used for scaling up reactions. The structure of the 

synthesised MG-SBS was confirmed via 1H NMR, FTIR and GPC and the grafting 
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efficiency of methyl thioglycolate was 97.2%. In addition, MG-SBS with a lower 

grafting ratios, MG-SBS (62.1%) and MG-SBS (52.1%), were synthesised to observe 

the effect of different grafting ratios on the mechanical properties of the elastomer. 

The electrical and mechanical properties of synthesised MG-SBS were investigated. 

The relative permittivity of MG-SBS was significantly enhanced from originally 2.8 

to 11.4 whilst maintaining a low tan δ loss and its insulating properties. Meanwhile 

MG-SBS exhibited a reduced strain at break of 569% whilst a reduction in polymer 

chain entanglement reduced the Young’s modulus making MG-SBS easier to deform 

compared to SBS. Furthermore, MG-SBS exhibited a lower viscoelastic loss in cyclic 

stress softening and stress relaxation testing. It was deduced that an interaction kept 

the polymer chains from slipping and enhanced the cyclic properties of MG-SBS.  

Furthermore, MG-SBS exhibited a unique self-healing behaviour whereby after three 

days at room temperature, the strain at break recovered by 21%. The nature of the 

mechanical self-healing was found to be dependent on the grafting ratio of methyl 

thioglycolate, testing temperature and time for self-healing. An investigation into the 

nature of the self-healing determined that it was caused by the δ+ protons adjacent to 

the ester of methyl thioglycolate electrostatically interacting with the δ- aromatic 

centre of styrene. This interaction also compatibilised the normally phase separated 

SBS block copolymer morphology. 

Furthermore, the electrical self-healing of MG-SBS, initially under a low electric field 

was investigated. The electric field was subsequently increased to determine the 

electrical breakdown strength. Overall it was found that pristine MG-SBS broke down 

under a 29.8 MV m-1 electric field whilst actuation 4.2% radially. Under these 

conditions, SBS broke down before actuation. The actuation force of MG-SBS was 

calculated to be 0.12 N, four times higher than for pristine SBS.  

Next, the electrical recovery of MG-SBS, after both mechanical damage and electrical 

failure was investigated. After mechanical damage with a scalpel blade MG-SBS was 

able to recover up to 39% to an electric field of 11.6 MV m-1 whilst still actuating 

1.7%. However, upon reduction of the mechanical damage to a small hole from a 

needle, the electrical recovery increased up to 79% and failed under an electric field 

of 23.7 MV m-1 whilst actuating 3.8%. Furthermore, after electrical failure, MG-SBS 

was only able to recover 15% of its electrical breakdown strength. However, by 



Chapter 4  Results and Discussion 

 

104  

 

clearing the pinhole defect site of conducting carbonaceous material from electrical 

breakdown, the electrical breakdown strength of MG-SBS was able to be recovered to 

19.9 MV m-1, a 67% recovery whilst actuating 2.9%.  

In addition, Finite Element Modelling provided an insight into why MG-SBS does not 

recover to 100% its electrical breakdown strength. The presence of voids within the 

healing site enhance the localised electric field and caused failure along the pinhole 

defect. Furthermore, surface defects from damaged polymer chains or incomplete self-

healing act as regions for electrical failure. These also exhibit an enhanced localised 

electric field, causing localised Joule heating and failure of the elastomer at a lower 

electric field. 

Overall, this chapter demonstrates that MG-SBS has superior electromechanical 

properties both theoretically and experimentally. MG-SBS exhibits a good actuation 

performance and is able to self-heal, unlike SBS or MG-SBS with lower grafting 

ratios. The self-healing enables MG-SBS to have a long lifetime within an actuation 

or energy harvesting device compared to SBS. MG-SBS also has potential reusability 

after failure within a device, something which cannot be achieved using unmodified 

SBS.  
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5.1 Introduction 

Prolonged usage of dielectric elastomers in actuators and energy harvesting devices 

can result in irreversible electrical and mechanical failure. However, the introduction 

of self-healing into dielectric elastomers can improve the cycle lifetimes of the 

elastomer by enhancing its operational stability.1  

Self-healing can be introduced into dielectric elastomers via noncovalent interactions 

or reversible covalent linkages.2 Noncovalent interactions include introducing 

functional groups for hydrogen bonding,3-5 π-bonding,6, 7 ionic bonding8 and metal-

ligand coordination.9, 10 Through their breaking and reforming nature, these 

interactions facilitating self-healing by assisting polymer chain entanglement through 

interchain interactions. The interaction strength between noncovalent interactions 

determines the rate at which self-healing takes place, with a high interaction strength 

reducing the rate of self-healing. In addition, stronger non-covalent interactions can 

increase the rigidity of the polymer and inhibit the contact and wetting stage of self-

healing.11 For larger scale supramolecular interactions, phase separation, crystallinity 

and the degree of polymer chain entanglement also affects self-healing.2, 12 

Additionally, reversible covalent bonds can be introduced using dynamic diels-alder 

bonding,13-15 disulphide linkages16-18 and imine bonds.18, 19 Upon application of a 

thermal stimulus, the covalent bonds break leaving the polymer chains free to interact 

and move. Upon cooling, new interchain covalent bonds are formed, acting as the 

mechanism for self-healing. Therefore, commercially available industrial polymers 

can be easily adapted into self-healing polymers. Self-healing can improve the 

sustainability of these devices and reduce the impact on the environment from their 

use.20 

As seen in the previous chapter, the grafting of methyl thioglycolate to SBS enhanced 

the electromechanical properties of SBS and introduced self-healing into MG-SBS 

through an electrostatic interaction. The grafted polar group is key to maximising 

actuation performance and energy harvesting efficiency by balancing the 

electromechanical properties. Increasing the size of the grafted polar group can reduce 

polymer chain entanglement due to steric constraints and thus lower the Young’s 

modulus of the elastomer. Furthermore, the increased size of the polar group can assist 

self-healing as the polar group is more able to establish electrostatic interactions. 
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However, a large polar group can suppress the relative permittivity of the elastomer 

as the change in polarity across the elastomer backbone is decreased due to the 

increased distance involved.  

An electrostatic interaction is amongst the weakest form of non-covalent interactions 

with a low binding energy of no more than 50 kJ mol-1,21, 22 as shown by Figure 5.1. 

Therefore, an electrostatic interaction is able to freely break and reform, assisting self-

healing under room temperature conditions. However, the application of thermal 

energy easily overcomes the low binding energy of the weak noncovalent interaction. 

 

Figure 5.1 Binding energy ranges for different types of noncovalent interactions. 

Reproduced from Wang et al.21 

In this chapter an analogous polar group to methyl thioglycolate, methyl-3-

mercaptopropionate (M3M), was grafted to SBS which had a two carbon chain 

between the thiol group and the ester functionality instead of one. This allowed the 

effect of the size and flexibility of the grafted polar group on the mechanical, electrical 

and self-healing properties of SBS to be determined and attempt to maximise their 

actuation and energy harvesting performance. Furthermore, cyclic mechanical 

behaviour and stress relaxation were investigated to determine the potential for high 

longevity of M3M-SBS within a device. Due to the ability for M3M to electrostatically 

interact with styrene, the ability of M3M-SBS to self-heal was observed. By extending 

the length of the polar group, the freedom of the group to break and reform was 

expected to facilitate chain entanglement to a greater degree compared to MG-SBS. 
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The actuation performance of M3M-SBS before and after mechanical failure was 

tested and compared to MG-SBS. Finally, the energy harvesting ability of both M3M-

SBS and MG-SBS was explored within an energy harvesting device, which utilised 

air pressure to simulate a mechanical deformation. The harvested energy, the 

harvesting efficiency and the axial deformation required for optimum energy 

harvesting was calculated for each material. Furthermore, energy harvesting after 

damage was also tested for both MG-SBS and M3M-SBS to determine the potential 

feasibility for reusing the elastomers should they fail within a device.  

This work demonstrates that tuning the size of the grafted polar group can provide 

superior electromechanical properties for energy harvesting and actuation device. In 

addition, this chapter demonstrates that the pursuit of solely enhancing the relative 

permittivity without considering other factors such as mechanical properties and the 

nature of the polymer chains, does not necessarily lead to enhancements in actuation 

or energy harvesting performance.  

5.2 Results and Discussion 

5.2.1 Intrinsic modification of SBS with methyl-3-mercaptopropionate 

The grafting of methyl-3-mercaptopropionate (M3M) to SBS was firstly conducted 

following the optimised conditions for MG-SBS synthesis. Briefly, a 4× excess of 

methyl-3-mercaptopropionate was calculated based on the concentration of vinyl 

groups in SBS from section 4.2.1 and used. However, during the photoinitiated thiol-

ene reaction, the polymer solution gelled due to a high concentration of interchain 

crosslinking between polymer chains. This indicated that the grafting rate of methyl-

3-mercaptopropionate to SBS was lower than previously observed for MG-SBS.  

Therefore, the reaction conditions were modified to increase the excess of methyl-3-

mercaptopropionate to a 5× excess. This was based on the observations for the 

synthesis of MG-SBS with different thiol ratios in section 4.2.1 and based on extensive 

investigations into thiol-ene reactions by Silverstein et al.23 Nonetheless, the resultant 

modified elastomer from this reaction also gelled during the photoinitiation step.  

To overcome the problem of gelation of methyl-3-mercaptopropionate modified SBS 

(M3M-SBS), an investigation into the solvent ratio used for the reaction was 

conducted. For all prior reactions, a 9:1 weight ratio was used between THF/SBS. In 
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a series of reactions, the solvent ratio was increased to 20:1, 25:1 and 40:1 THF and 

SBS with a 5× excess of methyl-3-mercaptopropionate and a 20 minute UV light 

exposure. The reactions involving 20:1 and 25:1 THF/SBS ratio gelled during the 

photoinitiation step, whilst 40:1 THF/SBS did not and a product was obtained. Once 

dry, this M3M-SBS elastomer was yellow in colour and did not melt, nor dissolve. 

This indicated that the reaction between methyl-3-mercaptopropionate and SBS was 

slow and a high degree of interchain crosslinking had taken place between the polymer 

chains 

To confirm this, the UV-light exposure time was reduced to 15 minutes whilst 

maintaining a 40:1 THF/SBS ratio and 5× excess of methyl-3-mercaptopropionate. 

This resultant M3M-SBS was still yellow in colour, albeit not as strongly coloured 

yellow, and not dissolvable nor able to melt. Therefore, it was concluded that 

increasing the solvent/polymer ratio was not beneficial for the promotion of the thiol-

ene reaction, and instead promoted the interchain crosslinking reaction. Due to the 

increased solvent volume, there was a decrease in the concentration of methyl-3-

mercaptopropionate and SBS, increasing the rate of intra- and interchain crosslinking 

as free alkene sites were available to react.24, 25  

Therefore, based on this experimentation, the excess of thiol used was increased to 

10× excess, whilst the THF:SBS ratio was maintained at 9:1 under a 15 minute UV 

exposure time. This yielded a white elastomer, which was both dissolvable and 

meltable. 1H NMR spectra, Figure 5.2a, demonstrated the successful reaction through 

the reduction of the peaks at 5.4 ppm and 4.8 ppm, whilst new peaks at 3.7 ppm and 

2.7 ppm arose due to CH3 and CH2 groups either side of the ester respectively as well 

as a new peak at 2.6 ppm associated with CH environment adjacent to the sulphur 

from methyl-3-mercaptopropionate and on the polymer backbone. From 1H NMR, 

using equations 4.5 and 4.6, the grafting of methyl-3-mercaptopropionate from the 

thiol peaks was 96.7% and the reduction in the alkene peak was 98.6%, indicating that 

the reaction proceeded with a high grafting efficiency and a low rate of side reactions.  
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Figure 5.2 (a) 1H NMR spectra at 400 MHz in CDCl3 of SBS and M3M-SBS with 

assigned peaks, (b) FTIR spectra of SBS and M3M-SBS with key peaks highlighted, 

(c) GPC trace of SBS and M3M-SBS in THF and (d) GPC trace of M3M-SBS in THF 

with the UV light detector at 254 nm and Refractive Index against retention time 

The associated FTIR spectrum of M3M-SBS is shown in Figure 5.2b. As similar to 

MG-SBS in section 4.2.1, the C-H alkene stretch at 3001 cm-1 of SBS disappears, and 

replaced by a C=O stretch at 1728 cm-1. Additionally, there are symmetric and 

asymmetric C-O stretches present in the FTIR spectrum of M3M-SBS. However, there 

are 2 visible for each stretching vibration, at 1169 and 1243 cm-1 for the asymmetric 

C-O stretch which overlaps slightly with a CH3 and CH2 bend at 1195 and 1145 cm-1, 

and at 979 and 1018 cm-1 for the symmetric C-O stretch, indicating two different 

vibrational energies.2 This behaviour has been observed previously for methyl-3-

mercaptopropionate.26, 27 Based on recent ab-initio modelling,28 the two peaks are 

ascribed to the two most common conformers of methyl-3-mercaptoproionate, seen in 

Figure 5.3. Each conformer has a different bond energy associated with the ester group 
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depending on its environment. Therefore, the FTIR assists with confirmation that the 

polar group was successfully grafted.  

 

Figure 5.3 The two most common conformers of methyl-3-mercaptopropionate 

GPC shows that after modification, the Mn, Mw and Đ all increased significantly due 

to the grafting, see Figure 5.2c. Prior to grafting, SBS had an Mn of 86,000 g mol-1, an 

Mw of 101,000 g mol-1 and a Đ of 1.17. Comparatively M3M-SBS had a Mn of 193,000 

g mol-1, Mw of 603,442 g mol-1 and a Đ of 3.13. The greater Mn and Mw of M3M-SBS 

compared to MG-SBS was attributed to the larger sized grafting group enabling the 

elastomer to elute faster from the GPC column. Furthermore, the larger Đ was also 

attributed to UV light induced polymer chain scission in the butadiene block of M3M-

SBS, as the UV response for at higher retention times is low, see Figure 5.2d.  

Upon scaling up the reaction to using 10 g SBS, the UV light exposure time was 

increased from 15 minutes to 20 minutes to ensure that the thiol-ene reaction was 

complete and the obtained M3M-SBS had as high a grafting efficiency as possible. 1H 

NMR confirmed that M3M-SBS produced by large scale synthesis was unaffected and 

had a thiol grafting efficiency of 95.2%. The alkene peak was not observable in the 

spectra, indicating that a high degree of alkene groups had been converted. 

5.2.2 Mechanical and electrical characterisation of M3M-SBS 

The effect of the intrinsic modification of SBS with methy-3-mercaptopropionate on 

the mechanical properties is shown in Figure 5.4. Compared to SBS, M3M-SBS 

exhibited a reduced tensile strength of 4.7 ± 0.7 MPa, as well as a significantly reduced 

Young’s modulus of 2.5 ± 0.8 MPa, which is similar to the change in mechanical 

behaviour after modification to form MG-SBS. This was ascribed to the grafted 

methyl-3-mercaptopropionate inhibiting chain entanglement and altering the polymer 

chain structure. However, in M3M-SBS, the strain at break unexpectedly increased 

from 857% ± 45.8% to 1000 ± 126%. This is associated with the longer chained 
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methyl-3-meracaptopropionate more easily able to electrostatically interact with the 

styrenic block of SBS, increasing the strength between the polymer chains and 

preventing mechanical failure.  

 

Figure 5.4 Stress strain curve of SBS and M3M-SBS 

Cyclic stress softening of M3M-SBS in Figure 5.5a-d demonstrated that it has a 

significantly lower hysteresis loss at 100%, 300% and 500% strain extension. 

Additionally, the hysteresis loops were smaller due to a more elastic nature of the 

polymer and exhibited a linear response. Over the course of five cycles, the hysteresis 

loss for M3M-SBS was 18.8% at 100% strain, 20.3% at 300% strain and 27.7% at 

500% strain. Compared to SBS (discussed in section 4.2.5), the loss of M3M-SBS is 

between 50 – 66% lower for each of the strains, with the greatest difference between 

the two polymers at 300% strain. From 500% strain onwards, crystallisation of 

polymer chains increased the tensile strength of M3M-SBS. This is realised further in 

the stress strain curve of Figure 5.4 where the strain induced polymer chain 

crystallisation29 appears strongly between 500% and 1000% until failure. This effect 

was not observed in MG-SBS in section 4.2.2 and is related to the increased length of 

the polar groups in M3M-SBS, freeing them and not inhibiting polymer chain 

crystallisation.  
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Figure 5.5 Cyclic stress softening curves of SBS and M3M-SBS at (a) 100%, (b) 300% 

and (c) 500% strain. The darker colour is the first cycle and the lighter colour is the 

fifth cycle for each material. (d) Hysteresis loss for SBS and M3M-SBS after five 

cycles. (e) Stress relaxation of SBS and M3M-SBS up to 30 minutes. 

Stress relaxation testing of M3M-SBS, Figure 5.5e, demonstrates that the electrostatic 

interchain interaction previously observed in MG-SBS in section 4.2.5 is present in 

M3M-SBS as well. After 30 minutes at 100% strain, M3M-SBS exhibited a 

normalised stress of 0.65-0.70 MPa. In comparison, the normalised stress of SBS 

decreased to 0.55-0.60 MPa due to greater polymer chain slippage. This higher value 
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was ascribed to the electrostatic interaction in M3M-SBS preventing the polymer 

chains from moving under strain, thus maintaining a higher stress.  

The grafting of methy-3-mercaptopropionate enhanced the relative permittivity up to 

εr ≈ 7.5 at 103 Hz, compared to 2.8 for SBS in Figure 5.6. This is a reduction in the 

enhancement of the relative permittivity compared to MG-SBS because the longer 

carbon chain between the thiol group and the ester group of methyl-3-

mercaptopropionate reduced the polarity difference across on the backbone of SBS. 

Additionally, the tan δ loss for M3M-SBS was low, 0.03 at 103 Hz and only slightly 

higher than for SBS. Furthermore, the AC conductivity for M3M-SBS was an order 

of magnitude higher at 103 Hz than SBS, with a conductivity of 1.3×10-8 S m-1 

compared to 1.4×10-9 S m-1 for SBS. 

However, at 1 Hz the difference in conductivity between the two polymer is greater 

than 3 orders of magnitude. M3M-SBS was almost frequency independent in this 

region, demonstrating that it has a dc conductivity close to 3×10-9 S m-1 whereas SBS 

exhibited a frequency dependent behaviour. This indicated that the dc conductivity of 

SBS was significantly lower than M3M-SBS, and was lower than 2.4×10-12 S m-1 at 1 

Hz.  

Finally, the phase angle of M3M-SBS demonstrated an insulating response of -90° by 

M3M-SBS. The deviation from -90° in the frequency range of 1 to 100 Hz was also 

observed in the tan δ loss and relative permittivity as an increase is due to electrode 

polarisation. This is where electrons get trapped at the electrode, enhancing the 

measured response. Additionally, there was a small deviation in phase angle once 

more between 105 and 106 Hz, observed as an increase in the tan δ loss but a decrease 

in the relative permittivity. This was attributed to atomic polarisation of M3M-SBS, 

where the polymer chains are no longer able to response to the alternating electric 

field. This occurred in M3M-SBS but not MG-SBS most likely due to the inability of 

larger methyl-3-mercaptopropionate to respond to the changing electric field at a 

lower frequency.2  
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Figure 5.6 Impedance spectroscopy of SBS and M3M-SBS with (a) relative 

permittivity, (b) tan δ, (c) AC conductivity and (d) phase angle 

5.2.3 Self-healing ability and structural rationalisation of M3M-SBS 

As seen in section 5.2.2, the cyclic stress softening and stress relaxation testing 

demonstrated that the grafting of methyl-3-mercaptopropionate was able to also 

introduce an electrostatic interchain interaction similar to MG-SBS. To understand the 

degree of self-healing possible with M3M-SBS, two freshly cut dogbone pieces were 

reconnected and allowed to self-heal for different time periods, Figure 5.7 and 

Appendix Figure 8. When M3M-SBS was tested immediately after reattaching the two 

pieces together, a strain at break recovery of 6.1% was observed, corresponding to an 

actual strain at break of 55 ± 4.8%. Additionally, this also led to a similar recovery in 

the tensile strength of 5.4% (0.25 ± 0.06 MPa). After 15 minutes of self-healing, M3M-

SBS was able to recover 11.8% of its strain at break (106 ± 6.6%) and 7.2% of its 

tensile strength (0.34 ± 0.07 MPa). This demonstrated that after the initial connection 

of the two polymers, chain entanglement took place according to the theory by Kim 

and Wool.30 After M3M-SBS was left for a three day time period for healing, the 
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recovery for the strain at break increased to 26% (234 ± 21%) whilst the tensile 

strength recovered by 12.8% (0.60 ± 0.08 MPa). The strain at break recovery was 

similar to that of MG-SBS, however the strain at break was significantly higher due 

to the greater strain at break of the elastomer compared to MG-SBS. Thus, M3M-SBS 

is able to be strained further after self-healing before failure occurs.  

 

Figure 5.7 (a) Recovery for the strain at break at various times compared to the strain 

at break for pristine M3M-SBS, (b) recovery for the tensile strength at various times 

compared to the tensile strength for pristine M3M-SBS and (c) stress strain curves for 

the self-healing of M3M-SBS at various times 

To understand further the self-healing nature of M3M-SBS, the structure of M3M-

SBS was probed using DMTA. The tan δ loss of M3M-SBS showed that there was 

only one glass transition after modification compared to two for the phase separated 

structure of SBS, Figure 5.8a. M3M-SBS followed the same previously observed 

behaviour of MG-SBS and the single glass transition was due to the compatibilisation 

of the butadiene block with the styrene block through the methyl-3-

mercaptopropionate ester. Above 50 °C, the tan δ loss displayed some noise due to the 
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softness of the material. Additionally, the storage modulus and loss modulus are 

shown in Appendix Figure 9. They show a decrease of three orders of magnitude after 

the glass transition temperature. Additionally, above 100 °C, the storage modulus 

begins to drop further whilst the loss modulus increases, indicating that the material is 

beginning to display as more viscous behaviour, most likely due to the loss of any π-

π stacking present in the elastomer. 

 

Figure 5.8 (a) DMTA tan δ and (b) Solution state UV-Vis spectroscopy of SBS and 

M3M-SBS in DCM 

Solution state UV-Vis spectroscopy provided further evidence of a similar 

electrostatic interaction between the grafted ester and the styrenic block of SBS. Figure 

5.8b shows that the π-π* transition for free styrene occurred at 262 nm in SBS. 

However, after the reaction, the π-π* transition for the aromatic groups blue shifted 

below the solvent cut off of 230 nm, instead leaving the edge of a peak which increased 

in intensity from 250 nm. Compared to methyl thioglycolate, the longer length of the 

methyl-3-mercaptopropionate side-group assists with greater polymer chain 

entanglement, increasing the ease for the δ+ proton from the ester of methyl-3-

mercaptopropionate to remove electron density from the δ- aromatic centre of styrene. 

This increased the π-π* orbital band-gap, thus decreasing the wavelength of light for 

promotion.  

To investigate the interactions behind the self-healing behaviour within M3M-SBS, 

variable temperature FTIR was utilised to determine the specific bonds affected by 

disrupting the electrostatic interaction through temperature, see Figure 5.9. Upon 

heating, it was observed that three peaks shifted their wavenumber. From Figure 5.9a 
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the C=O stretch at 1734 cm-1 shifted by 4 cm-1 to 1738 cm-1 in the temperature range 

of 30 °C – 150 °C. The higher energy indicated that the C=O bond required more 

energy for stretching. The second peak which shifted was the CH3 bend in the ester of 

methyl-3-mercaptopropionate at 1356 cm-1 as seen in Figure 5.9b, shifting to a lower 

wavenumber whilst broadening upon heating. This demonstrated that it is easier for 

the bending vibration of the CH3 group to occur, as the δ+ proton is no longer 

interacting with the styrene group. Finally, in Figure 5.10c, the asymmetric C-O-C 

stretch at 1244cm-1 decreased by 2 cm-1. The C-O-C bond is not directly involved in 

the electrostatic interaction, however the decrease in wavenumber indicated that it is 

easier to stretch at a lower energy. This was rationalised by the overcoming the of the 

CH3 bend at 1356 cm-1. Therefore, the variable temperature FTIR reinforced the 

results from DMTA and UV-Vis spectroscopy as to the nature of the self-healing 

interaction in M3M-SBS. Additionally, the variable temperature FTIR of SBS for the 

same regions are shown in Appendix Figure 10 as a comparison but show no peak 

shifts in these regions. 

 

Figure 5.9 Temperature dependent FTIR for M3M-SBS between 30 °C and 150 °C 

for (a) 1734 cm-1, (b) 1356 cm-1 and 1244 cm-1 
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5.2.4 Actuation performance of M3M-SBS 

The electroactive abilities of M3M-SBS was first investigated through its actuation 

performance. Despite the lower relative permittivity of M3M-SBS, the comparison of 

actuation properties between MG-SBS and M3M-SBS is important to determine 

which elastomer is superior. Thus, the FoMActuation value from equation 4.7 was 

calculated to be 226.2 when normalised to SBS, 40% greater than for MG-SBS. This 

was attributed to the higher breakdown strength and slightly lower Young’s modulus 

of M3M-SSB, see Table 5.1 for a summary of the properties of M3M-SBS.  

Table 5.1 Table of experimentally determined properties of M3M-SBS and the 

theoretically determined FoMActuation 

Young’s 

modulus 

(MPa) 

Elongation 

at break (%) 

Elongation at 

break after 

self-healing 

(%) 

Elongation 

recovery 

(%) 

Normalised 

stress 

relaxation 

(MPa) 

εr at 

1 

kHz 

Eb 

(MV 

m-1) 

FoMActuation 

2.4 1000 
230% at RT 

for 3 days 
27 0.7 7.5 39.6 226.2 

 

Therefore, the experimental determination of the actuation abilities of M3M-SBS 

followed the same procedure as for the actuation testing of MG-SBS in section 4.2.6. 

M3M-SBS was pre-strained biaxially 33% onto a rigid frame as shown in Figure 5.10a 

and the electric field was calculated as the true electric field from equation 4.8.  

Therefore, the actuation abilities of M3M-SBS are shown in Figure 5.10b-c. M3M-

SBS failed under an electric field of 39.6 MV m-1 whilst actuating 9.3% radially. This 

corresponded to an areal actuation of 19.5%. This was significantly improved 

compared to MG-SBS, and demonstrated that the enhanced actuation abilities of 

M3M-SBS was correctly predicted by the FoMActuation. The actuation behaviour of 

M3M-SBS is somewhat different to that of MG-SBS. MG-SBS actuated linearly with 

respect to the electric field. However, the actuation of M3M-SBS deviated from 

linearity above 25 MV m-1, where the actuation behaviour became exponential with 

respect to electric field. This change in behaviour is attributed to the stronger electric 

field increasing the Maxwell’s pressure on the elastomer, overcoming the elastic 



Chapter 5  Results and Discussion 

 

121  

 

forces of the material. This behaviour has been observed in the literature for actuation 

previously.31-33  

After mechanical damage was inflicted upon M3M-SBS via a needle probe, M3M-

SBS was healed and its actuation abilities were retested. Healed M3M-SBS was able 

to recover its electrical breakdown strength to 33.8 MV m-1, a recovery of 85.3%. 

