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Abstract


We fabricated stretchable and electric conductive hybrids consisting of polyhedral oligomeric silsesquioxane (POSS)-capped polyurethane (PUPOSS) and doped poly(3-hexylthiophene) (P3HT). In order to realize robust films coexisting polar conductive components in hydrophobic elastic matrices, we employed POSS introduced into the terminals of the polyurethane chains as a compatibilizer. Through the simple mixing and drop-casting with the chloroform solutions containing doped P3HT and polyurethane polymers, homogeneous hybrid films were obtained. From the conductivity and mechanical measurements, it was indicated that hybrid materials consisting of PUPOSS and doped P3HT showed high conductivity and stretchability even with a small content of doped P3HT. From the mechanical studies, it was proposed that POSS promoted aggregation of doped P3HT in the films, and ordered structures should be involved in the aggregates. Efficient carrier transfer could occur through the POSS-inducible ordered structures in the aggregates.
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1. Introduction


Stretchable electronics which show high performance and mechanical flexibility are recognized as a one of promising platform for realizing next-generation applications of optoelectronic devices such as deformable displays [1], electronic skins [2,3] and the property of mechanical invisibility for wearable [4,5] and implantable applications [6,7]. Since organic materials have various advantages as a scaffold, such as softness and ease of tuning and their electronic and mechanical properties, organic composites consisting of elastomeric polymers and semiconducting or conducting polymers have been developed as stretchable electronics [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22]. For example, it has been reported that the nanoconfinement of semiconducting polymers into elastomers is valid for achieving high stretchability without decreasing carrier mobility [9]. In this system, high stretchability of elastomers and electronic conductivity of semiconducting polymers were simultaneously realized in the single material. Programmed phase separation should play a critical role in the compatibility of these properties at a high level. As another instance, it was shown that kirigami-based nanoconfined polymer sheets could be stretched up to 2000% strain without loss of carrier mobility [14]. To produce advanced stretchable optoelectronic devices, facile and versatile strategies for preparing materials are strongly desired.



Polyurethanes (PUs) are well known as an elastomer with property tunability. Therefore, PUs have been widely used in various fields, such as molds, paints, coating, foam, elastomer, etc. [23,24]. Additionally, PUs are also applied as a scaffold in composite materials in order to impart stretchability [25,26,27,28,29]. Meanwhile, stretchable composites consisting of elastomers and electrical conductive components, such as metal [30,31], carbon [32,33] and conducting polymers [34,35,36,37], have been manufactured for realizing stretchable electronics. Hydrophobic elastomers such as polydimethylsiloxanes (PDMS) are known as one of platforms, however there are often difficulties in preparing homogeneous materials with conductive polymers such as poly(3,4-ethylenedioxythiophene):poly(stylenesulfonate) (PEDOT:PSS) due to polarity differences between hydrophobic elastomers and hydrophilic doped conjugated polymers. In the case of PU, polar urethane structures are potentially favorable for improving compatibility. Indeed, composites were able to be obtained with PEDOT:PSS [18].



Conductive materials are prepared readily by chemical doping of conjugated polymers [38]. Owing to the discovery of conductive polyacetylene by Shirakawa et al. who brought development to the field of organic electronics [39], facile methods can be established for drastically improving conductivity of conjugated polymers by several orders of magnitude by doping [40]. So far, many researches have devoted their efforts to obtaining highly-efficient conjugated polymers, and it was revealed that a strong interchain interaction was responsible for smooth carrier transfer followed by high conductivity [41,42,43]. Poly(3-hexylthiophene) (P3HT) is one of the most famous semicrystalline conjugated polymers and has been extensively studied for the relationship between morphology and electronic properties [44,45,46,47,48]. Moreover, it was shown that regular structures were responsible for expressing high conductivity [44,45,46]. It should be noted that there are several reports regarding high conductive materials containing small molecules which can efficiently change the morphology of the polymers and subsequently lead to enhancement of the conductivity [47,48]. Thus, it is presumable that further functions except for conductivity might be added by their combination with other components.



Polyhedral oligomeric silsesquioxane (POSS) has attracted greater interest as an “element-block”, which is a minimum functional unit containing various types of elements, for obtaining hybrid materials simply by mixing [49,50]. POSS has high chemical and thermal stability, bulky and rigid hydrophobic space and high designability according to its unique structure [51,52,53,54,55,56,57,58,59,60,61,62]. For example, simple loading of POSS onto polymers with or without covalent bonding reinforces thermal stability and rigidity [63]. In particular, polymers containing POSS show unique properties depending on the morphology of polymer matrices [64,65,66,67]. In the previous work, we synthesized POSS-capped PU (PUPOSS) in which the hydrophobic POSS was covalently bound into the terminals of the polar PU chain [68]. The hydrophobicity of POSS improved compatibility with conjugated polymers, and stretchable polyfluorene (PF)/PUPOSS hybrids presenting high luminescence were achieved by suppressing the aggregation of PF without decreasing elasticity. Finally, formation of excimer was able to be controlled by mechanical forces to the elastic film, followed by emission color change.



On the basis of these results, we next aimed to load different functions, which tend to be in the trade-off relationship, onto PUPOSS-based elastic hybrids. We herein showed stretchable hybrid materials consisting of PUPOSS and doped P3HT possessing high conductivity even in a small content of doped P3HT. In the previous work, POSS suppressed the aggregation of conjugated polymers because of similarity in the polarity of POSS and PF [68], whereas, in this work, POSS promoted aggregation of doped P3HT because of a polarity difference between POSS and doped P3HT. As a result, electrical conductivity of doped P3HT/PUPOSS hybrid films was dramatically enhanced without significant losses of elasticity of the bulk films. The result indicates that POSS has the potential to work as a mediator to enable elastic and electric conductive moieties to independently exist in the materials without critical phase separation, which leads to deterioration of device performances.




2. Experimental Details


2.1. Materials


Compounds P3HT were synthesized according to the literature [69] 3-Aminopropyltrimethoxysilane, Methylenediphenile-4,4′-diisocyanate (MDI), dodecylamine, tetrafluoretetracyanoquinodimethane (F4-TCNQ) and dibutyltin Dilaurate (DBTDL) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and used without further purification. 1,6-Hexanediol (HDO), poly(tetramethylene oxide) (PTMG), propylamine and hexane were purchased from Wako Pure Chemical Industries (Tokyo, Japan)and used without further purification. THF were purchased from Wako Pure Chemical Industries and were purified using a two-column solid-state purification system (Glasscontour System, Joerg Meyer, Irvine, CA, USA) under Ar pressure.




