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Abstract

:

The known ferrocenyl-containing silicone materials have redox activity and electrical conductivity at the level of antistatic materials, but they are incapable of self-healing due to their irreversible cross-linking, which significantly reduces their application area. The development of novel self-healing ferrocenyl-containing silicone rubbers (FSRs) is a promising area of research that extends the possibilities of their application as protective coatings. In this work, a new method was developed to synthesize FSRs with different ferrocenyl unit content (25 and 50 mol.%) by anionic copolymerization of cyclic octamethylcyclotetrasiloxane (D4), cyclic tetraferrocenyl-substituted 1,3,5,7-tetramethyltetrasiloxane (Fc4D4), and bicyclic cross-linking agent (bis-D4). The optimal concentrations of the cross-linking agent and ferrocenyl-substituted unit content for FSRs are 5 wt.% and 25 mol.%, respectively. The FSRs exhibit tensile strength and elongation at break up to 0.1 MPa and 215%. The FSRs possess both self-healing at room and/or elevated temperatures (100 °C) and redox activity (Fc/Fc+ transformations at E0 = 0.43 V) and conductivity at the antistatic level (ca. 10−10–10−11 S·cm−1). The thermal properties of the FSRs were studied. The proposed approach is relevant for the creation of new functional silicone materials as flexible, self-healing, and antistatic protective coatings.
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1. Introduction


Flexible coatings are one of the most important materials from a practical point of view. The main function of such materials is to protect surfaces, equipment, electrical wiring, etc., from external disturbances and weathering [1]. Along with protection, coatings can perform other equally important functions, including antifouling, antibacterial, superhydrophobic, anti-icing, anticorrosive, insulating, and antistatic properties [1,2,3,4]. For coatings, the discovery of self-healing opens up new prospects for obtaining durable materials with an extended service life since they can partially or completely recover their initial properties after damage is caused to them [1,2,3,4,5].



Among the most promising polymers for the production of protective coatings are silicones (polysiloxanes), since they exhibit high flexibility, stretchability, bioinertness, hydrophobicity, high thermal and frost resistance, high gas permeability, and stability to UV and ozone [6,7,8]. The silicones also possess one of the lowest glass transition temperatures (−123 °C) as distinguished from other polymers [6,7,8,9,10], making them potential for applications at very low temperatures and extreme weather conditions. The silicone materials have good adhesion to a wide range of substrates while maintaining substantial weather and biofouling resistance.



Various self-healing silicone coatings are known to date, such as antifouling and antibacterial [11,12,13,14,15,16], superhydrophobic [17,18,19,20], anti-icing [21], anticorrosive [15,22,23,24,25,26,27], insulating [28,29,30], antistatic, and coatings to prevent electrical breakdown [30,31,32,33]. Antistatic self-healing coatings for electrical engineering, electronics, and optoelectronics are also in great demand [1,2,3,4,5,34,35]. Most of the works are devoted to the creation of antistatic materials based on polymer composites [1,2,3,4,34,35,36] by using conductive fillers (graphite [37,38], carbon nanotubes and nanofibers [39,40,41,42,43,44,45,46], graphene [39,40,47,48], metals [38,39,40,49], metal oxides [45,46], π-conjugated polymers [40,50,51], etc.) to transform a silicone dielectric into a semiconductor (conductivity of ca. 102–10−10 S·m–1 [51,52]). Along with huge benefits, composites exhibit their drawbacks, including leaching of fillers under the action of solvents (by rain, soaking with alcohols, etc.) and promotion of the irregular filler distribution in a silicone matrix, causing stratification of a composite material [36,53]. Some fillers (graphite, carbon black, silicon carbide, etc.) make a polymer composite toxic and decrease its tensile properties [36]. Therefore, to impart antistatic and redox-active properties, the most effective approach is to functionalize the polysiloxane backbone with redox-active substituents [9,54,55,56,57]. The ferrocenyl group is chemically sustainable in the air at room temperature (RT, 25 °C), with an easy and stable one-electron redox transition, making it one of the most suitable side substituents to obtain antistatic protective coatings [58,59].



Previously, we had already obtained ferrocenyl-containing silicone materials that did not have self-healing ability [9]. Thus, antistatic coatings [54], redox-active layers for flexible optoelectronic devices [55], prototypes of neuronal implants [56], and stretchable electrochromic materials [57] were prepared on their basis. The discovery of siloxane equilibrium [60,61,62,63,64,65] is the key to synthesizing self-healing silicone rubbers (by ring-opening anionic polymerization, ROAP), which provides new opportunities for the creation of multifunctional materials exhibiting a triple function: (i) flexibility and stretchability, (ii) antistatic properties and redox activity, and (iii) a self-healing ability.



Hence, the general aim of the current study is to develop a method for obtaining protective ferrocenyl-containing silicone coatings with antistatic and redox properties due, on the one hand, to modification of the main polysiloxane chain by ferrocenyl groups and, on the other hand, to self-healing properties by introducing dynamic cross-links via the siloxane equilibrium mechanism. To achieve this goal, it is necessary to solve the following tasks: (i) synthesis of a new, previously unused bicyclic oligosiloxane cross-linking agent (bis-D4) containing a Si–O–Si linker and cyclic tetraferrocenyl-substituted 1,3,5,7-tetramethyltetrasiloxane (Fc4D4); (ii) preparation of self-healing ferrocenyl-containing silicone rubbers (FSRs) by a cross-linking reaction between cyclic octamethylcyclotetrasiloxane (D4), Fc4D4, and the cross-linking agent (bis-D4); (iii) selection of the optimal cross-linking degree and ferrocene content; and (vi) characterization of the obtained FSRs: determination of swelling parameters, evaluation of tensile and self-healing properties, redox activity, electrical conductivity, and thermal properties.




