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Abstract

:

Polydimethylsiloxane (PDMS), in spite of its well-defined helical structure, is an amorphous fluid even at extremely high molecular weights. The cause of this behavior is the high flexibility of the siloxane backbone and the lack of intermolecular interactions attributed to the presence of methyl groups. These make PDMS incompatible with almost any organic or inorganic component leading to phase separation in siloxane-siloxane copolymers containing blocks with polar organic groups and in siloxane-organic copolymers, where dimethylsiloxane segments co-exist with organic ones. Self-assembly at the micro- or nanometric scale is common in certain mixed structures, including micelles, vesicles, et cetera, manifesting reversibly in response to an external stimulus. Polymers with a very high degree of ordering in the form of high-quality crystals were obtained when siloxane/silane segments co-exist with coordinated metal blocks in the polymer chain. While in the case of coordination of secondary building units (SBUs) with siloxane ligands 1D chains are formed; when coordination is achieved in the presence of a mixture of ligands, siloxane and organic, 2D structures are formed in most cases. The Romanian research group’s results regarding these aspects are reviewed: from the synthesis of classic, amorphous silicone products, to their adaptation for use in emerging fields and to new self-assembled or highly ordered structures with properties that create perspectives for the use of silicones in hitherto unexpected areas.
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1. Context and Early Romanian Achievements in the Field of Silicones


Research in the field of silicones in Romania started more than 50 years ago and has addressed either fundamental or applied aspects, depending on the state policies of specific governments (Figure S1 in supplementary material). Following the development of its own technology for obtaining chlorosilanes, basic monomers for synthesis of silicones, research has focused on silicone cycles, oils, fats, emulsions, rubbers and resins, as well as polysilanes. More than 45 applied research works and technological processes were elaborated at laboratory and pilot scale, which were put into operation in 1985 at Petrochemical Plant Borzesti, thus laying the foundations for a national silicone industry, with four pilot stations and two silicone production lines. As a result of the applied research in collaboration with industry, trademarks for 10 silicone products under the name MOLDOSIL and 54 patents (e.g., [1,2,3,4,5,6,7,8,9,10]) were granted between 1970 and 1992. The main fundamental research approached since the 90s has been aimed at: (a) techniques for polymerization and copolymerization of cyclosiloxanes (homogeneous catalysis, with thermolabile catalysts, heterogeneous catalysis, kinetics, molecular weight control, etc.) [11,12,13,14,15,16,17]; (b) introduction of organic functions on silicon by various mechanisms (hydrosilylation, condensation, dehydrocoupling, thiol-ene addition, etc.), study of their effects on the properties of the resulting compounds and evaluation of their functionality as blocks for siloxane-organic copolymerization [15,18,19,20,21]; (c) obtaining of block [22,23] or segmented [24,25,26,27] siloxane-organic copolymers with different internal functions (silyl ether, silyl ester, urethane, imide, amide, imine, etc.) showing different properties (self-assembling ability, liquid crystals, redox or surface activity, pH sensitivity, controlled hydrolytic degradability, etc.) emphasized by specific investigations; (d) silicone crosslinking systems and mechanisms (peroxide, hydrosilylation, condensation, thiol-ene addition) for obtaining rubbers and other materials with applications in medicine, dentistry, construction, optoelectronics, etc.) [28,29,30]; (e) advanced polycarbosilane and polysilane structures [31,32]; and (f) series of hybrid polymeric materials, such as crosslinked siloxane-urethane, siloxane-chitosan or cellulose-siloxane structures [24,33,34,35,36,37], composites (silicone/silica, silicone/silica/titania, silicone/silica/Fe2O3) adapted-by varying molecular weight, component ratios or crosslinking procedures to meet the requirements for certain applications (dentistry, actuators, etc.) [28,29]. For the first time, lignin was incorporated into silicone matrices to obtain adhesive composites applicable in masonry and water-repellent materials [38,39].



From 2010 to the present, research has been carried out in the field of silicones, both fundamental and oriented towards target applications, approaching mainly two directions: (a) The transition from passive silicones to active ones that can be recycled, repaired and can reversibly and repeatedly change one or more characteristics (shape, size, color) under the action of an external stimulus, such as temperature change, pressure, applying an electric, magnetic or optical field, and changing the humidity or polarity of the environment. Such materials are of interest for the construction of adaptive systems for a wide range of applications in the automotive, medical technology, white goods, mechanical engineering, consumer sectors, et cetera; and (2) design of organic-inorganic hybrid ligands and obtaining complex structures with metals having different dimensions (0D, 1D, 2D, 3D), which constitute a remarkable class of compounds with special properties allowed by the presence in the structure of highly flexible and hydrophobic silicone motifs. The results are found in publications whose distribution on different categories of compounds and on different centers in Romania are represented in Figures S1 and S2 (in supplementary material), respectively.



