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Abstract

:

Intrinsic modification of polybutadiene and block copolymer styrene–butadiene–styrene with the electrically conducting emeraldine salt of tetraaniline (TANI) via a three-step grafting method, is reported in this work. Whilst the TANI oligomer grafted at a similar rate to both polybutadiene and styrene–butadiene–styrene under the same conditions, the resulting elastomers exhibited vastly different properties. 1 mol% TANI-PB exhibited an increased relative permittivity of 5.9, and a high strain at break of 156%, whilst 25 mol% TANI-SBS demonstrated a relative permittivity of 6.2 and a strain at break of 186%. The difference in the behaviour of the two polymers was due to the compatibilisation of TANI by styrene in SBS through π-π stacking, which prevented the formation of a conducting TANI network in SBS at. Without the styrene group, TANI-PB formed a phase separated structure with high levels of TANI grafting. Overall, it was concluded that the polymer chain structure, the morphology of the modified elastomers, and the degree of grafting of TANI, had the greatest effect on the mechanical and dielectric properties of the resultant elastomers. This work paves the way for an alternative approach to the extrinsic incorporation of conducting groups into unsaturated elastomers, and demonstrates dielectric elastomers with enhanced electrical properties for use in actuation devices and energy harvesting applications.
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1. Introduction


The ability to convert electrical energy to mechanical energy, or vice versa, is under extensive research due to a large array of applications. Smart electroactive polymers can change their shape through energy transduction from an electric field owing to Maxwell’s stress, and can be applied to artificial muscle applications [1]. Alternatively, they can convert mechanical energy into electrical energy, resulting in energy harvesting. As an example, waste mechanical energy from transportation vehicle vibrations can be collected and utilised to power lighting and sensors. With the same mechanism, the conversion of mechanical energy from footsteps on a smart running track to power street lights is another challenging idea [2,3,4,5,6].



Electroactive materials require outstanding electromechanical properties. In the case of mechanical properties, the material should have a high strain at break, above 200%. In the case of electrical properties, the material should have the ability to store energy under an electric field, which can be described by the capacitance (C) and electrical energy density at breakdown (Uel) [7,8].


  C =  ε r   ε 0  ⋅  A d   



(1)






   U  e l   = 0.5 C  V 2  = 0.5  ε r   ε 0  A d  E b 2   



(2)







Here, C is the capacitance of a parallel plate capacitor,  A  is surface area,   d     is thickness,  V  is applied voltage,    ε r    is relative permittivity,    ε 0    is permittivity of free space and    E b    is electrical breakdown strength. Improvements in relative permittivity and electrical breakdown strength enhance the performance of energy harvesters [9,10,11] and actuators [4,12]. Therefore, the main electromechanical properties required of a dielectric elastomer are high relative permittivity and high electrical breakdown strength (> 50 V µm−1) [10], while maintaining a high strain at break and a low dielectric loss, compared with relative permittivity (tan δ).



Dielectric elastomers are considered as electroactive polymers that produce large strains (200%–400%), large energy densities (10–150 kJ m−3), low noise, light weight and fast response (10−3 s). However, electrical properties, such as relative permittivity, electrical breakdown strength and dielectric loss, must be improved to enhance their electromechanical properties. Therefore, a polar or a conducting filler can be introduced to enhance the electrical properties. To maximise the efficiency of a dielectric elastomer, the approach (intrinsic or extrinsic), the type of filler (high-permittivity nanoparticles or electrically conducting nanoparticles) and the concentration of the filler need to be considered carefully.



A high-permittivity conducting material can be introduced into a polymer by either extrinsic or intrinsic approaches. However, extrinsic mixing introduces issues with dispersion and agglomeration, owing to a poor compatibility between the filler and the polymer matrix. As a result, this degrades the mechanical properties and electrical breakdown strength, and results in a high tan δ, owing to interfacial defects [1,2,3,13]. On the other hand, the intrinsic approach can be achieved by many methods, such as hydrosilylation and thiol-ene click chemistry, and result in better compatibility and dispersity. Hydrosilylation allows a wide range of modifications, because a silicone-based polymer is grafted by a vinyl-terminated group. Thiol-ene click chemistry utilises an unsaturated polymer backbone, such as PVMS and SBS, to graft thiol groups and requires a short reaction time, minimal purification, and has a high product yield. However, thiols typically have a strong odour, reducing their practicality for a commercial product. Furthermore, chemical modification increases the dipole moment across the polymer chain (permanent polarity), while maintaining a low tan δ. The electrical breakdown strength of this homogeneous polymer is enhanced while maintaining the deformable nature of the polymer matrix [14,15,16].