2. Materials and Methods


2.1. Materials


Octamethylcyclotetrasiloxane (D4, 98%), 1,3,5,7-tetramethylcyclotetrasiloxane (H4D4, 98%), 1,1,3,3-tetramethyl-1,3-divinyldisiloxane (98%), 1,3,3,5,5,7,7-heptamethylcyclotetrasiloxane (HD4, 95%), and platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex 0.1 M solution in xylene were purchased from Abcr GmbH (Karlsruhe, Germany) and utilized as received. Vinylferrocene was synthesized from ferrocene (98%, Shanghai Macklin Biochemical Co., Shanghai, China) according to the known three-step procedures [54,66]. Previously described substances were analyzed by nuclear magnetic resonance (NMR) spectroscopy before being used. CH2Cl2 (99%), CHCl3 (99%), hexane (99%), acetone (99%), and EtOH (95%) were purchased from Vecton (St. Petersburg, Russia) and used without additional purification. Toluene (99%, Vecton, St. Petersburg, Russia) and CH3CN (99%, Vecton, St. Petersburg, Russia) were freshly distilled over Na/benzophenone and P4O10, respectively, under argon before usage. Tetramethylammonium (3-aminopropyl)dimethylsilanoate (APDMST) was synthesized from 1,3-bis(3-aminopropyl)tetramethyldisiloxane (97%) and 25 wt.% tetramethylammonium hydroxide solution in MeOH (TMAH, Abcr GmbH, Karlsruhe, Germany) according to the known procedure [67]. H2O was distilled prior to use. LiClO4 (99%, Merck, St. Louis, MO, USA) was recrystallized from H2O.




2.2. Methods


2.2.1. Spectroscopic Characterization


The NMR spectra were obtained using a Bruker Avance III 400 spectrometer (Bruker, Santa Barbara, CA, USA) in CDCl3 at RT operating at 400 MHz for 1H, 100 MHz for 13C, and 80 MHz for 29Si NMR, respectively. Chemical shifts of signals are shown in δ-values [ppm] referenced to the residual signals of CHCl3: δ 7.26 (1H) and 77.2 (13C). The following abbreviations are utilized to designate multiplicities of signals: s = singlet, q = quartet, m = multiplet, and br = broad.



The solid-state NMR (SSNMR) spectra of silicone rubbers as prepared powders were recorded on a Bruker AVANCE III 400-MHz WB spectrometer (Bruker, Santa Barbara, CA, USA) operating at 400.23 MHz for 1H (16 scans), 100.64 MHz for 13C (2000 scans), and 79.51 MHz for 29Si (2000 scans) under magic-angle spinning conditions with spin rates of ca. 12,500 Hz. 13C and 29Si SSNMR spectra were obtained using cross-polarization (typically with a contact time of 2 ms and a recycle delay of 2 s) with 1H decoupling. Chemical shifts of signals are shown in δ-values [ppm] referenced with respect to pure Si(CH3)4.



High-resolution mass spectra (HRMS) were recorded in a positive ion mode (m/z = 50–3000) using a Bruker Maxis HRMS-ESI-qTOF spectrometer (Bruker, Santa Barbara, CA, USA) equipped with an electrospray ionization source. The analyzed compounds were dissolved in neat MeOH prior to the HRMS measurements. The most intensive peak in the isotopic pattern is noted.



Metal content was established by using energy-dispersive X-Ray (EDX) analysis. A ferrocenyl-containing silicone rubber with a mass of ca. 100 mg was solubilized in a HF/HNO3 mixture (1:4, V/V) in sealed polytetrafluoroethylene (PTFE) tubes with an Ethos ONE microwave digestion system (Milestone Srl., Sorisole, Italy). The obtained solution was centrifuged at 3000 rpm for 5 min and then poured into a polypropylene film cup. Afterwards, an EDX analysis of it was conducted by a Shimadzu EDX-800P spectrometer (Shimadzu, Kyoto, Japan). The iron concentration was estimated on a 6.40 KeV FeKα line with signal accumulation for 100 s of live time. Before the analysis, anhydrous FeCl3 (Abcr GmbH, Karlsruhe, Germany) was dissolved in HF/HNO3 (1:4, V/V) in order to construct a calibration curve for the required concentration range, and a blank HF/HNO3 mixture (1:4, V/V) was analyzed for the baseline correction. The iron content in polymer samples was calculated with the following Equation (1):


   ω  F e   ,    %  =   C · V   1 , 000 , 000 ·  m  s a m p l e     × 100 % ,  



(1)




where  C —measured Fe3+ content in a solution, mg∙L−1; V—volume of the solution (V = 5 mL); and    m  s a m p l e    —mass of the polymer sample.




2.2.2. Swelling Properties


Polymer density. The polymer density was determined via the pycnometric method using distilled H2O [57]. The density of a silicone rubber (   ρ p   ) was calculated by Equation (2):


   ρ p  =  m   m 1  −  m 2  + m    



(2)




where ρ0 = 0.997 g·mL−1—the density of distilled H2O; m1—the mass of the pycnometer filled with distilled H2O up to the mark; m—the total mass of solid polymer samples (approximately 10 pellets); and m2—the mass of the pycnometer with H2O and solid polymer samples (in this case, excess H2O was removed using filter paper up to the mark).