Additionally, M3M-SBS was able to actuate 4.2% radially and an areal strain of 8.5%, 

the same actuation performance as pristine MG-SBS. This corresponded with a 44.8% 

recovery in radial actuation strain and demonstrated that M3M-SBS has superior 

actuation abilities compared to both SBS and MG-SBS.  

 

 Figure 5.10 (a) Radial actuation and (b) areal actuation of pristine M3M-SBS and 

healed M3M-SBS under different electric fields, the inset image shows the set-up of 

actuation testing of M3M-SBS. 

5.2.5 Energy harvesting abilities of MG-SBS and M3M-SBS 

Thus far, only electrical energy transduction into mechanical energy has been 

considered. Therefore, in this next section, the mechanical energy transduction into 

electrical energy was investigated for both MG-SBS and M3M-SBS. As with 

actuation, the theoretical energy harvesting ability was calculated using FoMHarvesting, 

shown in Equation 5.1: 

𝐹𝑜𝑀𝐻𝑎𝑟𝑣𝑒𝑠𝑡𝑖𝑛𝑔 = 휀0휀𝑟𝐸𝑏
2  (5.1) 

where ε0 is the permittivity of a vacuum, εr is the relative permittivity and Eb is the 

breakdown strength of the material. The equation is similar to the equation for 

FoMActuation but does not take into account the Young’s modulus of the elastomer. This 

is because the Young’s modulus is assumed to be sufficiently low enough that a 
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mechanical force will be able to deform the elastomer. The normalised values of 

FoMHarvesting for MG-SBS and M3M-SBS against FoMHarvesting value of SBS are 9 and 

10.5, respectively, an order of magnitude greater than SBS, indicating that the 

modified elastomers would exhibit better energy harvesting abilities.  

An energy harvesting device was fabricated by clamping the elastomer MG-SBS or 

M3M-SBS onto a frame over an air chamber in an unstrained state. Air pressure was 

applied to simulate mechanical deformation of the elastomers and depressurisation of 

the system was used to remove the mechanical deformation. The energy harvesting 

cycle is shown in Figure 5.11. In state A, the elastomer was undeformed with only a 

resting voltage of 1.5 kV applied. The elastomer was stretched under air pressure to 

inflate the elastomer and simulate mechanical deformations in state B whilst 

maintaining an applied voltage of 1.5 kV. After this, the applied voltage was increased 

to 2.0 kV whilst maintaining a constant mechanical deformation in state C and then 

the depressurisation of the system relaxes the elastomer in state D, increasing the 

repulsion in the system and increasing the voltage further, which was harvested before 

returning to the initial cycle state in A.  

 

Figure 5.11 Schematic energy harvesting cycle of elastomers using air pressure. In 

state A, the elastomer is in the undeformed state with no applied voltage. In state B, 

the application of air pressure has deformed the elastomer to its stretched state. In state 
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C, the voltage is applied and in state D the air pressure is removed to bring the 

elastomer to the undeformed state.  

The schematic for the electric circuitry for the energy harvesting device and the 

schematic for the application of voltage are shown in Figure 5.12 and shows how 

mechanical energy was converted in the device. This showed that 1.5 kV is supplied 

through diode D1 in state A, in Figure 5.12a. When deformed in state B, the 

capacitance of the elastomer increased as thickness decreased and increased the stored 

charge in the elastomer under a fixed voltage, due to equation 1.14. 

When the elastomer returns to its unstrained state, the capacitance of the material 

decreases, increasing the voltage as the charge in the elastomer remains static. The 

charge was removed via diode D2 and then the voltage decreases to the initial applied 

voltage of 1.5 kV. 

 

Figure 5.12 (a) Electrical circuitry schematic for the dielectric elastomer generator and 

(b) application of voltage during the different states of the energy harvesting cycle 

An example energy harvesting cycle is given in Figure 5.13 which followed the change 

in pressure and volume flow rate of air in Figure 5.13a and the change in current and 

voltage in Figure 5.13b. In this example, a single energy harvesting cycle for M3M-

SBS is shown where the biaxial deformation was 300% (λa = 3). The first half of the 

cycle, between 0-10 seconds, is attributed to pressurisation of the chamber and until 

the correct volumetric change was achieved. This is denoted by equation 5.2: 

𝛥𝑉𝑎 = ∫ 𝑄𝑎
10

0
(𝑡) 𝑑𝑡  (5.2) 
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where ΔVa is the volumetric change, Qa (t) is the volumetric flow of air into the air 

chamber and dt is the change in time. Therefore, Figure 5.13a showed that the air 

pressure reached a maximum pressure of 0.06 bar within 1.5 seconds, at which point 

Qa (t) decreased to zero and no further increase in pressure was observed. When the 

time was 10 seconds, the pressure in the system decreased to 0.05 bar from the 

elastomer relaxing. The increase in the capacitance of the elastomer in this state is 

observed from equation 1.11. Therefore, as the area increased and the thickness 

decreased, the capacitance increased.  

During the time of 10-20 seconds in the cycle, the pressure decreased as the chamber 

depressurised. Depressurisation took four times longer than the pressurisation step as 

the difference in pressure between the surrounding environment and in the air chamber 

was only 0.05 bar.  

Figure 5.13b showed how the current and voltage changed within the cycle. Focussing 

on the pressurisation step, the current flowed to the electrode in the elastomer steady 

state between 2 and 10 seconds as a positive current remains, where I (t) is ≈ 5 μA. 

The leakage current, Ileak (t), was considered to be proportional to the deformation of 

the elastomer during the pressurisation step, and constant during relaxation, whilst the 

leakage charge was calculated as the area between the voltage and Ileak (t). The 

charging current, Icharge, and the charge increased due to the increase in capacitance, 

Qcharge, are calculated from equations 5.3 and 5.4 respectively: 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) =  𝐼(𝑡) − 𝐼𝑙𝑒𝑎𝑘(𝑡)  (5.3) 

𝑄𝑐ℎ𝑎𝑟𝑔𝑒 = ∫ 𝐼𝑐ℎ𝑎𝑟𝑔𝑒 (𝑡)𝑑𝑡  (5.4) 

The final ten seconds in the cycle saw the voltage increase from 1.5 kV to 2.0 kV 

between 10 – 12.5 seconds. The voltage remained constant for a further 2.5 seconds 

before decreasing to 1.5 kV once more. Whilst under a constant voltage of 2 kV, a 

discharge current, Idischarge(t), was released into the energy harvesting circuit, observed 

as a negative current. The harvested charge, Qdischarge, was calculated from equation 

5.5: 

𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = ∫ 𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡)𝑑𝑡  (5.5) 
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However some of the energy generated in the elastomer was dissipated due to the 

presence of leakage current, leading to the harvested energy being less than the charges 

supplied to the electrodes. This loss was expressed in equation 5.6: 

𝑄𝑙𝑒𝑎𝑘 = 𝑄𝑐ℎ𝑎𝑟𝑔𝑒 − 𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  (5.6) 

where Qleak is the leakage charge. The pressure, air flow, current and voltage graphs 

for MG-SBS and M3M-SBS at different strains (λa = 1.3 – 3.0) as well as after healing 

are found in Appendix Figure 11 - 14.  

 

 Figure 5.13 (a) Change in pressure and air volume flow rate compared to time for an 

energy harvesting cycle, (b) change in current and voltage compared to time for an 

energy harvesting cycle, (c) change in applied voltage as a function of strain and (d) 

change in electric field over one complete energy harvesting cycle 

The change in applied voltage as a function of strain and the change in electric field 

over the harvesting cycle are shown in Figure 5.13c-d, where electric field was 

calculated as true electric field. The graphs show that the applied voltage remained 

fixed upon axial deformation, whilst the electric field increased from 5 MV m-1 to 45 

MV m-1. The applied voltage increased to 2.0 kV whilst experiencing a decrease in the 

axial deformation. Due to this, the electric field also decreased to 30 MV m-1. When 

the axial deformation was removed, the applied voltage remained at 2 kV whilst the 
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electric field decreased further due to an increase in thickness of the elastomer. After 

reducing the applied voltage to 1.5 kV, the electric field decreased to the resting state 

of A at 5 MV m-1.  

To calculate the energy harvested by the energy harvesting device, the total converted 

electrical energy, We, and the generated electrical energy, Wharvest, were calculated 

from the electrical work-conjugated plane diagram of the energy harvesting cycle from 

Figure 5.14a. The overall dotted line area is calculated as We and the enclosed area is 

the generated electrical energy, Wharvest, and these were calculated using equations 5.7 

and 5.8: 

𝑊𝑒 = (Φ𝐻 − Φ𝐿)𝑄𝑐ℎ𝑎𝑟𝑔𝑒  (5.7) 

𝑊ℎ𝑎𝑟𝑣𝑒𝑠𝑡 = (Φ𝐻 − Φ𝐿)𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  (5.8) 

Subsequently, the expended mechanical energy via air pressure in the energy 

harvesting cycle was calculated from the mechanical work-conjugate plane diagram 

of the energy harvesting cycle, as shown in Figure 5.14b using equation 5.9: 

𝑊𝑚𝑒𝑐ℎ = ∫ 𝑃𝑎(𝑡)𝑑𝑉𝑎(𝑡)  (5.9) 

Finally, the efficiency for energy conversion, η, is seen from equation 5.10: 

𝜂 =
𝑊ℎ𝑎𝑟𝑣𝑒𝑠𝑡

𝑊𝑚𝑒𝑐ℎ
=

(Φ𝐻−Φ𝐿)𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

∫ 𝑃𝑎(𝑡)𝑑𝑉𝑎(𝑡)
  (5.10) 

 

Figure 5.14 Measured energy harvesting cycles for M3M-SBS with the axial 

deformation of λa = 3 for (a) electrical and (b) mechanical work-conjugate plane. The 

enclosed to (a) the total converted electrical energy, We, of [13 mJ (52 mJ g-1)] and the 
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actual harvested electrical energy, Wharvest, of [2.3 mJ (9.2 mJ g-1)] and (b) the 

expended mechanical energy, Wmech, of [178 mJ (324 mJ g-1)]. 

From the energy harvesting cycles, the specific energies generated during the cycles 

were calculated at different axial deformations for both M3M-SBS and MG-SBS to 

show the total converted electrical energy, We, and the generated electrical energy, 

Wharvest, in Figure 5.15a-b respectively. The difference between We and Wharvest is the 

We takes into account the energy loss through Ileak. From Figure 5.15a, both elastomers 

generated a similar specific energy per cycle up until λa = 2.5. Where λa > 2.5, M3M-

SBS generated a higher specific energy up until 51.8 mJ g-1 at λa = 3.0. Comparatively, 

MG-SBS could generate only 29.0 mJ g-1 when λa = 2.8. The MG-SBS elastomer failed 

at λa = 3.0.  

However, when energy loss through Ileak was taken into account, both elastomers 

generated significantly less specific energy, and produced no energy when λa < 1.6. 

MG-SBS harvested the greatest energy at λa = 2.2, with Wharvest = 2.3 mJ g-1. In 

comparison, M3M-SBS harvested the greatest energy when λa = 2.8 with Wharvest = 

11.5 mJ g-1. The harvested energy does not follow the same trend as the total energy 

harvested as the leakage current increased as the axial deformation increases.34  

After damage, M3M-SBS showed a reduced ability for energy harvesting, with M3M-

SBS only able to harvest 0.89 mJ g-1 when λa = 2.0. However, the harvested energy 

for MG-SBS remained constant and was able to harvest 3.3 mJ g-1 when λa = 2.2. This 

indicated that under harvesting, M3M-SBS was only able to recover 44% of its 

electrical breakdown strength, as it failed under an electric field of 20 MV m-1 

compared to its original electric field of 45 MV m-1. It was difficult to maintain the 

thickness of the elastomer at the healed site during the healing process. In a dielectric 

elastomer generator, air pressure is applied uniformly across the elastomer, instead of 

planar stresses from pre-strain in an actuator. This means that if the healed site is 

thinner than the surrounding elastomer, the air pressure can deform the healed region 

excessively, inducing a premature breakdown despite a low average electric field 

across the elastomer. The combination of high biaxial strain and high electric field 

resulted in a lower self-healing performance in a dielectric elastomer generator 

compared to an actuation device. 
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Figure 5.15 (a) The mechanical damage process on the elastomers (b) total converted 

electrical energy density, (c) generated electrical energy density and (d) energy 

harvesting efficiency of M3M-SBS and MG-SBS 

The energy harvesting efficiencies for MG-SBS and M3M-SBS are shown in Figure 

5.15d. Due to a high dissipation of energy, M3M-SBS exhibited an efficiency of 1.7% 

at λa = 2.8 whilst MG-SBS had an efficiency of 0.4% at λa = 2.0. The energy was 

dissipated through a large leakage current that arose from the defects within the 

elastomers as well as the slow depressurisation step in the energy harvesting cycle. To 

improve this efficiency further, reducing the defects present in the elastomers and 

increasing the depressurisation speed are key. 
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However, the efficiency of the energy harvesting device is controlled by other factors 

as well. This includes the energy harvesting configuration, including the harvesting 

voltage and the driving voltage, the mechanical loading set-up, such as the duration of 

each harvesting cycle and the method of mechanical loading, circuitry design and 

application of electrodes. Therefore, these results are not directly comparable with 

literature obtained values from dielectric energy generators in the literature, however 

MG-SBS and M3M-SBS are of similar value to reported VHB 4910 energy harvesting 

values, which are between 2.1 – 400 mJ g-1.35-37 

 

5.3 Conclusion 

Methyl-3-mercaptopropionate grafted SBS (M3M-SBS) was synthesised and 

confirmed via 1H NMR and FTIR with a grafting efficiency of 95.2%. The grafting of 

the longer polar group reduced the Young’s modulus of the elastomer to 2.5 MPa 

compared to SBS and MG-SBS, whilst leading to a higher strain at break up to 1000%. 

The cyclic mechanical testing and the stress relaxation of M3M-SBS showed that at 

high elongations, the elastomer had a low hysteresis loss from a highly elastic 

behaviour and a lower stress relaxation compared to SBS. However, the stress 

relaxation was greater when compared to MG-SBS due to greater polymer chain 

slippage in M3M-SBS.  

For the electrical properties, the relative permittivity of M3M-SBS was enhanced 

compared to SBS to 7.5 whilst maintaining a low tan δ loss and retaining its insulating 

properties. The increase in the relative permittivity was lower than for MG-SBS (εr ≈ 

11.4) due to the smaller change in polarity across the polymer backbone.  

M3M-SBS exhibited a strong self-healing ability and was able to recover its strain at 

break to 234%, showing a recovery of 26%, greater than MG-SBS, which 

demonstrated a strain at break recovery of 21% . The self-healing nature was identified 

due to a δ+ proton adjacent to the ester of the grafted polar group interacted with the 

δ- aromatic centre of the styrene block of SBS. This intrachain interaction promoted 

the phase compatibilisation of SBS.  

The actuation abilities of M3M-SBS far surpassed those of MG-SBS, despite its lower 

relative permittivity. M3M-SBS was able to actuate up to 9.3% radially under an 

electrical field of 39.6 MV m-1. The superior actuation abilities of M3M-SBS were 
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attributed to its lower Young’s modulus and its higher breakdown strength. In 

addition, the comparison of the experimental actuation abilities of MG-SBS and 

M3M-SBS were correctly predicted theoretically by the FoMActuation, which indicated 

that M3M-SBS had a superior actuation performance. Furthermore, M3M-SBS was 

still able to actuate up to 4.2% radially and recovered 85.3% of its electrical 

breakdown strength, failing under an electrical field of 33.8 MV m-1.  

The energy harvesting performance of M3M-SBS was higher than that of MG-SBS, 

which was able to harvest 11.5 mJ g-1 under an axial deformation of λa = 2.8; in 

comparison with 2.3 mJ g-1 under an axial deformation of λa = 2.2 for MG-SBS. Above 

these axial deformations, the harvested energy decreased due to an increase in the 

leakage current.  

In addition, the self-healed MG-SBS was able to harvest up to 3.3 mJ g-1 under an 

axial deformation of λa = 2.2, whereas the maximum harvested energy for healed 

M3M-SBS was 0.89 mJ g-1 under an axial deformation of λa = 2.0. The lower healing 

properties of M3M-SBS based energy harvesting device compared to the actuators 

was attributed to inhomogeneous thickness at the defect site, which caused strained 

non-uniformly compared to the bulk elastomer.  

Due to the simplicity of the energy harvesting device and circuitry set up, large leakage 

currents were observed from elastomer defects and from the slow depressurisation step 

after the removal of air pressure. Therefore, only low harvesting efficiencies were 

found of up to 1.7% when λa = 2.8 for M3M-SBS and 0.4% when λa = 2.2 for MG-

SBS. However, the overall specific energy densities of MG-SBS and M3M-SBS are 

in the correct range for literature reported values.  

Overall, this chapter successfully demonstrated that the chain length of the grafted 

polar groups has a key role in determining the electromechanical properties and the 

self-healing properties of the elastomer. The mechanical properties and electrical 

breakdown strength of a dielectric elastomer should be considered for achieving high 

actuation and energy harvesting performance, alongside a high relative permittivity.  
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6.1 Introduction 

Different types of interactions between polymer chains can be used to tune the 

electromechanical properties, the self-healing properties and the operational 

temperature of a dielectric elastomer. This allows the optimal operating conditions to 

be configured by the ratio of polar groups and interactions introduced into a dielectric 

elastomer, thus allowing an energy harvesting or actuation device to operate under 

hostile conditions.  

As seen in the previous chapter in Figure 5.1, a range of various noncovalent 

interactions are possible, all with different strength binding energies. Thus far, MG-

SBS and M3M-SBS have been synthesised containing solely noncovalent electrostatic 

interactions which has introduced a self-healing ability into the dielectric elastomers, 

but were readily overcome at elevated temperatures.1 

Hydrogen bonding introduces higher strength noncovalent interactions, introducing 

the ability for self-healing and temperature resistance. Typically, hydrogen bonding 

introduces a temperature resistance up to 60 °C, beyond which the thermal energy of 

the system allows the hydrogen bonding to easily break and reform.2  

Hydrogen bonding takes place between hydrogen atoms and electronegative atoms 

such as oxygen or nitrogen which behave as hydrogen bond acceptors and donors, 

dictated by the type of functional group. Hydrogen bond acceptors donate electron 

density to the hydrogen bond and consist of esters, aldehydes, ethers and ketones, 

whereas hydrogen bond donors provide a hydrogen atom for the hydrogen bond and 

include amines, alcohols and amides. Carboxylic acids are unique as they are able to 

behave as both a hydrogen bond acceptor and donor as it is able to stabilise itself 

through the formation of a resonance structure and can form reciprocal dimers.  

Increasing the number of hydrogen bonding acceptors and donors on a polymer chain 

increases the strength of the hydrogen bonding formed and can be used to tailor the 

properties of a polymer.3 This idea has been used by Cao et al. to develop self-healing 

flexible sensors designed for human-machine interaction able to read facial 

movements for real-time speaking applications. After self-healing, a minimal loss in 

the electronic output signal was observed, thus ensuring a reliable sensor even after 

failure.4  
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However, for actuation and energy harvesting applications, increasing the hydrogen 

bonding groups can affect its performance by increasing the stiffness and brittleness 

of the elastomer. Therefore, it is key to balance the strength of the hydrogen bonding 

network, and thus the strength of self-healing.  

Previously developed self-healing dielectric elastomers have primarily focussed on 

silicone based materials. Hydrogen bonding in silicone elastomers has been introduced 

through carboxylic acid and amine groups by Sun et al. show in Figure 6.1. They found 

that self-healing after mechanical damage led to a recovery in the tensile strength of 

115%, when allowed to heal at 80 °C for five hours. This was because the hydrogen 

bonds were able to freely break and reform, and therefore interacting with polymer 

chains across the polymer divide. Interestingly, if the silicone elastomer was self-

healed at 100 °C, the breakdown strength increased, the relative permittivity increased 

to 4.4 and the silicone elastomer was able to actuate up to 8.3% under an electric field 

of 15 kV mm-1. This change in behaviour was due the hydrogen bonding being 

converted to stronger ionic bonding. However, this was at the expense of the strain at 

break as the brittleness of the elastomer increased.5 

 

Figure 6.1 Formation of hydrogen bonding between carboxylic acid and amine groups 

on a polysiloxane chain as well as the ionic bonds formed when converted at 100 °C. 

Reproduced from Sun et al.5 
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Madsen et al. used an alternative approach of forming an interpenetrating polymer 

network which also contained ionic crosslinking through proton exchange between 

amines and carboxylic acids. When self-healed for 12 hours at 120 °C, the elastomer 

could recover up to 77% of its strain at break, and failed at 300% strain. The higher 

temperature for healing was required because of the increase binding energy exhibited 

by ionic bonds compared to hydrogen bonds. Furthermore, the modified elastomer 

exhibited a relative permittivity of up to 4.3 and a high breakdown strength of 57 MV 

m-1.6 

Therefore, in this chapter hydrogen bonding is introduced into SBS in different ratios 

to enhance the self-healing abilities of SBS and enhance the ability for SBS to operate 

as an actuator or energy harvester in hostile environments. To introduce hydrogen 

bonding an analogous polar group to methyl thioglycolate was used, thioglycolic acid 

(TG). Thioglycolic acid is similar to methyl thioglycolate except that it contains 

carboxylic acid functionality instead of an ester.  

Thus thioglycolic acid was introduced into SBS in a graded approach whereby the 

strength of the hydrogen bonding network was tuned by the ratio of grafting between 

methyl thioglycolate and thioglycolic acid. This was conducted as a one pot synthesis 

whereby both thiols were added in the desired ratio and the resulting elastomer called 

MG/TG-SBS. The ratio between MG and TG was varied between 100/0 and 80/20, 

and further increases in the hydrogen bonding strength were deemed not desirable due 

to the degradation of the mechanical properties.  

The successful synthesis of a range of MG/TG-SBS elastomers was confirmed via 1H 

NMR and FTIR and the effect on the strength, stiffness and failure investigated. This 

is followed by the electrical properties of the MG/TG-SBS elastomers.  

To understand the effect of the hydrogen bonding on the temperature properties of the 

elastomers, variable temperature FTIR, 1H NMR and impedance spectroscopy was 

conducted, alongside self-healing testing of the MG/TG-SBS elastomers at both room 

temperature and at 80 °C.  

Finally, the actuation properties of 80/20 MG/TG-SBS was investigated and compared 

to both MG-SBS and M3M-SBS. This work demonstrates the effect the introduction 

of a hydrogen bonding network has on the temperature properties of SBS elastomers 

for use in actuation and energy harvesting devices in hostile conditions.  
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6.2 Results and Discussion 

6.2.1 Intrinsic modification of SBS with methyl thioglycolate and thioglycolic acid  

By altering the grafting of the hydrogen bonding thioglycolic acid group, the self-

healing performance and the temperature resistance of the elastomer can be balanced 

depending on the environmental conditions required for an actuation or energy 

harvesting device. Therefore, both methyl thioglycolate and thioglycolic acid were 

grafted utilising photoinitiated thiol-ene chemistry between 100/0 and 80/20 

respectively and characterised via 1H NMR and FTIR in Figure 6.2 and Appendix 

Figure 16 and 17. For clarity, MG-SBS is referred to as 100/0 MG/TG-SBS in this 

chapter, to make clearer the ratios of the two thiols present in the elastomer. 

From 1H NMR in Figure 6.2a and Appendix Figure 16, the characteristic alkene peak 

for SBS at 5.4 ppm decreased substantially after the photoreaction. In its place, two 

new peaks arose, a CH3 for the terminus of methyl thioglycolate at 3.7 ppm, and a CH2 

peak at 3.2 ppm for both methyl thioglycolate and thioglycolic acid. Therefore, from 

equation 4.5, the total grafting ratio of both methyl thioglycolate and thioglycolic acid 

to SBS was  97.2%, 97.5%, 97.8% and 93.4% for 100/0, 95/5, 90/10 and 80/20 

MG/TG-SBS respectively. Additionally, the thiol grafting was compared to the 

reduction in the vinyl groups at 5.4 ppm to determine the ratio of methyl thioglycolate 

and thioglycolic acid grafting. Therefore the absolute grafting ratio of 95/5, 90/10 and 

80/20 MG/TG-SBS was 94.9/5.1%, 87.9/12.1% and 73.4/26.6% respectively.  

Additionally, the FTIR spectra in Figure 6.2b and Appendix Figure 17 show the 

introduction of new bonds in the elastomers. After the reaction, the alkene group of 

SBS at 3006 cm-1 disappeared and new carboxylic acid and ester C=O stretches 

appeared at 1730 cm-1. In addition, an asymmetric C-O-C stretch and symmetric C-O-

C stretch from the methyl thioglycolate ester are observed at 1277 cm-1 and 1007 cm-

1 respectively. Furthermore, an O-H stretch in the region of 3200 – 3400 cm-1 appears, 

observed most strongly in 80/20 MG/TG-SBS and ascribed to the thioglycolic acid 

carboxylic acid.  

The GPC trace for 90/10 MG/TG-SBS is shown in Figure 6.2c. Prior to modification, 

SBS had an Mn of 86,000 g mol-1, Mw of 101,000 g mol-1 and a Đ of 1.17. After 

modification, the Mn increased to 273,000 g mol-1, the Mw increased to 656,000 g mol-
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1 and the Đ increased to 2.41, once again due to polymer chain scission. The increase 

in the Mn and Mw also confirms the successful grafting reaction. However, 95/5 and 

80/20 MG/TG-SBS could not be ran via GPC due to solubility issues in THF arising 

from the acid groups grafted. 

 

Figure 6.2 (a) 1H NMR spectra at 400 MHz in CDCl3, (b) FTIR spectroscopy of SBS, 

100/0 MG/TG-SBS and 80/20 MG/TG-SBS and (c) GPC trace of 90/10 MG/TG-SBS 

in THF with a Refractive Index detector. 

6.2.2 Synergistic effects of methyl thioglycolate and thioglycolic acid on elastomer 

morphology and electromechanical properties 

The effect of the grafted polar group ratios on the mechanical properties are shown 

through the stress strain curves of Figure 6.3, and summarised in Table 6.1. Prior to 

modification, the tensile strength of SBS was 8.9 ± 0.7 MPa and had a strain at break 

of 857 ± 45.8%. As mentioned in section 4.2.2, 100/0 MG/TG-SBS exhibited a 

reduced tensile strength of 3.1 ± 0.1 MPa and a reduced strain at break of 569 ± 25.9%.  
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Table 6.1 Summary of mechanical properties for SBS and MG/TG-SBS elastomers 

with grafting ratios between 100/0 and 80/20 respectively 

 

Through the introduction of hydrogen bonding, the tensile strength of the elastomers 

increased for both 95/5 and 80/20 MG/TG-SBS, to 4.4 ± 0.3 MPa and 3.3 ± 0.3 MPa 

respectively compared to 100/0 MG/TG-SBS. However, the tensile strength for 90/10 

MG/TG-SBS decreased to 2.8 ± 0.1 MPa, attributed to a change in the polymer 

microstructure and phase morphology due to the presence of a larger hydrogen 

bonding network. This effect is further confirmed in AFM imaging in Figure 6.5. 