2.2. Synthesis and Characterization


Scheme 1 shows the synthesis of PUPOSS and PUM. PUM was prepared through polyaddition of 1,6-hexanediol (HDO), poly(tetramethylene glycol) (PTMG) (HDO/PTMG = 1/1 mol/mol) and tolylene-2,4-diisocyanate (TDI). The excess amount of TDI was added for completely presenting isocyanate groups at the chain terminal. PTMG was introduced for increasing elasticity of the product. After the alcohol groups were completely reacted, PUM was isolated as a white solid by reprecipitation into hexane from the tetrahydrofuran (THF) solution. PUPOSS was synthesized by the connection with amine groups in aminopropylisobutyl POSS (iBuPOSS-NH2) and the terminal isocyanate groups of PUM. The relative molecular weights of PUM (Mn = 1.4 × 104 g mol−1, Mw/Mn = 2.8) and PUPOSS (Mn = 1.3 × 104 g mol−1, Mw/Mn = 2.5) were estimated by gel permeation chromatography (GPC) with polystyrene standards by using chloroform as an eluent. As a conjugated polymer, regioregular P3HT was synthesized through the Grignard metathesis (GRIM) polymerization according to the literature (Scheme 2) [69]. The regioregularity of P3HT was examined by 1H NMR spectroscopy. The α methylene protons of the alkyl group were able to be resolved by two different diads, head-to-tail (HT) and head-to-head (TT). The expanded 1H NMR spectrum in Figure S1 was indicative of 97% for the HT linkage. The relative molecular weight of P3HT (Mn = 4.7 × 104 g mol−1, Mw/Mn = 1.5) was also estimated by GPC with the same instrument and standard set. The structures of all new compounds were confirmed by 1H, 13C and 29Si NMR spectroscopy. The synthetic details are described in the Supplementary Materials.



The introduction ratio of POSS units to the terminals of PUPOSS was calculated from the 1H NMR spectrum and Mn of PUPOSS (Figure S2). It was shown that HDO and PTMG should be reacted with MDI because the hydroxymethyl protons of HDO and PTMG completely disappeared in the 1H NMR spectra (Figures S3–S6). The number of repeating units (p) was estimated to be approximately 8 from the division of Mn of PUPOSS by the molecular weight of the repeating unit. Subsequently, in the 1H NMR spectrum of PUPOSS, the integral value ratio (Ha/Hb = 1.55) was calculated from the peak at the benzyl positions, which originated from the reacted MDI moieties (3.86 ppm) (Ha) and the peak of the iso-butyl groups derived from the reacted iBuPOSS-NH2 (0.61–0.59 ppm) (Hb). Hence, it was revealed that about 1.5 eq. POSS groups were modified into a single PU chain, (introduction rate = 75%).



1H, 13C and 29Si NMR spectra were recorded on JEOL EX400 and AL400 instruments (Tokyo, Japan) at 400, 100 and 80 MHz, respectively. Samples were analyzed in CDCl3, and the chemical shift values were expressed relative to Me4Si as an internal standard. Scanning electron microscopy (SEM) recorded on a HITACHI FE-SEM SU8220 (Tokyo, Japan). Energy dispersive X-ray spectrometry (EDX) was recorded on a EMAX Evolution X-MAX (80 mm2) (Tokyo, Japan). The number-average molecular weight (Mn), the weight-average molecular weight (Mw) and PDI (Mw/Mn) of all polymers were estimated by the gel permeation chromatography (GPC) with a TOSOH G3000HXI system (Tokyo, Japan) equipped with three consecutive polystyrene gel columns (TOSOH gels: a-4000, a-3000, and a-2500) and ultraviolet detector (Tokyo, Japan) at 40 °C. The system was operated at a flow rate of 1.0 mL/min, with chloroform as an eluent. Polystyrene standards were employed for the calibration. Electrical conductivity was recorded on a Mitsubishi Chemical LORESTA-EP (Tokyo, Japan). Differential scanning calorimetry (DSC) was recorded on a HITACHI DSC7020 (Tokyo, Japan). Thermogravimetric analysis (TGA) was recorded on a Seiko instrument Inc. EXSTAR TG/DTA6000 (Chiba, Japan). Dynamic mechanical analysis (DMA) was recorded on a SEIKO DMS210 (Chiba, Japan). The uniaxial tensile test was conducted at the speed of 1 mm/min by using an Orientec Corporation TENSILON RTM-500 (Tokyo, Japan).




2.3. Preparation of Hybrid Films


The film samples were prepared via the spin-coating on the quartz substrate with the chloroform solutions. The mixtures containing polyurethanes (PUPOSS or PUM) in CHCl3 (4 mL) were stirred at room temperature for 30 min. Then various amounts of P3HT (0–40 wt %) doped with F4-TCNQ (dopant molar fraction of 0.15) in CHCl3 (all solutions contained 1 mg of P3HT per 200 µL) were added to the mixtures and stirred at room temperature for an additional 1 h. The resulting solutions were dropped on the PFA dish and dried for 12 h under ambient condition to afford hybrid films, P3HT/PUPOSS and P3HT/PUM.





3. Results and Discussion


3.1. Dopant Concentration


We investigated the effect of dopant concentration on electric conductivity of P3HT films. As a dopant, we selected 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane (F4-TCNQ). Because of the deep energy level of LUMO, F4-TCNQ is known to be an effective dopant for P3HT (LUMO energy level of F4-TCNQ: −5.2 eV, HOMO energy level of P3HT: −5.0 eV) [70]. The measurement was carried out with the four probe method for evaluating in-plane conductivity of the films prepared by the drop-casting method from the chloroform solution (100 μL, 1.0 mg/200 μL P3HT) with different feed ratios of F4-TCNQ to P3HT on a quartz substrate (1 cm × 5 cm) [71]. The results showed that adding F4-TCNQ increased the conductivity of P3HT thin films up to a dopant molar fraction of 0.15 (Figure S7). As the optimized dopant concentration, this value was used in the following experiments.