Cross-linking degree. Swelling measurements were conducted to estimate the cross-linking degree of silicone rubbers [57]. Toluene (125 mL) was added to a flask attached to a Soxhlet extractor and reflux condenser, and the cylindrical polymer samples with a diameter of 10 mm and a thickness of 1–2 mm (at least 4 samples for each series of silicone rubbers) were put into the thimble inside the extractor. The swelling process was conducted by toluene refluxing for 2 h. Afterwards, the silicone samples were taken out of the Soxhlet extractor and instantly weighed to calculate the swelling percentage (s) by using Equation (3). The silicone samples were then dried at RT overnight, then at 100 °C under vacuum for 2 h and weighed again. The soluble fraction (ωsol) and gel fraction (υ) were calculated using Equations (4) and (5):


  s =    m s     m  u n e x     × 100 % ,  



(3)






   ω  s o l   =    m  u n e x   −  m  e x      m  u n e x     × 100 % ,  



(4)






  υ =     1 +    m s  −  m  e x      m  e x     ×    ρ p     ρ s        − 1   ,  



(5)




where munex—the mass of an initial dry silicone sample; ms—the mass of the swelled silicone sample; mex—the mass of the dried silicone sample after swelling; and ρs and ρp are the toluene (0.87 g·mL−1) and polymer densities, respectively.



The cross-linking degree (ρcross) and average molecular weight of segments between cross-links (Mc) were calculated using Equations (6) and (7) [68]:


   ρ  c r o s s   = −  1   V s    ×     ln   1 − υ   + υ + χ  υ 2     υ   1 3    −  υ 2       



(6)






   M c  =    ρ p     ρ  c r o s s      



(7)




where    V s    = 106.3 mL·mol−1—the toluene molar volume;  χ  = 0.465—the Flory–Huggins parameter for polymer–solvent interaction (polydimethylsiloxane–toluene); and ρs = 0.87 g·mL−1—the toluene density.




2.2.3. Mechanical Tensile and Self-Healing Tests


Mechanical stress–strain tests were conducted on a Shimadzu EZ-L-5kN universal testing machine at RT and constant stretching rates of 40 mm∙min−1. The experiments were carried out at least 5 times for each series of silicone samples cut using the ISO 37 Type 3 standard. The elongation at break (ε) was calculated by the following Equation (8):


  ε =    l  b r e a k   − l  l  × 100 %  



(8)




where lbreak—the length of the measured working area of a silicone sample at the moment of rupture; and l—the initial length of the determined working area of a silicone sample.



The hysteresis (residual elongation, εresidual) was defined as irreversible residual deformation, expressed in percent after a tension test of a polymer sample.



The self-healing efficiency (η) of silicone rubbers was estimated by tensile tests according to the published method [69,70,71]. A crosscut (similar to a “natural” through-the-thickness crack) was carefully made in the working area of a silicone strip using a thin razor blade. Afterwards, self-healing of the silicone strips was instantly conducted in aerobic conditions at RT or by heating up to 100 °C in a thermostatic chamber for different time intervals (from 5 min to 24 h). Following that, tension tests of original and healed silicone strips were carried out at RT to determine their η parameter via Equation (9):


  η =    σ  h e a l e d    σ  × 100 %  



(9)




where σhealed and σ—the tensile strengths of healed and original silicone strips.




2.2.4. Cyclic Voltammetry


Cyclic voltammetry (CV) with different scan rates was carried out on an AutoLab PGSTAT30 (Metrohm, Herisau, Switzerland) potentiostat using a classical glass three-electrode electrochemical cell, which consisted of a working electrode (glassy carbon (GC) coated with a redox-active polymer), a counter electrode (auxiliary platinum electrode, 15.0 cm2), and a reference electrode (Ag|AgCl, NaClsat, BASi® MF-2052) (Bioanalytical Systems, West Lafayette, IN, USA). The cell was connected to the potentiostat via terminals. The working GC electrode (0.07 cm2, BASi® MF-2012) (Bioanalytical Systems, West Lafayette, IN, USA) was polished using aqueous suspensions of aluminum oxide and diamond, rinsed with distilled H2O, acetone, and EtOH, and dried in the air. The GC electrode was used for CV measurements, whereas indium-tin oxide (ITO) glass was used as the working electrode for the demonstration of the electrochromic (EC) property of a redox-active polymer. The uncured viscous mixtures of monomers D4, Fc4D4, and bis-D4 (pre-polymerized using APDMST as an initiator at 100 °C for 1 h) were previously deposited on the working electrode via drop-casting (in the case of the GC electrode) and spin-coating methods (in the case of the ITO electrode using a EZ4 spin coater, time of 60 s, rotation speed of 10,000 rpm, and acceleration of 5000 rpm·s−1), followed by cross-linking of polymers on the electrode surface at 90 °C for 2 h. A 0.1 M solution of LiClO4 in a H2O–CH3CN mixture (4:1, V/V) was utilized as a supporting electrolyte. Prior to the electrochemical measurements, a gentle stream of dry argon was blown through the solution to prevent the ingress of oxygen from the air. In order to reach the stable CV shape, the polymer films were cycled in the monomer-free electrolyte (a 0.1 M solution of LiClO4 in a 4:1 H2O–CH3CN mixture), ranging from −0.3 V to +1.1 V at the potential scan rate of 20 mV∙s−1 for 5–6 cycles. The thin polymer films prepared on the GC electrodes were tested by CV with different potential sweep rates (10, 20, 50, 100, 200, 500, and 1000 mV s−1) ranging from 0 to 0.8 V vs. Ag|AgCl using the IR compensation feature (approximately 50 Ω).