A stronger hydrogen bonding network also decreased the strain at break exhibited in 

the elastomers. The strain at break decreased to 270 ± 47% for 80/20 MG/TG-SBS. 

This demonstrates that the mechanical properties can be tuned by tuning the hydrogen 

bonding network for the optimal strain at break and tensile strength properties for use 

in actuation or energy harvesting device applications.  

 

Figure 6.3 Stress strain curves of SBS, 100/0, 95/5, 90/10 and 80/20 MG/TG-SBS  

Elastomer Tensile strength (MPa) Strain at break (%) 

SBS 8.9 ± 0.7 857 ± 45.8 

100/0 MG/TG-SBS 3.1 ± 0.1 569 ± 25.9 

95/5 MG/TG-SBS 4.4 ± 0.3 602 ± 35.8 

90/10 MG/TG-SBS 2.8 ± 0.1 315 ± 26.6 

80/20 MG/TG-SBS 3.3 ± 0.3 270 ± 47 
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The dynamic hydrogen bonding networks from thioglycolic acid introduces a stronger 

interaction between polymer chains compared to the electrostatic interaction from 

methyl thioglycolate. This affects the interchain behaviour and the polymer chain 

mobility, and was observed in the cyclic stress softening profiles. In Figure 6.4a-b, the 

cyclic stress softening curves for the first cycle and fifth cycle are shown for 95/5, 

90/10 and 80/20 MG/TG-SBS, with the cyclic stress softening curves of SBS and 

100/0 MG/TG-SBS in section 4.2.5. As seen from Figure 6.4a, c, modification of SBS 

with methyl thioglycolate and thioglycolic acid resulted in a hysteresis loss of less 

than 20% when cyclically strained 100%. Comparatively, SBS exhibited a larger 

hysteresis loss of 39%. The difference in mechanical behaviour arose from the 

interchain electrostatic interactions of methyl thioglycolate compatibilising the block 

co-polymerisation of SBS and preventing hysteresis energy loss.  

Increasing the strain for cyclic stress softening increased the hysteresis loss for all 

elastomers. SBS exhibited a hysteresis loss of 58% after five 300% strain cycles. 

100/0, 95/5 and 90/10 MG/TG-SBS all exhibited lower hysteresis loss compared to 

SBS, however, the elastomers showed a difference in behaviour depending on the 

degree of hydrogen bonding present. As such, 90/10 MG/TG-SBS had the greatest 

hysteresis energy loss of 29% compared to 95/5 and 100/0 MG/TG-SBS, which both 

exhibited hysteresis losses below 20%. The difference in behaviour was attributed to 

the rigid behaviour of the stronger hydrogen bonding network formed. In contrast, 

80/20 MG/TG-SBS could not be tested at 300% strain as it failed at 270% strain.  
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Figure 6.4 (a) Cyclic stress softening of 95/5, 90/10 and 80/20 MG/TG-SBS at 100%, 

(b) cyclic stress softening of 95/5, 90/10 and 80/20 MG/TG-SBS at 300%, (c) a 

summary of hysteresis loss from cyclic stress softening for SBS, 100/0, 95/5, 90/10 

and 80/20 MG/TG-SBS. Darker colour is cycle 1, lighter colour is cycle 5. (d) Stress 

relaxation of 95/5, 90/10 and 80/20 MG/TG-SBS 

The stress relaxation behaviour of the hydrogen bonding elastomers is shown in Figure 

6.4d, whilst stress relaxation for SBS and 100/0 MG/TG-SBS can be found in section 

4.2.5. The stress relaxation of all MG/TG-SBS elastomers remained low, with all 

elastomers retaining 75-85% of their stress after 30 minutes. However, the stress 

relaxation of the MG/TG-SBS elastomers increased with increasing hydrogen bonding 

network within the elastomers. This was attributed to the interchain interactions 

present within the elastomer and the effect that this has on the polymer phase 

morphology. In comparison, SBS exhibited a significantly greater stress relaxation 

due to polymer chain slippage. 

AFM imaging demonstrated the effect of altering the strength of the hydrogen bonding 

had on the phase morphology, Figure 6.5a. In unmodified SBS, microphase separation 
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was observed between the styrene and butadiene blocks, whereby the dark cylindrical 

styrene phase is surrounded a lighter butadiene matrix. After modification with 95/5 

MG/TG-SBS, the ordered phase morphology of SBS was lost due to compatibilisation 

by methyl thioglycolate1 and a disordered spherical arrangement within the matrix 

became present, attributed to a small amount of uncompatiblised styrene. Further 

increases in the strength of the hydrogen bonding network increased the number of 

spheres present in 90/10 MG/TG-SBS but decreased the difference in ‘hard/soft’ 

regions in the elastomer until an ordered arrangement of sphere is observed in 80/20 

MG/TG-SBS. The disordered spherical network was attributed to a change in 

microstructure for 90/10 MG/TG-SBS and is the reason behind its decrease in tensile 

strength in section 6.2.1. However, the presence of the spheres was not attributed to 

the presence of uncompatiblised styrene due to the reduction of grafted methyl 

thioglycolate. As is observed for 90/10 MG/TG-SBS, the height distribution within 

the contour maps is significantly lower than for SBS, 100/0 and 95/5 MG/TG-SBS, 

thus not indicating that phase separation is taking place. Therefore, the presence of the 

spheres was attributed to ordered regions of thioglycolic acid groups as the hydrogen 

bond network grows. This was further reinforced in 80/20 MG/TG-SBS, whereby the 

height distribution decreased further, and a phase morphology transition occurred to 

show a regular microstructure arrangement in place of a disordered phase morphology. 

This process is shown in Figure 6.5b. 

 

Figure 6.5 (a) AFM images of SBS, 95/5, 90/10 and 80/20 MG/TG-SBS with height 

distribution scales. Scale bar shown is 200 nm and (b) schematic diagram to explain 
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to ordered microstructure phase transition upon increase in hydrogen bonding content. 

The increase in compatibility between styrene and butadiene results from electrostatic 

interactions (shown in green). Increase the hydrogen bonding network introduces a 

disorder-to-order phase transition of hydrogen bonding regions (shown in red). 

Reproduced from Ellingford et. al.7 

The increased strength of the hydrogen bonding network affected the glass transition 

temperatures for MG/TG-SBS elastomers, Figure 6.6a. Prior to modification, SBS 

exhibited two glass transition temperatures, one for butadiene at -83 °C and one for 

styrene at 97 °C as explained in section 4.2.3. After modification, 95/5 MG/TG-SBS 

exhibited a strong, single glass transition temperature at -24.8 °C as both styrene and 

butadiene blocks were compatibilised by the modification. Increasing the thioglycolic 

acid ratio increased the glass transition temperature to -22.4 °C and -18.5 °C for 90/10 

and 80/20 MG/TG-SBS respectively. The increase in the glass transition temperature 

was associated with the increased strength of the hydrogen bonding network, requiring 

more energy to overcome it. As the thioglycolic acid content increased, small broad 

peaks are observed in the region of 40 °C – 100 °C associated with the hydrogen 

bonding. As the thermal energy in the system increased, the hydrogen bonds were able 

to freely break and reform. As this reduced the strength of the interchain interactions, 

the polymer chain motions increased and lead to the relaxations observed. This 

supports the observations from AFM imaging in Figure 6.5. 

Figure 6.6 (a) DMTA tan δ for SBS, 95/5, 90/10 and 80/20 MG/TG-SBS and (b) 

solution state UV-Vis spectroscopy for SBS, 100/0, 95/5, 90/10 and 80/20 MG/TG-

SBS in DCM 
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The effect of the hydrogen bonding network on the methyl thioglycolate/styrene 

electrostatic interaction was investigated via solution state UV-Vis spectroscopy in 

Figure 6.6b. Before the introduction of thioglycolic acid, SBS exhibited a π-π* 

transition at 262 nm, from free styrene rings which blue shifted to 247 nm after 

grafting of methyl thioglycolate, see section 4.2.3 for more information. After grafting 

with increased ratios of thioglycolic acid, the absorption wavelength for the π-π* 

transition of styrene remained at 247 nm. This indicated that the interaction between 

methyl thioglycolate and styrene was unaffected by the addition of thioglycolic acid 

and remained fully interacting, despite the change in microstructure to an ordered 

arrangement. This also provided further evidence for the rationalisations of the AFM 

imaging in Figure 6.5, whereby the ordered arrangement of spheres was attributed to 

thioglycolic acid groups instead of a phase separation between the styrenic block and 

the methyl thioglycolate modified butadiene block.  

Finally, the effect of the change in polymer composition and morphology was 

investigated using impedance spectroscopy in Figure 6.7. Prior to grafting, SBS 

exhibited a relative permittivity of 2.8 at 103 Hz. After modification, the relative 

permittivity of 95/5, 90/10 and 80/20 increased to εr ≈ 9.2 at 103 Hz. This increase was 

due to the polar groups increasing the polarity of the polymer backbone. However, this 

increase was not as high as for 100/0 MG/TG-SBS in section 4.2.2 (εr ≈ 11.4). Whilst 

thioglycolic acid is more polar than methyl thioglycolate, the carboxylic acid of 

thioglycolic acid hydrogen bonds through dimerization to form the spheres observed 

in the AFM imaging of Figure 6.5. The dimerization reduced the change in polarity as 

the charge difference was decreased across the carboxylic acid of thioglycolic acid. 

Thus purely thioglycolic acid modified SBS demonstrated lower relative permittivities 

of 7.2 at 103 Hz in the literature.8-10  

The tan δ loss of the MG/TG-SBS elastomers remained low after modification. In 

SBS, the tan δ loss was 0.009 at 103 Hz. In 95/5, 90/10 and 80/20 MG/TG-SBS, the 

tan δ loss also remained low and was between 0.01 and 0.02 at 103 Hz. This indicated 

that these elastomers have a high efficiency for energy harvesting due to a low energy 

dissipation. The tan δ rose below 102 Hz due to electrode polarisation, where electrons 

became blocked at the electrode.11 Meanwhile, the AC conductivity of the MG/TG-

SBS elastomers increased to 1×10-9 S m-1, and become frequency independent at low 

frequency. Contrastingly, SBS displayed much lower AC conductivity, which 
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decreased to 1×10-12 S m-1 at 1 Hz. Finally, the MG/TG-SBS elastomers maintained 

an insulating phase angle of -90°, also seen in SBS. However, due to electrode 

polarisation the phase angle tends towards 0° below 102 Hz and an additional small 

deviation from -90° was observed above 105 Hz. This was ascribed to the beginning 

of a relaxation peak due to atomic polarisation, where part of or all of the polymer 

chains are unable to respond quickly enough to the alternating electric field.  

 

Figure 6.7 Impedance spectroscopy for SBS, 95/5, 90/10 and 80/20 MG/TG-SBS for 

(a) relative permittivity, (b) tan δ, (c) phase angle and (d) AC conductivity 

6.2.3 Temperature dependency of self-healing and electric properties 

Variable temperature FTIR allows the interactions present within MG/TG-SBS 

elastomers to be investigated, to determine the nature of the exhibited interactions 

within the elastomers and at which temperature they are affected. Therefore, the FTIR 

of MG/TG-SBS elastomers was ran between 30 °C and 150 °C,  Figure 6.8 and 

Appendix Figure 17. 
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As the temperature increased from 30 to 150 °C, the wavenumber of the C=O ester at 

1730 cm-1 increased by 6 cm-1 to 1736 cm-1 in all four variations of MG/TG-SBS 

elastomers. In addition to this, a shoulder peak at 1700 cm-1 was observed in 90/10 

and 80/20 MG/TG-SBS attributed to the carboxylic acid C=O dimer present in the 

hydrogen bonding network. As expected, the shoulder peak is strongest in 80/20 

MG/TG-SBS, which has the largest hydrogen bonding network present. However, the 

dimer peak flattens with increasing temperature and is not visible in 80/20 MG/TG-

SBS beyond 90 °C. Comparatively, the C=O hydrogen bonding peak disappeared 

above 50 °C in 90/10 MG/TG-SBS due to the presence of a weaker hydrogen bonding 

network. Finally, no hydrogen bonding C=O peak can be observed in 95/5 MG/TG-

SBS.  

The O-H peak in 80/20 MG/TG-SBS elastomers is strongly visible, and shifts from 

3200 cm-1 to 3300 cm-1 as the temperature increased. This shift is attributed to the 

breaking of the hydrogen bonding, and freeing of the OH groups on the carboxylic 

acid of thioglycolic acid, as the increased thermal energy allowed these groups to 

freely break and reform. In 90/10 MG/TG-SBS, the OH-peak was only observed until 

90 °C, due to the weaker hydrogen bonding network present. Above this temperature, 

the hydrogen bonding network is completely lost. This demonstrated that a balance in 

tunability of the mechanical properties and the hydrogen bonding network can be 

struck, depending on the environment for the application. Comparatively, the 

hydrogen bonding was not visible in this range for 95/5 MG/TG-SBS.  

Further temperature dependence of the hydrogen bonding network was observed in 

variable temperature solution state 1H NMR for 80/20 MG/TG-SBS. In Appendix 

Figure 18 the change in the chemical shift of the acid proton from thioglycolic acid 

was monitored. At 25 °C, the peak appeared at 8.9 ppm. At 50 °C, the peak shifted 

upfield to 8.3 ppm due to the breaking of hydrogen bonding, deshielding the acid 

proton. Nonetheless, a downfield tail on the peak was observed at this temperature 

indicating that some hydrogen bonding remained. After increasing to 70 °C, the tail 

disappeared suggesting that the hydrogen bonding interaction had been thermally 

overcome. 
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Figure 6.8 Temperature-dependent FTIR spectrospcopy for MG/TG-SBS at 1730 

cm-1: (a) 100/0, (b) 95/5, (c) 90/10 and (d) 80/20 

Variable temperature impedance spectroscopy was implemented to investigate the 

effect of the electrostatic interactions and hydrogen bonding interactions on the 

electrical properties of SBS, 100/0 MG/TG-SBS and 80/20 MG/TG-SBS, and how 

thermal energy affects this further, see Figure 6.9. SBS could only be investigated at 

30 °C as the elastomer began to flow at 50 °C and reduced the adhesion of the electrode 

to the surface. Nonetheless, a relaxation peak was observed for SBS at 12 kHz in both 

the phase angle and the tan δ. The relaxation peak was ascribed to the frequency at 

which the polymer chains could not respond to the alternating electric field.  

For 100/0 MG/TG-SBS, a relaxation peak was observed at 9 kHz in both the phase 

angle and the tan δ, once again ascribed to the inability of the polymer chains to 

respond to the alternating electric field. The frequency of this peak was lower than for 

SBS, due to the grafting of methyl thioglycolate to the polymer chains, inhibiting the 

polymer chains responding to the electric field. In addition, this relaxation peak is 

coupled with a decrease in the relative permittivity for the elastomer. However, this 
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relaxation peak was lost at 90 °C and above, because the weak interchain electrostatic 

interaction had been thermally disrupted and overcame the dipole present in the 

elastomer. The low frequency range of 1 to 100 Hz showed an increase in the relative 

permittivity between 30 °C and 70 °C, attributed to the increase in electron transfer 

due to increased thermal energy of the polymer matrix. In addition, this was observed 

in the phase angle as it tended towards 0° in this frequency region. However, once the 

dipole had been thermally disrupted, a lower relative permittivity was observed 

between 1 to 100 Hz.  

Comparatively, 80/20 MG/TG-SBS exhibited a relaxation peak across all 

temperatures investigated. At 30 °C, the relaxation peak was at 4 kHz, lower than for 

both SBS and 100/0 MG/TG-SBS due to the additional hydrogen bonding restricting 

and retarding the movement of the polymer chains further. However, increasing the 

temperature to 130 °C shifted the relaxation peak to 64 kHz. Increasing the thermal 

energy reduced the intensity of the relaxation peak as the hydrogen bonding was 

overcome from an increase in the rate of hydrogen bond breaking and reformation, 

and a lower hydrogen bond lifetime. However, it is never fully overcome at 130 °C, 

thus a dipole remains in the elastomer. Nonetheless, the faster rate of breaking and 

reforming of hydrogen bonding from thermal energy meant that the polymer chains 

are able to respond to higher electric fields, thus increasing the relaxation peak to 64 

kHz. Finally, electrode polarisation was observed once more at frequencies lower than 

100 Hz, but was present at all temperatures. The source of the electrode polarisation 

is attributed to the greater thermal energy increasing the flow of ions. 

Based on the variable temperature impedance spectroscopy, the time-frequency 

superposition principle12 can be applied to both the relative permittivity and the phase 

angle of 80/20 MG/TG-SBS to create master curves, as seen in Figure 6.10. The 

frequency range of 70 °C was used as a reference temperature and extended its 

frequency range from 10-1 to 107 Hz by shifting the curves according to equation 6.1: 

𝑎(𝑡) =
𝑡𝑡

𝑡𝑟
  (6.1) 

where a(t) is the shifting factor, tt is the relaxation time at a specific temperature and 

tr is the relaxation time at the reference temperature. Therefore, the curves show that 

electrode polarisation increased greatly for both relative permittivity and phase angle, 
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especially between 10-1 and 102 Hz. Furthermore, the relaxation peak attributed to the 

restriction of the polymer chains  from hydrogen bonding was observed at 104 Hz. 

Beyond this, in the region of 105-107 Hz, no further relaxation peaks from structural 

transitions are observed, and the phase angle remains at -90° to indicate the insulating, 

capacitive nature of the polymer.  

 

Figure 6.9 Variable temperature impedance spectroscopy showing the relative 

permittivity, tan δ and phase angle of SBS (a-c), 100/0 MG/TG-SBS (d-f) and 80/20 

MG/TG-SBS (g-i) in the temperature range of 30 °C to 130 °C 

Thus, the temperature tunability of the hydrogen bonding networks indicates that the 

self-healing of MG/TG-SBS elastomers could also be temperature dependent. 

Therefore, the self-healing of MG/TG-SBS elastomer was investigated at room 

temperature and at 80 °C, to determine whether the increased breaking and reforming 

of the hydrogen bonding network enhanced the self-healing ability.  
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Figure 6.10 Master curves of 80/20 MG/TG-SBS at a reference temperature of 70 °C 

for (a) relative permittivity and (b) phase angle 

80/20 MG/TG SBS was able to recover 48% of its strain at break after three days at 

room temperature, and exhibited a strain at break of 139 ± 5.6%, Figure 6.11. 

However, 80/20 MG/TG-SBS could also recover 48% of its strain at break in just 15 

minutes when self-healed at 80 °C. When allowed to heal at 80 °C for three hours the 

strain at break recovery increased to 79%, corresponding to a strain at break failure at 

230 ± 6.4%. This demonstrated that the interchain electrostatic interaction and 

hydrogen bonding interaction could work synergistically to enhance the self-healing 

to a more significant degree.  

Decreasing the hydrogen bonding network demonstrated a reduction in the 

temperature dependency of self-healing and a total reduction in the ability of MG/TG-

SBS elastomers to self-heal, Appendix Figure 19. 95/5 MG/TG-SBS had poorer self-

healing ability (33% strain at break recovery at 80 °C) compared to 90/10 MG/TG-

SBS (50% strain at break recovery at 80 °C) which in turn was not able to self-heal to 

the same extent as 80/20 MG/TG-SBS.  

Furthermore, the recovery in the tensile strength for the MG/TG-SBS elastomers is 

shown in Appendix Figure 20. The greatest tensile strength recovery was for 80/20 

MG/TG-SBS after three hours of self-healing at 80 °C, whereby the tensile strength 

healed up to 0.9 ± 0.06 MPa, a 28% recovery. Comparatively, after three days at room 

temperature, 80/20 MG/TG-SBS exhibited a tensile strength of 0.7 ± 0.05 MPa. The 

tensile strengths for 95/5 and 90/10 MG/TG-SBS healed to a similar strength 

compared to 80/20 MG/TG-SBS.  



Chapter 6  Results and Discussion 

 

151  

 

 

Figure 6.11 Comparative self-healing recovery of 100/0 and 80/20 MG/TG-SBS at 

room temperature at 80/20 MG/TG-SBS at 80 °C at different time intervals 

The effect of phase morphology on the self-healing of MG/TG-SBS elastomers played 

a key role in the efficiency of self-healing. Softer elastomers with a low glass transition 

temperature allow close contact to occur and facilitate intermolecular diffusion.13-16 

Furthermore, the ‘wetting’ stage of self-healing is aided by intermolecular interactions 

between polymer chains and enables the growth of the contact area with time. Thus, 

SBS was unable to self-heal due to the hard styrenic block, accounting for 30 wt% of 

the polymer, which had an experimentally determined glass transition temperature of 

97 °C. The glassy styrenic block therefore inhibited intermolecular diffusion and the 

wetting stage. Through modification of SBS to form 100/0 MG/TG-SBS, the 

elastomer softens and the butadiene and styrene blocks are compatibilised, and 95/5 

MG/TG-SBS exhibits a similar behaviour to 100/0 MG/TG-SBS due to their similar 

structures. By introducing a greater hydrogen bonding network into MG/TG-SBS, a 

disorder-to-order microstructure arrangement was promoted, from hard regions of 

hydrogen bonding. Thus, the modification of SBS with methyl thioglycolate and 

thioglycolic acid introduced an interchain electrostatic interaction and hydrogen 

bonding, to allow intermolecular diffusion and wetting to occur for self-healing. 

The difference in the self-healing performance at room temperature and at 80 °C can 

be ascribed to the hydrogen bonding using the theory from Wool & O’Connor.13-16 At 

room temperature, the hydrogen bonding enhances the wetting stage of self-healing, 

whilst also inhibiting interchain diffusion, and indicates that with enough time 100/0 
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MG/TG-SBS will self-heal to a greater degree at room temperature than for 80/20 

MG/TG-SBS. However, as hydrogen bonding is influenced by the thermal 

environment around it, at 80 °C it is able to both facilitate wetting and interchain 

diffusion. This enhances the rate of self-healing significantly. 

6.2.4 Actuation testing of MG/TG-SBS  

To investigate the actuation properties of 80/20 MG/TG-SBS, the theoretical 

FoMactuation was calculated to determine how its physical properties affect the actuation 

performance. The FoMactuation for 80/20 MG/TG-SBS was 21.2, an order of magnitude 

lower than the predicted actuation abilities of MG-SBS and M3M-SBS. This is 

attributed to the higher Young’s modulus of the elastomer. 

An investigation into the actuation properties of 80/20 MG/TG-SBS under 33% 

biaxial prestrain before and after self-healing through mechanical damage at room 

temperature is shown in Figure 6.12. Pristine 80/20 MG/TG-SBS was able to actuate 

radially 1.5% and areally by 3.1% before failure under an 18.0 MV m-1 electric field. 

This confirms that the FoMactuation correctly predicted the decrease in actuation 

performance for this elastomer. Whilst the actuation performance of 80/20 MG/TG-

SBS was low at room temperature, based on the temperature dependency properties in 

section 5.2.3, 80/20 MG/TG-SBS could demonstrate enhanced actuation abilities at 

elevated temperatures due to thermal energy increasing the rate of hydrogen bond 

breaking and reforming, allowing the polymer chains to move. 

80/20 MG/TG-SBS was also punctured with a small hole and subsequently rehealed 

at room temperature for 24 hours. When actuated, it was able to recover its actuation 

abilities to 1.3% radially and 2.6% areally, a recovery of 85.0%. The elastomer broke 

down under an electric field of 14.4 MV m-1, demonstrating an 80.0% recovery in the 

electrical breakdown strength. Overall this suggests that 80/20 MG/TG-SBS is more 

suited to actuation and energy harvesting devices under elevated temperatures rather 

than at room temperature, due to its lower performance. 
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Figure 6.12 (a) Radial actuation strain and (b) areal actuation strain for pristine 80/20 

MG/TG-SBS and healed 80/20 MG/TG-SBS 

6.3 Conclusion 

In conclusion, this chapter demonstrated the successful synthesis of SBS elastomers 

containing varying degrees of both electrostatic interactions and hydrogen bonding to 

enhance both the self-healing ability of the elastomer and the resistance of the 

elastomer to hostile environments. The structures and the grafting ratios of the 

elastomers were characterised using 1H NMR as well as FTIR for further confirmation. 

The absolute grafting ratios of 95/5, 90/10 and 80/20 MG/TG-SBS were 94.9/5.1%, 

87.9/12.1% and 73.4/26.6% respectively. In addition, the grafting efficiency of the 

thiol groups to the SBS backbone was over 93% for all elastomers.  

The effect of the hydrogen bonding networks was investigated and an increase in 

brittleness was observed for an increasing hydrogen bonding network strength. 

However, an increase in strength was not uniformly observed due to a change in the 

polymer phase morphology. As observed by AFM, a disorder to order transition was 

observed as the thioglycolic acid ratio increased and spherical regions of hydrogen 

bonding were formed. Further, a decrease in the relative permittivity for all MG/TG-

SBS elastomers was observed to 9.2 at 103 Hz. This was attributed to the dimerization 

of thioglycolic acid groups decreasing the change in polarity across the polymer 

backbone.  

Further investigations were conducted on the structure of MG/TG-SBS elastomers. It 

was found that the glass transition temperature of the elastomers increased upon 



Chapter 6  Results and Discussion 

 

154  

 

increasing hydrogen bonding network strength. Furthermore, variable temperature 

FTIR confirmed the nature of both electrostatic and hydrogen bonding interactions 

present in MG/TG-SBS, and discovered that hydrogen bonding was not visible in 

80/20 MG/TG-SBS above 90 °C. This was further confirmed via variable temperature 

1H NMR. In addition to this, variable temperature impedance spectroscopy 

demonstrated the electrical behaviour of the polymer chains at different temperatures. 

It showed that without the hydrogen bonding network, the relative permittivity of the 

elastomer decreased substantially above 90 °C due to the loss of polarisation within 

100/0 MG/TG-SBS. However, for 80/20 MG/TG-SBS the elastomer retained its high 

relative permittivity across all temperature ranges, demonstrating the effect that the 

hydrogen bonding has on temperature reinforcement of the elastomer.  

Finally, the actuation abilities of 80/20 MG/TG-SBS were investigated. It was found 

that the actuation performance of the elastomer were significantly affected by the 

hydrogen bonding network. This was because of the increase in the Young’s modulus 

of the elastomer. Thus 80/20 MG/TG-SBS was only able actuate 1.5% radially before 

failure under an electric field of 18.0 MV m-1. However, 80/20 MG/TG-SBS was able 

to exhibit excellent self-healing, and recovered 80% of its electrical breakdown 

strength. Therefore, the elastomer failed under an electric field of 14.4 MV m-1 and 

was still able to actuate 1.3% radially, a recovery of 85%.  