The main interest was to obtain polydimethylsiloxane, PDMS, (Figure 1a), which is the basis of most silicone materials. Multiple studies have been conducted by the authors on the hydrolysis-condensation of dichloro- or dialcoxy-functionalized diorganosilanes, to prepare and isolate either linear or cyclic oligodiorganosiloxanes having identical or different organic groups attached to the silicon atom, in order to be used as is or in further chemical transformations (Figure 1b). To obtain polydiorganosiloxanes in a wide range of molecular weights, ionic ring-opening polymerization en masse was performed, by either homogeneous or heterogeneous catalysis [11,12,13,14,15,16,40] (Figure 1c). The reaction conditions were optimized and the performances and limits of each system were assessed; useful information for choosing the appropriate pathway in each concrete case. Thus, both syntheses in acidic (H2SO4) and in basic (tetramethylammonium hydroxide (TMAH) or silanolate) medium were approached, depending on the nature of the substituents from the silicon atoms, by either homogeneous or heterogeneous catalysis. The use of TMAH as a transient catalyst is an efficient way to obtain very high molecular weight polydiorganosiloxanes having low polydispersity index, in a single step. Thus, ultra-high molecular weight polydimethylsiloxane (UHMW-PDMS) with Mw of order 1400 kDa and polydispersity index, PDI = 1.2 was obtained [41]. This procedure was also implemented for the synthesis of the dimethyldiphenylsiloxane copolymers (Figure 1d) and other polysiloxanes functionalized with basic groups [16,42,43]. Significant research efforts have focused on using synthetic ion exchangers as catalysts in the equilibrium reactions involving siloxane bonds, including kinetic and optimization studies. The procedure was adapted for the synthesis of diorganosiloxane oligomers, polymers, and copolymers, as well as oligo- and polysiloxanes end- or side-modified with polar or reactive groups (Figure 1e) [5].




2. Classic Amorphous Silicones Renewed for Emerging Applications


Polydimethylsiloxane (PDMS) is the basis of the vast majority of silicone products that have found use in almost all areas of human activity, from cosmetics to the nuclear or aerospace industry [44]. Although last year (2020) the scientific community marked 80 years since the first direct synthesis of silicones, they still enjoy great interest, both scientific and applicative. The versatility of silicone chemistry allows their chemical modification to give them new capabilities, while maintaining their unique, useful properties. PDMS has a backbone consisting of alternating silicon and oxygen atoms, with non-polar organic groups (methyl) [45] attached to the silicon atoms. The freedom of rotation of the methyl groups conferred by the flexibility of the siloxane backbone and the long length of the Si-CH3 bond (1.88 Å) make these groups form a “shield” around the chain [46,47] (Figure 1a). This makes intermolecular interactions almost non-existent, the material itself being hydrophobic and permeable to gases, with low viscosity, solubility parameters and low glass transition temperature. A property also resulting from this structure is very low surface tension. The liquid PDMS surface tension is 21 mN/m at 25 °C [48], while its critical surface tension [49] is 24 mN/m (compared to those of mineral oil and deionized water which are 30.4 and 72.0 mN/m, respectively) at the same temperature [50]. This makes the silicones spread very easily, distinguished by their ability to form temporary films and thin coatings to more substantial durable films or with self-leveling and adhesive capacities as stand-alone sheets of different sizes and thickness, from a few micrometers to a few millimeters [46,47]. One application that is based on this property is the formation of free standing, flexible submicrometric films of interest as active elements in certain devices, such as dielectric elastomer transducers (DETs). Dielectric elastomers (DEs), three-dimensional networks of long and flexible polymer chains, are soft active materials showing promising properties that mimic natural muscle for use in advanced robotics and smart prosthetics, as well as in haptic and microfluidic devices [51]. They enjoy great interest due to their inherent flexibility, large strain, high efficiency, high energy density, and fast response of the material [52].



Another property arising from the lack of intermolecular interactions and the high flexibility of the chains is the disorganization that gives a strong amorphous character to silicones and some of the derived materials (Figure 2a,b).



Electromechanically Active Silicone Elastomers


Dielectric elastomers (DEs) are a class of electroactive polymers (EAPs) widely used as active elements in soft transducers (actuators, sensors and generators) [57]. Such a transducer consists in principle of a highly deformable dielectric elastomer film sandwiched between compliant electrodes. When a voltage is applied to the electrodes, the electrostatic force squeezes the dielectric elastomer film expanding it laterally due to the elastomer incompressibility (dielectric elastomer actuator, Figure 3a) [58]. Two mechanisms underlie the electrical action, Maxwell stress (caused by coulombian interaction between oppositely charged electrodes) and electrostriction (based on small displacements of dipoles from their equilibrium positions under an applied electric field [59]. However, although it occurs in all dielectrics, in the case of dielectric elastomers, the electrostriction contribution is low, often being ignored, especially in the case of non-polar polymers such as silicones [60].