2.2.5. Broadband Impedance Spectroscopy


The specific electrical conductivity of silicone rubbers was estimated on a Novocontrol Alpha Broadband Dielectric Spectrometer (Novocontrol Technologies GmbH & Co. KG, Montabaur, Germany) at RT, as reported in the references [54,56,57,69,70]. A ZGS-shielded sample cell kept a round silicone film with a diameter of 2 cm and a thickness of 0.4–0.6 mm between two gold-plated brass electrodes. In order to provide full surface electric contact, the analyzed silicone film was coated with 10 nm of carbon film by thermal sputtering with the use of a Q150 TES coater (Quorum Technologies, Laughton, UK). The temperature of the system was controlled by evaporated liquid N2 flowing through gas heaters. The polymer films were held for at least 300 s at RT to reach thermal equilibrium before the estimation of conductivity. The measurement sequence included a frequency sweep (0.1–1000.0 Hz; 10 points per decade) with a 30 mV signal amplitude. At least 5 tests were carried out per frequency step, and then median-specific resistance averaging was performed.




2.2.6. Thermal Analysis Methods


Thermogravimetry (TG) of the silicone rubbers was carried out on a NETZSCH TG 209F1 Libra TGA209F1D0024 analyzer (Erich Netzsch GmbH & Co., Selb, Germany) at a heating rate of 10 °C·min−1 from 30 to 800 °C in an aerial atmosphere.



Differential scanning calorimetry (DSC) of silicone samples was carried out on the NETZSCH DSC 204F1 Phoenix instrument (Erich Netzsch GmbH & Co., Naperville, IL, USA) to estimate the glass transition temperature (Tg), crystallization, and melting points. Before DSC experiments, the silicone rubbers had been cooled from 0 to −140 °C. The DSC conditions were the following: heating from −140 to 0 °C at a heating rate of 10 °C∙min−1. The DSC measurements were performed at least twice for each silicone sample.





2.3. Synthesis of 1,3-Bis(2-(2,4,4,6,6,8,8-heptamethyl-1,3,5,7,2,4,6,8-tetraoxatetrasiloxan-2-yl)ethyl)-1,1,3,3-tetramethyldisiloxane (Bis-D4)


A solution of Karstedt’s catalyst in xylene (0.1 M, 100 μL) was diluted with freshly distilled toluene (5 mL) in a flask under argon and purged with argon for 5 min. Afterwards, 1,1,3,3-tetramethyl-1,3-divinyldisiloxane (1.00 g, 5.36 mmol) was added to the resulting solution. To activate the catalyst, the obtained solution was stirred at RT for approximately 2 h, and then a gentle stream of argon passed through it for 1 min. The pre-prepared solution of HD4 (2.88 g, 10.19 mmol) in freshly distilled toluene (5 mL) was added by drops to the reaction mixture for 1 h under argon, and then the reaction mixture was sealed and stirred at RT overnight. The resulting solution was filtered through a silica gel layer (1 cm) to remove the formed platinum black, and the solvent was then evaporated under reduced pressure. Yield: 3.48 g (86%); viscous, colorless oil. 1H NMR (CDCl3, δ): 0.01–0.14 (br m, 54H, CH3Si), 0.46 (m, 6.3H, –SiCH2CH2Si–), 0.94 (q, 0.2H, –SiCH(CH3)Si–), and 1.06 (m, 0.6H, –SiCH(CH3)Si–). 13C NMR (CDCl3, δ): –1.6 (SiD4(CH3)–), –0.4 (–Si(CH3)2OSi(CH3)2–), 0.8 (SiD4), 7.7 (SiD4CH(CH3)Si(CH3)2O–), 8.5 (SiD4CH2CH2Si(CH3)2O–), 9.4 (SiD4CH2CH2Si(CH3)2O–), and 11.5 (SiD4CH(CH3)Si(CH3)2O–). 29Si NMR (CDCl3, δ): –20.0 (SiD4), –19.7 (ipso-SiD4CH2CH2–), –19.3 (SiD4), –19.2 (ipso-SiD4CH(CH3)–), 7.5 (–OSi(CH3)2CH(CH3)–), 8.0 (–CH(CH3)Si(CH3)2OSi(CH3)2CH2CH2–), and 8.2 (–OSi(CH3)2CH2CH2–). HRMS+: calculated for C22H62O9Si10Na+ 773.1984, found m/z 773.1981 [M + Na]+.