Overall, this chapter demonstrates that the hydrogen bonding network strength of 

MG/TG-SBS elastomers can be tuned to develop an elastomer which can be used 

successfully in an actuation and energy harvesting device under hostile conditions 

such as elevated temperature. Further work is required to optimise the specific 

hydrogen bonding network strength for balancing of the mechanical properties and 

actuation and energy harvesting performance, potentially through altering the ester 

group from methyl thioglycolate to methyl-3-mercaptopropionate. In addition, the 

grafting of hydrogen bonding groups with two or more hydrogen bonding sites could 

lower the required grafting to form a strong hydrogen bonding network. This in turn 

could enhance the mechanical strain at break and lower the Young’s modulus whilst 

developing a dielectric elastomer for use in hostile temperature conditions.  
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Extrinsic modification of SBS with PVDF and multi-walled 

carbon nanotubes 
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7.1 Introduction 

Extrinsic modification of SBS is an industrially viable approach to produce enhanced 

permittivity nanocomposites for actuation and energy harvesting applications. This is 

because extrinsic modification approaches can be scaled up easily to the kilogram or 

tonne scale, the production can be fast and continuous as well as a solvent free 

approach. However, significant challenges remain for the production of 

nanocomposites, primarily associated with the addition of nanoparticles to form the 

composites. This is because nanoparticles, such as graphene or carbon nanotubes 

typically have a poor interfacial compatibility with the polymer, and they prefer to 

agglomerate instead of disperse homogeneously.  

The use of poly(vinylidene fluoride) (PVDF) in energy harvesting devices is highly 

desirable due to its inherently high relative permittivity (εr ≈ 12) and piezoelectric 

properties, thus allowing it to be used in dielectric elastomer harvesters and 

piezoelectric harvesters.1 The high relative permittivity and piezoelectric coefficient 

arise from the semi-crystalline nature of PVDF. PVDF exhibits three different 

crystalline structures,2, 3 the α, β and γ phase as shown in Figure 7.1. The α phase is 

paraelectric and does not contribute to enhancing the relative permittivity or the 

piezoelectric properties of PVDF. This is because of the hexagonal arrangement of the 

crystal phase, where polymer chains are aligned anti-parallel to each other. The β 

phase contributes to the piezoelectric properties and polarity of PVDF. This is because 

the crystal phase is orthorhombic, with the polymer chains arranged in a trans planar 

zigzag conformation with all dipoles parallel to each other. The β phase has the highest 

contribution to the polarity of PVDF of all possible crystal phases.4 The γ phase is less 

polar but still contributes to the polarity of PVDF.2 Therefore, the promotion or 

preservation of the β phase in PVDF is crucial towards its high permittivity.  
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Figure 7.1 The three crystalline structures of PVDF, the α phase, β phase and γ phase. 

Reproduced from Wan et al.2 

However, due to its semi-crystalline nature, the mechanical properties of PVDF make 

it unsuitable for direct use in a dielectric energy harvester device.5 Therefore, the 

blending of PVDF with other polymers to enhance the mechanical properties of PVDF 

whilst retaining the electrical properties have been investigated. Typically, PVDF is 

incompatible with many dielectric elastomers, and poor mechanical properties have 

been observed due to poor phase mixing and large phase dimensions.6 Therefore, to 

compatibilise two polymers, a third compatibilising polymer can be utilised. For 

example, 20-40 wt% polymethylmethacrylate (PMMA) was used to compatibilise a 

polycarbonate and PVDF blend.7 To lower the addition of compatibilising polymer, 

methyl methacrylate-co-glycidyl methacrylate (MMA-co-GMA) was utilised for 

compatibilising a blend of PVDF and polyamide 6 (PA6). Epoxy groups on GMA 

compatibilised PA6 through hydrogen bonding with carboxylic acid and amino 

groups. The successful compatibilisation was observed via a reduction in the 

crystallinity of both PVDF and PA6 and a significant increase in the strain at break, 

from 20% to 250%.8 Alternatively, compatibilising a polyamide 11 and PVDF blend 

using vinyl acetate-co-maleic anhydride was demonstrated.9 

A second approach is to functionalise PVDF to enhance its compatibility. Blending 

PVDF-g-malic anhydride enhanced its compatibility with polyurethane and a thin film 
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of it was successfully demonstrated in a piezoelectric wind harvesting device, 

exhibiting an energy density of 200 mW m-2.10, 11 

Finally, a third alternative is to form thermoplastic vulcanates by crosslinking two 

polymers together.12 One example demonstrated PVDF dynamically vulcanised with 

acrylonitrile butadiene rubber via melt mixing to produce a polymer blend with 

enhanced mechanical properties and phase mixing.13  

The addition of conducting nanoparticles can enhance the relative permittivity of a 

polymer matrix by acting as microcapacitors to store charge when below the 

percolation threshold.2 However, the fillers can have a negative effect on the tan δ loss 

due to an increase in the leakage current from internal conductive pathways.14, 15 As 

well, the breakdown strength can be reduced due to the increase in interfacial defects 

affecting the homogeneity of the electric field through the polymer matrix.15-18 Finally, 

nanoparticles typically act to reinforce the mechanical properties by reducing the 

elasticity and increasing the strength of the composite.19 Examples of compositing 

using thermally expanded graphene nanoplatelets and partially reduced graphene 

oxide increased the relative permittivity of composites up to 225.20, 21 In addition, 

multi-walled carbon nanotubes (MWCNTs) have shown excellent enhancement in 

relative permittivity whilst requiring a low weight fraction addition compared to 

graphene and ceramic fillers.22-24 

In this chapter, two approaches to compatibilise PVDF and SBS are investigated and 

presented. In the first section, a 50/50 SBS/PVDF blend was compatibilised using a 

compatibilising third polymer of ethylene vinyl acetate (EVA) to improve the 

mechanical properties and reduce phase separation. The mechanism of 

compatibilisation was investigated through the change in glass transition temperatures 

from DMTA with further evidence of compatibilisation shown through SEM imaging. 

After compatibilisation, up to 3 wt% MWCNTs were used to composite the polymer 

blend and the effect on the mechanical and electrical properties was investigated. The 

changes in the composite behaviour are rationalised by understanding the locality of 

the MWCNTs using contact angle measurements, and the effect on the polymer 

composite structure from MWCNTs through DSC and FTIR. The rheological 

properties were investigated as well as the electrical properties under strain to observe 

the change in behaviour of the nanocomposite for different MWCNT additions.  



Chapter 7  Results and Discussion 

 

160  

 

In the second section, increasing the compatibility between SBS and PVDF by 

modification of SBS was investigated. SBS was modified to form MG-SBS, reported 

in chapter 4. The increased polarity of MG-SBS allowed it to interact more strongly 

with PVDF. Thus the effect of blending was investigated on the electrical and 

mechanical properties of blends between 30 wt% MG-SBS to 70 wt% MG-SBS and 

compared to the behaviour of SBS/PVDF blends in the same weight ratio.  

Following this, the effect of 1 wt% MWCNTs for compositing of four chosen polymer 

blends was investigated via DSC, FTIR and SEM imaging. Finally, the effect of 

compositing on the mechanical and electrical properties was investigated and the 

nature of the observed percolation threshold was defined.  

Overall, this chapter demonstrates two routes for compatibilising SBS and PVDF to 

improve the electrical properties of SBS whilst retaining an elastic behaviour. It also 

demonstrates the effect of MWCNTs on the behaviour of these composites and 

demonstrates that elastomeric SBS/PVDF blends for actuation and energy harvesting 

devices can be produced via extrinsic modification methods. 

 

7.2 Results and discussion for extrinsic modification of SBS through 

compositing to produce thermoplastic elastomer nanocomposites with an 

electrical dual percolation threshold 

7.2.1 Structural characterisation of SBS/PVDF thermoplastic elastomers 

SBS was melt mixed with PVDF in a 50/50 wt% ratio followed by the addition of 20 

wt% EVA to assist with the compatibilisation of the polymer blend, and to retain the 

elastic behaviour of SBS. In subsequent formulations, multi-walled carbon nanotubes 

(MWCNTs) were introduced in different wt% ratios between 0.3 and 3 wt% to 

enhance the electrical properties of the nanocomposites, by increasing their relative 

permittivity until the percolation threshold was reached. Thus, the mechanical 

properties of the SBS/PVDF blends and nanocomposites are shown in Figure 7.2. 

Individually, SBS and PVDF have a strain at break of 857 ± 45.8% and 15 ± 0.2% 

respectively. However, the blending of the two polymers to produce SBS/PVDF 

(50/50) led to a decrease in strain at break to 10.5 ± 0.3%. This was attributed to poor 

compatibility between the two polymers, leading to phase separation and reduced 
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mechanical behaviour. Thus, the compatibilisation of SBS/PVDF was facilitated by 

the introduction of 20 wt% EVA. As observed in Figure 7.2, SBS/PVDF/EVA 

50/50/20 exhibited an increased strain at break of 205 ± 36%, as well as a tensile 

strength of 2.95 ± 0.2 MPa. Lower additions of EVA was found to incompletely 

compatibilise SBS/PVDF, causing some phase separation to remain.  

 

Figure 7.2 Stress strain curve of SBS/PVDF, SBS/PVDF/EVA and SBS/PVDF/EVA 

with between 0.3 wt% and 3 wt% MWCNTs 

The effect of the compatibilisation of SBS and PVDF through EVA was observed 

though the glass transition temperature (Tg) via DMTA in Figure 7.3a. SBS/PVDF 

exhibited four separate Tg’s at -83.8 °C, -37.6 °C, 92.4 °C and 118.6 °C. These were 

attributed to the Tg for the butadiene block of SBS, the Tg of PVDF, the Tg of the 

styrene block of SBS and the α-relaxation peak of PVDF respectively.25 Upon the 

addition of EVA as a compatibilising polymer, the Tg for the butadiene block of SBS 

shifted from -83.8 °C to -80.4 °C, attributed to a Van der Waals electrostatic 

interaction between the butadiene block of SBS and ethylene from EVA. Additionally, 

the Tg for PVDF disappeared and instead a broad hump at -6.8 °C appeared due to the 

interaction between the acetyl groups of EVA hydrogen bonding with the fluoride 

groups of PVDF.26 In addition to the broadness of the peak, the original Tg for EVA 

was -17.4 °C. The shift by this peak to a higher temperature provided further evidence 

for a stronger interaction type present in the polymer blend. This series of interactions 

is summarised in Figure 7.3b, and the storage and loss modulus for these polymers is 

shown in Appendix Figure 21.  
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Figure 7.3 (a) tan δ graph of 50/50 SBS/PVDF, 50/50/20 SBS/PVDF/EVA and EVA 

with glass transition temperatures shown and (b) diagram of the compatibilisation 

interaction present within SBS/PVDF/EVA 

SBS/PVDF/EVA blends were visualised before and after compatibilisation to 

determine the effect on the phase morphology. Prior to compatibilisation, SBS and 

PVDF exhibited phase separation, with the individual phases measuring hundreds of 

micrometres, Figure 7.4. With 20 wt% of EVA incorporated into the polymer blend, 

a compatibilised phase morphology, with ovoid and worm-like PVDF structures in 

smaller dimensions within the SBS matrix was observed. EVA resides at the interface 

between SBS and PVDF, to ensure that the ethylene units interact with SBS and the 

fluoride groups hydrogen bond with the carbonyls,26 and thus shows good phase 

mixing. This is the reason behind the decrease in the tensile strength but the increase 

in the strain at break for SBS/PVDF/EVA in Figure 7.2.  
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Figure 7.4 SEM imaging of (a) 50/50 SBS/PVDF, (b) 50/50/20 SBS/PVDF/EVA, 

and SBS/PVDF/EVA/MWCNT (c) 50/50/20/1  and (d) 50/50/20/3  

7.2.2 Selective localisation of MWCNTs in SBS/PVDF thermoplastic elastomers  

The selective location of MWCNTs within in either phase of the SBS/PVDF TPE 

affects the nanoparticle dispersion and alters the electrical and mechanical 

performance. To theoretically determine the locality of the MWCNTs within the 

SBS/PVDF TPE, contact angle measurements were utilised. MWCNTs interact 

differently with the two polymer phases, as interactions such as electrostatic Van der 

Waals interactions or π-π stacking create a different affinity. Thus, the wetting 

coefficient, ωa, was calculated for MWCNTs and SBS, EVA and PVDF using the 

equation shown in Equation 7.127: 

𝜔𝑎 =
𝛾𝑀𝑊𝐶𝑁𝑇𝑠−𝑝𝑜𝑙𝑦𝑚𝑒𝑟1−𝛾𝑀𝑊𝐶𝑁𝑇𝑠−𝑝𝑜𝑙𝑦𝑚𝑒𝑟2

𝛾𝑝𝑜𝑙𝑦𝑚𝑒𝑟1,2
  (7.1) 

where γMWCNT-polymer1 is the interfacial tension between MWCNTs and ‘polymer 1’, 

γMWCNT-polymer2 is the interfacial tension between MWCNTs and ‘polymer 2’ and 

γpolymer1,2 is the interfacial tension between ‘polymer 1’ and ‘polymer 2.’ Therefore, 

three conditions can arise: 

1. if ωa < -1, the MWCNTs preferentially reside in polymer 1 

2. if ωa > 1, the MWCNTs preferentially reside in polymer 2 



Chapter 7  Results and Discussion 

 

164  

 

3. if ωa is < 1 but > -1, then the MWCNTs reside at the interface between both 

polymers. 

To calculate the interfacial tension, the geometric mean equation is applied in equation 

7.2:28 

𝛾1,2 = 𝛾1 + 𝛾2 − 2 (√𝛾1
𝑑𝛾2

𝑑 + √𝛾1
𝑝𝛾2

𝑝)  (7.2) 

where γi is the total surface energy of component i and γi
d and γi

p are the dispersive 

and polar parts of the surface energy from component i respectively. For calculation 

of the surface energy, equations 7.3 and 7.4 are used based on the geometric mean:29 

𝛾𝐿𝑉 = (1 + 𝑐𝑜𝑠𝜃) = 2 (√𝛾𝑆𝑉
𝑑 𝛾𝐿𝑉

𝑑 + √𝛾𝑆𝑉
𝑝 𝛾𝐿𝑉

𝑝 )  (7.3) 

𝛾𝑆𝑉 = 𝛾𝑆𝑉
𝑑 + 𝛾𝑆𝑉

𝑝
  (7.4) 

where θ is the experimentally determined contact angle, γSV and γLV are interfacial 

surface-vapour and interfacial liquid-vapour respectively, the superscripts d and p are 

to differentiate between the dispersive and polar components of surface tension. The 

liquids selected for contact angle measurements were distilled H2O and CH2I2. Their 

literature surface energy data is shown in Table 7.1. 

Table 7.1 Surface energy data for H2O and CH2I2 for the total surface energy, the 

dispersive part of surface energy and polar part of surface energy.30, 31 

Solvent γLV (N m-1) γLV
d (N m-1) γLV

p (N m-1) 

H2O 72.8 21.8 51.0 

CH2I2 50.8 48.5 2.3 

 

The experimentally determine contact angles for SBS, PVDF and EVA from both H2O 

and CH2I2 are shown in Table 7.2 and are used to calculate the ωa’s using the 

theoretical interfacial tension of MWCNTs32 and the equations 7.1 – 7.4. The preferred 

locality of MWCNTs is shown in Table 7.3. 
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Table 7.2 Experimental contact angles of H2O and CH2I2 for SBS, PVDF and EVA 

Material θH2O (°) θCH2I2 (°) 

SBS 98.8 72.4 

PVDF 102.2 67.2 

EVA 94.2 63.9 

 

Table 7.3 Calculated wetting coefficient, ωa, between polymer phases and the 

preferential locality of MWCNTs. 

Polymer 1 Polymer 2 ωa Preferred locality of MWCNTs 

PVDF SBS 1.3190 SBS 

EVA SBS 0.6658 SBS/EVA interface 

PVDF EVA 5.82 EVA 

 

Therefore, theoretically the preferred locality of MWCNTs was the SBS phase and the 

SBS/EVA interface. 

Observation of the MWCNTs locality is shown in Figure 7.4c-d. The MWCNTs reside 

within the SBS phase at 1 wt% concentration, and show a homogeneous dispersion. 

As the weight fraction of MWCNTs increased to 3 wt%, phase separation occurs 

between SBS matrix and the EVA/PVDF phase. Additionally an increase in the phase 

dimensions of EVA/PVDF is observed, but a homogeneous dispersion of MWCNTs 

is maintained with no visible agglomeration. Therefore, the presence of the MWCNTs 

at the SBS/EVA interface decreases the compatibility between SBS and EVA. 

Normally, MWCNTs interact through π-π stacking with the aromatic styrene rings 

from the styrene block of SBS. However, under melt mixing oxidative degeneration 

of the butadiene block forms free radicals which can react with the open ends and 

defects present in MWCNTs.33, 34 As the ratio of MWCNTs increased from 1 wt% to 

3 wt%, the degree of MWCNT bonding to the butadiene backbone increased, reducing 

the number of available sites and space for the ethylene groups of EVA to interact with 

butadiene.  

The effect on the morphology of SBS/PVDF TPE’s was observed in the stress strain 

curves as the weight fraction of MWCNTs increased, in Figure 7.2. Increasing the 
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addition of MWCNTs from 0.3 wt% to 0.5 wt% and 1 wt% led to an increase in the 

tensile strength from 2.95 to 4.50 ± 0.45 MPa but a decrease in the strain at break from 

205% to 111 ± 19%. This was attributed to the MWCNTs reducing the elasticity of 

the SBS/PVDF TPE by π-π stacking with the styrene block and free radical addition 

to the butadiene block to decrease the interactions between SBS and EVA.33, 34  

When 2 wt% of MWCNT was added into the SBS/PVDF TPE matrix, the strain at 

break decreased further to 62 ± 11% whilst an increase in MWCNT concentration to 

3 wt% further decreased the strain at break to 31 ± 6%, due to the further reduction in 

compatibility within the SBS/PVDF TPE. The tensile strength increased to a 

maximum of 7.5 ± 0.42 MPa at 3 wt% MWCNT.  

Stress relaxation is shown in Figure 7.5 for samples with a MWCNT weight fraction 

of up to 1% due to limits of the strain at break. All samples exhibited a similar stress 

relaxation, whereby the normalised stress for the TPEs decreased to 0.5 MPa after 30 

minutes. Thus, the MWCNTs had a minimal impact on the entanglement of the 

polymer chains. Further investigations into the mechanical behaviour of the 

SBS/PVDF TPE composites considered their hysteresis loss through cyclic stress 

softening. As observed from Figure 7.5b, the hysteresis loops for all materials was 

large. For 50/50/20 SBS/PVDF/EVA, the hysteresis energy loss was 55.4% after five 

cycles, demonstrating a large viscoelastic behaviour. After compositing with 0.3 wt% 

MWCNTs, the viscous portion of the TPE increased as the hysteresis energy loss 

increased drastically to 70.1%. Further increases in the viscoelastic losses were 

observed, as with 1 wt% addition of MWCNTs the hysteresis loss increased to 75%. 

The cause of the increase in the viscous losses was due to the incompatibility 

MWCNTs introduced into the composite, thus causing more damage to the composite 

upon elongation.35, 36  
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Figure 7.5 (a) Normalised stress intensity for SBS/PVDF/EVA with 0-1 wt% 

MWCNTs and (b) cyclic stress softening of SBS/PVDF/EVA with 0-1 wt% 

MWCNTs 

Using EVA as a compatibiliser and incorporating MWCNTs selectively into the 

composite affects the crystallinity of PVDF. Differential scanning calorimetry (DSC) 

allowed the change in percentage crystallinity, Xc(%), of PVDF and EVA to be 

observed when MWCNT concentration was increased, as shown in Table 7.4. 

Literature values used for the heat of fusion for 100% crystalline PVDF and EVA were 

104.7 J g-1 and 277.1 J g-1 respectively.37, 38 

Table 7.4 Percentage crystallinity of PVDF and EVA in SBS/PVDF TPE blends and 

composites 

Material Xc (%) PVDF Xc (%) EVA 

PVDF 48.7 - 

EVA - 22.0 

SBS/PVDF/EVA (50/50/20) 42.7 8.51 

0.3 wt% MWCNT 45.1 8.70 

0.5 wt% MWCNT 45.2 9.42 

1 wt% MWCNT 45.0 11.0 

2 wt% MWCNT 46.3 11.4 

3 wt% MWCNT 47.7 11.8 

 

Both PVDF and EVA experienced a decrease in Xc(%) when blended into 50/50/20 

SBS/PVDF/EVA compared to Xc(%) for neat PVDF and EVA. Therefore, Xc(%) 
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PVDF decreased by 12.3% from 48.7% to 42.7%. In addition, the Xc(%) of EVA 

decreased by 61.3% from 22.0% to 8.5%. This was because of the compatibilisation 

effect between SBS and PVDF EVA introduced, and thus the phase mixing between 

the polymers led to large amorphous regions. 

Upon incorporation of MWCNTs into SBS/PVDF TPEs, the Xc(%) increased. 

MWCNTs acted as heterogeneous sites for crystallisation39 and thus the inclusion of 

0.3 wt% MWCNTs enhanced the Xc(%) from 42.7% to 45.1% for PVDF, whilst the 

Xc(%) was not affected for EVA. However, addition of 0.5 wt% and 1 wt% MWCNTs 

increased the Xc(%) in the EVA phase to 9.42% and 11.0%, whilst no change in PVDF 

occurred. Thus, this fits well with the results from contact angle measurements, as 

MWCNTs disrupt the compatibility between SBS and EVA, reducing the amorphous 

regions present. Beyond 1 wt%, increasing the MWCNT concentration further 

increased the Xc(%) for PVDF to a significant degree whilst EVA exhibited a slower 

increase. This change in behaviour for the crystallinity is observed in the tensile testing 

stress strain curves where the strain at break decreases significantly upon the addition 

of 2 wt% and 3 wt% MWCNTs.  

In addition to DSC, the change in α-phase and β-phase crystallinity with the change in 

Xc(%) within PVDF was investigated by FTIR, as shown in Figure 7.6a. Two α-phase 

crystallinity peaks and two β-phase crystallinity peaks are observed in PVDF at 615 

cm-1, 763 cm-1, 840 cm-1 and 1275 cm-1 respectively. Appendix Table 1 shows how 

the β/α phase ratio changes between the peaks in transmission mode upon change in 

MWCNT concentration, as well as the origins of crystallinity within the composite. 

As a lower peak intensity indicates a stronger peak in the FTIR, PVDF therefore has 

a greater intensity of β-phase than α-phase before incorporation within the TPE. After 

formation of the SBS/PVDF TPE, the non-polar α-phase increased whilst the 

ferroelectric β-phase decreased. This was due to two effects, firstly some of the β-

phase was converted to α-phase crystallinity and secondly, some crystalline content in 

PVDF transformed into amorphous regions, as observed by DSC in Table 7.4 

Figure 7.6b showed how the ratio of β/α phase crystallinity was affected by different 

concentrations of MWCNTs into SBS/PVDF/EVA. 0.3 wt% of MWCNTs decreased 

the β-phase ratio in PVDF slightly, demonstrating that the ratio of β-phase increased. 

However, further increases in the MWCNT concentration up to 2 wt% showed a small 
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increase in the β/α phase intensity due to a greater proportion of α crystallinity with 

respect to the β-phase within PVDF. However, there was a large difference between 

the β/α ratio between the addition of 2 wt% and 3 wt% MWCNTs, attributed to 

MWCNTs residing in the PVDF phase which simultaneously disrupted the β-phase 

whilst increasing the α-phase.  

 

Figure 7.6 (a) α-phase and β-phase analysis of PVDF crystallinity from FTIR and (b) 

the effect of MWCNT concentration in the β/α phase ratio of PVDF from FTIR 

7.2.3 Rheological dual percolation of SBS/PVDF/EVA/MWCNT nanocomposites 

To investigate the microstructure of the nanocomposites, oscillatory rheology was 

used to observe the storage modulus and complex viscosity, |η*|, as shown in Figure 

7.7. Between SBS/PVDF/EVA/MWCNT (50/50/20/0.5) and (50/50/20/1), a large 

increase was seen between the two samples for all frequencies in the storage modulus 

and |η*|, attributed to the formation of a percolated network, restricting polymer chain 

movement. Thus, as the MWCNTs reside in the SBS phase, the percolation was 

achieved within this phase between 0.5 wt% and 1 wt% MWCNTs. The percolation 

event was most observable at low frequencies as the samples showed a convergence 

at high frequencies.40  

Furthermore, a second percolation event was observed between 2 wt% and 3 wt% 

addition MWCNTs in SBS/PVDF/EVA, characterised by a large increase in the 

storage modulus and |η*|. The second percolation event was ascribed to percolation 

within the PVDF phase after some MWCNTs reside in PVDF due to the high 

concentration with the SBS phase. The change in the phase morphology was 
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demonstrated from SEM imaging in Appendix Figure 22 where the phase structure 

showed increasing phase dimensions and a reduced compatibility.  

 

Figure 7.7 Rheological properties of SBS/PVDF/EVA blends and nanocomposites 

showing (a) storage modulus and (b) complex viscosity (|η*|) 

7.2.4 Electrical dual-percolation in SBS/PVDF/EVA TPE composites 

Prior to blending, PVDF had a relative permittivity of 13.2 at 103 Hz,  Appendix Figure 

23. The blending of 50/50/20 SBS/PVDF/EVA resulted in a polymer blend with a 

relative permittivity of 3.8 at 103 Hz, only marginally higher than pure SBS, see Figure 

7.8a. Despite a high PVDF content, the blending together of the three polymers 

reduced the crystallinity present in the blend, increasing the amorphous phase content. 

In addition, for PVDF some of the β-phase content was converted to α-phase content, 

reducing the polarity of the crystalline phase additionally. The addition of 0.3 wt% 

MWCNTs increased the relative permittivity of the composite up to 5.6 at 103
 Hz, 

attributed to the increase in crystallinity of the composite and the ability of the 

MWCNTs to act as microcapacitors. Furthermore, an increased addition of MWCNTs 

to 0.5 wt% enhanced the relative permittivity of the elastomer to 13.4, whilst 

maintaining a low tan δ loss as seen in Figure 7.8b, indicating that 0.5 wt% of 

MWCNTs is close to the percolation threshold of SBS/PVDF/EVA nanocomposites.  

After the addition of 1 wt% MWCNTs, the first electrical percolation event occurred 

and the permittivity increased to 22.5, but the tan δ loss increased to 0.5 at 103 Hz. 