3.2. Hybrid Materials


The hybrid materials consisting of PUM or PUPOSS and doped P3HT were prepared by the drop-casting method with the chloroform solutions on the perfluoroalkoxy alkane (PFA) dish. The detail preparation protocols are described in the Experimental Section. We obtained P3HT/PUPOSS and P3HT/PUM as a dark film (Figure S8). From scanning electron microscope (SEM) observations at the surface of the hybrid films (interface of hybrid film/PFA dish), different morphologies were obtained especially from the sample containing POSS. There were aggregates at the surfaces of each film, suggesting that polar doped P3HT species should be deposited (Figure S9). Significantly, in P3HT/PUPOSS, crystal-like particle aggregates were observed at the surface. This result proposes that POSS promoted aggregation formation with ordered structures. From the energy dispersive X-ray spectrometry (EDX) analyses at the cross-section of the hybrid films, homogeneous dispersion of Si from POSS and localization of S from P3HT toward the PFA side were observed (Figure S10). These data indicate that POSS should enhance to form aggregation of doped P3HT. Moreover, it was shown that the maximum amount of doped P3HT in P3HT/PUPOSS without loss of film-formability was 20 wt %, while the film sample was able to be obtained with 40 wt % doped P3HT in PUM. This supports the fact that the POSS moiety could promote the formation of aggregates of doped P3HT in the film. It was reported that dispersed POSS in the polymer matrix can act as a nucleation site to form aggregates of doped P3HT [67]. Moreover, it is likely that the polarity of the polymer matrix can be lowered in the presence of hydrophobic POSS. Thus, the aggregate formation of polar species, such as doped P3HT with F4-TCNQ, could be facilitated at the film surfaces.




3.3. Mechanical Properties


Mechanical properties of the hybrid films were examined. The stress–strain relationships during the uniaxial extension were evaluated until the hybrid films were broken off by stretching (Figure 1 and Table 1). It should be emphasized that in P3HT/PUPOSS, the strain value at the break of the film retained high and the tensile modulus maintained low with the film containing 20 wt % of doped P3HT. These data clearly indicate that the stretchability of PUPOSS was hardly spoiled by mixing doped P3HT. As mentioned above, POSS modification induces aggregation formation of doped P3HT in the matrix, resulting in loss of film-formability over 30 wt %. On the other hand, critical decrease in mechanical properties was suppressed. In P3HT/PUM, the stretchability was maintained when loading up to 20 wt % of P3HT. However, when loading more than 30 wt % of P3HT, the strain value at the break of the film greatly dropped off and tensile modulus became much higher. These results indicate that critical loss of stretchability should occur. From dynamic mechanical analyses (DMA), it was shown that glass transition temperatures (Tg) of both films decreased at 10 wt % P3HT loading ratio (Figure S11 and Table 1). By adding a further amount of doped P3HT, the Tg values elevated when increasing the content of doped P3HT. Especially, the Tg of P3HT/PUM exceeded room temperature when loading 30 wt % of P3HT. These results imply that the rubber state changes to the glass state at room temperature, leading to a decrease in stretchability although film-formability was obtained. Generally, aggregated domains tend to increase in tensile moduli compared to homogeneous hybridization. However, the increase could be too small to reduce elasticity in this material. It is proposed that POSS could work as a mediator and prevent critical phase separation which leads to deterioration of elasticity. Generally, aggregated domains tend to increase in tensile moduli compared to homogeneous hybridization. However, the increase could be too small to reduce elasticity in this material. It is proposed that POSS could work as a mediator and prevent critical phase separation which leads to deterioration of elasticity.




3.4. Aggregated Structure of P3HT


To investigate the P3HT aggregated states in the hybrid films, differential scanning calorimetry (DSC) was performed (Table 2). Figure 2a shows the DSC first heating curves at the heating rate of 10 °C/min. In the DSC curves of all films, the glass transition temperatures of PU (Tg,PU) and the relaxation of hard segments of PU (THS,PU) were observed at around −40 and 60 °C, respectively [72]. In the DSC curves of P3HT/PUM and P3HT/PUPOSS, two melting temperatures appeared at around 130 °C (T1) and 220 °C (T2). T2 was assigned to the crystallization of main chains of P3HT [73] and heat of fusion was almost the same value with and without POSS. In contrast, T1 attributable to the crystallization of alkyl side chains of P3HT [73] and heat of fusion increased from 0.53 without POSS to 3.42 mJ mg−1 with POSS. It is suggested that well-ordered structures of P3HT should be developed in the aggregates in P3HT/PUPOSS more than in P3HT/PUM. Figure 2b shows the DSC second heating curves and the peaks attributable to the crystallization of P3HT alkyl side chains of P3HT/PUM and P3HT/PUPOSS, which completely disappeared. This result implies that ordered-aggregated structures of P3HT might be kinetically produced and thermodynamically unstable.




3.5. Electrical Conductivity


In-plane electrical conductivity was measured with the doped P3HT containing hybrid films (Figure 3). The conductivities of the different surfaces, such as interfaces of air/hybrid film and hybrid film/PFA dish, were investigated. The conductivity of the surface from air/hybrid film interface was under a detection limit (less than 10−6 S cm−1), whereas that of the surface from the hybrid film/PFA dish was high. These results were in good agreement with the situation suggested by the SEM images. The ordered structures in aggregates of P3HT tended to be located at the interface of the hybrid film/PFA dish. Therefore, the conductivity was detectable only from the hybrid film/PFA dish. Thus, we evaluated electric conductivity only with this side. By changing the feed ratio of doped P3HT, significant behaviors were obtained. In both P3HT/PUPOSS and P3HT/PUM, the conductivities increased as the content of P3HT increased. However, in the same P3HT loading ratio, P3HT/PUPOSS had higher conductivity than P3HT/PUM. This means that POSS can play a significant role in the enhancement of electric conductivity in the film. According to the role of POSS in morphology as mentioned above, the mechanism can be proposed (Figure 4). From the SEM images and DSC measurements, it was suggested that POSS promoted aggregation of doped P3HT by enhancing hydrophobicity of matrices. In particular, it was implied that the ordered structures, where carrier transfer could efficiently proceed, could be formed in these aggregates [41,42,43]. From these data, it is proposed that POSS enhanced the carrier mobility, that is, conductivity through the facilitation of electric conductive paths. From the thermogravimetric analyses of the films, it was observed that all films had degradation temperatures (Tds) over 250 °C (Figure S12 and Table S1). From the investigation of influence of thermal annealing on electric conductivity, similar values were obtained from both films after annealing at 90 °C (Figure S13). In contrast, after annealing at 200 °C, conductivity decreased to out of the detection limit. This result supports that ordered structures in aggregates of P3HT originating from crystallization of alkyl side chains are responsible for efficient carrier transfer.