2.4. Synthesis of 1,3,5,7-Tetraferrocenyl-1,3,5,7-tetramethylcyclotetrasiloxane (Fc4D4)


The synthesis of Fc4D4 was carried out via a previously published method [72], but with some modifications. A solution of Karstedt’s catalyst in xylene (0.1 M, 100 μL) was diluted with freshly distilled toluene (5 mL) in a round-bottom flask under an argon atmosphere and purged with argon for 5 min. Afterwards, vinylferrocene (1.50 g, 7.07 mmol) was added to the resulting solution. To activate the catalyst, the obtained red solution was stirred at RT for approximately 2 h, and then a gentle stream of argon passed through it for 1 min. A pre-prepared solution of H4D4 (0.41 g, 1.70 mmol) in freshly distilled toluene (5 mL) was added by drops to the reaction mixture for 1 h under argon, and then the reaction mixture was sealed and stirred at RT overnight. During the reaction, the color of the solution changed to a dark brown. The obtained mixture was then evaporated under reduced pressure, thereby obtaining a brown oil. The target product was purified using silica gel column chromatography (CH2Cl2/hexane, 1:3 (V/V), Rf = 0.65). Yield: 1.62 g (83%); viscous brown oil. 1H NMR (CDCl3, δ): 0.00–0.25 (m, 12H, CH3Si), 0.76–0.98 (m, 7.3H, ≡SiCH2CH2Fc), 1.43 (m, 1.8H, ≡SiCH(CH3)Fc), 1.85 (m, 0.6H, ≡SiCH(CH3)Fc), 2.31–2.51 (m, 7.2H, ≡SiCH2CH2Fc), and 4.03–4.25 (br m, 36H, Fc). 13C NMR (CDCl3, δ): –0.4 (CH3Si), 18.5 (≡SiCH2CH2Fc), 22.8 (≡SiCH2CH2Fc), 67.1 (3,4-C5H4CH2CH2–), 67.6 (2,5-C5H4CH2CH2–), 68.4 (Cp), and 92.0 (ipso–C5H4CH2CH2–). 29Si NMR (CDCl3, δ): –20.4 (≡SiCH(CH3)Fc) and –20.2 (≡SiCH2CH2Fc). HRMS+: calculated for C52H64Fe4O4Si4 1088.1280, found m/z 1088.1295 [M]+.




2.5. Preparation of Model Self-Healing Silicone Rubbers


Model self-healing silicon rubbers (MSRs) were synthesized with different amounts of bis-D4: 0.5 (PDMSbis-D4-0.5), 0.75 (PDMSbis-D4-0.75), and 1.0 wt.% (PDMSbis-D4-1.0), respectively. The bulk polymerization with further cross-linking was conducted by mixing bis-D4 (25.0 mg, 0.03 mmol for PDMSbis-D4-0.5; 37.5 mg, 0.05 mmol for PDMSbis-D4-0.75; and 50.0 mg, 0.07 mmol for PDMSbis-D4-1.0) with D4 (5.00 g, 16.86 mmol) and APDMST (3.50 mg, 0.02 mmol) in a round-bottom flask under argon at 100 °C. Afterwards, the reaction mixture was sealed and stirred at 100 °C for 10–15 min. The formed viscous gel was poured into a PTFE mold with a surface area of 160 mm length × 40 mm width and then cross-linked at 100 °C for 24 h. The obtained polymer films with a thickness of ≈1 mm were peeled off the PTFE mold and cut out to obtain shapes according to the requirements of further experiments.




2.6. Preparation of Self-Healing Ferrocenyl-Containing Silicone Rubbers


Self-healing ferrocenyl-containing silicon rubbers (FSRs) were synthesized with different contents of ferrocenyl-containing units: 25 (FSR25) and 50 mol% (FSR50), respectively. The synthesis of FSRs was carried out similarly to the synthesis of the previously described MSRs. The bulk polymerization with further cross-linking was conducted by mixing bis-D4 (5 wt.%; 0.19 g, 0.25 mmol for FSR25; 0.41 g, 0.55 mmol for FSR50) with D4 (1.75 g, 5.90 mmol), Fc4D4 (2.15 g, 1.97 mmol for FSR25; 6.42 g, 5.90 mmol for FSR50), and APDMST (0.06 g, 0.29 mmol for FSR25; 0.13 g, 0.63 mmol for FSR50) in a round-bottom flask under argon at 100 °C. Afterwards, the reaction mixture was sealed and stirred at 100 °C for ≈3 h. The formed viscous gel was poured into a PTFE mold with a surface area of 160 mm length × 40 mm width and dried at 100 °C for 24 h. The obtained films of FSRs with a thickness of ≈1 mm were peeled off the PTFE mold and cut out to obtain shapes according to the requirements of further experiments.





3. Results and Discussion


3.1. Preparation and Structure of Ferrocenyl-Containing Silicone Rubbers


Figure 1 presents a synthetic scheme for FSRs, which includes (i) the synthesis of a bicyclic cross-linking agent with a Si–O–Si linker between the tetrasiloxane cycles (bis-D4) by catalytic hydrosilylation; (ii) the catalytic hydrosilylation of vinylferrocene with 1,3,5,7-tetramethylcyclotetrasiloxane (H4D4) to obtain a tetraferrocenyl-substituted cyclic siloxane (Fc4D4) [72]; and (iii) ROAP of D4, Fc4D4, and bis-D4 in order to prepare target FSRs. At the first stage, both reactions of catalytic hydrosilylation were conducted in the presence of Karstedt’s catalyst, and their completion was confirmed by 1H, 13C, and 29Si NMR spectroscopy (Figures S1 and S2, Supplementary Material). In the HRMS spectra of bis-D4 and Fc4D4 monomers (Figures S3 and S4), molecular ions (m/1) were found with their characteristic isotopic distribution. For the next stage, APDMST initiator was synthesized and used instead of TMAH for ROAP since it had proven itself to be one of the most effective, according to the reference [67]. The following cross-linking ROAP reaction of Fc4D4 with bis-D4 was performed with the addition of D4 to enlarge the number of anionic centers and facilitate “pre-copolymerization” in the presence of initiator APDMST, leading to the formation of FSRs films. It should be noted that initially immiscible D4 and Fc4D4 dissolve into each other during ROAP. The molar ratio of D4 and Fc4D4 was chosen as 3:1 and 1:1 to prepare FSRs with ferrocenyl-substituted unit content of 25 and 50 mol.% (FSR25 and FSR50, respectively), as in the case of previously studied non-self-healable ferrocenyl-containing silicone rubbers [9,54,55,56,57]. The introduction of a smaller amount of ferrocenyl moieties than 25 mol.% is impractical due to the low ferrocene content, a significant decrease in electrical conductivity (down to a typical dielectric, 1·10−15 S·cm−1), and a decline in redox properties [9,54,55,56,57]. However, the excess of Fc4D4 (ferrocenyl unit content >50 mol.%) caused a hindrance to cross-linking and led to obtain a liquid material.