We next consider the types of conducting groups that can be grafted to a polymer backbone, namely: (1) nanoparticles with high permittivity, such as BaTiO3, PZT and TiO2, or (2) high-electrical-conductivity nanoparticles, such as carbon nanotubes (CNTs), graphene and metallic fillers. Stoyanov et al. grafted polyaniline (PANI) to a poly-styrene-co-ethylene-co-butadiene-co-styrene-g-maleic anhydride (SEBS-g-MA) elastomer [1]. They found that the permittivity of the grafted material increased to up to 470% relative to that of the polymer matrix, while maintaining the electrical breakdown strength. However, the long-chain PANI caused the distant migration of the charge on the backbone, resulting in a high tan δ [17,18,19,20,21,22].



TANI is a short π-conjugated oligomer of aniline containing four aniline units. Owing to its short length, the main properties of this oligo(aniline) are good solubility and excellent processability compared with PANI. TANI has multiple different oxidation states, however the emeraldine-based state is the most desirable form, as it can be acidified to form the emeraldine salt (ES) state resulting in high conductivity (approximately 0.014 S m–1) [23]. As TANI is one of the most outstanding organic semiconductors that can be potentially used for many purposes, it represents an excellent high-permittivity conducting material [24,25,26].



With low grafting, the relative permittivity of the elastomer slowly increases because the conducting particles are dispersed far from each other in the polymer matrix. Adding conducting particles until a particular point wherein the conducting clusters are located very close together, but are separated by a very thin elastomer matrix layer, results in the formation of microcapacitors. A high degree of microcapacitors enhances the relative permittivity and capacitance of the composite signficantly. However, if the loading content is too high, the percolation threshold will be research and the permittivity of the material will decrease.



Thus, permittivity can be significantly improved by adding conducting particles until just before the percolation threshold is reached [21,27,28,29,30,31].



In this research, poly(styrene-butadiene-styrene) (SBS) and polybutadiene (PB) were studied as elastomer matrices. The backbone of the block copolymer SBS contains polystyrene and polybutadiene. The polystyrene block improves the durability and rigidity of SBS, whereas the polybutadiene block results in a soft and flexible behaviour. Moreover, this thermoplastic elastomer also shows a high strain at break (>800%), high electrical breakdown strength (approximately 65 V μm−1) and low tan δ (0.01) [2,32]. On the other hand, polybutadiene (PB) has no styrenic component, making the material softer than SBS (2400% strain at break), and have a low tan δ (0.01). Owing to their high strain and different components on the backbone [33,34,35,36,37], SBS and PB were chosen for this study.



In this study, a thermoplastic elastomer SBS was modified by intrinsic modification with π-conjugated conducting emeraldine salt TANI (ES-TANI) to enhance its polarity and electromechanical properties. The intra- and intermolecular interactions between the pedant TANI groups and the backbone were analysed through the characterisation of the microstructure and mechanical and electrical properties. TANI-grafted PB was synthesised to illustrate the role of the polymer backbone in the electromechanical properties.




2. Materials and Methods


2.1. Materials


N-Phenyl-p-phenylenediamine (98%), ammonium persulophate (APS, 98%), toluene (99%), formic acid (95%), hydrogen peroxide (30%) and trifluoroacetic acid (99%) were purchased from Sigma-Aldrich (Schnelldorf, Germany). Ammonium hydroxide (Acros Organics, 30%), hydrochloric acid (HCl, 37%) and acetone (99%) were purchased from Fisher Scientific (Loughborough, UK). Poly(styrene-butadiene-styrene) block copolymer (SBS, Vector 8508A) was purchased from Dexco (Taipei City, Taiwan R.O.C.). PB (96% cis 1,4 content, BUNA CB 24) was purchased from Arlanxeo (Maastricht, The Netherlands). Tetrahydrofuran (THF, GPR Rectapur, 99.9%) was purchased from VWR (Lutterworth, UK). Carbon conductive grease used as a compliant electrode for electrochemical impedance spectroscopy (EIS) studies was purchased from MG Chemicals (Surrey, BC, USA). All chemicals were used as received.