3.6. Influence of Strain on Conductivity


Finally, the influence of strain on conductivity of hybrid films was investigated. The film was cut into 1 cm × 2 cm and the in-plane conductivity was monitored up to 100% strain parallel to the conductive direction. Figure 5 shows the correlation with the strain value at the film breaking and conductivity with variable feed ratios of doped P3HT. By increasing the amount of doped P3HT in PUM, conductivity increased, while elasticity critically decreased. Fragility should be enhanced, resulting in lowing flexibility. Apparently, P3HT/PUPOSS exhibited high stretchability and conductivity. Owing to high conductivity even with a lower feed ratio of doped P3HT, both properties should be obtained. Next, conductivities of the films with 20 wt % of doped P3HT were monitored during stretching (Figure 6). The stretched films were fixed by clips on the quartz substrate on the measurement. Conductivity of the P3HT/PUM film was drastically lowered by stretching and dropped off under a detection limit immediately, meanwhile P3HT/PUPOSS kept conductivity at the relatively higher level even after stretching up to 100%. This result clearly demonstrates that conductive elastomers can be realized by employing POSS-based hybrid materials. It is likely that by the deformation of the materials, the orientation of the conductive network should be collapsed, resulting in loss of conductivity [74,75]. Enhancement of aggregation formation of doped P3HT by POSS should be responsible for the reinforcement of the network. As a result, critical losses of conductivity could be suppressed in P3HT/PUPOSS. We were able to obtain the relationship between conductivity and applied mechanical force (Figure S14). Our materials might be directly applicable as a coating or wearable sensor for tracing the distortion of the target surfaces.





4. Conclusions


We fabricated stretchable hybrids, P3HT/PUPOSS, consisting of POSS-capped PU and doped P3HT. The compatibility between PU and doped P3HT was decreased by the introduction of POSS due to the differences of polarity between polar doped P3HT and hydrophobic POSS. However, POSS promoted local ordered aggregates of doped P3HT, enhancing the electrical conductivity. As a result, P3HT/PUPOSS concurrently showed high stretchability and conductivity because it is possible to exhibit high conductivity even with small amount of doped P3HT. This simple method is expected to be applicable to a wide range of a combination of conjugated polymers and PU. It would be a conventional design strategy for the development of well-programmed stretchable electronics.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4360/11/7/1195/s1, Figure S1: 1H NMR and expanded 1H NMR spectra of P3HT. Figure S2: Calculation of the POSS introduction rate. Figure S3: 1H NMR spectrum of HDO. Figure S4: 1H NMR spectrum of PTMG. Figure S5: Identification of chemical shifts of protons in 1H NMR spectrum of PUM. Figure S6: Identification of chemical shifts of protons in 1H NMR spectrum of PUPOSS. Figure S7: In-plane conductivity of F4-TCNQ doped P3HT films. Figure S8: Photographs of hybrid films. Figure S9: SEM images of the surface of hybrid films (interface of hybrid film/PFA dish). The amount of doped P3HT loaded in all films is 20 wt %. Figure S10: SEM images and elemental mapping of the cross section of hybrid films. The amount of doped P3HT loaded in all films is 20 wt %. Right side of the images is the interface of hybrid film/air. Figure S11: Storage and loss moduli of (a) P3HT/PUPOSS and (b) P3HT/PUM at each amount of loaded doped P3HT. Figure S12: TGA curves of (a) P3HT/PUPOSS and (b) P3HT/PUM at each amount of loaded doped P3HT. Figure S13: In-plane electrical conductivity of P3HT/PUPOSS and P3HT/PUM loading 20 wt % of P3HT before and after thermal annealing. Figure S14: The relationship between conductivity and applied mechanical forces of P3HT/PUPOSS loaded 20 wt % of doped P3HT. Table S1: TGA data of hybrid films.





Author Contributions


Conceptualization, K.T.; data curation, K.K. and M.G.; funding acquisition, M.G., K.T. and Y.C.; investigation, K.K.; project administration, K.T.; supervision, K.T.; writing—original draft, K.K., M.G. and K.T.; writing—review and editing, Y.C.




Funding


This work was partially supported by the Foundation of International Polyurethane Technology Foundation (for M.G.), a Grant-in-Aid for Scientific Research (A) (JP17H01220) and on Innovative Areas “New Polymeric Materials Based on Element-Blocks (No.2401)” (JSPS KAKENHI Grant Number P24102013). The authors are grateful to Professor Toshikazu Takigawa, Jun-ichi Horinaka and Mr. Kanji Yamamoto (Department of Material Chemistry, Graduate School of Engineering, Kyoto University) for tensile test.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Kim, R.H.; Kim, D.H.; Xiao, J.; Kim, B.H.; Park, S.I.; Panilaitis, B.; Ghaffari, R.; Yao, J.; Li, M.; Liu, Z.; et al. Waterproof AlInGaP optoelectronics on stretchable substrates with applications in biomedicine and robotics. Nat. Mater. 2010, 9, 929–937. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Someya, T.; Sekitani, T.; Iba, S.; Kato, Y.; Kawaguchi, H.; Sakurai, T. A large-area, flexible pressure sensor matrix with organic field-effect transistors for artificial skin applications. Proc. Natl. Acad. Sci. USA 2004, 101, 9966–9970. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wang, C.; Hwang, D.; Yu, Z.; Takei, K.; Park, J.; Chen, T.; Ma, B.; Javey, A. User-interactive electronic skin for instantaneous pressure visualization. Nat. Mater. 2013, 12, 899–904. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kim, D.H.; Lu, N.; Ma, R.; Kim, Y.S.; Kim, R.H.; Wang, S.; Wu, J.; Won, S.M.; Tao, H.; Islam, A.; et al. Epidermal Electronics. Science 2011, 333, 838–843. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yang, Z.; Deng, J.; Sun, X.; Li, H.; Peng, H. Stretchable, Wearable Dye-Sensitized Solar Cells. Adv. Mater. 2014, 26, 2643–2647. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kim, D.H.; Viventi, J.; Amsden, J.J.; Xiao, J.; Vigeland, L.; Kim, Y.S.; Blanco, J.A.; Panilaitis, B.; Frechette, E.S.; Contreras, D.; et al. Dissolvable films of silk fibroin for ultrathin conformal bio-integrated electronics. Nat. Mater. 2010, 9, 511–517. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Fu, K.K.; Wang, Z.; Dai, J.; Carter, M.; Hu, L. Transient Electronics: Materials and Devices. Chem. Mater. 2016, 28, 3527–3539. [Google Scholar] [CrossRef] [Scilit]