By means of an example of FSR25, the obtained 3D polymer networks were characterized by SSNMR spectroscopy (1H, 13C, and 29Si) and compared with the initial liquid Fc4D4 and bis-D4 monomers (Figure S5). Thus, the 1H SSNMR spectrum included intensive broad signals of dimethylsiloxane and (2-ferrocenylethyl)methylsiloxane units (δ ≈ 0.22, 0.98, 1.50, 1.88, 2.52, and 4.15 ppm) as well as small broad signals from cross-links formed from bis-D4 (δ ≈ 0.08 and 0.58 ppm). In the 13C SSNMR spectrum, only signals of dimethylsiloxane and (2-ferrocenylethyl)methylsiloxane units are indicated (δ ≈ 1.9, 22.9, 25.7, 69.2, and 93.9 ppm) without cross-links.



The most notable difference between monomers and the 3D polymer network is established by 29Si SSNMR. This spectrum shows an intensive signal of Si nuclei, which is connected with dimethylsiloxane chains (δ ≈ −22.3 ppm [73]), and a new signal of Si atoms from (2-ferrocenylethyl)methylsiloxane units of a polymer backbone (δ ≈ −23.0), which are different from that of Fc4D4 (the small signals of the remaining monomer are δ ≈ −19.7 and −20.4 ppm). According to the reference [74], increasing the size of the substituted and non-substituted cyclic oligosiloxanes in rows D3–D4–D5 as well as their polymerization causes changes in 29Si chemical shifts to more negative values. This bibliographic fact confirms the polymerization of Fc4D4. In addition, a small signal of Si–O–Si cross-links (δ ≈ 7.9 ppm) is detected. Hence, the results of the 29Si SSNMR are fully consistent with the fact that most of the Fc4D4 cycles copolymerized with D4 and bis-D4, which acted as a cross-linker during ROAP.



The iron and ferrocene content in the obtained FSRs was estimated using EDX spectroscopy. According to the obtained data in Table 1, the practical iron content in the FSRs slightly exceeds the theoretically calculated one. For the FSR50, the practical iron content in comparison with the theoretical one turns out to be greater than that of the FSR25. This fact indicates that the ROAP of the initial cyclic oligosiloxanes is more difficult with an increase in the molar fraction of Fc4D4. As a result, a part of D4 did not enter ROAP by evaporating within the cross-linking process.




3.2. Cross-Linking Degree and Tensile Properties


The films of FSRs swell in organic solvents (toluene, CHCl3, etc.) but do not dissolve in them, thereby making it possible to estimate the cross-linking degree of FSRs by the swelling measurements. The experiments were carried out in a Soxhlet extractor using toluene as a good solvent at toluene’s boiling point (110 °C). The cross-linking degree and the average molecular weight of the segments between cross-links (Mc) were calculated for each rubber according to the Flory–Rehner equation [68]. The swelling data of FSRs correlate with each other depending on ferrocene content. The ωsol parameter rises, while the υ value declines with an increase in the ferrocene content in FSRs (Table 2). When Fc4D4 content increases with D4 fraction declining, the cross-linking reaction of the FSRs proceeds slower, which is expressed in a decrease in the cross-linking degree in the FSR25–FSR50 series. Thus, a higher content of ferrocenyl groups in FSRs and, therefore, a smaller number of cross-links formed from bis-D4 lead to a lower cross-linking degree (Mc rises from 60,000 to 85,200 in the FSR25–FSR50 series).



FSRs are characterized by a relatively narrow range of elongation at break (ε) and tensile strength (σ), which change antibatically with increasing ferrocene content in the FSR25–FSR50 series (Figure 2a, Table 2). Despite the lower cross-linking degree, the FSR50 (σ = 0.10 MPa) is slightly stronger than the FSR25 (σ = 0.08 MPa). These results are incompatible with the swelling properties described above and the calculated cross-linking degrees but can be explained by the influence of the content of volumetric ferrocenyl groups in the FSRs. The higher the content of the ferrocenyl side groups, the more rigid the siloxane backbone. Therefore, the increase in ferrocene content leads to higher σ values.



On the other hand, the optimal concentration of the cross-linking agent for FSRs was 5 wt.%, whereas it was 0.5 wt.% for model self-healing silicone rubbers (MSRs), which can be explained by the ferrocenyl groups influence on decreasing the cross-linking degree (Mc is up to 32,300 and 85,200 for MSRs and FSRs, respectively) (Table 2 and Table S1). It should be noted that MSRs could not be successfully prepared with a concentration of bis-D4 similar to that of FSRs (5 wt.%) due to fast cross-linking with extreme bubbling. Thus, σ and ε values for MSRs with 0.5–1.0 wt.% of bis-D4 are at levels of >0.10 MPa and >200% that are higher than in the case of FSRs (Table 2 and Table S1, and Figure S6).