2.2. Synthesis of Tetraaniline (TANI) [38]


N-phenyl-p-phenylenediamine (18.525 g, 0.10 mol) was dissolved in 150 mL of acetone at 0 °C in an ice bath. Then 100 mL of 1 M HCl solution was added. Meanwhile, 45.636 g (0.2 mol) of APS was dissolved in 80 mL of 1 M HCl, and gradually added to the N-phenyl-p-phenylenediamine solution using a double syringe pump at a feed rate of 4 mL/min. After the feeding, the solution was continuously stirred vigorously at room temperature for 1.5 h. The crude product was filtered and washed by adding 30 mL of the 1 M HCl followed by 80 mL of water. The dried sample was dispersed in 1 L of a 1 M ammonium hydroxide solution, and allowed to react for 2 h. The product was then again filtered and washed with DI water. Finally, the sample was dried in a vacuum oven for 48 h. 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




2.3. Synthesis of TANI-SBS


For the epoxidation of SBS, 3 g of SBS was dissolved in 27 g of toluene at room temperature for 0.5 h. Formic acid and hydrogen peroxide were gradually added to the stirred solution in accordance with the desired grafting ratio (mol%). Then the solution was allowed to react for 4 h at 60 °C to make epoxidised SBS (E-SBS). Following this, the E-SBS was precipitated in methanol and dried in air for 1.5–2 h. E-SBS was then dissolved in 50 mL of THF, followed by the addition of TANI, and the solution was continuously stirred until the TANI dissolved. Then the reaction was allowed to continue overnight at 60 °C.



The TANI was acidified to the emeraldine salt oxidation state to enhance conductivity by adding trifluoroacetic acid and was allowed to react at room temperature for 5 h. Finally, TANI-SBS was purified by two steps. First, the solution was directly filtered under vacuum to remove the excess acidified TANI. The acidified TANI-SBS remained in solution. Secondly, the TANI-SBS solution was precipitated by stirring 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.




2.4. Synthesis of TANI-PB


For the epoxidation step of PB, 3 g of PB was dissolved in 80 g of toluene at room temperature for 3 h. Formic acid and hydrogen peroxide were gradually added to the stirred solution in accordance with the desired grafting ratio (mol%). Then the solution was allowed to react for 4 h at 60 °C to make epoxidised-PB (E-PB). When the reaction ended, E-PB was precipitated in methanol and dried in air for 1.5–2 h. Then it was subsequently dissolved in 50 mL of THF (approximately 1 h). TANI was added and the solution was continuously stirred until the TANI dissolved to make grafted TANI-PB and the reaction was allowed to continue overnight at 60 °C. TANI-PB was acidified by adding trifluoroacetic acid and allowed to react at room temperature for 5 h. Finally, TANI-PB was purified by the same two steps used in the case of TANI-SBS. First, the solution was directly filtered under vacuum to remove the excess acidified TANI. The acidified TANI-PB remained in solution. Secondly, the TANI-PB solution was precipitated by stirring 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.




2.5. Characterisation


For 1H NMR and 13C NMR, all data was obtained using a Bruker AVANCE III HD 400 MHz spectrometer. Chemical shifts were internally referenced to TMS using chloroform-d (CDCl3). The spectra were analysed using ACD/NMR processor version 12.01 (ACD/Labs). Fourier transform infrared (FTIR) spectroscopy results were obtained with 32 scans at a resolution of 4 cm−1 using Bruker TENSOR 27. Gel permeation chromatography (GPC) was performed using Agilent 390-MDS with two PLgel mixed-C columns and THF as an eluent (pressure 77–79 bar, flow rate 1 mL/min) and analysed using Agilent GPC/SCE software. For impedance spectroscopy, the samples (thickness = 100–200 μm) were prepared by Rondol manual compression moulding at 190 °C. Carbon black grease was applied onto both sides of the compressed surface to act as a compliant electrode. Electrical properties were measured from 100 to 106 Hz using a Princeton Applied Research Parastat MC with a PMC-2000 card and a two-point probe. Mechanical testing samples were prepared following the ASTM-D638-14 type V standard. The experiments were carried out using a Shimadzu Autograph AGS-X tester at room temperature with a 50 mm min−1 extension rate and a 0.1095 s−1 strain rate (10 kN load cell). Samples (size 5.0 mm × 5.0 mm × 2.3 mm) were analysed by dynamic mechanical thermal analysis (DMTA) from −120 to 135 °C in the single-cantilever mode with a frequency of 1 Hz and an amplitude of 50 μm. Scanning electron microscopy (SEM) samples were prepared by cryo-fracturing in liquid nitrogen. The fractures were placed onto carbon tape and sputter-coated with Au/ Pd. SEM images were obtained with a CARL ZEISS: MERLIN™ field emission scanning electron microscope. For UV-vis spectroscopy, the diluted samples were prepared by dissolving in dichloromethane (DCM) to a concentration of 1 × 10−5 mol dm−3. All samples were analysed using an Agilent Cary 60 spectrophotometer between 200 and 800 nm.