	



Sirringhaus, H. Organic Field-Effect Transistors: The Path Beyond Amorphous Silicon. Adv. Mater. 2014, 26, 1319–1335. [Google Scholar] [CrossRef] [Scilit]

	



Xu, J.; Wang, S.; Wang, G.J.N.; Zhu, C.; Luo, S.; Jin, L.; Gu, X.; Chen, S.; Feig, V.R.; To, J.W.F.; et al. Highly stretchable polymer semiconductor films through the nanoconfinement effect. Science 2017, 355, 59–64. [Google Scholar] [CrossRef] [Scilit]

	



Choi, D.; Kim, H.; Persson, N.; Chu, P.H.; Chang, M.; Kang, J.H.; Graham, S.; Reichmanis, E. Elastomer–Polymer Semiconductor Blends for High-Performance Stretchable Charge Transport Networks. Chem. Mater. 2016, 28, 1196–1204. [Google Scholar] [CrossRef] [Scilit]

	



Shin, M.; Oh, J.Y.; Byun, K.E.; Lee, Y.J.; Kim, B.; Baik, H.K.; Park, J.J.; Jeong, U. Polythiophene Nanofibril Bundles Surface-Embedded in Elastomer: A Route to a Highly Stretchable Active Channel Layer. Adv. Mater. 2015, 27, 1255–1261. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Choong, C.L.; Shim, M.B.; Lee, B.S.; Jeon, S.; Ko, D.S.; Kang, T.H.; Bae, J.; Lee, S.H.; Byun, K.E.; Im, J.; et al. Highly Stretchable Resistive Pressure Sensors Using a Conductive Elastomeric Composite on a Micropyramid Array. Adv. Mater. 2014, 26, 3451–3458. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zinger, B.; Behar, D.; Kijel, D. Highly electrically conducting polyurethane-based composite. Chem. Mater. 1993, 5, 778–785. [Google Scholar] [CrossRef] [Scilit]

	



Guan, Y.S.; Zhang, Z.; Tang, Y.; Yin, J.; Ren, S. Kirigami-Inspired Nanoconfined Polymer Conducting Nanosheets with 2000% Stretchability. Adv. Mater. 2018, 30, 1706390. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wang, M.; Baek, P.; Akbarinejad, A.; Barker, D.; Travas-Sejdic, J. Conjugated polymers and composites for stretchable organic electronics. J. Mater. Chem. C 2019, 7, 5534–5552. [Google Scholar] [CrossRef] [Scilit]

	



Xu, J.; Wu, H.C.; Zhu, C.; Ehrlich, A.; Shaw, L.; Nikolka, M.; Wang, S.; Molina-Lopez, F.; Gu, X.; Luo, S.; et al. Multi-scale ordering in highly stretchable polymer semiconducting films. Nat. Mater. 2019, 18, 594–601. [Google Scholar] [CrossRef] [Scilit]

	



Chen, J.; Liu, J.; Thundat, T.; Zeng, H. Polypyrrole-Doped Conductive Supramolecular Elastomer with Stretchability, Rapid Self-Healing, and Adhesive Property for Flexible Electronic Sensors. ACS Appl. Mater. Interfaces 2019, 11, 18720–18729. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kayser, L.V.; Lipomi, D.J. Stretchable Conductive Polymers and Composites Based on PEDOT and PEDOT: PSS. Adv. Mater. 2019, 31, 1806133. [Google Scholar] [CrossRef] [Scilit]

	



Chiang, Y.C.; Shih, C.C.; Tung, S.H.; Chen, W.C. Blends of polythiophene nanowire/fluorine rubber with multiscale phase separation suitable for stretchable semiconductors. Polymer 2018, 155, 146–151. [Google Scholar] [CrossRef] [Scilit]

	



Liu, H.; Li, Q.; Zhang, S.; Yin, R.; Liu, X.; He, Y.; Dai, K.; Shan, C.; Guo, J.; Liu, C.; et al. Electrically conductive polymer composites for smart flexible strain sensors: A critical review. J. Mater. Chem. C 2018, 6, 12121–12141. [Google Scholar] [CrossRef] [Scilit]

	



Chun, S.; Kim, D.W.; Baik, S.; Lee, H.J.; Lee, J.H.; Bhang, S.H.; Pang, C. Conductive and Stretchable Adhesive Electronics with Miniaturized Octopus-Like Suckers against Dry/Wet Skin for Biosignal Monitoring. Adv. Funct. Mater. 2018, 28, 1805224. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, G.; McBride, M.; Persson, N.; Lee, S.; Dunn, T.J.; Toney, M.F.; Yuan, Z.; Kwon, Y.H.; Chu, P.H.; Risteen, B.; et al. Versatile Interpenetrating Polymer Network Approach to Robust Stretchable Electronic Devices. Chem. Mater. 2017, 29, 7645–7652. [Google Scholar] [CrossRef] [Scilit]

	



Akindoyo, J.O.; Beg, M.D.H.; Ghazali, S.; Islam, M.R.; Jeyaratnam, N.; Yuvaraj, A.R. Polyurethane types, synthesis and applications—A review. RSC Adv. 2016, 6, 114453–114482. [Google Scholar] [CrossRef] [Scilit]

	



Engels, H.W.; Pirkl, H.G.; Albers, R.; Albach, R.W.; Krause, J.; Hoffmann, A.; Casselmann, H.; Dormish, J. Polyurethanes: Versatile Materials and Sustainable Problem Solvers for Today’s Challenges. Angew. Chem. Int. Ed. 2013, 52, 9422–9441. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zia, K.M.; Bhatti, H.N.; Ahmad Bhatti, I. Methods for polyurethane and polyurethane composites, recycling and recovery: A review. React. Funct. Polym. 2007, 67, 675–692. [Google Scholar] [CrossRef] [Scilit]

	