Furthermore, the addition of 2 wt% MWCNTs increased the relative permittivity to 

34.9, whilst maintaining a constant tan δ loss. The lack of increase in the tan δ loss 

indicated that the leakage current in the composite is suppressed. The suppression is 
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also observed by the increase in the frequency dependent nature of the 

SBS/PVDF/EVA composites as MWCNT content increases, due to Maxwell-Wagner-

Sillars polarisation from charge build up at the interfaces.41 An additional cause of the 

frequency dependent nature is the increase in space charge from voids and defects as 

a direct result of the MWCNTs. The electrical properties of 

SBS/PVDF/EVA/MWCNTs (50/50/20/2), with high relative permittivity and 

suppressed tan δ loss, indicate that it is a suitable material for vibration control sensors 

and variable impedance devices, energy harvesters and actuation devices.1, 31  

Finally, a second percolation threshold was reached after loading 3 wt% MWCNTs 

into SBS/PVDF/EVA (50/50/20). This was characterised by a large increase in the 

relative permittivity to 395.0 at 103 Hz, whilst a similarly large increase in the tan δ 

was observed, up to 123.8. This is due to the residence of a second percolation 

network, located in the PVDF/EVA phase. Thus the existence of a dual percolation 

network was present in both the rheological and electrical properties of 

SBS/PVDF/EVA, and the MWCNTs affected the rheological and electrical properties 

of the composites. 

In addition, the SBS/PVDF/EVA composites exhibit further the electrical dual 

percolation nature through the AC conductivity and the phase angle. Compared to the 

polymer blend of SBS/PVDF/EVA, the addition of 0.3 wt% MWCNTs increased the 

AC conductivity from 1.8×10-9 S m-1 to 9.4×10-9 S m-1, less than a one order of 

magnitude increase, whilst the phase angle remained insulating at -90°. Further 

increases in the MWCNT concentration to 0.5 wt% introduced a frequency dependent 

nature in the phase angle below 102 Hz, whilst the AC conductivity increased by an 

order of magnitude to 7.6×10-8 S m-1. The addition of 1 wt% and 2 wt% MWCNTs to 

SBS/PVDF/EVA further increased the AC conductivity by an order of magnitude to 

6.3×10-7 S m-1 and 9.2×10-7 S m-1 respectively. The increase in the AC conductivity 

between 0.5 wt% and 1 wt% MWCNTs was due to the formation of the first 

percolation network. However, the increase in AC conductivity between 1 wt% and 2 

wt% MWCNTs was very low due to the suppression of the percolation network. This 

was reinforced by the phase angle at high frequency, where both 

SBS/PVDF/EVA/MWCNT (50/50/20/1) and (50/50/20/2) showed an insulating 

nature as they tended towards -90° but at low frequencies tended towards 0° due to 

electrode polarisation. Finally, after the second percolation event from the addition of 
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3 wt% MWCNTs, the AC conductivity increased drastically by four orders of 

magnitude to 2.7×10-3 S m-1 at 103 Hz, and demonstrated a conducting phase angle. 

Therefore, this composite is now fully conducting.  

 

Figure 7.8 Impedance spectroscopy of SBS/PVDF/EVA/MWCNTs between 0 wt% 

and 3 wt% for (a) relative permittivity, (b) tan δ, (c) AC conductivity and (d) phase 

angle 

Furthermore, polarisation-electric field (P-E) loops of the SBS/PVDF/EVA 

composites shown in Figure 7.9 show how the electrical nature of the composite 

changes up to the first percolation threshold. In Figure 7.9a, the response of 

SBS/PVDF/EVA TPE was linear with a constant gradient, indicative of its capacitive 

nature, as the polarisation is related to the voltage. This agrees well with the low loss 

and phase angle from impedance spectroscopy results in Figure 7.8, despite a much 

higher electric field used. P-E loops of SBS/PVDF/EVA/MWCNTs (50/50/20/0.3) in 

Figure 7.9b showed that the linearity and constant gradient was lost upon an increasing 

electric field due to the presence of the MWCNTs. This is typical of a ‘lossy 

dielectric,’ originating from the electrical conductivity within the sample and not 

ferroelectricity.42 As the MWCNT concentration was increased in Figure 7.9c, the P-
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E loop opened further and exhibited a more circular response. This was due to the 

composite transitioning from ‘lossy dielectric’ to conductor and indicated that the first 

percolation threshold was close. Finally, at 1 wt% MWCNT concentration, the 

SBS/PVDF/EVA TPE displayed a circular response due to its conducting nature.  

 

Figure 7.9 Polarisation – electric field loops (P-E) loops for SBS/PVDF/EVA 

containing 0 wt% - 1 wt% MWCNTs under different electric fields 

7.2.5 Electrical dual-percolation behaviour of SBS/PVDF/EVA TPEs under 

mechanical stretching 

The effect of deformation on the microstructure and electrical properties was 

investigated by measuring the capacitance and phase angle under different strains, 

shown in Figure 7.10. Deformation can induce changes on the geometry and 

microstructure, and the capacitance of a material is dependent on both whilst the phase 

angle is dependent on solely the microstructure, and unaffected by changes in the 

sample geometry, as shown from equation 1.11 and 7.5: 

𝜃 = 𝑡𝑎𝑛−1 (
𝑍′′

𝑍′ )  (7.5) 

where θ is phase angle, Z’ is the real impedance and Z’’ is the imaginary impedance. 

Therefore, for the capacitance of SBS/PVDF/EVA in Figure 7.10a, the TPE was 
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frequency independent at low frequencies, whilst a relaxation was overserved at higher 

frequencies. The capacitance increased in line with increasing strain, however the 

phase angle remained unaffected at low frequencies, indicating that the differences 

observed in the capacitance are solely because of thickness and area changes, and the 

material behaved as a dielectric.  

The addition of 1 wt% MWCNT in the SBS/PVDF/EVA TPE resulted in a percolation 

threshold in solely the SBS phase. As seen from Figure 7.10c, the capacitance 

exhibited a high frequency dependency at low frequencies attributed to the increased 

electrical conductivity in the elastomer from the percolation network of MWCNTs,43 

also characterised by the deviation of the phase angle at low frequencies from -90°. 

As the low frequency region for capacitance exhibited a strain independence, the 

percolated network of MWCNTs was unaffected by variations in strain. However, the 

intermediate frequency region demonstrated a change in behaviour, whereby the 

capacitance is strain dependant and the phase angle also exhibited a strain dependency 

when approaching -90°. Therefore, the change in phase angle indicated that a change 

in microstructure occurs under strain.  

The addition of 3 wt% of MWCNTs into SBS/PVDF/EVA TPE introduced two 

percolation networks into the elastomer, where one resides in the SBS phase and the 

second resides in the PVDF phase. Under strain, neither the capacitance nor the phase 

angle exhibited a varied response, indicating that the MWCNT network was 

unaffected. Finally, the large deviation in the phase angle from -90° towards 0° 

demonstrated the increased conductivity of the material. 
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Figure 7.10 Change in capacitance and phase angle respectively under various 

extensions for SBS/PVDF/EVA TPEs containing (a-b) 0 wt% MWCNTs, (c-d) 1 wt% 

MWCNTs and (e-f) 3 wt% MWCNTs 

Therefore, Figure 7.11 introduced a schematic mechanism to describe the response 

from the dual percolated SBS/PVDF/EVA/MWCNT composite by considering a 

network of capacitors and resistors44 where resistors, R, were considered as the 

conductive phase and capacitors, C, were considered as the capacitive/insulting phase. 

After the first percolation event in SBS/PVDF/EVA/MWCNT (50/50/20/1), the 

composite had a percolated network of MWCNTs residing in the SBS phase, acting 

as resistors, combined with capacitive islands of PVDF with no MWCNTs present. 

Under low frequency, f, conditions, the AC current flowed through the conducting 
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SBS phase, since R-1 >> 2πfC and the phase angle deviated from -90° to 0°. As the 

frequency increased, the AC conductivity of the capacitive PVDF islands and under 

the conditions of R-1 ~ 2πfC, the capacitive PVDF islands contributed to the AC current 

and the phase angle approached -90°.31 In the unstrained state, the PVDF islands in 

the 1 wt% composite were considered to have a relatively low capacitance as they had 

a high thickness. Upon deformation, the thickness of the PVDF islands decreased and 

an increase in the capacitance was observed and thus R-1 ~ 2πfC was achieved at a 

lower frequency. This behaviour was observed in Figure 7.10d where the minimum 

for the phase angle shifted to a lower frequency upon increasing strain deformations.  

However, when 3 wt% of MWCNTs were incorporated into the matrix, the second 

percolation threshold was achieved and percolation networks existed in both polymer 

phases. Therefore, the network was only resistive, as observed in Figure 7.11b, and 

the capacitance and phase angle were unaffected by increasing strain deformations. 

Therefore, under a 3 wt% loading, the electrically conducting MWCNT network was 

unaffected until the material experienced mechanical failure under a 30% strain. 

 

Figure 7.11 Schematic diagram of resistor/capacitor network in the unstrained and 

strained state for (a) SBS/PVDF/EVA/MWCNT (50/50/20/1) and (b) 

SBS/PVDF/EVA/MWCNT (50/50/20/3). Reproduced from Ellingford et al.31 
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7.3 Results and discussion for extrinsic modification of intrinsically modified 

SBS composites with PVDF and MWCNTs 

 7.3.1 Electrical properties of SBS/PVDF and MG-SBS/PVDF blends 

The effect of blending SBS/PVDF and MG-SBS/PVDF in ratios between 70/30 and 

30/70 wt% on the electrical properties is shown in Figure 7.12. As seen previously in 

section 4.2.2, SBS has a relative permittivity of 2.8 at 103 Hz. Upon the formation of 

SBS/PVDF (70/30) the relative permittivity increased to 5.8 at 103 Hz due to the 

increased polarity of PVDF, Appendix Figure 23. Increasing the PVDF fraction 

further increases the relative permittivity up to 8.8 at 103 Hz for SBS/PVDF (30/70). 

Comparatively, MG-SBS has a relative permittivity of 11.4 at 103 Hz. However, as 

can be seen from Figure 7.12a, as the relative permittivity of the two materials was 

close, very little differentiation was observed between the ratios MG-SBS/PVDF 

(70/30) to (30/70). For all SBS/PVDF and MG-SBS/PVDF the tan δ loss remained 

low at 103 Hz, exhibiting a tan δ of ~0.01 – 0.06. Additionally, a relaxation peak was 

observed for the SBS/PVDF blends at 105 Hz due to atomic polarisation. The intensity 

of the peak decreased as the ratio of SBS decreased, however the frequency remained 

the same. This is attributed to the SBS chains unable to respond to the alternating 

electric field. Additionally, the relaxation peak is not observed in MG-SBS/PVDF 

blends, indicating that the cause behind the atomic polarisation was only present on 

the SBS polymer chains, and that the grafting of methyl thioglycolate removed this. 

As all of the polymer blends were insulating, the AC conductivity response is within 

an order of magnitude at all frequencies for all samples. This is regardless of whether 

SBS or MG-SBS was used, or the ratio between the elastomer and PVDF. This is 

because both PVDF, SBS and MG-SBS exhibit a capacitive response and thus poorly 

conductive pathways are formed in the polymer blends. Finally, the phase angle in 

Figure 7.12d remained at -90° for all elastomers, however a relaxation peak from 

atomic polarisation was observed at 105 Hz for SBS/PVDF blends.  



Chapter 7  Results and Discussion 

 

178  

 

 

Figure 7.12 Impedance spectroscopy of SBS/PVDF and MG-SBS/PVDF blends for 

(a) relative permittivity, (b) tan δ, (c) AC conductivity and (d) phase angle 

7.3.2 Mechanical properties of SBS/PVDF blends 

The mechanical properties of SBS/PVDF blends and MG-SBS/PVDF blends are 

shown in Figure 7.13. For the SBS/PVDF blends, SBS/PVDF (70/30) exhibited the 

largest strain at break of 92.5 ± 1.5%, a large decrease compared to the strain at break 

for pristine SBS. However, all other blends containing an increased portion of PVDF 

and reduced SBS exhibited a sharp decrease in their strain at breaks to between 15-

20%. This was similar to the strain at break for PVDF, as seen in Figure 7.13a. The 

sharp decrease in strain at break demonstrates the incompatibility between SBS and 

PVDF. In addition, the decrease in strain at break between SBS/PVDF (70/30) and 

SBS/PVDF (60/40) was attributed to a morphological change in the blend. 

Comparatively, the tensile strength for the elastomer blends increased with increasing 

PVDF content. SBS/PVDF (70/30) exhibited a tensile strength of 9.6 ± 0.3 MPa, 

whereas for SBS/PVDF (30/70) the tensile strength increased to 22.5 ± 1.4 MPa. 

Finally, the Young’s modulus of the elastomers exhibited a significant increase as the 



Chapter 7  Results and Discussion 

 

179  

 

PVDF content increased and the SBS content decreased. In SBS/PVDF (70/30) the 

Young’s modulus was 102.3 ± 12.6 MPa, which increased drastically to 677.4 ± 9.6 

MPa for SBS/PVDF (30/70).  For MG-SBS/PVDF blends, the largest strain at break 

was for MG-SBS/PVDF (60/40) of 267.2 ± 3.7% rather than for MG-SBS/PVDF 

(70/30) which exhibited a strain at break of 145.2 ± 22.6%. Only MG-SBS/PVDF 

(30/70) exhibited a strain at break similar to PVDF (~20%).  

Additionally, the tensile strengths for MG-SBS/PVDF blends were significantly lower 

than for PVDF. As established in section 4.2.2, MG-SBS chains do not undergo strain 

induced polymer chain crystallisation due to the addition of methyl thioglycolate 

groups. In addition, MG-SBS demonstrated increased compatibility between the 

methyl thioglycolate ester and the fluoro groups of PVDF thus increasing the 

amorphous regions present in PVDF and lowering the tensile strength. However, the 

tensile strength increased between MG-SBS/PVDF (60/40) and MG-SBS/PVDF 

(30/70) from 2.1 ± 0.1 MPa to 5.5 MPa due to the increased PVDF content. MG-

SBS/PVDF (70/30) exhibited a slightly higher tensile strength of 3.4 ± 0.9 MPa. 

Finally, the Young’s modulus of MG-SBS/PVDF blends increased upon increasing 

PVDF content. In MG-SBS/PVDF (70/30) the Young’s modulus was 15.6 ± 6.3 MPa, 

however, for MG-SBS/PVDF (30/70) the Young’s modulus increased to 163.0 ± 18.8 

MPa.  

 

Figure 7.13 Stress strain curves for (a) SBS/PVDF (70/30) ~ (0/100) and (b) MG-

SBS/PVDF (70/30) ~ (30/70) 

The increased compatibility between MG-SBS and PVDF was further confirmed by 

visualisation of the polymer phase morphologies via SEM in Figure 7.14 and 

interactions from normalised FTIR spectra in Figure 7.15. In Figure 7.14, the left hand 
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SEM image demonstrates SBS/PVDF (50/50) in which the PVDF phase was removed. 

This image demonstrated the large phase dimensions and phase separation within 

SBS/PVDF due to a lack of compatibility and explains the poor mechanical properties 

in Figure 7.13. For MG-SBS/PVDF (50/50), the removal of the PVDF phase led to the 

composite disintegrating as MG-SBS was also soluble in N,N-dimethylacetamide. 

Thus MG-SBS was removed instead using chloroform and shown in the right-hand 

SEM image in Figure 7.14. The phase dimensions of MG-SBS (represented by the 

holes) are much smaller than for SBS, indicating that the compatibility between MG-

SBS and PVDF was improved compared to SBS and PVDF. 

 

Figure 7.14 SEM imaging of left SBS/PVDF (50/50) with the PVDF phase removed 

using N,N-dimethylacetamide and right MG-SBS/PVDF (50/50) with the MG-SBS 

phase removed using chloroform 

Furthermore, normalised FTIR spectra to compare peak intensities between SBS and 

PVDF and MG-SBS and PVDF are shown in Figure 7.15. The shift in the peak 

intensities indicated whether two polymers are interacting with each other. As can be 

seen from Figure 7.15a, the peak intensity for the C-F peak at 1177 cm-1 in PVDF 

remained identical before and after mixing with SBS, with a transmission intensity of 

0.81, as seen in Appendix Table 2. Comparatively, Figure 7.15c showed the peak at 

1177 cm-1 in MG-SBS/PVDF increasing in intensity to 0.72 due to a stronger 

interaction between the PVDF and MG-SBS taking place. In addition, Figure 7.15b 

showed that MG-SBS exhibited a difference in intensity between the C=O peak at 

1732 cm-1 and C-O peak at 1272 cm-1 after mixing with PVDF. Comparatively, no 

difference in intensity was observed for a C-H peak for MG-SBS at 1130 cm-1 after 

PVDF is mixed into MG-SBS. This indicated that MG-SBS interacts with PVDF 

through the ester of methyl thioglycolate to hydrogen bond with PVDF.  
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Figure 7.15 Normalised FTIR spectra for comparing peaks intensities in (a) 

SBS/PVDF 50/50 and PVDF, (b) MG-SBS/PVDF 50/50 and MG-SBS and (c) MG-

SBS/PVDF 50/50 and PVDF 

7.3.3 Formation of SBS/PVDF and MG-SBS/PVDF composites with MWCNTs 

To further develop the electrical properties of SBS/PVDF 50/50, SBS/PVDF 70/30, 

MG-SBS/PVDF 50/50 and MG-SBS/PVDF 70/30, 1 wt% MWCNTs was added to 

extrinsically modify the polymer blends. The effect on the mechanical properties is 

shown in the stress-strain curves of Figure 7.16. For SBS/PVDF 50/50, the addition 

of 1 wt% of MWCNTs reduced the tensile strength from 17.7 ± 1.4 MPa to 14.1 ± 4.0 

MPa, as well as decreasing the Young’s modulus from 472 ± 22 MPa to 337 ± 23 

MPa. Finally, the strain at break for SBS/PVDF/MWCNT 50/50/1 remained low at 

20%. For SBS/PVDF 70/30, the addition of 1 wt% MWCNT yielded a minimal effect 

on the tensile strength, decreasing it slightly to 8.6 ± 0.7 MPa. However, the Young’s 

modulus of SBS/PVDF 70/30 increased from 102.3 ± 12.6 MPa to 267 ± 19 MPa upon 

the incorporation of 1 wt% MWCNTs. Interestingly, the strain at break for the 

composite increased from 92.5 ± 1.5% to 122 ± 5.6%.  

In comparison, the addition of 1 wt% MWCNTs to MG-SBS/PVDF 50/50 resulted in 

a reinforcing effect on the composite. The tensile strength increased from 3.9 ± 0.4 
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MPa to 7.9 ± 0.2 MPa and decreased the strain at break from 67 ± 5.1% to 44 ± 4.0%. 

Additionally, the Young’s modulus of the composite increased from 33 ± 4.6 MPa to 

93 ± 17.5 MPa. However the reinforcement effect in MG-SBS/PVDF/MWCNT 

70/30/1 was not fully observed. The Young’s modulus decreased marginally from 15.6 

± 2.4 MPa to 13.4 ± 3.4 MPa, the tensile strength decreased from 3.0 ± 0.6 MPa to 2.8 

± 0.3 MPa whilst the strain at break increased from 145 ± 22.6% to 181 ± 8.5%.   

 

Figure 7.16 Stress-strain curves of SBS/PVDF 50/50, SBS/PVDF 70/30, MG-

SBS/PVDF 50/50 and MG-SBS/PVDF 70/30 all containing 1 wt% MWCNT 

The effect on the percentage crystallinity, Xc(%), of the PVDF phase was measured 

from DSC alongside the crystallisation temperature (Tc) and melting temperature (Tm) 

via DSC in Appendix Table 3. However, the Tc and Tm of PVDF were largely 

unaffected by the variations in samples. By blending MG-SBS with PVDF, the Xc(%) 

of PVDF decreased up to 14% due to the increased compatibility increasing the 

presence of amorphous regions in PVDF. Comparatively, the blending of SBS with 

PVDF increased Xc(%) due to the poor compatibility between the two polymers. The 

addition of MWCNTs into MG-SBS/PVDF recovered the Xc(%) to close to the Xc(%) 

for PVDF as MWCNTs can act as heterogeneous nucleation sites for crystallisation 

within a polymer matrix.39 

SEM imaging, Figure 7.17, showed SBS/PVDF/MWCNT and MG-

SBS/PVDF/MWCNT 50/50/1, demonstrating the polymer phase in which the 

MWCNTs are residing in. The SEM images are similar to Figure 7.14 where the PVDF 

phase was removed in SBS/PVDF and the MG-SBS phase was removed in MG-

SBS/PVDF. A large quantity of white dots are observed in the SBS phase of 
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SBS/PVDF/MWCNT and in the PVDF phase of MG-SBS/PVDF/MWCNT, attributed 

to the charging ends of the MWCNTs under the SEM electron beam and represent the 

locality of MWCNTs within the composites. Therefore, the locality of the MWCNTs 

explains the observed mechanical behaviour present in Figure 7.15. For MG-

SBS/PVDF/MWCNT composites, the mechanical properties were reinforced with 

mechanical degradation. This illustrated that it is easier to obtain a homogenous 

dispersion of MWCNTs within the composite, and the general higher strain at break 

indicated that MG-SBS remained compatible with PVDF after the addition of 

MWCNTs. Additionally, the reinforcement effect of the mechanical properties was 

more significant in MG-SBS/PVDF/MWCNT 50/50/1 compared to 70/30/1. After 

compositing, the Xc(%) of MG-SBS/PVDF/MWCNT 50/50/1 was almost identical to 

pure PVDF, and the mechanical properties exhibited a reduction in the ductility and 

an increase in the tensile strength after compositing MG-SBS/PVDF 50/50. As the 

Xc(%) increased from MWCNT nucleation sites and mechanical reinforcement was 

observed, the MG-SBS/PVDF 50/50 blend containing more PVDF, compared to MG-

SBS/PVDF 70/30, was more able to disperse the MWCNTs, indicating that the 

MWCNTs reside in the PVDF phase. 

 

Figure 7.17 SEM imaging of (a) the SBS of SBS/PVDF/MWCNT 50/50/1 and (b) the 

PVDF phase in MG-SBS/PVDF/MCNT 50/50/1 

Conversely, the addition of MWCNTs to SBS/PVDF reduced the mechanical 

properties in both the 50/50 and 70/30 blends. Whilst the Xc(%) was greater for 
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SBS/PVDF 50/50 compared to SBS/PVDF 70/30 due to the greater PVDF content 

assisting crystallisation formation in SBS/PVDF 50/50, after compositing the Xc(%) 

for both decreased significantly. This was due to poor dispersion of the MWCNTs and 

explained the reduction in the mechanical properties observed.  

As observed in section 7.2, the MWCNTs preferentially resided in the SBS phase 

compared to the PVDF phase and this is reinforced in Figure 7.17a whereby a large 

quantity of MWCNTs were observed unlike for the MG-SBS/PVDF composites. SBS 

is able to π-π stack through the styrenic groups with MWCNTs45 and the butadiene 

chain is able to react with the open ends and defects on MWCNTs via a free radial 

reaction.33, 34 Comparatively, the grafting of the polar side group in MG-SBS 

introduced an ester which interacted with both the styrenic block and the PVDF phase. 

However, the packing of the polymer chains was affected by the grafted polar group 

and the increased phase mixing of the styrenic and butadiene blocks46 reduced the 

ability for MWCNTs to interact with MG-SBS favourably compared to SBS. 

Therefore, the MWCNTs formed a stronger interaction with PVDF and preferentially 

resided in this polymer phase.  

Finally, the electrical properties of the SBS/PVDF and MG-SBS/PVDF composites 

are observed in Figure 7.18. For SBS, the highest relative permittivity was for 

SBS/PVDF/MWCNT 50/50/1 at 11.7 at 103 Hz. However, MG-SBS containing 

composites demonstrated enhanced relative permittivities of 16.3 and 24.3 at 103 Hz 

for MG-SBS/PVDF/MWCNT 50/50/1 and MG-SBS/PVDF/MWCNT 70/30/1 

respectively. The higher relative permittivity was attributed to the increased polarity 

of MG-SBS compared to SBS. However, the AC conductivity of MG-

SBS/PVDF/MWCNT 70/30/1 demonstrated a frequency independent response of 10-

4 S m-1 and a phase angle deviated from -90° at high frequencies and tending towards 

0° at low frequencies. In addition, an increase in the tan δ loss was observed due to 

electrode polarisation observed below 103 Hz. This indicated that 70/30 MG-

SBS/PVDF had reached the percolation threshold at 1 wt% addition of MWCNT. 

However, the percolation threshold was not reached in MG-SBS/PVDF/MWCNT 

50/50/1, and it exhibited a low tan δ of 0.03 at 103 Hz. This provides further 

confirmation of the preferential locality of MWCNTs in the PVDF phase of MG-

SBS/PVDF composites as the percolation network was formed more easily with a 

reduced content of PVDF. A similar observation was not found in SBS/PVDF 
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composites, and it indicates that the increased compatibility between MG-SBS and 

PVDF assisted conductive network formation. 

 

Figure 7.18 Impedance spectroscopy for SBS/PVDF 50/50 and 70/30 and MG-

SBS/PVDF 50/50 and 70/30 all containing 1 wt% MWCNTs with (a) relative 

permittivity, (b) tan δ, (c) AC conductivity and (d) phase angle 

7.4 Conclusion 

In conclusion, this chapter presented two methods for compatibilising PVDF and SBS 

polymer blends to enhance the strain at break, followed by subsequent compositing 

via MWCNTs to enhance their electrical properties.  

The first method compatibilised SBS and PVDF using 20 wt% EVA as a 

compatibilising third polymer via melt mixing. This was able to increase the strain at 

break of 50/50 SBS/PVDF up to 200% as well as observing a small increase in the 

relative permittivity.  
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The addition of MWCNTs increased the relative permittivity but at the expense of the 

elasticity of the composite. It was observed that SBS/PVDF/EVA experienced a dual 

percolation behaviour at 1 wt% and 3 wt% addition of MWCNTs. The first percolation 

threshold was attributed to percolation of MWCNTs selectively localised in the 

SBS/EVA phase and the second percolation threshold was observed in the PVDF 

phase, characterised by theoretical contact angle measurements, DSC and FTIR. The 

dual percolation threshold suppressed the increase in the tan δ loss of the composite 

at 1 wt% and 2 wt% MWCNTs concentration. In addition, a rheological dual 

percolation threshold was observed in the SBS/PVDF/EVA composites.  

Finally, the electrical dual percolation threshold was investigated whilst under 

stretching up to 30% strain. Under a high electric field, polarisation-electric field loops 

showed that SBS/PVDF/EVA containing 1 wt% MWCNTs exhibited a conducting 

response due to the higher electric field. Below this, the nanocomposite at 0.3 wt% 

and 0.5 wt% MWCNTs demonstrated a ‘lossy’ dielectric response. Under stretching, 

the electrical response of SBS/PVDF/EVA containing 1 wt% MWCNTs was affected 

by strain, whereas 0 wt% MWCNTs and 3 wt% MWCNTs remained unaffected. The 

effect on the electrical properties was rationalised using the resistor and capacitor 

model as a change in the microphase structure. The effect of the stretching affected 

the thickness of the PVDF islands in the composite, and thus affected their capacitance 

and phase angle.  