3. Results and Discussion


The synthesis of tetraaniline (TANI) was characterised by Gel Permeation Chromatography (GPC), 1H NMR and FTIR. The GPC trace in Figure S1 shows the formation of oligomeric aniline, with a number average molecular weight (Mn) of 648 g mol−1 and a polydispersity index (PDI) of 1.58. From the slightly high Mn and PDI, and the shape of the trace in Figure S1, the main product formed consists of four aniline units, accompanied by some higher order structures formed during the reaction, such as hexamers and octamers. These products are similar in nature and solubility to tetraaniline, making their removal challenging. Therefore, the conditions of the reaction were controlled to minimise octaaniline formation, including limiting the reaction time to 1.5 h. The resulting product was a dark blue colour, confirming that the oxidation state of TANI was emeraldine base [39].



1H NMR in Figure S2 confirmed the structure of TANI. Peaks at 3.76 ppm and 7.39 ppm show two NH groups in emeraldine base TANI. The aromatic system of TANI is shown by the peaks at 7.10 ppm, 6.96 ppm, 5.80 ppm and 5.51 ppm. The results match well to previously reported TANI [23,40]. Furthermore, FTIR in Figure S3 confirms the presence of an N–H stretch at 3376 cm−1, an aromatic C–H stretch at 2955 cm−1, the quinoid of TANI ring at 1597 cm−1 and the benzoid ring of TANI at 1495 cm−1. Overall, the combination of GPC, FTIR and 1H NMR confirm the structure of TANI.



When TANI is converted to the emeraldine salt morphology, it can form a nanowire arrangement when acidified using acids such as HCl, due to the small counterion size of Cl. However, when acids with larger counterions are used, the nanowire structure is disrupted. For solubility in THF, trifluoroacetic acid was used to acidify TANI, and the large counterion size formed agglomerated TANI instead of a defined nanowire morphology formed, see Scheme 1.



The grafting of TANI to both SBS and PB was completed via a 3-step mechanism, as shown in Scheme 1. In the first step, the alkenes of SBS and PB are epoxidised using the molar equivalents of H2O2 and formic acid. The formation of epoxidised SBS (E-SBS) introduced two new peaks at 2.96 and 2.72 ppm in 1H NMR in Figure 1, from the proton environments attached to the two carbons in the epoxide ring. In comparison, the epoxidation of PB formed one broad peak at 2.96 ppm. The grafting efficiency of the reaction was 50%, compared to the molar equivalents of formic acid and hydrogen peroxide used. It was also found that the solubility of E-SBS and E-PB deteriorated drastically at grafting ratios of 50% or higher.



E-SBS and E-PB were unstable products, and thus were reacted with TANI after two hours drying in air to prevent the epoxide rings of E-SBS and E-PB ring opening and crosslinking the polymer chains autonomously. The ring opening reaction between the primary amine at the ω-terminus of TANI and the epoxide rings achieved completion at an elevated temperature of 60 °C. After the ring opening reaction was complete, the grafted TANI was acidified with trifluoroacetic acid to convert TANI from the emeraldine base oxidation state to the emeraldine salt form. The resulting polymers were green in colour.



The confirmation of grafting TANI to SBS and PB came from 1H NMR and FTIR in Figure 1 and Figures S3–S5. In TANI-SBS, the epoxide proton at 2.96 ppm shifted to 4.41 ppm as the NH2 of TANI opened the ring. Furthermore, FTIR of TANI-SBS (Figure S3) confirms the presence of OH from a broad peak at 3300–3200 cm−1, a C–N stretch at 1672 cm−1 and the presence of both the quinoid and benzoid ring at 1597 cm−1 and 1495 cm−1, respectively.