Huang, W.M.; Yang, B.; Zhao, Y.; Ding, Z. Thermo-moisture responsive polyurethane shape-memory polymer and composites: A review. J. Mater. Chem. 2010, 20, 3367–3381. [Google Scholar] [CrossRef] [Scilit]

	



Kucinska-Lipka, J.; Gubanska, I.; Janik, H.; Sienkiewicz, M. Fabrication of polyurethane and polyurethane based composite fibres by the electrospinning technique for soft tissue engineering of cardiovascular system. Mater. Sci. Eng. C 2015, 46, 166–176. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Khan, F.; Dahman, Y. A Novel Approach for the Utilization of Biocellulose Nanofibres in Polyurethane Nanocomposites for Potential Applications in Bone Tissue Implants. Des. Monomers Polym. 2012, 15, 1–29. [Google Scholar] [CrossRef] [Scilit]

	



Sattar, R.; Kausar, A.; Siddiq, M. Advances in thermoplastic polyurethane composites reinforced with carbon nanotubes and carbon nanofibers: A review. J. Plast. Film Sheet. 2014, 31, 186–224. [Google Scholar] [CrossRef] [Scilit]

	



Hsu, S.; Chou, C.W.; Tseng, S.M. Enhanced Thermal and Mechanical Properties in Polyurethane/Au Nanocomposites. Macromol. Mater. Eng. 2004, 289, 1096–1101. [Google Scholar] [CrossRef] [Scilit]

	



Miller, M.S.; O’Kane, J.C.; Niec, A.; Carmichael, R.S.; Carmichael, T.B. Silver Nanowire/Optical Adhesive Coatings as Transparent Electrodes for Flexible Electronics. ACS Appl. Mater. Interfaces 2013, 5, 10165–10172. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kim, H.; Miura, Y.; Macosko, C.W. Graphene/Polyurethane Nanocomposites for Improved Gas Barrier and Electrical Conductivity. Chem. Mater. 2010, 22, 3441–3450. [Google Scholar] [CrossRef] [Scilit]

	



Badamshina, E.; Estrin, Y.; Gafurova, M. Nanocomposites based on polyurethanes and carbon nanoparticles: Preparation, properties and application. J. Mater. Chem. A 2013, 1, 6509–6529. [Google Scholar] [CrossRef] [Scilit]

	



Khatoon, H.; Ahmad, S. A review on conducting polymer reinforced polyurethane composites. J. Ind. Eng. Chem. 2017, 53, 1–22. [Google Scholar] [CrossRef] [Scilit]

	



Seyedin, M.Z.; Razal, J.M.; Innis, P.C.; Wallace, G.G. Strain-Responsive Polyurethane/PEDOT: PSS Elastomeric Composite Fibers with High Electrical Conductivity. Adv. Funct. Mater. 2014, 24, 2957–2966. [Google Scholar] [CrossRef] [Scilit]

	



Huang, C.; Zhang, Q.M.; deBotton, G.; Bhattacharya, K. All-organic dielectric-percolative three-component composite materials with high electromechanical response. Appl. Phys. Lett. 2004, 84, 4391–4393. [Google Scholar] [CrossRef] [Scilit]

	



Sahoo, N.G.; Jung, Y.C.; Yoo, H.J.; Cho, J.W. Influence of carbon nanotubes and polypyrrole on the thermal, mechanical and electroactive shape-memory properties of polyurethane nanocomposites. Compos. Sci. Technol. 2007, 67, 1920–1929. [Google Scholar] [CrossRef] [Scilit]

	



Swager, T.M. 50th Anniversary Perspective: Conducting/Semiconducting Conjugated Polymers. A Personal Perspective on the Past and the Future. Macromolecules 2017, 50, 4867–4886. [Google Scholar] [CrossRef] [Scilit]

	



Shirakawa, H.; Louis, E.J.; MacDiarmid, A.G.; Chiang, C.K.; Heeger, A.J. Synthesis of electrically conducting organic polymers: Halogen derivatives of polyacetylene, (CH)x. J. Chem. Soc. Chem. Commun. 1977, 16, 578–580. [Google Scholar] [CrossRef] [Scilit]

	



MacDiarmid, A.G. “Synthetic Metals”: A Novel Role for Organic Polymers (Nobel Lecture). Angew. Chem. Int. Ed. 2001, 40, 2581–2590. [Google Scholar] [CrossRef] [Scilit]

	



Noriega, R.; Rivnay, J.; Vandewal, K.; Koch, F.P.V.; Stingelin, N.; Smith, P.; Toney, M.F.; Salleo, A. A general relationship between disorder, aggregation and charge transport in conjugated polymers. Nat. Mater. 2013, 12, 1038–1044. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kim, N.; Kee, S.; Lee, S.H.; Lee, B.H.; Kahng, Y.H.; Jo, Y.R.; Kim, B.J.; Lee, K. Highly Conductive PEDOT: PSS Nanofibrils Induced by Solution-Processed Crystallization. Adv. Mater. 2014, 26, 2268–2272. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Son, S.Y.; Kim, Y.; Lee, J.; Lee, G.Y.; Park, W.T.; Noh, Y.Y.; Park, C.E.; Park, T. High-Field-Effect Mobility of Low-Crystallinity Conjugated Polymers with Localized Aggregates. J. Am. Chem. Soc. 2016, 138, 8096–8103. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sirringhaus, H.; Brown, P.J.; Friend, R.H.; Nielsen, M.M.; Bechgaard, K.; Langeveld-Voss, B.M.W.; Spiering, A.J.H.; Janssen, R.A.J.; Meijer, E.W.; Herwig, P.; et al. Two-dimensional charge transport in self-organized, high-mobility conjugated polymers. Nature 1999, 401, 685–688. [Google Scholar] [CrossRef] [Scilit]

	



Zen, A.; Pflaum, J.; Hirschmann, S.; Zhuang, W.; Jaiser, F.; Asawapirom, U.; Rabe, J.P.; Scherf, U.; Neher, D. Effect of Molecular Weight and Annealing of Poly(3-hexylthiophene)s on the Performance of Organic Field-Effect Transistors. Adv. Funct. Mater. 2004, 14, 757–764. [Google Scholar] [CrossRef] [Scilit]

	



Kim, Y.; Cook, S.; Tuladhar, S.M.; Choulis, S.A.; Nelson, J.; Durrant, J.R.; Bradley, D.D.C.; Giles, M.; McCulloch, I.; Ha, C.S.; et al. A strong regioregularity effect in self-organizing conjugated polymer films and high-efficiency polythiophene: Fullerene solar cells. Nat. Mater. 2006, 5, 197–203. [Google Scholar] [CrossRef] [Scilit]