The second section investigated the compatibilisation of SBS and PVDF by blending 

MG-SBS with PVDF. MG-SBS/PVDF exhibited a significantly higher strain at break 

than for SBS/PVDF at all blending ratios. In addition, MG-SBS/PVDF demonstrated 

higher relative permittivity and low tan δ loss for all polymer blends than SBS/PVDF. 

This was because the relative permittivity of SBS was 2.8 and for MG-SBS was 11.4. 

The addition of 1 wt% MWCNTs to both 50/50 and 70/30 MG-SBS/PVDF and 

SBS/PVDF increased the brittleness of the nanocomposites and increased the tensile 

strength, whilst the relative permittivity of all composites was enhanced.  For SBS, 

50/50 SBS/PVDF exhibited the highest relative permittivity of 11.7 at 103 Hz. For 

MG-SBS, 70/30 MG/TG-SBS exhibited the highest relative permittivity and reached 

the percolation threshold. SEM imaging and DSC confirmed the locality of the 

MWCNTs in the different composites. In SBS containing composites, the MWCNTs 
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preferentially resided in the SBS phase, whilst in MG-SBS containing composites, the 

MWCNTs resided in the PVDF phase.  

Overall, this chapter demonstrated two methods to extrinsically modify SBS for 

elastomers with increased electromechanical properties for actuation and energy 

harvesting device. It showed that PVDF can be realistically incorporated into polymer 

blends to enhance the electrical properties without complete loss of the elastomeric 

behaviour. Furthermore, it demonstrated that MWCNTs can be successfully utilised 

to additionally enhance the relative permittivity however an optimum MWCNTs 

concentration must be found to balance its destructive effect on the strain at break and 

the elasticity of the composite.  
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8.1 Introduction 

The development of dielectric elastomers with enhanced electromechanical properties 

has so far utilised an SBS block copolymer for both intrinsic and extrinsic modification 

methods. The separation of styrene and butadiene into blocks created a phase separated 

morphology consisting of ‘hard’ glassy styrene regions and ‘soft’ butadiene regions. 

This results in a strong but elastic mechanical behaviour from only polymer chain 

entanglement and π-π stacking.1  

However, the mechanical properties of styrenic dielectric elastomers can be tuned by 

altering the ratio of styrene and butadiene, as well as removing the block structure of 

styrene and butadiene. Therefore, using styrene-butadiene rubber (SBR) as an 

alternative to SBS introduces a statistical arrangement of styrene and butadiene groups 

along a polymer chain, to decrease the mechanical strength and increase the 

deformability of the dielectric elastomer.1 Furthermore, removal of the styrenic block 

entirely results in a weak, soft polymer with high deformability and very high strain 

at break.  

Therefore both intrinsic and extrinsic approaches have been utilised to enhance the 

strength of these polymers. Extrinsically, 2.5 phr bacterial cellulose nanowhiskers 

were mixed into SBR and enhanced the tensile strength of SBR from 2.4 MPa up to 

9.9 MPa, whilst also increasing the strain at break from 464% to 513%. The bacterial 

cellulose nanowhiskers acted as multifunction crosslinkers, increasing the 

crosslinking density of SBR. This reinforced the mechanical properties, however 

further increases beyond 2.5 phr of bacterial cellulose nanowhiskers increased the 

brittleness of the rubber.2 Surface modified cellulose nanofibers with thiol and vinyl 

functionality were introduced into SBR and provided crosslinking sites during 

vulcanisation. The tensile strength of the elastomer was increased from 3.2 MPa to 8.1 

MP, whilst the strain at break increased from 714% to 786% with 7 wt% cellulose 

nanofibers.3 Alternatively the addition of nanocopper via a twin roll mill enhanced the 

tensile strength of SBR from 1.6 MPa to 2.9 MPa.4 For polybutadiene, a palygorskite 

filler was compatibilised using a silane coupling agent. 15% addition of the silane 

coupling agent optimally enhanced the tensile strength for the composite from 5 MPa 

to 11 MPa.5 
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One form of intrinsic modification of polybutadiene to enhance the mechanical 

properties was to incorporate Diels-Alder reversible crosslinking. For Diels-Aalder 

bonding, furan groups were grafted indirectly to the polybutadiene backbone followed 

by the mixing of bismaleimide into the polymer. The introduction of dynamic 

crosslinking enhanced the tensile strength up to 9.6 MPa but at the expense of the 

strain at break. In addition, the reversible dynamic covalent bonds introduced a self-

healing nature to polybutadiene.6 The grafting was further simplified by grafting 

furfuryl mercaptan via thiol-ene chemistry to the backbone of polybutadiene to 

introduce the dynamic Diels-Alder crosslinking, see Figure 8.1. This process made the 

polybutadiene recyclable upon heating as the Diels-Alder bonding underwent the retro 

Diels-Alder reaction. The tensile strength was increased to 5.6 MPa, however, once 

again the strain at break was negatively affected and failed at only 45%.7 

 

Figure 8.1 Introduction of dynamic covalent diels-alder crosslinking into 

polybutadiene to increase the tensile strength and introduce a self-healing and 

recyclable nature. Reproduced from Bai et al.7 

Thus far, non-conducting polar groups have been intrinsically grafted to the backbone 

of SBS. However the grafting of conducting polymers can be utilised to enhance the 

relative permittivity of a non-polar dielectric elastomer. Polyaniline (PANI) is one 

such example which was grafted to styrene-ethylene-butadiene-styrene.8 This 
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increased the relative permittivity up to 10 at 104 Hz with 2.1 vol% grafting. However, 

above this grafting the PANI chains percolated and formed a conducting network.8 

The drawbacks of using conductive PANI is that it suffers from poor solubility and 

processability.9  

The basic conductive repeat unit of PANI consists of four aniline units and is called 

tetraaniline (TANI). It is the smallest conductive oligomer of aniline, but only 

conductive in the emeraldine salt oxidation state, up to 1 S m-1. However, TANI in the 

emeraldine salt oxidation state also suffers from issues of solubility and 

processability.10 

 

Figure 8.2 The different oxidation states of TANI and the benzene ring to quinoid ring 

ratio. Reproduced from Wang et al.10 

All of the different oxidation states of TANI are shown in Figure 8.2. The emeraldine 

oxidation state of TANI consists of three benzene rings and one quinoid ring, and can 

be doped using a strong acid and dedoped using a strong base between the emeraldine 

salt and emeraldine base oxidation state. The difference in oxidation state is visible as 

TANI in the emeraldine base form is blue, whilst TANI in the emeraldine salt form is 

green. In addition, a reduced oxidation state of TANI can be synthesised known as the 

leucoemeraldine oxidation state, consisting of four benzene rings, whilst an oxidised 

oxidation state of TANI is called the pernigraniline oxidation state and consists of two 

benzene rings and two quinoid rings. However, neither the leucoemeraldine, 

pernigraniline or emeraldine base oxidation state are conductive.10, 11 Furthermore, 

self-healing has been observed in grafting of TANI. This was observed in a sebacic 
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acid and citric acid polymer via hydrogen bonding on the polymer chain and π-π 

stacking from TANI groups.12 

Therefore, in this chapter alternative polymers of SBR and polybutadiene (PB) were 

used for grafting both methyl thioglycolate and thioglycolic acid to. Utilising the 

statistical arrangement of styrene and butadiene in SBR and removing the styrenic 

block in PB, the aim was to produce a more mechanically deformable and less brittle 

hydrogen bonding elastomer which also had enhanced electrical properties for 

actuation and energy harvesting devices. Therefore, in SBR, an electrostatic 

interaction and hydrogen bonding interaction is present after grafting both polar 

groups whilst in PB only a hydrogen bonding interaction is present.   

The results for both modified SBR and polybutadiene rubbers are split over two 

different sections. The first section focusses on the synthesis of modified SBR rubbers 

and the successful grafting of methyl thioglycolate and thioglycolic acid. The 

structural properties of the modified SBR elastomers were investigated by UV-Vis 

spectroscopy and DMTA to determine the effect that grafting the two polar group has 

on SBR. Finally, the electrical and mechanical properties of modified SBR elastomers 

were investigated by tensile testing and impedance spectroscopy. In the second 

section, the modification of PB with methyl thioglycolate and thioglycolic acid is 

presented and follows the same structure for characterisation and analysis.  

The final section investigates the grafting of different ratios of conducting TANI to 

both SBS and PB to enhance the electrical properties of the elastomers via a three step 

grafting procedure. This allowed a series of microcapacitors to be grafted to the 

polymer backbones without issues of agglomeration or dispersion arising, whilst 

retaining solubility and processability of the modified elastomer. 

This chapter represents the development of alternative elastomers for energy 

harvesting and actuation devices. An incorporated hydrogen bonding network was 

used to tune the mechanical properties for increased strength whilst retaining a high 

strain at break, and improve on the mechanical behaviour observed in MG/TG-SBS. 

Furthermore, this chapter also demonstrates that conducting oligomeric groups can be 

introduced to polymer backbones for enhanced actuation and energy harvesting 

performance, instead of intrinsic modification solely utilising non-conductive polar 

groups.  
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8.2 The grafting of polar groups to styrene-butadiene-rubber (SBR) 

8.2.1 Grafting of methyl thioglycolate and thioglycolic acid to styrene-butadiene 

rubber.  

To react SBR under a photoinitiated thiol-ene reaction, the concentration of vinyl 

groups in the rubber was first established, using 1H NMR shown in Figure 8.3a. From 

the spectrum, the peaks for the aromatic styrene region were observed at 7.3 ppm and 

7.2 ppm, representing two protons and three protons respectively for styrene. 

However, the peak at 7.3 ppm overlaps with the CDCl3 solvent peak and thus cannot 

be used for the calculation of the ratio between styrene and the aromatic region. 

Comparatively, the alkene region exhibited three vinyl peaks. The peak at 5.6 ppm 

was attributed to the single proton environment on the exo vinyl group, whilst the two 

proton environment for the exo vinyl group was at 5.0 ppm. Finally, the two protons 

for the endo vinyl group are at 5.4 ppm. Thus the vinyl/styrene ratio in SBR was 

calculated using the endo and exo peaks at 5.4 ppm and 5.0 ppm respectively in 

equation 4.1 and 4.2. The composition of SBR was 82.4 mol% butadiene and 17.6 

mol% styrene and from equations 4.3 and 4.4, the weight fraction of butadiene and 

styrene groups was 70.9 wt% vinyl and 29.1 wt% styrene, and a similar ratio of vinyl 

groups and styrene groups compared to SBS. Per gram of SBR, there was 13.1 mmols 

of vinyl groups present.  

 

Figure 8.3 (a) 1H NMR spectrum at 400 MHZ in CDCl3 and (b) GPC trace of SBR 

and MG-SBR in THF using a Refractive Index detector 
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GPC in Figure 8.3b provides further information on the nature of the polymer chains 

in SBR. The Mw of SBR was 148000 g mol-1, higher than for SBS but the Mn of SBR 

was lower compared to SBS, with a Mn of 46000 g mol-1. This variation was due to 

the high Đ of SBR rubber, 3.22, which indicated that the polymer chains are not 

uniform and vastly vary in size.  

Therefore, the grafting of methyl thioglycolate to SBR initially followed the optimised 

conditions for methyl thioglycolate grafting to SBS, where methyl thioglycolate was 

in a 4× excess, 0.6 mol% photoinitiator with respect to vinyl group concentration was 

used and 20 minutes UV light exposure was applied. However, a significant quantity 

of product was lost during the purification step as the polymer formed a cloudy 

solution upon addition of hexane and only 0.6 g of polymer was obtained from 1 g of 

starting product. Analysis of 1H NMR demonstrated that the grafting of methyl 

thioglycolate was low, with a thiol grafting of 21.3% and 23.3% of the vinyl groups 

had reacted. Thus, due to the low grafting, many polymer chains did not precipitate 

during purification and remained in solution. The low grafting was attributed to a slow 

grafting rate instead of the reaction termination. 

A series of experiments to enhance the grafting of methyl thioglycolate were 

conducted. Firstly, the excess of methyl thioglycolate was increased to a 5× excess. 

However, only 0.4 g of product was obtained and 1H NMR confirmed that the grafting 

of methyl thioglycolate was 19.4% and 20.1% reacted vinyl groups. Therefore, under 

these conditions, increasing the thiol excess had little effect on the grafting. 

Additionally, the photo exposure time was increased from 20 minutes to 30 minutes 

to increase the time for the reaction to proceed. 1H NMR analysis demonstrated that 

the grafting of methyl thioglycolate was 28.3% and 29.8% of the vinyl groups were 

reacted. Overall, 0.9 g product was obtained.  

Alongside this, the effect of increasing the photoinitiator concentration on the grafting 

rate was investigated. Under the conditions of 1.2 mol% photoinitiator concentration, 

5× excess methyl thioglycolate and 20 minutes photo exposure, the methyl 

thioglycolate grafting increased to 31.3% whilst 32.8% of the vinyl groups were 

reacted. In line with the increase in grafting, the weight of product obtained also 

increased to 1.1 g.  
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Overall, it was experimentally determined that the controllable factors for the grafting 

of methyl thioglycolate were the length of the reaction and the photoinitiator 

concentration. Therefore, the following set of reaction conditions were used to boost 

the grafting reaction: 5× excess methyl thioglycolate, 60 minutes UV exposure time 

and 1.5 mol% photoinitiator concentration. 1H NMR indicated that the reaction had 

progressed further, but not to completion as the methyl thioglycolate grafting was 

69.1% and the vinyl groups reacted was 69.9%. The yield of modified elastomer was 

1.7 g from 1 g of SBR 

The conditions were further modified to ensure that the grafting reaction reached 

completion. Therefore, 5× methyl thioglycolate excess, three hour photo exposure and 

3 mol% photoinitiator with respect to the butadiene block was used. At both the 1 g 

scale and 10 g scale, 98.1% methyl thioglycolate grafted according to 1H NMR and 

98.1% of the vinyl groups reacted as well. The methyl thioglycolate modified SBR 

polymer was referred to as MG-SBR and the yield from the reaction was 22.7 g from 

10 g of SBR. 

These conditions were also used for dual grafting of both methyl thioglycolate and 

thioglycolic acid to SBR in an 80/20 ratio. The total grafting was determined to be 

85.7% methyl thioglycolate and 14.3% thioglycolic acid and the overall grafting to 

SBR was 98.0%. This was matched by 99.4% the vinyl groups reacting. This product 

was referred to as 80/20 MG/TG-SBR and 23.4 g product was obtained from 10 g 

SBR. The 1H NMR spectra are observed in Figure 8.4a for MG-SBR and 80/20 

MG/TG-SBR. The 1H NMR spectra for MG-SBR shows two new peaks at 3.7 ppm 

and 3.2 ppm ascribed to the CH3 and CH2 environment on the methyl thioglycolate 

ester, respectively. In addition, the presence of the three vinyl peaks between 5.5 ppm 

and 5.0 ppm disappeared due to the high grafting efficiency of the reaction. In 80/20 

MG/TG-SBR, the CH3 peak for the methyl thioglycolate ester was found at 3.7 ppm 

and the CH2 peak for thioglycolic acid carboxylic acid and methyl thioglycolate ester 

was found at 3.2 ppm. Finally, the vinyl peaks are unobservable, further confirming 

the high grafting degree of the reaction.  

The FTIR of SBR, MG-SBR and 80/20 MG/TG-SBR is shown in Figure 8.4b. The 

structure of SBR demonstrated the presence of vinyl groups though a weak C-H stretch 

at 3006 cm-1 and a series of peaks between 1634 cm-1and 1540 cm-1 attributed to 
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various alkene stretches including the C=C alkene disubstituted (cis) stretch and C=C 

conjugated alkene stretch. Finally, two peaks at 958 cm-1 and 906 cm-1 were attributed 

to an out of plane CH2 wag near a trans alkene and an out of place CH2 wag near a 

vinyl alkene respectively. In addition, the FTIR of SBR confirmed the presence of the 

aromatic styrene groups due to the C-H bending aromatic overtones in between 2400 

– 1950 cm-1. Finally, an aromatic C-H stretch was observed at 3073 cm-1 and a C-H 

bend at 695 cm-1 from all five protons oscillating in the ring was observed.13 After the 

reaction for both MG-SBR and 80/20 MG/TG-SBR, the peaks associated with the 

vinyl groups disappeared. In their place, a C=O stretch appeared at 1730 cm-1, an 

asymmetric C-O-C stretch at 1272 cm-1 and a symmetric C-O-C stretch at 1008 cm-1. 

Finally, a very broad O-H stretch was observed between 3700 – 3300 cm-1 for 80/20 

MG/TG-SBR due to the grafting of thioglycolic acid. Overall, 1H NMR and FTIR 

confirmed the successful grafting of methyl thioglycolate and thioglycolic acid to SBR 

with a high grafting efficiency. 

GPC in Figure 8.3b shows how the grafting reaction affected the Mn, Mw and Đ of 

MG-SBR. In MG-SBR, the Mn increased to 170000 g mol-1 and the Mw increased to 

1074541 g mol-1. In addition, the Đ increased to 6.31. Unlike in SBS in Chapter 4 and 

5, a lack of a low molecular weight tail indicates that a low degree of polymer chain 

scission took place. 80/20 MG/TG-SBR could not be investigated via GPC due to 

solubility issues arising from the grafting of the acid groups to the polymer backbone.  

 

Figure 8.4 (a) Partially assigned 1H NMR spectra of MG-SBR and 80/20 MG/TG-

SBR and (b) FTIR spectra of SBR, MG-SBR and 80/20 MG/TG-SBR 
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8.2.2 Structural characterisation of MG-SBR and 80/20 MG/TG-SBR 

The effect on the Tg from modification was observed in the tan δ loss from DMTA for 

SBR, MG-SBR and 80/20 MG/TG-SBR and shown in Figure 8.5a. Prior to 

modification, a single Tg for SBR at -31.5 °C was observed, unlike the observation of 

two Tg’s for SBS in the block copolymer form. This indicated that the SBR did not 

exhibit a phase separated structure due to the statistical configuration of styrene and 

butadiene on the polymer chain. After modification, MG-SBR exhibited a shift in the 

Tg to -5.9°C as a result of the increased compatibility and interchain interaction 

between the styrene and methyl thioglycolate butadiene groups. Furthermore, the Tg 

for 80/20 MG/TG-SBR was unaffected by the addition of hydrogen bonding into the 

elastomer and remained at -6.1 °C. From 25 °C onwards, the tan δ loss increased 

steadily in SBR and MG-SBR, attributed to increased flexibility and transition towards 

melting as the temperature increased. However, the same increase in the tan δ was not 

observed in 80/20 MG/TG-SBR. This was because the hydrogen bonding network 

behaved as reversible crosslinking, and inhibited the melting of the polymer. The small 

rise in the tan δ for 80/20 MG/TG-SBR was attributed to the loosening of the polymer 

chains from overcoming the methyl thioglycolate/styrene electrostatic interaction. The 

loss modulus and storage modulus for these elastomers is found in Appendix Figure 

24. 

 

Figure 8.5 (a) DMTA tan δ loss of SBR, MG-SBR and 80/20 MG/TG-SBR and (b) 

UV-Vis spectroscopy of SBR, MG-SBR and 80/20 MG/TG-SBR in DCM with the 

UV active range of the polymers shown 
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The behaviour of modified SBR elastomers was further characterised via solution state 

UV-Vis spectroscopy in Figure 8.5b. In SBR, a peak at 260 nm was attributed to the 

π-π* transition for free styrene, whilst the broad peak between 270 – 330 nm was 

attributed to the π-π* transition for π-stacking styrene. The π-π stacking styrene peak 

was broad and low in intensity due to the solution state disrupting the π-stacking. After 

modification, both MG-SBR and 80/20 MG/TG-SBR exhibited only one blue shifted 

transition to 246 nm, ascribed to the π-π* transition for styrene in the elastomers. The 

blue shift was similar in degree to the observed blue shifts of MG-SBS and 80/20 

MG/TG-SBS and thus was attributed to the increase in the transition energy for 

electron promotion within the π-π* band due to the electrostatic methyl 

thioglycolate/styrene interaction removing delocalised aromatic electron density away 

from the styrene ring. This increased the energy required to promote a remaining 

aromatic electron in the delocalised aromatic system.14, 15 

8.2.3 Electromechanical properties of SBR elastomers 

The mechanical stress strain curves of SBR, MG-SBR and 80/20 MG/TG-SBR show 

how the grafting affected the mechanical properties of the elastomers. From Figure 

8.6, SBR had a low strain at break of 226 ± 10%, a low tensile strength of 0.30 ± 0.02 

MPa and a Young’s modulus of 4.0 ± 0.8 MPa. However, after modification, the 

tensile strength and Young’s modulus of MG-SBR decreased to 0.14 ± 0.02 MPa and 

1.91 ± 0.4 MPa respectively. This was attributed to the grafted group inhibiting 

polymer chain entanglement, making the elastomer more ‘gel-like.’ This was further 

confirmed by the large increase in the strain at break to 1623 ± 192%. In addition to 

the ‘gel-like’ nature, based on DMTA and UV-Vis spectroscopy it is feasible that the 

methyl thioglycolate/styrene interaction present also contributes to the increase in the 

strain at break. After the introduction of a hydrogen bonding network, the strain at 

break decreased compared to MG-SBR but was still enhanced compared to pristine 

SBR and 80/20 MG/TG-SBR failed at 598 ± 40%. This was directly attributed to the 

hydrogen bonding network present, which behaved like dynamic crosslinking at room 

temperature and restricted the polymer chains, increasing the brittleness of the 

dielectric elastomer. The polymer chain restriction was observed in the large increase 

in the tensile strength for the elastomer to 0.78 ± 0.17 MPa and an increased Young’s 

modulus of 2.9 ± 0.3 MPa.  
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Impedance spectroscopy for SBR elastomers demonstrated how the grafting of the 

polar groups enhanced their electrical properties. From Figure 8.7a, the relative 

permittivity of SBR was 3.4 at 103 Hz. After introduction of methyl thioglycolate to 

the polymer backbone, the relative permittivity increased to 12.6 at 103 Hz. Beyond 

103 Hz, the relative permittivity of MG-SBR decreased rapidly due to atomic 

polarisation. Comparatively, the relative permittivity for 80/20 MG/TG-SBR 

increased slightly to 13.9 at 103 Hz and also exhibited atomic polarisation beyond 103 

Hz, albeit delayed by approximately a further 4 kHz. Finally, there is an increase in 

the relative permittivity below 102 Hz due to electrode polarisation and the trapping 

of electrons at the electrode interface.  

 

Figure 8.6 Stress strain curves of SBR, MG-SBR and 80/20 MG/TG-SBR 

The tan δ loss of SBR was low, 0.017 at 103 Hz as shown in Figure 8.7b. However, an 

atomic polarisation peak was observed and further highlighted in Appendix Figure 25. 

The atomic polarisation peak appeared at 126 kHz, although it began at 10 kHz. This 

was due to the SBR polymer chains unable to respond to the alternating electric field. 

A higher tan δ loss was observed in MG-SBS with tan δ ~ 0.29 at 103 Hz. The higher 

tan δ loss was due to the tail of the atomic polarisation peak extending beyond 103 Hz. 

In fact, from Appendix Figure 25 the atomic polarisation peak began at 300 Hz and 

reached its maxima at 18 kHz. The MG-SBR polymer chains stopped responding to 

the electric field at a much lower frequency than SBR, attributed to the increased size 

of the polymer chain hindering its ability to respond.16 Thus the tan δ loss reached a 

plateau in the frequency region of 30 – 300 Hz, where the tan δ loss was 0.06. Finally, 
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in 80/20 MG/TG-SBR a high tan δ loss is also reported of 0.24 at 103 Hz. However, 

80/20 MG/TG-SBR appeared to display overlapping electronic polarisation and 

atomic polarisation. Thus a broad atomic polarisation peak exhibited a maxima at 34 

kHz, and electronic polarisation was observed from below 800 Hz. 

The AC conductivity of the SBR elastomers was similar between 50 kHz and 1 MHz, 

however, at lower frequencies the curves diverge. The AC conductivity for SBR 

decreased to 1×10-13 S m-1 at 1 Hz and exhibited a highly frequency dependent 

response. Comparatively, MG-SBR exhibited a largely frequency independent 

response below 102 Hz and exhibited an AC conductivity of 2×10-9 S m-1. The 

increased conductivity was attributed to the grafting of the polar groups to the polymer 

backbone. For 80/20 MG/TG-SBR, a frequency independent response was exhibited 

from below 103 Hz and the shift in position of the frequency independent range was 

attributed to the electrode polarisation observed during electrical testing.  

Finally, the phase angle of the SBR elastomers is shown in Figure 8.7d. The phase 

angle of SBR was -90° up until 103 Hz. At higher frequencies, a deviation from -90° 

was realised through the atomic relaxation peak, which had a maxima matching SBR 

at 126 kHz. In MG-SBR, at less than 102 Hz a deviation away from -90° was observed 

attributed to electrode polarisation, and agreed well with the increase in tan δ for MG-

SBR at low frequencies as well. Additionally, the summit of the atomic polarisation 

peak in the phase angle matched the tan δ loss at 18 kHz. Only the frequency range 

between 100 Hz – 300 Hz showed a fully insulating response. For 80/20 MG/TG-SBR, 

no frequency exhibited a fully insulating response due to electrode polarisation and 

atomic polarisation overlapping. The maxima of the atomic polarisation peak also 

matched the tan δ loss maxima at 34 kHz. 
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Figure 8.7 Impedance spectroscopy for SBR, MG-SBR and 80/20 MG/TG-SBR 

showing (a) relative permittivity, (b) tan δ, (c) AC conductivity and (d) phase angle 

8.3 The grafting of polar groups to polybutadiene (PB) 

8.3.1 Grafting of methyl thioglycolate and thioglycolic acid to polybutadiene 

For the grafting of methyl thioglycolate to polybutadiene, 1H NMR of pristine 

polybutadiene (PB) in Figure 8.8a showed two peaks at 5.4 ppm and 2.1 ppm attributed 

to the vinyl groups and alkyl groups of PB respectively. The vinyl group environment 

contained two protons and the alkyl group environment had four protons, and thus the 

expected integration ratio between these peaks was expected to be 1:2 respectively. 

From Figure 8.8a, the integration ratio between the vinyl and alkyl is 1:2, thus the 

polymer chain was fully unsaturated.  

Therefore, the concentration of vinyl groups within 1 g of PB, and thiol excesses for 

the grafting reaction was determined theoretically from equation 4.3 and 1 g PB 

contained 1.8×10-2 mol of vinyl groups.  
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Figure 8.8 (a) 1H NMR spectrum at 400 MHz in CDCl3 of PB with assigned peaks and 

(b) GPC trace of the molecular weight of PB and MG-PB in THF with a Refractive 

Index detector 

To further investigate the nature of the polymer chains of PB, the GPC of PB is shown 

in Figure 8.8b. The curve of PB was broad, showing the presence of both high and low 

molecular weight chains. The Đ of PB reflected this and was 2.4. Compared to SBS 

and SBR, PB had significantly longer polymer chains and the Mn was 248000 g mol-1 

whilst the Mw was 604000 g mol-1.  