Similarly, for TANI-PB, FTIR and 1H NMR in also confirming the grafting of TANI. The peak at 2.96 ppm splits into two resolved singlets after the ring opening reaction at 2.94 and 3.01 ppm due to splitting of the proton environment from the combination of the hydroxyl group and TANI attachment. In addition, a peak at 4.38 ppm appears due to the attachment of TANI to the polymer backbone. The presence of the aromatic protons in TANI cannot be observed in either NMR for TANI-SBS and TANI-PB, as TANI is in the emeraldine salt oxidation state, which has limited solubility in most solvents, including CDCl3. FTIR of TANI-PB shows the presence of an NH stretch at 3246 cm−1, a C–N stretch at 1669 cm−1, and the quinoid and benzoid rings of TANI at 1597 and 1495 cm−1. From 1H NMR, the grafting levels of TANI to SBS was 25 mol% and 35 mol% with respect to the butadiene backbone, and the grafting of TANI to PB was 1 mol%, 25 mol% and 35 mol%. This approach enabled the normally insoluble and unprocessable emeraldine salt TANI to be grafted to the polymer backbone, resulting in homogenous dispersion throughout the matrix for uniform electromechanical properties, as well as an elastomer which can be easily processed and solubilised. 50 mol%-grafted TANI-SBS and TANI-PB were also synthesised; however they yielded brittle, non-elastic products.



The effect of grafting of TANI on the physical behaviour of the elastomers is observed in DMTA, Figure 2. Using SBS as an example, the glass transition temperature shifts to higher temperatures upon higher grafting. In SBS, there are two glass transition temperatures, at −83 °C and 97 °C. These are attributed to the soft butadiene block and the hard styrene block, respectively. Upon grafting 25 mol% of TANI to the butadiene block, three glass transition temperatures are observed at −52 °C, −15 °C and 76 °C. These are attributed to the partially modified butadiene backbone, which had an increase in glass temperature due to the loss of flexibility, the TANI groups and the styrene block, respectively. As the TANI grafting increased to 35 mol% and 50 mol%, the glass transition peak for the modified butadiene chain disappeared, and the glass transition from TANI become dominant in the properties of the polymer. At 50 mol%, TANI-SBS has a glass transition temperature of 46 °C for TANI and 88 °C for the styrene block. This explains the brittleness of the modified polymer, as 50 mol% TANI-SBS is in a glass state at room temperature. Figure S6 shows that this is the reason for the brittleness of 50 mol% TANI-PB as well.



To further understand the behaviour observed in DMTA, the intrinsic interactions from TANI were investigated using UV-Vis spectroscopy. In Figure S7, the UV-Vis spectra of TANI shows that there are three defined transition peaks. At 299 nm there is the benzoid transition from the π-π* transition on the ring, at 416 nm the quinoid (polaron) transition from the emeraldine salt oxidation state of TANI, and finally the bipolaron (exiton) transition between 700–800 nm located on the quinoid ring. This transition arises due to electron donation from the adjacent benzoid rings [41,42].



After grafting 25 mol% TANI to SBS, the benzoid and quinoid transition of TANI red-shifted and the smooth bipolaron transition disappears, leaving some sharper transition peaks remaining in the region of 600–800 nm. In addition, the π-π* transition for styrene on SBS remained unchanged. SBS is a block copolymer with a phase separated structure, and this demonstrated that the aromatic region of SBS is unaffected. The red shift indicates that it requires less energy to promote an electron in the quinoid and benzoid transitions for TANI, and suggests that TANI only π-π stacks between TANI oligomers at 25 mol% grafting, creating an electron-rich environment. It indicates that the butadiene block and styrene block maintain a phase separated morphology and explains the presence of three glass transition temperature peaks for 25 mol% TANI-SBS in Figure 2.



However, the UV-Vis spectroscopy behaviour of 35 mol% TANI-SBS is somewhat different. The bipolaron region and π-π* benzoid transition blue shifts to between 550–700 nm and to 291 nm, respectively. Furthermore, the π-π* transition for the styrenic block of SBS also blue shifts, but the quinoid transition remains identical to TANI. The blue shift of the bipolaron region indicates that less electron density from adjacent benzoid rings is being shared with the quinoid ring. Furthermore, the blue shift of both the benzoid ring and the styrenic block indicates that the two regions are interacting through π-π stacking, despite the phase-separated structure of SBS. This indicates that the grafting of TANI altered the phase morphology of the polymer, allowing the two groups to interact. Finally, as the quinoid transition is unaffected, it is not involved in this interaction. The dominating nature of TANI on the properties of the butadiene backbone explains the reduction in the number of glass transition peaks from three to two upon an increase in grafting.