	



Liu, X.; Huettner, S.; Rong, Z.; Sommer, M.; Friend, R.H. Solvent Additive Control of Morphology and Crystallization in Semiconducting Polymer Blends. Adv. Mater. 2012, 24, 669–674. [Google Scholar] [CrossRef] [Scilit]

	



Shin, N.; Richter, L.J.; Herzing, A.A.; Kline, R.J.; DeLongchamp, D.M. Effect of Processing Additives on the Solidification of Blade-Coated Polymer/Fullerene Blend Films via In-Situ Structure Measurements. Adv. Energy Mater. 2013, 3, 938–948. [Google Scholar] [CrossRef] [Scilit]

	



Gon, M.; Tanaka, K.; Chujo, Y. Recent progress in the development of advanced element-block materials. Polym. J. 2018, 50, 109–126. [Google Scholar] [CrossRef] [Scilit]

	



Chujo, Y.; Tanaka, K. New Polymeric Materials Based on Element-Blocks. Bull. Chem. Soc. Jpn. 2015, 88, 633–643. [Google Scholar] [CrossRef] [Scilit]

	



Wang, F.K.; Lu, X.; He, C. Some recent developments of polyhedral oligomeric silsesquioxane (POSS)-based polymeric materials. J. Mater. Chem. 2011, 21, 2775–2782. [Google Scholar] [CrossRef] [Scilit]

	



Fina, A.; Monticelli, O.; Camino, G. POSS-based hybrids by melt/reactive blending. J. Mater. Chem. 2010, 20, 9297–9305. [Google Scholar] [CrossRef] [Scilit]

	



Cordes, D.B.; Lickiss, P.D.; Rataboul, F. Recent Developments in the Chemistry of Cubic Polyhedral Oligosilsesquioxanes. Chem. Rev. 2010, 110, 2081–2173. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Saito, S.; Wada, H.; Shimojima, A.; Kuroda, K. Synthesis of Zeolitic Macrocycles Using Site-Selective Condensation of Regioselectively Difunctionalized Cubic Siloxanes. Inorg. Chem. 2018, 57, 14686–14691. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yanagie, M.; Kaneko, Y. Preparation of irrefrangible polyacrylamide hybrid hydrogels using water-dispersible cyclotetrasiloxane or polyhedral oligomeric silsesquioxane containing polymerizable groups as cross-linkers. Polym. Chem. 2018, 9, 2302–2312. [Google Scholar] [CrossRef] [Scilit]

	



Narikiyo, H.; Gon, M.; Tanaka, K.; Chujo, Y. Control of intramolecular excimer emission in luminophore-integrated ionic POSSs possessing flexible side-chains. Mater. Chem. Front. 2018, 2, 1449–1455. [Google Scholar] [CrossRef] [Scilit]

	



Zheng, X.H.; Zhao, J.F.; Zhao, T.P.; Yang, T.; Ren, X.K.; Liu, C.Y.; Yang, S.; Chen, E.Q. Homopolymer and Random Copolymer of Polyhedral Oligomeric Silsesquioxane (POSS)-Based Side-Chain Polynorbornenes: Flexible Spacer Effect and Composition Dependence. Macromolecules 2018, 51, 4484–4493. [Google Scholar] [CrossRef] [Scilit]

	



Chae, C.G.; Yu, Y.G.; Seo, H.B.; Kim, M.J.; Grubbs, R.H.; Lee, J.S. Experimental Formulation of Photonic Crystal Properties for Hierarchically Self-Assembled POSS–Bottlebrush Block Copolymers. Macromolecules 2018, 51, 3458–3466. [Google Scholar] [CrossRef] [Scilit]

	



Fujii, S.; Minami, S.; Urayama, K.; Suenaga, Y.; Naito, H.; Miyashita, O.; Imoto, H.; Naka, K. Beads-on-String-Shaped Poly(azomethine) Applicable for Solution Processing of Bilayer Devices Using a Same Solvent. ACS Macro Lett. 2018, 7, 641–645. [Google Scholar] [CrossRef] [Scilit]

	



Guo, S.; Sasaki, J.; Tsujiuchi, S.; Hara, S.; Wada, H.; Kuroda, K.; Shimojima, A.A. Role of Cubic Siloxane Cages in Mesostructure Formation and Photoisomerization of Azobenzene–Siloxane Hybrid. Chem. Lett. 2017, 46, 1237–1239. [Google Scholar] [CrossRef] [Scilit]

	



Oguri, N.; Egawa, Y.; Takeda, N.; Unno, M. Janus-Cube Octasilsesquioxane: Facile Synthesis and Structure Elucidation. Angew. Chem. Int. Ed. 2016, 55, 9336–9339. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Furgal, J.C.; Jung, J.H.; Goodson, T.; Laine, R.M. Analyzing Structure–Photophysical Property Relationships for Isolated T8, T10, and T12 Stilbenevinylsilsesquioxanes. J. Am. Chem. Soc. 2013, 135, 12259–12269. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gon, M.; Sato, K.; Kato, K.; Tanaka, K.; Chujo, Y. Preparation of Bright-Emissive Hybrid Materials Based on Light-Harvesting POSS Having Radially-Integrated Luminophores and Commodity π-Conjugated Polymers. Mater. Chem. Front. 2019, 3, 314–320. [Google Scholar] [CrossRef] [Scilit]

	



Goseki, R.; Hirao, A.; Kakimoto, M.; Hayakawa, T. Cylindrical Nanostructure of Rigid-Rod POSS-Containing Polymethacrylate from a Star-Branched Block Copolymer. ACS Macro Lett. 2013, 2, 625–629. [Google Scholar] [CrossRef] [Scilit]

	



McMullin, E.; Rebar, H.T.; Mather, P.T. Biodegradable Thermoplastic Elastomers Incorporating POSS: Synthesis, Microstructure, and Mechanical Properties. Macromolecules 2016, 49, 3769–3779. [Google Scholar] [CrossRef] [Scilit]

	



Knauer, K.M.; Brust, G.; Carr, M.; Cardona, R.J.; Lichtenhan, J.D.; Morgan, S.E. Rheological and crystallization enhancement in polyphenylenesulfide and polyetheretherketone POSS nanocomposites. J. Appl. Polym. Sci. 2017, 134, 44462. [Google Scholar] [CrossRef] [Scilit]