Therefore, the initial grafting of methyl thioglycolate to PB to synthesise MG-PB 

followed the optimised conditions for the synthesis of MG-SBS. However, due to the 

high molecular weight chains, the PB solution became viscous and saturated during 

the reaction under a 9:1 solvent:polymer weight ratio. Therefore, the thiol excess was 

increased from 4× to 5× excess of methyl thioglycolate to reduce any increase in 

viscosity from interchain crosslinking during the reaction. However, the increased 

thiol excess caused PB to precipitate as the solvent ratio was too low to maintain PB 

solubility. Therefore, the thiol ratio was maintained at 5× excess and the solvent ratio 

was increased to 20:1. The solution during the reaction maintained a low viscosity and 

remained free flowing. After the reaction, a white sticky polymer was obtained. From 

this reaction, 1 g starting PB resulted in 2.3 g of MG-PB. However, only 87% methyl 

thioglycolate grafting was obtained as the reaction did not go to completion. 

Therefore, the concentration of photoinitiator was increased from 0.42 mol% to 0.84 

mol% however the solution gelled during the reaction due to increased interchain 

crosslinking. Thus, the methyl thioglycolate ratio was also increased to 6× excess and 
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a solid white product was obtained with a yield of 2.5g of MG-PB. 1H NMR confirmed 

that the grafting of methyl thioglycolate was 99.4%. The production of MG-PB was 

successfully scaled up to 10 g of PB and resulted in 19.4 g of MG-PB obtained with a 

grafting of 99.5% of methyl thioglycolate. The 1H NMR of MG-PB is shown in Figure 

8.9a.  

The addition of a hydrogen bonding network to PB was realised through grafting of 

both methyl thioglycolate and thioglycolic acid. The synthesis of 80/20 MG/TG-PB 

utilised the same conditions for the synthesis of MG-PB. However, during the 

purification step hexane would not precipitate the modified elastomer due to the 

change in the polarity of 80/20 MG/TG-PB elastomer and thus it was precipitated in 

methanol. When scaled up to 10 g starting PB, 80/20 MG/TG-PB could not be 

precipitated in methanol and water was used for purification. The resulting polymer 

was 20.2 g and from 1H NMR in Figure 8.9a, the overall grafting of 80/20 MG/TG-

PB was 99.2% with 88% methyl thioglycolate and 12% thioglycolic acid grafting.  

From Figure 8.8a and Figure 8.9a, the alkene peak of PB at 5.4 ppm 

disappeared after the reaction and in Figure 8.9a, three new peaks appeared at 

3.7 ppm, 3.2 ppm and 2.8 ppm, attributed to the CH3 of methyl thioglycolate, 

CH2 of methyl thioglycolate and thioglycolic acid and polymer backbone CH 

for the carbon which covalently bonded with the thiols respectively. In addition 

to this, the FTIR of MG-PB and 80/20 MG/TG-PB in Figure 8.9b showed that 

the C-H vinyl stretch in PB at 3000 cm-1 disappeared after the reaction. After 

the reaction, in MG-PB and 80/20 MG/TG-PB a C=O stretch appeared at 1724 

cm-1 and asymmetric and symmetric C-O-C stretches were observed at 1263 

cm-1 and 1004 cm-1 respectively. Furthermore, a broad O-H stretch was 

observed in 80/20 MG/TG-PB from 3100 – 3600 cm-1. The broadness of the 

peak was attributed to free OH groups on thioglycolic acid between 3400 – 

3600 cm-1, and the hydrogen bonding network between 3100 – 3400 cm-1. 

Therefore, FTIR and 1H NMR confirmed the successful grafting of methyl 

thioglycolic and thioglycolic acid to PB. Finally, GPC of MG-PB shows how 

the Mn, Mw and Đ were affected by the grafting reaction. The Mn and Mw both 

decreased to 120000 and 464000 respectively, whilst the Đ increased to 3.86. 

This indicates that polymer chain scission took place along the polybutadiene 
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chain, similar to the observations in MG-SBS and M3M-SBS in Chapter 4 and 

5.  

 

Figure 8.9 (a) Assigned 1H NMR spectra of MG-PB and 80/20 MG/TG-PB and (b) 

FTIR spectra of PB, MG-PB and 80/20 MG/TG-PB 

8.3.2 Structural characterisation of MG-PB and 80/20 MG/TG-PB 

The structure of MG-PB and 80/20 MG/TG-PB was investigated through DMTA and 

UV-Vis spectroscopy in Figures 8.10a and 8.10b respectively. DMTA revealed that 

the Tg for butadiene shifted from -83 °C, Figure 4.9, shifted to -24 °C after 

modification with methyl thioglycolate. The broadness of the peak was attributed to 

the high dispersity of PB prior to the reaction, thus the different polymer chain lengths 

exhibited a slightly different Tg. After modification with both methyl thioglycolate 

and thioglycolic acid, the Tg shifted further to -15 °C due to the incorporation of the 

hydrogen bonding network. However, there was also a small shoulder peak remaining 

at -22 °C, attributed to regions of high methyl thioglycolate modification on the 

polybutadiene chains. Finally, the storage modulus and loss modulus are seen in 

Appendix Figure 26 and show a decrease in the storage modulus by three orders of 

magnitude and a decrease of two orders of magnitude for the loss modulus in the 

temperature range of -120 °C – 60 °C.  
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Figure 8.10 (a) DMTA tan δ graphs for MG-PB and 80/20 MG/TG-PB and (b) UV-

Vis spectra of PB, MG-PB and 80/20 MG/TG-PB 

From the UV-Vis spectra, Figure 8.10b, a small peak was observed at 275 nm for PB 

which was associated with the a transition from the conjugated vinyl groups.17 

Additionally, identical peaks for MG-PB and 80/20 MG/TG-PB were observed at 243 

nm. This was three nm lower than observed in MG-SBR, and four nm lower than MG-

SBS. Thus methyl thioglycolate is UV-active, and the lower promotion wavelength 

was because more energy is required to promote an electron in methyl thioglycolate 

when it is not interacting with styrene. Therefore this demonstrates that in MG-SBR 

and MG-SBS, methyl thioglycolate received electron density from styrene, thus 

making electron promotion easier, and red shifting the promotion of an electron in 

methyl thioglycolate. 

8.3.3 Electromechanical properties of PB elastomers 

Stress strain curves of PB, MG-PB and 80/20 MG/TG-PB are shown in Figure 8.11. 

PB exhibited a high strain at break of 2442 ± 333%, a low tensile strength of 0.15 ± 

0.04 MPa and a Young’s modulus of 1.5 ± 0.2 MPa. A slight increase in the observed 

tensile strength between 1000% and 2442% was attributed to the crystallisation of the 

polymer chains under strain. By grafting methyl thioglycolate to PB, MG-PB had a 

slightly lower tensile strength and Young’s modulus of 0.12 ± 0.01 MPa and 1.1 ± 0.3 

MPa respectively and a decreased strain at break of 522 ± 85%. The weakening of the 

mechanical properties was due to the bulky polar group inhibiting chain entanglement 

of the PB chains. MG-PB was also very weak due to a lack of ‘hard’ block in the 

polymer structure, unlike in SBS. Finally, 80/20 MG/TG-PB showed that a hydrogen 
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bonding network provided reinforcement of the polymer chains by increasing the 

Young’s modulus and tensile strength to 2.3 ± 0.4 MPa and 0.27 ± 0.03 MPa 

respectively. In addition, the hydrogen bonding network prevented mechanical failure 

by increasing the interchain interactions and increased the strain at break compared to 

MG-PB to 1263 ± 122%.  

 

Figure 8.11 Stress strain curve of PB, MG-PB and 80/20 MG/TG-PB 

The relative permittivity of MG-PB showed a significant enhancement compared to 

PB. Before modification, PB exhibited a relative permittivity of 3.3 at 103 Hz, as 

shown in Figure 8.12a, however this increased for MG-PB to 12.3 from the increased 

polarity of the PB backbone. At frequencies between 105 Hz and 106 Hz, the relative 

permittivity for PB dropped from 3.7 to 3.0, due to the beginning of an atomic 

polarisation response from the long PB chains unable to respond to the high frequency 

alternating field. For MG-PB, a decrease in the relative permittivity due to atomic 

polarisation began at approximately 20 kHz, due to the bulky side groups inhibiting 

the polymer chains from responding to the electric field. 80/20 MG/TG-PB had a 

similar relative permittivity to MG-PB at 103 Hz, however its response across all other 

frequencies of electric field was different. Atomic polarisation in 80/20 MG/TG-PB 

was present from 2 kHz and was represented by a decrease in the relative permittivity. 

Atomic polarisation occurred at a lower frequency due to the additional hydrogen 

bonding network inhibiting the polymer chain response further at room temperature. 

Finally, 80/20 MG/TG-PB showed a small increase in the relative permittivity at 

frequencies lower than 102 Hz, associated with electrode polarisation.  
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The tan δ loss for PB was low, 0.009 at 103 and frequency independent. For MG/TG-

PB, the tan δ loss remained low at 103 Hz at 0.02. At high frequencies, atomic 

polarisation in MG-PB had a maxima at 147 kHz, whilst electronic polarisation was 

observed below 10 Hz. For 80/20 MG/TG-PB, the tan δ loss was higher than for PB 

and MG-PB at 103 Hz and was 0.36. Additionally, the maxima for the atomic 

polarisation peak was at 12 kHz and electronic polarisation was observed for 

frequencies below 102 Hz.  

The AC conductivity and phase angle in Figure 8.12c-d for all three elastomers 

showed they are all insulating. PB exhibited an AC conductivity of 3×10-12 S m-1 at 1 

Hz, whilst MG-PB and 80/20 MG/TG-PB showed higher conductivities of 3×10-9 Hz 

and 5×10-8 Hz respectively. PB showed a frequency dependent response across all 

frequencies indicating that PB had a much lower DC conductivity. For MG-PB and 

80/20 MG/TG-PB, the AC conductivity response plateaus and became frequency 

independent at 102 Hz from electronic polarisation. PB and MG-PB exhibited an 

insulating response with a phase angle of -90° at 103 Hz. However, the phase angle 

deviated from -90° for MG-PB at 102 Hz due to the increase in conductivity from 

electronic polarisation. In addition, the atomic polarisation peak in MG-PB agreed 

well with the maxima from the tan δ loss. Finally, 80/20 MG/TG-PB never displayed 

a truly insulating phase angle response. This was also due to electronic polarisation 

and atomic polarisation overlapping to a small degree and thus the phase angle at 103 

Hz was -70°. The atomic polarisation peak maxima for the phase angle agreed well 

with the tan δ loss additionally.  
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Figure 8.12 Impedance spectroscopy for PB, MG-PB and 80/20 MG/TG-PB with (a) 

relative permittivity, (b) tan δ loss, (c) AC conductivity and (d) phase angle 

 

8.4 Intrinsic modification of SBS and PB with conducting groups 

8.4.1 The synthesis of emeraldine base tetraaniline  

Polyaniline (PANI) is normally synthesised through oxidative polymerisation, 

yielding a long polymer chain.11 However, an oxidative coupling reaction using N-

phenyl-p-phenylenediamine is used to synthesise an oligomeric form of PANI, 

consisting of four aniline units called tetraaniline (TANI).18, 19 The initial synthesis of 

TANI followed the synthesis from Zhao et al.20 and resulted in the formation a dark 

blue powder, indicating the emeraldine base oxidation state, and contained two 

products. As seen from Figure 8.13a, the GPC for TANI formed from a 2 hour reaction 

showed a major peak and a broad peak at a higher molecular weight. GPC indicated 

that there were two products formed, the major product attributed to tetraaniline and 

the secondary, broad peak attributed to higher molecular weight oligomers such as 
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octaaniline. However, due to the similarity in solubility arising from the similarity in 

structure, higher molecular weight oligomers cannot be separated from TANI. 

Therefore, the reaction time for the synthesis of TANI was decreased from two hours 

to 1.5 hours to reduce the possibility for higher molecular weight oligomer formation. 

As seen from Figure 8.13a, the reduction of the reaction time increased the major 

TANI peak and the degree of higher molecular weight oligomers synthesised 

decreased. The Mn, Mw and Đ of both synthesises of TANI are shown in Appendix 

Table 4. The Đ of TANI decreased from 2.05 to 1.58 by reducing the reaction time. 

Thus TANI reacted for 90 minutes was used for the subsequent grafting reactions.  

 

Figure 8.13 (a) GPC trace of TANI with a two hour reaction time and a 1.5 hour 

reaction time (b) assigned 1H NMR spectrum of TANI and (c) FTIR spectrum of TANI 

with key peaks are highlighted 

TANI was further characterised via 1H NMR, shown in Figure 8.13b. The 1H NMR 

spectrum showed that aromatic protons are found at 7.1 ppm, 7.0 ppm, 5.8 ppm and 

5.5 ppm. In addition, a downfield proton attached to a nitrogen between aromatic rings 
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appeared at 7.4 ppm, and the proton attached to the amine at the terminus of the 

oligomer appeared at 3.8 ppm.21 Thus, 1H NMR indicated the correct structure for 

TANI.20, 22 FTIR of synthesised TANI is shown in Figure 8.13c and demonstrated that 

an NH2 stretch and a C-H stretch from aromatic rings are present. Also, the stretches 

associated with the quinoid and benzoid rings in TANI are present in FTIR at 1558 

cm-1 and 1480 cm-1 respectively.23-25 Therefore, the structure of TANI is confirmed 

and it was successfully synthesised.  

In the literature, acidification of TANI to the emeraldine salt state using HCl results in 

a nanowire morphology.26 However, as seen from the SEM image in Appendix Figure 

27, the morphology of TANI via our synthesis method resulted in an agglomerated 

form. The lack of defined morphology was attributed to the large counter ion size of 

trifluoroacetic acid disrupting the structure formed. However, trifluoroacetic was used 

as both it and TANI-SBS were soluble in THF.  

8.4.2 Grafting of TANI to unsaturated backbones 

In order to graft TANI to the unsaturated backbones of SBS and PB, a two step-

grafting reaction was utilised. The first step formed an epoxide ring through oxidation 

of the vinyl groups of both SBS and PB to synthesise E-SBS and E-PB. However, both 

E-SBS and E-PB could only be precipitated using methanol, which slowly ring opens 

epoxide rings under room temperature conditions. In addition, the epoxide rings 

slowly ring opened and form covalent interchain crosslinking over a several day 

period, rendering an insoluble product. Therefore, to remove as much methanol as 

possible without ring opening occurring, E-SBS and E-PB were allowed to dry for two 

hours under air before reacting with TANI. 1H NMR of E-SBS and E-PB are shown 

in Figure 8.14 and 13C NMR and HSQC for E-SBS are shown in Appendix Figure 28 

and 29. After the epoxidation reaction, two small peaks associated with inequivalent 

protons attached to the two carbons in the epoxide ring appeared in the 1H NMR of E-

SBS at 2.96 ppm and 2.72 ppm. In 13C NMR, two small peaks at 56.9 ppm and 58.6 

ppm appeared, in the expected region for carbons in an epoxide ring. Through HSQC, 

resonance peaks indicated that these hydrogens were attached to the carbons on the 

epoxide rings. The peak in 1H NMR at 3.52 ppm was attributed to residual methanol,27 

and also appeared at 50.8 ppm in 13C NMR and the resonance peak between these 

peaks was observed in HSQC in Appendix Figure 29. For PB, the epoxide peak 
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appeared as a single overlapped peak for the two protons at 2.95 ppm. Overall, three 

versions of E-SBS were synthesised with different levels of epoxidation on the 

polymer backbone. These were 25 mol% E-SBS, 35 mol% E-SBS and 50 mol% E-

SBS. For PB, the epoxidation on the polymer backbone consisted of 1 mol% E-PB, 25 

mol% E-PB, 35 mol% E-PB and 50 mol% E-PB.  

 

Figure 8.14 Assigned 1H NMR spectra at 400 MHz in CDCl3 of E-SBS and E-PB 

The grafting of TANI through ring opening of the epoxide rings was successfully 

confirmed using 1H NMR and FTIR, Figure 8.15 and 13C NMR, HSQC and HMBC in 

Appendix Figure 30 – 32 respectively. After the reaction, TANI-SBS had one epoxide 

peak at 2.7 ppm, attributed to the newly formed hydroxyl group from the opened 

epoxide peak. The other peak shifted downfield to 4.4 ppm as the carbon was attached 

to an electronegative nitrogen atom from TANI. HSQC showed that these two protons 

were attached to carbons at 59 ppm and 68 ppm respectively. The peak at 59 ppm was 

seen clearly in the 13C NMR and the peak at 68 ppm was observable marginally above 

the background noise. The undefined broad peaks in the region of 3 – 4 ppm were 

attributed to methanol grafting side reactions. Finally HMBC showed that the proton 
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attached to the hydroxyl carbon from the epoxide ring had a strong resonance 

association with an alkyl group and a weak resonance with the adjacent carbon 

covalently bound to TANI. 

FTIR provided additional confirmation of the grafting of TANI to SBS. After the 

reaction, a broad OH stretch appeared in TANI-SBS between 3300 – 3600 cm-1, 

indicating that the ring opening reaction had taken place. In addition, a strong C-N 

stretch appeared at 1783 cm-1 indicating that the grafting reaction had taken place 

between the polymer backbone and TANI. Furthermore the benzoid and quinoid ring 

from TANI were observed at 1494 cm-1 and 1577 cm-1 respectively. Thus the 

successful grafting of TANI to SBS was confirmed. 

For the grafting of TANI to PB, a doublet was observed at 3.0 ppm attributed to the 

ring opened epoxide ring. Furthermore, a peak at 4.4 ppm was also observed attributed 

with the grafting of TANI to PB. Thus the 1H NMR of TANI-PB is similar to the 1H 

NMR of TANI-SBS. In addition, the FTIR of TANI-PB showed that an NH stretch 

present at 3242 cm-1 attributed to a secondary amine. In addition, the C-N stretch, 

quinoid ring and benzoid ring were found at 1776 cm-1, 1565 cm-1 and 1498 cm-1 

respectively. Therefore, the grafting of TANI to PB was also successfully confirmed.  

 

Figure 8.15 (a) Assigned 1H NMR for TANI-SBS and TANI-PB and (b) FTIR of 

TANI-SBS and TANI-PB with key peaks highlighted 

After the reaction, grafted TANI was acidified using trifluoroacetic acid to convert it 

to the conductive emeraldine salt oxidation state, to enhance the electrical properties 

of the elastomers. However, the effect on the physical properties from the introduction 

of TANI was also noticeable. The morphology of 25 mol%, 35 mol% and 50 mol% 
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TANI-SBS and 25 mol% and 50 mol% TANI-PB was visualised through SEM 

imaging in Figure 8.16. As seen between Figures 8.16a-c, a phase morphology change 

took place as more TANI was grafted. After grafting of 25 mol% TANI to SBS, a 

phase separated structure was observed between the butadiene block and styrene 

block. Due to the low grafting of TANI, the butadiene chain retained control over the 

properties of the butadiene block. Upon increasing the grafting to 35 mol% TANI, a 

compatibilised phase morphology was observed and phase separation was not clearly 

observable. This is because the increase in TANI groups enabled the compatibilisation 

of the butadiene and styrene block through π-π stacking. Furthermore, increasing the 

TANI grafting to 50 mol% resulted in a phase separated morphology observed once 

more. This is attributed to TANI dominating butadiene block and styrene block 

regions.  

For TANI-PB, grafting of 25 mol% TANI and 50 mol% TANI yielded a phase 

separated structure between TANI and butadiene in Figure 8.16d-e. This was due to 

the TANI groups and butadiene being incompatible with each other, resulting in a 

TANI/butadiene phase separated structure.28 

 

Figure 8.16 SEM imaging of (a) 25 mol% TANI-SBS, (b) 35 mol% TANI-SBS, (c) 

50 mol% TANI-SBS, (d) 25 mol% TANI-PB and (e) 50 mol% TANI-PB 

To further understand the observations from the SEM imaging, DMTA of 25 mol%, 

35 mol% and 50 mol% TANI-SBS and 50 mol% TANI-PB were investigated to 

determine the Tg’s of polymer phases in Figure 8.17 and Appendix Figure 33. After 

modification with 25 mol% TANI, three glass transition temperatures were observed, 

one more than SBS. The Tg at -52 °C was attributed to the partially modified butadiene 
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backbone, with the TANI groups increasing the temperature of this transition. A small 

Tg at -15 °C was observed associated with TANI domains and a final Tg at 76 °C was 

attributed to the styrenic block. This agrees well with the phase separated TANI-SBS 

morphology observed for 25 mol% grafting.  

For 35 mol% TANI-SBS, two distinct Tg’s were observed, attributed to the TANI 

dominating butadiene backbone at -1 °C and 88 °C for the styrene block of SBS. The 

decrease in the number of Tg’s was due to TANI groups controlling the properties of 

the butadiene block. Finally, for 50 mol% TANI-SBS, only two Tg’s are observable. 

These occur at 46 °C and 88 °C, indicating that this material was in a glassy state at 

room temperature. 

For 50 mol% TANI-PB, shown in Appendix Figure 33, there were two Tg’s observed 

at -39 °C and a broad plateau peak which began at 40 – 60 °C. The peak at -39 °C was 

attributed to the polybutadiene chain and the broad increase transition was due to the 

TANI groups. However, as there were two Tg temperatures it indicated that there was 

a lack of compatibility between the two regions and indicated why a phase separated 

structure exists for TANI-PB from the SEM images.  

 

Figure 8.17 DMTA tan δ for SBS, 25 mol% TANI-SBS, 35 mol% TANI-SBS and 50 

mol% TANI-SBS 

Further characterisation of the structure of TANI-SBS and TANI-PB was performed 

using UV-Vis spectroscopy. The solution state UV-Vis spectrum of TANI in the 

emeraldine salt form is observed in Appendix Figure 34. Three peaks appeared at 299 
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nm, 416 nm and 600-800 nm. These were attributed to the π-π* benzoid ring transition 

in TANI, the polaron transition from the quinoid ring from emeraldine salt form TANI 

and the bipolaron (exiton) transition also located on the quinoid ring respectively.29, 30  

After grafting 25 mol% TANI to SBS, the benzoid and polar transitions transition red 

shifted to a high wavelength, requiring less energy to promote an electron as shown in 

Figure 8.18. This suggested that π-π stacking took place solely between TANI groups, 

creating an electron rich environment. Additionally, the bipolaron transition 

disappeared and was replaced by sharp peaks further demonstrating that the quinoid 

ring was involved in the TANI π-π stacking,  

Upon increasing the grafting level to 35 mol% TANI in SBS, the bipolaron and π-π 

benzoid transition blue shifted to a lower wavelength of 550 – 700 nm and 291 nm, 

respectively. However, the polaron transition remained unaffected. The π-π* styrenic 

peak blue shifted by 9 nm indicating that electron density was removed from the 

aromatic regions and π-π stacking occurred between the benzoid ring and styrene 

block. The blue shift for the bipolaron transition demonstrated the benzoid ring/styrene 

interaction further as less electron density was shared with the quinoid ring from 

adjacent benzoid rings. This confirmed the observations from SEM and DMTA that a 

shift in the phase morphology occurred and that TANI and styrene interacted via the 

benzoid ring. 50 mol% TANI-SBS could not be investigated due to poor solubility. 

For 25 mol% TANI-PB, the benzoid and polaron transitions in TANI were unaffected 

by grafting and no electron rich environment was created. However, two peaks for the 

bipolaron transition were observed at 500 – 600 nm and 700 – 800 nm. This indicated 

that no π-π stacking was present between TANI groups in the solution state. The cause 

of this was attributed to the longer chain length of polybutadiene inhibiting the TANI 

interaction. Additionally, the π-π* transition from the polybutadiene vinyl groups was 

hidden by the π-π benzoid transition.  

Transitions for 1 mol% TANI-PB were not clearly observed due to the low grafting 

content of TANI, and only the π-π* transition for the PB vinyl groups was observed. 

This peak was broader than in pristine PB due to a shoulder peak from the benzoid 

transition of TANI. Furthermore, the solubility of 35 mol% TANI-PB and 50 mol% 

TANI-PB was too low for investigation via solution state UV-Vis spectroscopy.  
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Figure 8.18 Solution state UV-Vis spectroscopy in chloroform for (a) SBS, 25 mol% 

TANI-SBS and 35 mol% TANI-SBS and (b) PB, 1 mol% TANI-PB and 25 mol% 

TANI-PB 

8.4.3 Electromechanical properties of TANI modified elastomers 

The effect on the mechanical properties of SBS and PB after grafting with different 

molar ratios of TANI are shown via stress strain curves in Figure 8.19. Prior to 

modification, SBS exhibited a tensile strength of 8.9 MPa, Young’s modulus of 2.9 

MPa and a strain at break of 857%, whilst PB had a tensile strength of 0.15 MPa, a 

Young’s modulus of 1.5 MPa and a strain at break of 2442%.  

Modification of SBS with 25 mol% and 35 mol% TANI led to a sharp decrease in the 

strain at break, 186 ± 28.7% and 167 ± 29.8% respectively. This was due to the 

increase in brittleness of the elastomer from the increase in ‘hard’ regions. However, 

the strain at break remained similar between the two elastomers due to the change in 

polymer morphology whereby 35 mol% TANI-SBS exhibited a more compatibilised 

polymer phase structure. The Young’s modulus demonstrated a loss of deformability 

as the TANI grafting was increased, as the Young’s modulus increased up to 7.7 ± 0.5 

MPa and 64.9 ± 0.8 MPa for 25 mol% TANI-SBS and 35 mol% TANI-SBS 

respectively. Finally, the tensile strength for 25 mol% TANI-SBS was lower than for 

SBS and was 2.9 ± 0.4 MPa. This decrease was attributed to the decrease in polymer 

chain entanglement from the grafting of oligomeric TANI. In addition, the interactions 

between TANI groups were not strong enough to recover the tensile strength from the 

decrease in chain entanglement at this grafting level. For 35 mol% TANI-SBS, the 

tensile strength recovered to 8.7 ± 1.1 MPa due to a polymer phase morphology change 
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allowing TANI to π-π stack with the styrene block and form ‘hard’ regions which 

enhanced the tensile strength. For 50 mol% TANI-SBS, the material was too brittle 

for tensile testing and mechanically failed at ~1%. 

However, grafting of 25 mol% and 35 mol% TANI to PB had a markedly different 

effect on the mechanical properties. The strain at break decreased for both elastomers 

to 4.7 ± 1.6% and 3.4 ± 1.2% respectively. 25 mol% TANI-PB exhibited a large 

increase in tensile strength and Young’s modulus up to 8.8 ± 1.2 MPa and 692 ± 61.5 

MPa respectively, whilst for 35 mol% TANI-PB the strength of the polymer was much 

weaker. This occurred due to the polybutadiene backbone and TANI group’s 

incompatibility with each other and resulted in a phase separated structure. However, 

a reduced grafting of 1 mol% TANI to PB decreased the tensile strength and Young’s 

modulus of the modified elastomer to 0.22 ± 0.04 MPa and 3.9 ± 0.3 MPa, whilst 

enhancing the strain at break to 156 ± 35.4%. This was still a large decrease in the 

strain at break, demonstrating the detrimental effect of phase separation between 

TANI and PB on the mechanical properties.  