In 25 mol% TANI-PB, the electron rich environment present in TANI SBS does not appear in PB, and the benzoid and quinoid transitions of TANI do not shift wavelength. However, the bipolaron transition splits into two broad peaks between 500–600 nm and 700–800 nm. Additionally, the π-π* alkene transition in TANI-PB is not observable due to the strong benzoid transition. As the peaks do not shift, it indicates that there is less TANI π-π stacking in 25 mol% TANI-PB—at least in the solution state. This is attributed to the longer chains of PB, as noted in the GPC of both SBS and PB in Figure S8, whereby SBS has a Mw ≈ 100,000 g mol−1 and PB has a Mw ≈ 600,000 g mol−1, meaning that the grafting density of TANI is lower in PB than in SBS.



In 1 mol% TANI-PB, the transitions attributed to TANI are not visible due to the low content of grafted TANI. However, the π-π* transition is visible at 276 nm from the alkenes of PB, and is broader than in PB due to the benzoid transition acting as a shoulder peak. The solubility of 35 mol% TANI-PB was too low to obtain UV-Vis results.



SEM imaging, as seen in Figure 4, demonstrated the observable differences in the polymer morphology of both PB and SBS as the grafting of TANI is increased. Figure 4a–c shows how the morphology of SBS changes between 25 mol%, 35 mol% and 50 mol% grafting. At 25 mol% grafting, there is a phase separated structure between the butadiene dominating TANI-butadiene block and the styrene block. At 35 mol% grafting, the morphology changes to show a more compatibilised polymer morphology, as two distinct polymer phases are not observable. However, at 50 mol% grafting, two distinct polymer phases are observed once more, the TANI-dominated butadiene block and the styrene block, confirming the observations from DMTA and UV-Vis spectroscopy in Figure 2 and Figure 3. In Figure 4d,e, TANI-PB with both 25 mol% and 50 mol% grafting showed a phase separated morphology, attributed to the lack of compatibilisation between the TANI and butadiene chains and resulting in TANI/butadiene phase separation



Tensile testing of the TANI-grafted elastomers revealed that the mechanical properties are highly dependent on the TANI grafting ratio, as seen in Figure 5. Prior to modification, SBS and PB had a strain at break of 857% and 2442%, and a tensile strength of 8.92 MPa and 0.15 Mpa, respectively, see Figure S9. After grafting, the tensile strength of 25 mol% TANI-SBS reduced significantly to 2.93 MPa and the strain at break decreased to 186%. The decrease in the strain at break is due the grafting of a ‘hard’ TANI block, which behaves similarly to the styrenic block and reduces the flexibility of the ‘soft’ butadiene block, whereas the tensile strength decreased due to the phase-separated nature. Additional increases in the TANI grafting to form 35 mol% TANI-SBS demonstrated only a small further decrease in the strain at break to 167%, but a large increase in the tensile strength to 8.71 MPa. The large increase in the tensile strength is attributed to the change in phase morphology observed in UV-Vis, DMTA and SEM imaging in Figure 2, Figure 3 and Figure 4. The morphology changes as the TANI groups π-π stack with the styrenic block, increasing the interchain strength. Despite the morphology change, the strain at break decreases further due to the increase of the ‘hard’ TANI groups reducing the flexibility of the ‘soft’ butadiene chain. Finally, 50 mol% TANI-SBS could not be tested due to its brittleness. This was due to phase separation between the TANI-butadiene and styrene block and the high Tg of the polymer.



Comparatively, grafting both 25 mol% and 35 mol% TANI to PB resulted in brittle products with a very low strain at break of 4%–5%, down from 2442%. This was attributed to the lack of compatibility between grafted TANI and PB, from the phase separation observed in SEM imaging in Figure 4. The difference in behaviour between TANI-modified SBS and PB polymers is due to the compatibilisation of TANI from the styrene block of SBS through π-π stacking.



Therefore, to increase the elongation at break for TANI-PB, a reduction in the grafting was required. To achieve this, 1 mol% TANI-PB was synthesised to retain the flexibility of the butadiene chain, and to reduce the phase separation observed. 1 mol% TANI-PB demonstrated a strain at break of 156% and a tensile strength of 0.22 MPa.



Thus overall, the grafting of TANI to SBS yielded materials with the highest strain at break and largest tensile strength, making them suitable for actuation and energy harvesting devices.