	



Heeley, E.L.; Hughes, D.J.; Taylor, P.G.; Bassindale, A.R. Crystallization and morphology development in polyethylene–octakis(n-octadecyldimethylsiloxy)octasilsesquioxane nanocomposite blends. RSC Adv. 2015, 5, 34709–34719. [Google Scholar] [CrossRef] [Scilit]

	



Gon, M.; Kato, K.; Tanaka, K.; Chujo, Y. Elastic and mechanofluorochromic hybrid films with POSS-capped polyurethane and polyfluorene. Mater. Chem. Front. 2019, 3, 1174–1180. [Google Scholar] [CrossRef] [Scilit]

	



Loewe, R.S.; Khersonsky, S.M.; McCullough, R.D. A Simple Method to Prepare Head-to-Tail Coupled, Regioregular Poly(3-alkylthiophenes) Using Grignard Metathesis. Adv. Mater. 1999, 11, 250–253. [Google Scholar] [CrossRef] [Scilit]

	



Gao, W.; Kahn, A. Controlled p doping of the hole-transport molecular material N,N′-diphenyl-N,N′-bis(1-naphthyl)-1,1′-biphenyl-4,4′-diamine with tetrafluorotetracyanoquinodimethane. J. Appl. Phys. 2003, 94, 359–366. [Google Scholar] [CrossRef] [Scilit]

	



Okada, H.; Tanaka, K.; Chujo, Y. Preparation of Environment-Resistance Conductive Silica-Based Polymer Hybrids Containing Tetrathiafulvalen-Tetracyanoquinodimethane Charge-Transfer Complexes. Polym. J. 2014, 46, 800–805. [Google Scholar] [CrossRef] [Scilit]

	



Leung, L.M.; Koberstein, J.T. DSC annealing study of microphase separation and multiple endothermic behavior in polyether-based polyurethane block copolymers. Macromolecules 1986, 19, 706–713. [Google Scholar] [CrossRef] [Scilit]

	



Fu, C.M.; Jeng, K.S.; Li, Y.H.; Hsu, Y.C.; Chi, M.H.; Jian, W.B.; Chen, J.T. Effects of Thermal Annealing and Solvent Annealing on the Morphologies and Properties of Poly(3-hexylthiophene) Nanowires. Macromol. Chem. Phys. 2015, 216, 59–68. [Google Scholar] [CrossRef] [Scilit]

	



Deng, H.; Skipa, T.; Bilotti, E.; Zhang, R.; Lellinger, D.; Mezzo, L.; Fu, Q.; Alig, I.; Peijs, T. Preparation of High-Performance Conductive Polymer Fibers through Morphological Control of Networks Formed by Nanofillers. Adv. Funct. Mater. 2010, 20, 1424–1432. [Google Scholar] [CrossRef] [Scilit]

	



Shang, S.; Zeng, W.; Tao, X. High stretchable MWNTs/polyurethane conductive nanocomposites. J. Mater. Chem. 2011, 21, 7274–7280. [Google Scholar] [CrossRef] [Scilit]








[image: Polymers 11 01195 sch001] 





Scheme 1. Synthesis of PUPOSS and PUM. 
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Scheme 2. Synthesis of P3HT. 
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Figure 1. Stress-strain curves of (a) P3HT/PUPOSS and (b) P3HT/PUM at each amount of loaded doped P3HT. (c) Tensile moduli and strain values at the film breaking with P3HT/PUPOSS and P3HT/PUM. 
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Figure 2. Differential scanning calorimetry curves of each film at (a) first and (b) second heating cycles. Heating rate was 10 °C/min. The content of P3HT of P3HT/PUM and P3HT/PUPOSS was 20 wt %. 
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Figure 3. In-plane conductivities of P3HT/PUPOSS and P3HT/PUM. 
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Figure 4. Illustration of the plausible mechanism regarding enhancement of conductivity by POSS. 
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Figure 5. Correlations between conductivity and strain at break of P3HT/PUPOSS and P3HT/PUM at each amount of loaded doped P3HT. 
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Figure 6. In-plane conductivities of the hybrid films with 20 wt % of doped P3HT under strain. 
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Table 1. Mechanical properties of hybrid films.
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Compounds

	
P3HT Content

(wt %)

	
E a

(MPa)

	
σ b

(MPa)

	
ε c

(%)

	
E′ d

(MPa)

	
E″ d

(MPa)

	
tanδ d

	
Tge

(°C)






	
P3HT/PUPOSS

	
0

	
6.1

	
5.3

	
854

	
0.35

	
11

	
31

	
−15




	
10

	
7.1

	
5.5

	
610

	
1.1

	
21

	
19

	
−33




	
20

	
6.5

	
7.7

	
692

	
0.57

	
23

	
51

	
−8




	

	
0

	
7.8

	
5.2

	
855

	
0.46

	
4.1

	
9.0

	
−28




	

	
10

	
4.7

	
9.7

	
711

	
1.4

	
21

	
15

	
−39




	
P3HT/PUM

	
20

	
6.0

	
9.6

	
705

	
0.55

	
35

	
65

	
−2




	

	
30

	
10

	
2.9

	
392

	
98

	
47

	
0.48

	
41




	

	
40

	
35

	
3.4

	
340

	
69

	
45

	
0.66

	
34








a Tensile modulus, b Tensile strength at break, c Strain at break, d Represented at 20 °C, e Glass transition temperature measured by DMA.













 





Table 2. Differential scanning calorimetry data of the films.
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Compounds

	
P3HT content

(wt %)

	
1st heating cycle

	
2nd heating cycle




	
T1

(°C)

	
ΔH1

(mJ mg−1)

	
T2

(°C)

	
ΔH2

(mJ mg−1)

	
T1

(°C)

	
ΔH1

(mJ mg−1)

	
T2

(°C)

	
ΔH2

(mJ mg−1)






	
P3HT/PUM

	
20

	
123

	
0.53

	
229

	
3.98

	
-

	
-

	
202

	
1.55




	
P3HT/PUPOSS

	
20

	
143

	
3.42

	
224

	
3.30

	
-

	
-

	
191

	
1.23




	
P3HT

	
-

	
-

	
-

	
227

	
12.0

	
-

	
-

	
227

	
12.5
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