 

Figure 8.19 Stress strain curves of (a) 25 mol% TANI-SBS and 35 mol% TANI-SBS 

and (b) 1 mol% TANI-PB, 25 mol% TANI-PB and 35 mol% TANI-PB 

The effect of grafting TANI on the electrical properties of SBS and PB are shown in 

Figure 8.20 and Appendix Figure 35. As previously observed, the relative permittivity 

was 2.8 at 103 Hz and displayed a largely frequency independent response. 

Comparatively, 25 mol% TANI-SBS and 35 mol% TANI-SBS exhibited an increased 

relative permittivity of 6.2 and 9.2 at 103 Hz respectively. Both 25 mol% TANI-SBS 

and 35 mol% TANI-SBS exhibited electronic polarisation due to electrode blocking, 

occurring below 102 Hz for 25 mol% TANI-SBS but from 101 Hz for 35 mol% TANI-
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SBS. In addition, 35 mol% TANI-SBS exhibited a decrease in relative permittivity at 

300 Hz due to atomic polarisation preventing the polymer chains from responding to 

the alternating electric field.  

The tan δ loss of TANI-SBS elastomers was higher than for SBS due the losses 

introduced from the conducting TANI groups. Thus, 25 mol% TANI-SBS and 35 

mol% TANI-SBS had tan δ losses of 0.25 and 0.30 at 103 Hz compared to 0.009 at 

103 Hz for SBS. In addition, in 25 mol% TANI-SBS, a relaxation peak attributed to 

electrode blocking had a maxima at 12 Hz, whilst 35 mol% TANI-SBS exhibited an 

atomic relaxation peak at 23 kHz and the beginning of an electrode polarisation 

relaxation peak at lower than 10 Hz.  

The insulating nature of TANI-SBS elastomers is shown in the phase angle for SBS 

and 25 mol% TANI-SBS where they exhibited a phase angle response of -90°, except 

25 mol% TANI-SBS where a deviation towards 0° was observed from electronic 

polarisation. 35 mol% TANI-SBS exhibited a phase angle response deviated away 

from -90° indicating that the elastomer was near the percolation threshold for 

conducting TANI groups. Further deviations towards 0° were observed due to 

electrode blocking and atomic polarisation. Final confirmation of the insulating nature 

of TANI-SBS elastomers was observed in the AC conductivity in Appendix Figure 

35, whereby the TANI-SBS elastomers exhibited an increased conductivity compared 

to SBS but all remain below 1×10-7 S m-1 at 1 Hz.  

For PB, an initial relative permittivity of 3.3 Hz was observed in Figure 8.20b. After 

modification with 1 mol% TANI, PB exhibited a relative permittivity of 5.9 at 103 Hz. 

Both forms of PB maintained a largely frequency independent response. However, 25 

mol% TANI-PB and 35 mol% TANI-PB exhibited highly frequency dependent 

relative permittivities, indicative of a conducting elastomer.  

The tan δ loss of 1 mol% TANI-PB remained low, 0.03 at 103 Hz, and only increased 

marginally compared to pristine PB, which exhibited a tan δ loss of 0.008 at 103 Hz. 

However, the tan δ loss for 25 mol% and 35 mol% TANI-PB was large due to the 

conductive nature of TANI. The conductive nature was further observed in the phase 

angle and AC conductivity of 25 mol% TANI-PB and 35 mol% TANI-PB which 

remained close to 0° across all frequencies lower than 105 Hz. The AC conductivity 

response for 25 mol% TANI-PB and 35 mol% TANI-PB was also frequency 
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independent due to its conductive nature from a conductive TANI pathway. 

Comparatively, 1 mol% TANI-PB exhibited a phase angle response of -90° due to its 

highly insulating nature. However, a small atomic polarisation relaxation peak was 

observed at 86 kHz due to grafted TANI inhibiting the PB chain response. 

 

Figure 8.20 Impedance spectroscopy of SBS, 25 mol% TANI-SBS and 35 mol% 

TANI-SBS and the (a) relative permittivity, (c) tan δ loss and (e) phase angle and of 

PB, 1 mol% TANI-PB, 25 mol% TANI-PB and 35 mol% TANI-PB and the (b) relative 

permittivity, (d) tan δ loss and (f) phase angle 
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8.5 Conclusions 

Overall, this chapter demonstrated the successful grafting of methyl thioglycolate and 

thioglycolic acid to alternative polymers of SBR and PB. The purpose of this was to 

introduce hydrogen bonding for increased self-healing ability whilst maintaining a 

high deformability of elastomer and high strain at break as well as enhanced electrical 

properties. Therefore, MG-SBR and 80/20 MG/TG-SBR were synthesised in the first 

section of this chapter. 1H NMR confirmed the grafting of 98% of polar groups to the 

polymer backbone. 

The structural characterisation of SBR MG-SBR and 80/20 MG/TG-SBR showed that 

the glass transition temperature increased after grafting. However, both SBR and MG-

SBR had an increasing tan δ as temperature increased beyond the glass transition 

temperature. This was attributed to transitioning towards melting for the elastomer. 

However, 80/20 MG/TG-SBR did not exhibit this due its hydrogen bonding network. 

The stress strain curves showed that the grafting of methyl thioglycolate to SBR 

reduced the tensile strength of the elastomer. This was because any increase in tensile 

strength from the electrostatic interaction between methyl thioglycolate and styrene 

was lost from the decrease in tensile strength from the reduction in polymer chain 

entanglement. However, the strain at break increased to 1623%. By introducing the 

hydrogen bonding network, the tensile strength increased to 0.78 MPa, a Young’s 

modulus of 2.9 MPa and a strain at break of 598%. Furthermore, 80/20 MG/TG-SBR 

had an enhanced relative permittivity of 13.9 at 103 Hz. This elastomer represents an 

excellent candidate for further investigation into its self-healing abilities, as well as 

use in an actuation and energy harvesting device.  

The grafting of methyl thioglycolate and thioglycolic acid to PB was also confirmed 

by 1H NMR and FTIR and a grafting of 99% was achieved. Whilst the relative 

permittivity was similarly enhanced, the mechanical properties of MG-PB and 80/20 

MG/TG-PB remained too low for successful use actuation and energy harvesting 

devices.  

Finally, the last section of this chapter investigated the grafting of TANI to SBS and 

PB to enhance its electromechanical properties. TANI was grafted via a three step 

grafting process to ensure that TANI was in the conductive emeraldine salt oxidation 
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state. TANI-SBS and TANI-PB were characterised by NMR and FTIR, with TANI 

grafting to SBS of 25 mol%, 35 mol% and 50 mol% whilst TANI grafting to PB was 

1 mol%, 25 mol% and 35 mol%.  

TANI-SBS exhibited enhanced electrical properties, but a reduction in strain at break 

and an increased Young’s modulus upon increasing TANI grafting. This was because 

TANI could π-π stack with both itself and styrene. However, for 25 mol% and 35 

mol% TANI-PB a highly phase separated structure was observed, and resulted in a 

highly brittle polymer. This was because TANI and polybutadiene are not compatible 

with each other. Therefore, 1 mol% TANI-PB was synthesised and exhibited an 

increased strain at break. However, this was at expense of the relative permittivity 

increase.  

Overall, this chapter presents an alternative choice of elastomers for intrinsic 

modification to improve actuation and energy harvesting performance. Additionally, 

the grafting of conductive oligomers was presented as an alternative to the use of non-

conducting polar groups.  
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9.1 Conclusions 

This thesis introduces intrinsic and extrinsic approaches to modify styrenic and 

butadiene based dielectric elastomers to enhance their electromechanical performance 

for DEA and DEG applications. The purpose of this was to tune their relative 

permittivity, tan δ loss, electrical breakdown strength and Young’s modulus in order 

to enhance the capacitance of the dielectric elastomers for applications as capacitors, 

actuators and energy generators. To achieve this, an array of different approaches were 

investigated and the main outcomes were summarised as follows: 

In Chapter 4, triblock copolymer SBS was chemically modified by grafting polar 

methyl thioglycolate to form MG-SBS via thiol-ene chemistry. MG-SBS had an 

enhanced relative permittivity of 11.4, high strain at break and low Young’s modulus. 

MG-SBS exhibited an unexpected instantaneous self-healing ability at room 

temperature which strengthened with time. This was attributed to an electrostatic 

interaction between the δ+ protons adjacent to the ester of methyl thioglycolate 

interacting with the δ- aromatic centre of styrene. Owing to the weak electrostatic 

interactions, when the grafting level of MG-SBS decreased, the self-healing ability 

decreased. Additionally, when the temperature for self-healing was increased to 37 °C 

the self-healing decreased as well. Furthermore, an investigation into the electrical 

recovery due to self-healing of the elastomer was investigated as well. It was found 

that the electrical recovery could be significantly enhanced by clearing the pinhole 

defect formed upon breakdown with a needle probe to remove conductive material. 

The actuation properties of MG-SBS were investigated in pristine MG-SBS and in 

MG-SBS after failure. Pristine MG-SBS actuated radially 4.2% under a 29.8 MV m-1 

electric field and could recover up to 90% of its actuation abilities after failure and 

recover 79% of its original breakdown strength. Finite element modelling was 

conducted to support the experimental observations that the defects at the polymer 

surface and voids within the original failure channel should be avoided in order to 

enhance the self-healing ability.   

In Chapter 5, SBS was intrinsically modified with an alternative polar thiol-group, 

methyl-3-mercaptopropionate to form M3M-SBS. The size of the grafted polar group 

was larger, thus it reduced the Young’s modulus to allow easier deformation of the 

elastomer and provided more free space for the polar group to move and interact with 

styrene to increase the strength of self-healing exhibit by the dielectric elastomer. 
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However, the increased length of the polar group meant that the relative permittivity 

of M3M-SBS was not as high as for MG-SBS, but the lower Young’s modulus and 

higher breakdown strength of M3M-SBS meant that its actuation performance was 

significantly greater. Therefore, M3M-SBS was able to actuate 9.3% radially under a 

39.6 MV m-1 electric field, recover its electrical breakdown strength by 85.3% and 

recover its actuation performance by 44.8%. Furthermore, the energy harvesting 

abilities of both MG-SBS and M3M-SBS were investigated and it was found that MG-

SBS could harvest 2.3 mJ g-1 under a λa of 2.2, whereas M3M-SBS was able to harvest 

11.5 mJ g-1 under a λa of 2.8. After failure, healed MG-SBS was able to retain its 

energy harvesting abilities whereas M3M-SBS suffered a large decrease in its 

performance.  

In Chapter 6, hydrogen bonding was introduced in varying degrees by combining the 

grafted polar groups of methyl thioglycolate and thioglycolic acid to SBS in a one-pot 

synthesis to form MG/TG-SBS. The purpose of the hydrogen bonding was to enhance 

the self-healing ability of the elastomer and also increase its temperature resistance to 

operate in a DEA or DEG at high temperature. The modified dielectric elastomers 

exhibited enhanced electrical properties but stronger hydrogen bonding networks 

increased the stiffness and decreased the strain at break under room temperature 

testing. However, self-healing at 80 °C demonstrated a significant enhancement in the 

mechanical recovery and 80/20 MG/TG-SBS was able to recover up to 79% of its 

strain at break after 3 hours. Comparatively, 90/10 MG/TG-SBS and 95/5 MG/TG-

SBS were able to recover only up to 50% and 33% their strain at break respectively. 

The actuation performance of the elastomer at room temperature was the lowest of the 

three intrinsically modified SBS elastomers, MG-SBS, M3M-SBS and MG/TG-SBS, 

1.5% radially under an 18 MV m-1 electric field. However, this elastomer holds great 

promise for actuation and energy harvesting under elevated temperature conditions as 

the elastomer will retain a high self-healing ability and soften due to the overcoming 

of the elastic interchain interactions and increased mobility of hydrogen bonding.  

In Chapter 7, two different extrinsic modification approaches of SBS were 

implemented by blending SBS and PVDF to enhance the electric properties of the 

polymer blend, and the subsequent addition of MWCNTs to further enhance the 

relative permittivity. Firstly, the use of EVA as a third, compatibilising polymer 

between SBS and PVDF was introduced. EVA was able to interact through Van der 
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Waals forces with SBS and it was able to hydrogen bond with PVDF. This meant that 

the polymer blend exhibited high mechanical strain and increased relative permittivity 

due to its enhanced compatibility. The introduction of MWCNTs further increased the 

relative permittivity of the composite and exhibited a double electrical and rheological 

percolation threshold at 1 wt% and 3 wt% addition of MWCNTs. However, the 

addition of MWCNTs increased the brittleness of the composite and reduced the strain 

at break as a result. This occurred because the MWCNTs resided at the interface 

between SBS and EVA, hindering the weak Van der Waals interaction and reducing 

the effectiveness of the EVA compatibility.  

An alternative method to this was to increase the polarity of SBS via grafting of methyl 

thioglycolate and blend PVDF and MG-SBS together. This resulted in an elastic 

polymer blend with high permittivity as the ester was able to interact with the PVDF 

backbone. 1 wt% MWCNTs were added to 50/50 and 70/30 MG-SBS/PVDF and 

percolation was achieved in the 70/30 MG-SBS/PVDF composite, indicating that the 

MWCNTs resided in the PVDF phase of the composite due to the increased size of 

the butadiene block on MG-SBS from the polar groups preventing it from residing in 

that polymer phase. 

Finally, in Chapter 8, alternative polymers were selected to graft both methyl 

thioglycolate and thioglycolic acid in an attempt to decrease the Young’s modulus of 

the hydrogen bonding elastomers. The alternative polymers selected were SBR, where 

the block structure of styrene and butadiene is replaced with a statistical arrangement, 

and PB, where the ‘hard’ styrenic block was removed entirely. SBR showed excellent 

promise in 80/20 MG/TG-SBR with high relative permittivity, high strain at break and 

low Young’s modulus as an alternative to SBS for future dielectric elastomers. For the 

PB based elastomers, the tensile strength of these remained too low even upon the 

addition of the hydrogen bonding network, and further enhancements in the tensile 

strength need to be considered to further this elastomer viability.  

A final alternative approach was through the grafting of conductive emeraldine salt 

TANI to SBS and PB. It was found that grafting TANI to PB resulted in phase 

separation and a brittle polymer. Promise was shown by grafting TANI to SBS, 

however the aromatic system of TANI also behaved like an additional ‘hard’ styrenic 
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region and thus the electrical gain is required to be balanced and optimised with the 

reinforcement of the mechanical properties for its future use.  

9.2 Future perspectives 

1. The grafting of polar groups to intrinsically modify the polymer backbone 

resulted in high permittivity, high strain at break and low Young’s modulus. 

However, whilst the introduction of hydrogen bonding increased the self-

healing exhibited by these elastomers, it also stiffened the elastomers at room 

temperature, which reduced its actuation performance at room temperature. 

Therefore, the hydrogen bonding modified elastomer is only suitable for 

actuation at elevated temperatures. Further work into testing MG/TG-SBS at 

60 – 80 °C could yield excellent properties for its mechanical, actuation and 

energy harvesting performance. 

 

2. Extrinsic modification of dielectric elastomers with MWCNTs increased the 

electrical properties of composites but had a negative effect on their overall 

mechanical properties. Chemical modification of the MWCNTs to enhance 

their residency in the PVDF phase could yield better mechanical properties, or 

by changing the conductive filler to a graphene based filler such as rGO, which 

has oxygen based functional groups for hydrogen bonding with PVDF. 

 

3. 80/20 MG/TG-SBR is an excellent candidate to take forward for self-healing 

applications due to its hydrogen bonding network. Additionally, it is an 

excellent candidate for DEA and DEG applications due to its deformability 

and high strain at break and should be further investigated. 

 

4. PB based elastomers require further work to make them a viable future option. 

Currently, their tensile strength and Young’s modulus are too low. Increasing 

the hydrogen bonding content or introducing crosslinking present future paths 

of progression to have high permittivity, deformable and elastic materials. 

 

5. The grafting of emeraldine salt TANI presents excellent increases in 

permittivity however the degradation of the mechanical properties remains a 

big challenge. Alternatively utilising SBR as a polymer, where no block 

structure exists, could enable an elastomer to be synthesised which balances 
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the electrical and mechanical properties better. Alternatively, using SBS with 

a small styrenic composition could also be a viable future pathway.  

 

6. The development of a DEG is challenging and requires the device fabrication, 

the circuitry, the energy storage method and the dielectric elastomer used to be 

considered as a whole to make this successful. Improvements to the design of 

our DEG would increase the efficiency in which energy was harvested by the 

materials presented in this thesis. Furthermore, the use of an electret material 

to charge the dielectric elastomer could make the DEG self-sustainable and 

require no external voltage input.  

 

7. There is the potential to use other elastomers in addition to SBS, SBR and PB 

for the intrinsic and extrinsic modification approaches used in this work. These 

include, but are not limited to, PVMS and natural rubber, which have 

unsaturation via alkene groups along the polymer backbone. Natural rubber 

represents a renewable alternative to crude-oil based elastomers, and is a key 

candidate for future dielectric elastomers for energy harvesting. Choosing a 

suitable starting elastomer is essential to achieve high performance 

electromechanical properties from modified elastomers. 
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Appendix 

 

 

Appendix Figure 1 (a) Storage modulus of SBS and MG-SBS, (b) loss modulus of 

SBS and MG-SBS 

 

Appendix Figure 2 (a) 1H NMR of MG-SBS (65.1%), (b) FTIR of MG-SBS (65.1%) 
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Appendix Figure 3 Stress-Strain curve of MG-SBS (65.1%) 

 

Appendix Figure 4 (a) 1H NMR of MG-SBS (52.1%) and (b) FTIR of MG-SBS 

(52.1%) 
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Appendix Figure 5 Polarisation electric field loops of pristine MG-SBS and healed 

MG-SBS under an electric field with a maxima of 5.9 MV m-1 

 

Appendix Figure 6 Optical images of (a) thin needle on a Needle Probe and (b) a 

hypodermic needle used to clear the pinhole defect site of MG-SBS after electrical 

breakdown 

 



  Appendix 

 

233 

 

 

Appendix Figure 7 Comparison of electric field-polarisation loops under 10 MV m-1 

electrical field for pristine MG-SBS, healed MG-SBS using a hypodermic needle to 

clear the pinhole site and healed MG-SBS using a needle probe to clear the pinhole 

site 

 

Appendix Figure 8 (a) Strain at break after self-healing for various times and (b) 

tensile strength after self-healing for various times for M3M-SBS  
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Appendix Figure 9 (a) Storage modulus and (b) loss modulus of M3M-SBS 

 

Appendix Figure 10 Temperature dependent FTIR for SBS between 30 °C and 150 

°C for (a) 1730 cm-1, (b) 1356 cm-1 and 1243 cm-1 
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Appendix Figure 11 (a) Pressure and (b) air flow of MG-SBS energy harvesting cycles 

at different axial deformations. (c) Pressure and (d) air flow of M3M-SBS energy 

harvesting cycles at different axial deformations 
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Appendix Figure 12 (a) Voltage, (b) charging current and (c) harvesting current of 

MG-SBS energy harvesting cycles at different axial deformations. (d) Voltage, (e) 

charging current and (f) harvesting current of M3M-SBS energy harvesting cycles at 

different axial deformations. 
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Appendix Figure 13 (a) Pressure and (b) air flow of healed MG-SBS energy harvesting 

cycles at different axial deformations. (c) Pressure and (d) air flow of healed M3M-

SBS energy harvesting cycles at different axial deformations 
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Appendix Figure 14 (a) Voltage, (b) charging current and (c) harvesting current of 

healed MG-SBS energy harvesting cycles at different axial deformations. (d) Voltage, 

(e) charging current and (f) harvesting current of healed M3M-SBS energy harvesting 

cycles at different axial deformations. 
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Appendix Figure 15 1H NMR spectroscopy of 95/5, 90/10 and 80/20 MG/TG-SBS 

 

 Appendix Figure 16 FTIR spectroscopy of 95/5, 90/10 and 80/20 MG/TG-SBS 
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Appendix Figure 17 Temperature dependant FTIR for 100/0, 95/5, 90/10 and 80/20 

MG/TG-SBS at 3320 cm-1 upon heating 

 

Appendix Figure 18 Variable temperature 1H NMR spectra of 80/20 MG/TG-SBS at 

25 °C, 50 °C and 70 °C 
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Appendix Figure 19 (a) Healed strain at break and (b) strain at break recovery for 95/5, 

90/10 and 80/20 MG/TG-SBS at room temperature and at 80 °C after testing 

immediately, after 15 minutes, after 3 hours and after 3 days 

 

Appendix Figure 20 (a) Healed tensile strength and (b) tensile strength recovery for 

95/5, 90/10 and 80/20 MG/TG-SBS at room temperature and at 80 °C after testing 

immediately, after 15 minutes, after 3 hours and after 3 days 
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Appendix Figure 21 (a) Storage modulus and (b) loss modulus of 50/50 SBS/PVDF, 

50/50/20 SBS/PVDF/EVA and EVA 

Appendix Table 1 β/α phase crystallinity ratios in PVDF and SBS/PVDF/EVA TPEs 

and the change with increasing MWCNT concentration 

Material 

763 

cm-1 

(α) 

840 

cm-1 

(β) 

β/α 

intensity 

ratio 

615 

cm-1 

(α) 

1275 

cm-1 

(β) 

β/α 

intensity 

ratio 

PVDF 0.742 0.532 0.717 0.782 0.760 0.972 

SBS/PVDF/EVA 

(50/50/20) 
0.740 0.834 1.127 0.778 0.930 1.195 

SBS/PVDF/EVA/MWCNT 

(50/50/20/0.3) 
0.844 0.951 1.108 0.876 

0.979 

 
1.118 

SBS/PVDF/EVA/MWCNT 

(50/50/20/0.5) 
0.814 0.916 1.125 0.834 0.955 1.145 

SBS/PVDF/EVA/MWCNT 

(50/50/20/1) 
0.646 0.811 1.255 0.696 

0.899 

 
1.292 

SBS/PVDF/EVA/MWCNT 

(50/50/20/2) 
0.616 0.733 1.190 0.642 0.857 1.335 

SBS/PVDF/EVA/MWCNT 

(50/50/20/3) 
0.395 0.663 1.678 0.502 0.845 1.683 
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Appendix Figure 22 SEM imaging of SBS/PVDF/EVA (50/50/20) containing (a) 0 

wt% MWCNTs, (b) 0.3 wt% MWCNTs, (c) 0.5 wt% MWCNTs, (d) 1 wt% MWCNTs, 

(e) 2 wt% MWCNTs and (f) 3 wt% MWCNTs 

 

Appendix Table 2 Normalised transmission intensity ratios for SBS/PVDF 50/50 and 

MG-SBS/PVDF 50/50 compared to SBS, PVDF and MG-SBS peaks 

 

 

Material 

Normalised transmission intensity for 

ester peaks 

Normalised transmission 

intensity for C-F peaks 

2917 cm-

1 

1732 

cm-1 

1272 cm-

1 

1130 cm-

1 
1400 cm-1 1177 cm-1 

PVDF - - - - 1 0.81 

SBS/PVDF 

50/50 
- - - - 1 0.80 

MGSBS 1 0.48 0.54 0.61 - - 

MGSBS/PVDF 

50/50 
1 0.61 0.61 0.61 1 0.72 
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Appendix Figure 23 Relative permittivity of PVDF 

 

Appendix Table 3 DSC crystallinity (Xc(%)), crystallisation temperature (Tc) and 

melting temperature (Tm) for SBS/PVDF and MG-SBS/PVDF 50/50 and 70/30 blends 

and composites containing 1 wt% MWCNTs 

 

 

 

Material Xc(%) Tc [°C] Tm [°C] 

PVDF 
48.66 

 

138.63 

 

165.96 

 

SBS:PVDF 70:30 
72.68 

 
136.60 165.61 

SBS:PVDF 50:50 
53.96 

 
136.86 165.89 

SBS:PVDF:MWCNT 

69.5:29.5:1 
38.98 

137.01 

 
165.38 

SBS:PVDF:MWCNT 

49.5:49.5:1 

37.63 

 

137.17 

 

166.25 

 

MGSBS:PVDF 70:30 
48.26 

 

137.27 

 

167.10 

 

MGSBS:PVDF 50:50 
34.68 

 

137.65 

 

166.89 

 

MGSBS:PVDF:MWCNT 

69.5:29.5:1 

43.71 

 

135.76 

 

166.75 

 

MGSBS:PVDF:MWCNT 

49.5:49.5:1 

46.93 

 

137.53 

 

168.01 
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Appendix Figure 24 (a) Storage modulus and (b) loss modulus of SBR, MG-SBR and 

80/20 MG/TG-SBR 

 

Appendix Figure 25 tan δ graph from impedance spectroscopy of SBR, MG-SBR and 

80/20 MG/TG-SBR with the tan δ in log10 form to highlight the atomic relaxation 

peaks 
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Appendix Figure 26 (a) Storage modulus and (b) loss modulus of MG-PB and 80/20 

MG/TG-PB between -120 °C and 60 °C 

 

Appendix Table 4 GPC containing Mn, Mw and Đ for TANI synthesised with a two 

hour reaction time and a 90 minute reaction time 

Product Mn (g mol-1) Mw (g mol-1) Đ 

2 hr TANI 796 1629 2.05 

1.5 hr TANI 648 1022 1.58 

 

 

Appendix Figure 27 SEM image of emeraldine salt form TANI acidified using 

trifluoroacetic acid 

10 μm 



  Appendix 

 

247 

 

 

CE140 E-SBS.011.esp

240 220 200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

-0.5

0

0.5

1.0

N
o

rm
a

liz
e

d
 I
n

te
n

s
ity

 

Appendix Figure 28 13C NMR spectrum of E-SBS 
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Appendix Figure 29 HSQC spectrum of E-SBS 

Carbons in 

epoxide ring 

Carbons in 

epoxide ring 
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Appendix Figure 30 13C NMR spectrum of TANI-SBS 
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Appendix Figure 31 HSQC spectrum of TANI-SBS 
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Appendix Figure 32 HMBC spectrum of TANI-SBS 

 

Appendix Figure 33 DMTA tan δ spectrum of 50 mol% TANI-PB 
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Appendix Figure 34 Solution state UV-Vis spectroscopy of TANI in emeraldine salt 

state 

 

Appendix Figure 35 Impedance spectroscopy AC conductivity graphs for (a) SBS, 25 

mol% TANI-SBS and 35 mol% TANI-SBS and (b) PB, 1 mol% TANI-PB, 25 mol% 

TANI-PB and 35 mol% TANI-PB 
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