Impedance spectroscopy of emeraldine salt TANI in Figure S10 shows a conducting material with an ac conductivity of 1.4 × 10−2 S m−1 at 103 Hz, with only a small observable frequency dependence. The phase angle for the material was 0° between 100 Hz and 104 Hz, demonstrating the conducting nature of TANI. In addition, the relative permittivity of TANI was 3189 at 103 Hz accompanied by a high tan δ loss of 77.8 at 103 Hz (where    tan  δ =     d i e l e c t r i c   l o s s   r e l a t i v e   p e r m i t t i v i t y    ). Thus, the conducting nature of TANI represents an ideal group to introduce as a series of microcapacitors by grafting onto SBS and PB to enhance their relative permittivity.



Figure 6a shows that the relative permittivity of 25 mol% TANI-SBS was enhanced to εr ≈ 6.2 at 103 Hz compared to εr ≈ 2.8 at 103 Hz. The relative permittivity remains constant between 102–106 Hz, however below 102 Hz the relative permittivity increases significantly due to electrode polarisation. The relaxation peak for electrode polarisation is observed in both tan δ and phase angle at 101 Hz, in Figure 6c,e, respectively. Prior to the relaxation peak, 25 mol% TANI-SBS exhibits a low tan δ loss of 0.25 at 103 Hz and a phase angle of −90° to demonstrate its insulating nature, compared to 0.009 and −90° at 103 Hz for SBS, respectively.



Increasing the TANI grafting to 35 mol%, TANI-SBS enhanced the relative permittivity to 9.2 at 103 Hz. Due to the change in phase morphology exhibited in 35 mol% TANI-SBS, electrode polarisation was not observed at low frequency, as the increase in compatibilisation disrupts any conducting TANI network, ensuring grafted TANI maintains its micro-capacitor behaviour, and prevents electrons from building up at the electrodes. However, a decrease in the relative permittivity was observed at 104 Hz, attributed to molecular polarisation and the inability of TANI-butadiene to respond to the alternating electric field. The molecular polarisation is also observed in tan δ and phase angle at 104 Hz as a relaxation peak. In addition, the tan δ of 35 mol% TANI-SBS was 0.31 at 103 Hz. Due to molecular polarisation peak, followed by the beginning of electrode polarisation at low frequency, the phase angle for 35 mol% TANI-SBS remains mostly deviated from −90°. Comparatively to literature examples, 35 mol% TANI-SBS demonstrates superior relative permittivity, and low tan δ loss compared to examples involving the conducting polymer form of TANI, polyaniline [1].



For PB, the relative permittivity was 3.3, and the tan δ was 0.009 at 103 Hz, as seen in Figure 6b,d. Additionally, the material was highly insulating with an ac conductivity of 1.5 × 10−9 S m−1 and a phase angle of −90° at 103 Hz, shown in Figure S11 and Figure 6f. Upon grafting of 1 mol% TANI to PB, the relative permittivity increased to 5.9 at 103 Hz. A reduction in the permittivity above 105 Hz was due to molecular polarisation.



Furthermore, the tan δ loss remained low at 0.03 at 103 Hz and showed a small relaxation peak at 105 Hz attributed to molecular polarisation. The phase angle of the polymer remains at −90° between 100–104 Hz to demonstrate that the incorporation of 1 mol% TANI does not introduce a conducting network into PB. However, the phase angle then deviates from −90° between 104–106 Hz due to molecular polarisation.



However, grafting both 25 mol% and 35 mol% TANI to PB resulted in the formation of a conducting TANI network in the elastomer due to phase separation between TANI and PB, observed in SEM imaging in Figure 4. The relative permittivity increases to 13.2 and 20.0 for 25 mol% TANI-PB and 35 mol% TANI-PB, respectively. Due to the conductive network, the relative permittivity increases to over 100 below 102 Hz. The conductive nature of these two elastomers is also observed by the high tan d loss experienced by both materials and a phase angle deviated away from −90°. The conducting nature of these materials is reinforced by the elevated conductivities of 3.3 × 10−6 S m−1 and 2.1 × 10−6 S m−1 for 25 mol% TANI-PB and 35 mol% TANI-PB, respectively. In these elastomers, the formed TANI network allows the conduction of electrons through it, instead of TANI behaving as microcapacitors.