3.3. Self-Healing Properties


According to references [60,61,62,63,64,65], the self-healing ability of FSRs and MSRs can be rationalized by siloxane equilibrium in the dynamic 3D polymer network, as shown in Figure 2b,c. To estimate the self-healing efficiency (η), the polymer strips were cut into two pieces and joined together to allow self-healing, and afterwards, tension tests of the original and healed strips were performed to measure the η parameter. Thus, the obtained FSRs exhibit self-healing ability at room and/or elevated temperatures (100 °C). The rate of self-healing increases with increasing temperature. Thus, in the cases of FSR25 and FSR50, the self-healing efficiency achieves 40 and 71% after being healed for 1 h at RT (Table 3, Figure 2a and Figure S7). On the contrary, the η parameter reaches 89 and 98% after being healed for 1 h at 100 °C for FSR25 and FSR50, respectively (Table 3, Figure 2a and Figure S7). As a result, FSR50 has a better ability to self-heal than FSR25 since it has a lower cross-linking degree, as previously described (Table 2). However, the MSR with a higher cross-linking degree (Mc = 32,300, 0.5 wt.% of bis-D4) demonstrated greater self-healing efficiencies at RT and 100 °C than those of FSRs (Table 3 and Table S2, and Figure S8). This fact could be explained by higher chain mobility in MSR networks due to the lack of volumetric ferrocenyl side groups in their structure.




3.4. Electrophysical and Electrochemical Properties


The specific electrical conductivity of FSRs was estimated by using broadband impedance spectroscopy in the solid state under the influence of an applied high-frequency current from 101 to 106 Hz. For studying conductivity, the FSRs were directly cross-linked on an electrode. The MSR with the lowest cross-linking degree (PDMSbisD4-0.5%) was tested as a reference dielectric sample. Comparison of the specific bulk conductivity of FSRs with that of PDMSbisD4-0.5% at RT clearly shows that conductivity rises from 1·10−15 to 3·10−10 S·cm−1 at 100 Hz in the MSR–FSR25–FSR50 series (approximately 105 times; Figure 3a). This electrophysical behavior of the FSRs confirms the materials have an electron-hopping or tunneling nature [54,75,76,77].



By means of an example of FSR25, the redox properties of FSRs were determined by CV. To obtain a working electrode, the drop casting method of the FSR25 onto a GC electrode was used by direct copolymerization reaction of Fc4D4, D4, and bis-D4 in the required ratio: the ROAP was carried out in a flask at 100 °C for 1 h, followed by cross-linking on the electrode surface at 90 °C for 2 h. A 0.1 M LiClO4 solution in a mixture of H2O–CH3CN (4:1, V/V) was used as an electrolyte. The CV measurements were conducted at various potential sweep rates from 10 to 1000 mV·s−1 (Figure 3b) utilizing the GC electrode modified by FSR25. Thus, only one pair of oxidation/reduction peaks corresponding to the Fc/Fc+ transformation at redox potential E0 ≈ 0.43 V is observed (Figure 3b). The electrochemical behavior is similar to that of previously obtained FSRs [57] and indicates a semi-infinite diffusion control at scan rates since there is a square root dependence between the peak current and the potential scan rate both in the case of the anodic and cathodic current peaks (Figure 3b).



As a result, the FSRs have redox activity combined with a low specific electrical conductivity of up to approximately 10–10–10–11 S·cm−1 (at 100 Hz), which is an appropriate level for antistatic protective materials [34,35,54,57].




3.5. Thermal Properties


The thermal properties of FSR25, FSR50, and model PDMSbisD4-0.5% were established by using TG in an aerial atmosphere (Figure 3c). The temperature of gradual weight loss for all FSRs is independent of ferrocene content and is ca. 200 °C, which is lower than in the case of PDMSbisD4-0.5% (thermally stable up to ca. 350 °C). After thermal treatment, the residual masses of FSR50, FSR25, and PDMSbisD4-0.5% are 41, 31, and 15%, respectively. Therefore, the residual mass decreases at 800 °C in the FSR50–FSR25–MSR series with a decline in the iron content (ferrocenyl groups transform into Fe3O4 during oxidation) in the same sequence. The mechanism of thermal degradation is described in detail in the references [57,78,79].



Using the DSC technique, it was found that the glass transition temperature (Tg) for FSR25 was between −77 and −69 °C (Figure 3d). As distinguished from PDMSbisD4-0.5% with typical Tg = −128 °C [6,7] (Figure S9), peaks corresponding to crystallization and melting processes were not observed on the DSC curves. It should be concluded that the FSR25 has an amorphous 3D polymer network due to the atactic configuration of ferrocenyl-containing moieties in the siloxane chains.





4. Conclusions


A method was developed for obtaining simultaneously redox-active and self-healing silicone materials based on ferrocenyl-containing polysiloxanes with a dynamic 3D polymer network based on siloxane equilibrium. The FSRs were synthesized with different ferrocenyl unit content (25 and 50 mol.%) by anionic copolymerization of cyclic octamethylcyclotetrasiloxane (D4), cyclic tetraferrocenyl-substituted 1,3,5,7-tetramethyltetrasiloxane (Fc4D4), and bicyclic oligosiloxane cross-linking agent (bis-D4).