4. Conclusions


In summary, using a three-step grafting procedure, TANI in the emeraldine salt form was successfully attached to the polymer backbones of SBS and PB with a view to enhance the relative permittivity of these elastomers. TANI was synthesised in the non-conductive emeraldine base form, before grafting to epoxidised SBS and PB through a ring opening reaction and acidification to the emeraldine salt form.



Different grafting ratios of TANI to SBS and PB were investigated, and it was found that 50 mol% grafting of TANI yielded an insoluble material with a poor strain at break. The reduction in the mechanical properties was due to the increase in glass transition temperature from an increased grafting of TANI, as the glass transition temperature for TANI is similar to styrene due to π-π stacking interactions. Thus, lower grafted TANI-SBS and TANI-PB retained their elastomeric behaviour and demonstrated a strain at break of up to 186% for 25 mol% TANI-SBS and a tensile strength of 2.9 MPa.



Further investigation into this behaviour through SEM imaging explained the effect of TANI on the mechanical properties for both SBS and PB. In PB, TANI and PB were incompatible with each other, and thus generated a phase separated morphology. In SBS, the styrenic block aided compatibilisation through π-π stacking, which retained the elastomeric properties of SBS up to 35 mol% TANI-SBS, demonstrating that the presence of a ‘hard’ block in SBS is essential.



The electrical properties of TANI-PB showed that only 1 mol% of TANI was required to enhance the relative permittivity of the elastomer significantly, from 3.3 to 5.9, whilst maintaining a low tan δ loss and an insulating behaviour. Increasing with further TANI grafting yielded a conductive polymer from a percolation network of TANI chains. In SBS, percolation is not observed until after 35 mol% grafting, which led to increases in the relative permittivity from 2.8 to 6.2 and 9.2 and 25 mol% and 35 mol% grafting, respectively. However, at 35 mol% grafting, the phase angle deviated away from −90° across all frequencies, indicating that the behaviour of the elastomer is no longer fully insulating anymore. The compatibilisation between styrene and TANI disrupted the formation of a conducting TANI network, at this grafting level. The limitation for TANI-SBS is grafting over 35 mol% of TANI results in an inelastic product, whilst the limitation for TANI-PB is only 1 mol% of TANI. Therefore, the increases in the relative permittivity through introducing conducting TANI groups to the polymer backbones are limited by the offset in mechanical properties and loss of elasticity.



This work successfully demonstrates the intrinsic grafting of conducting groups to the backbone of elastomers. It introduces an alternative to extrinsically mixing conducting groups to elastomers, and synthesises modified SBS and PB elastomers with enhanced electrical properties for actuation applications, such as artificial muscles and energy harvesting devices. Based on the results of this work, further work will involve the actuation testing of 1 mol% TANI-PB, 25 mol% TANI-SBS and 35 mol% TANI-SBS to establish the actuation performance and the breakdown strengths of the elastomers
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Figure 1. Protonic nuclear magnetic resonance (1H NMR) spectra of styrene-butadiene-styrene (SBS), epoxidised SBS (ESBS) and TANI-SBS. 
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Scheme 1. (a) the synthesis of TANI in the emeraldine base oxidation state. (b) The grafting of TANI to both SBS and PB and the oxidation of grafted TANI to the emeraldine salt oxidation state. (c) Schematic diagram showing π-π stacking regions between TANI oligomers or TANI-PS. 
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Figure 2. Dynamic mechanical thermal analysis (DMTA) tan δ for the Tg of SBS, 25 mol% TANI-SBS, 35 mol% TANI-SBS and 50 mol% TANI-SBS. 
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Figure 3. (a) UV-Vis spectroscopy of SBS, 25 mol% TANI-SBS and 35 mol% TANI SBS. (b) UV-Vis spectroscopy of PB, 1 mol% TANI-PB and 25 mol% TANI-PB. 
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Figure 4. SEM imaging of the cryo-fractured surface of (A) TANI in the emeraldine salt oxidation state (B) 25 mol% TANI-SBS, (C) 35 mol% TANI SBS, (D) 50 mol% TANI-SBS, (E) 25 mol% TANI-PB and (F) 50 mol% TANI-PB. 
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Figure 5. Stress–strain curves for (A) 25 mol% TANI SBS, 35 mol% TANI-SBS, and (B) 1 mol% TANI-PB, 25 mol% TANI-PB, 35 mol% TANI-PB. 
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Figure 6. Dielectric properties of TANI modified SBS and PB. 
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