The optimal concentration of the cross-linking agent for FSRs is 5 wt.%. The FSR with a ferrocenyl-substituted unit content of 25 mol% (FSR25) is the most optimal in terms of cross-linking degree (Mc = 60,000), which is higher than that of FSR50 (Mc = 85,200), and mechanical hysteresis (the residual elongation after break of ca. 100%). The FSR25 and FSR50 possess tensile strengths of 0.08 and 0.10 MPa and elongation at break of ca. 215 and 200%, which change oppositely with the cross-linking degree. Thus, the average molecular weight of the segment between cross-links (Mc) rises from 60,000 to 85,200 with the increase in tensile strength in the FSR25–FSR50 series that could be explained by higher siloxane chain stiffness due to higher ferrocenyl group content in FSR50.



The obtained FSRs exhibit self-healing ability at RT and/or elevated temperatures (100 °C) by siloxane equilibrium in the dynamic 3D polymer network [60,61,62,63,64,65]. The self-healing efficiency achieves 89 and 98% after being healed for 1 h at 100 °C for FSR25 and FSR50, respectively, which is similar to that of the previously reported non-autonomous self-healing silicone rubbers including bipyridinic polymer-metal complexes (with Fe2+, Eu3+, Tb3+, Tm3+, etc., η is up to 90% after being healed at 100 °C for 2 days) [2,71] and siloxane equilibrium-based silicones (healing at RT and 70–90 °C for several minutes to 24 h) [62,63,64,65].



As distinguished from the well-known self-healing siloxane equilibrium-based silicones without ferrocenyl fragments [62,63,64,65], the FSRs possess not only self-healing properties but also redox activity and antistatic properties. The FSRs have redox activity combined with a low specific electrical conductivity of up to approximately 10−10–10−11 S·cm−1 (at 100 Hz), which is an appropriate level for antistatic materials [54,57] and ca. 10–100 times higher than that of the reported self-healing polymer-metal complexes [31,69,70,80]. The conductivity and redox properties result from the reduction-oxidation of ferrocenyl groups (Fc/Fc+ transformations at E0 ca. 0.43 V). As in the case of previously published FSRs [54,57], the low conductivity of the ferrocenyl-containing polymers exhibits electron tunneling behavior, making the FSRs useful as electrostatic discharge materials.



In this regard, the flexibility, stretchability, self-healing, and good film-forming ability of FSRs can be important for creating coatings based on them. The conductivity at the level of antistatic materials and the redox activity of FSRs make them useful for fabricating electrostatic dissipative coatings. The proposed approach is relevant for the creation of new functional polymer materials that will expand the use of silicone materials in flexible, self-healing, and antistatic protective coatings.
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Figure 1. General synthetic scheme of FSRs. DMAP—4-dimethylaminopyridine. 
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Figure 2. Stress–strain curves of the original and healed FSRs at a stretching speed of 40 mm∙min−1 (a), demonstration of self-healing properties for FSRs (b), and scheme of siloxane equilibrium (c). 
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Figure 3. The frequency dependence of electrical conductivity of FSRs and model PDMSbisD4-0.5% at RT (a), CV curves of FSR25 film deposited on a GC electrode recorded at various potential sweep rates in 0.1 M LiClO4 H2O–CH3CN (4:1, V/V) solution with dependence of peak current ip on the potential sweep rate v in bilogarithmic coordinates and demonstration of EC (FSR25 deposited on ITO glass shows EC as in the case of the previously reported FSRs [57]) (b), TG curves of FSRs and model PDMSbisD4-0.5% from 25 to 800 °C (c), and DSC curves for FSR25 from −140 to 0 °C (d). 
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Table 1. Iron and ferrocene content in the FSRs.
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Silicone Rubber

	
Fe Content, wt.%

	
Ferrocene Content, wt.%




	
Theoretically Calculated

	
Determined by EDX

	
Theoretically Calculated

	
Determined by EDX






	
FSR25

	
10.9

	
11.7 ± 0.1

	
36.1

	
38.7 ± 0.5




	
FSR50

	
15.3

	
16.5 ± 0.2

	
50.8

	
54.6 ± 0.7
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Table 2. Swelling and tensile properties of the FSRs and PDMSbisD4-0.5%.
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Silicone Rubber

	
ρp, g·mL−1

	
Swelling Properties

	
Tensile Properties




	
s, %

	
ωsol, %

	
υ

	
Mc

	
σ, MPa

	
ε, %

	
εresidual, %






	
FSR25

	
1.08 ± 0.03

	
550 ± 50

	
51 ± 9

	
0.11 ± 0.03

	
60,000

	
0.08 ± 0.02

	
215 ± 25

	
100




	
FSR50

	
1.11 ± 0.05

	
420 ± 40

	
66 ± 11

	
0.10 ± 0.03

	
85,200

	
0.10 ± 0.01

	
200 ± 20

	
200




	
PDMSbisD4-0.5%

	
1.00 ± 0.03

	
450 ± 40

	
43 ± 7

	
0.15 ± 0.04

	
32,300

	
0.10 ± 0.02

	
1600 ± 200

	
— 1








1 The parameters could not be determined.
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Table 3. Self-healing properties of the FSRs compared to MSRs.






Table 3. Self-healing properties of the FSRs compared to MSRs.





	
Silicone Rubber

	
Healing Temperature, °C

	
Healing Time

	
η, %






	
FSR25

	
RT

	
1 h

	
40




	
100

	
5 min

	
55




	
15 min

	
66




	
30 min

	
82




	
1 h

	
89




	
FSR50

	
RT

	
1 h

	
71




	
100

	
1 h

	
98




	
PDMSbisD4-0.5%

	
RT

	
24 h

	
90




	
100

	
15 min

	
100
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