Dielectric elastomers can also be used for measuring mechanical deformations, such as pressure, strain, shear and torsion acting as soft capacitive sensors (dielectric elastomer sensor, Figure 3b) [61,62]. Another important functionality of DEs, is their ability to work as generators by converting mechanical to electrical energy (Figure 3c) [63].



Since the discovery of the basic principles in 1990 and the first application of electroactive elastomers in the field of robotics, followed by the first use of DEGs for wave energy conversion (WEC) in 2001 and the first fully elastomeric WEC in 2012 [64] to the present, the field is constantly expanding and developing. The electromechanical transducers based on dielectric elastomers (DETs) show many benefits in comparison with traditional piezoelectric, magnetic, pneumatic or hydraulic transducers that are in general bulky, rigid, expensive and often unsuitable due to their incompatibility with soft or complex-shaped objects. The thin, homogeneous, soft and flexible polymer film is the key to the low voltage operation of multilayer DETs to qualify as artificial muscles.



Although such DETs are of interest for a growing number of applications (adjustable optics, microfluidics, soft robotics and haptic devices) [65,66,67,68,69] and technically feasible, there are still some challenges to be addressed: rapid and reproducible production of elastomeric membranes, the ability to self-repair defects of a certain level, realization and deposition of extensible electrodes, ensuring their good compliance with the dielectric film, et cetera [70]. Thus, although the dielectric is the active element of a DEG, the electrodes are also at the core of the device’s performance: they must be conductive, soft and sustain large deformations while remaining conductive, and they must also be able to do so for millions of cycles. The main requirements for dielectric elastomers consist mainly of large actuation strain, low modulus and low elastic losses, high dielectric strength, fast response, low weight, low costs, recyclability, et cetera [71]. Of the types of elastomers tested for DETs purpose over time, only silicones and acrylics have proven to be competitive. Silicones meet most of these requirements, being primarily highly compliant and capable of large deformations due to their high flexibility [72], having shear modulus values between 100 kPa and 3 MPa, and low loss tangent, tan σ << 0.001 [73]. In addition, they can operate in a wide temperature range, are easy to handle and process in the form of films of different thicknesses [74,75]. Silicones also have advantages in terms of resistance to the environment (humidity, ozone, oxygen, sunlight, marine environment, etc.) and weathering (Table 1), but they have the drawback that they are not biodegradable, while recycling processes are complicated [76].



Based on the above and due to their appropriate mechanical properties (low modulus and high elongation), silicones are among the most used polymers in DETs. Their properties can be easily tuned by the preparation strategy: proper choice of the molecular mass and microstructure of the polymer matrix; adding of more or less active fillers, whether these are incorporated in the polymeric matrix (ex situ) or generated in situ; crosslinking mode (through the side or ending functional groups) or mechanism (condensation, radicalic or by hydrosilylation). Thus, it was possible to improve the performance of silicone elastomers by manipulating parameters, such as the molecular weight of the polymer and the crosslinking pattern, without other additions or chemical changes. Polydimethylsiloxanes with molecular weights from several tens of thousands to over one million Da have been obtained [41]. They were crosslinked by different chemical pathways: peroxide, condensation, hydrosilylation, dehydrocoupling and thiol-ene addition (Figure 4) [53] obtaining soft to ultra-soft silicones, with Young’s moduli generally less than 0.1 MPa and elongation at break of over 1000%, and good values for elastic recovery and stress decay [41].



By properly designing polysiloxanes in terms of structure, molecular weight and crosslinking pattern, it was found that a silicone elastomer based on PDMS (Mw = 80,000 Da) containing 8.4 mol.% vinyl groups crosslinked by thiol-ene addition with a PDMS (Mw = 35,000 Da) containing 16.5 mol.% SH group along the chain, without other additions, incorporated in a DEA developed a lateral actuation of 15% when applying an electric field E = 20 MV/m (Figure 5a) [53]. A DEG built from three circular layers of common silicone with a diameter of 120 mm and coaxial circular stretchable electrodes of 60 mm diameter also based on silicone but embedding 25 wt.% carbon black was able, at 200% strain, to harvest almost 1 mJ (Figure 5b) [79]. An energy harvesting efficiency of η = 8.84% was achieved with a DEG based on silicone filled with 2 wt.% TiO2 nanotubes and carbon black electrodes (Figure 5c) [80]. By incorporating carbon black [81] or carbon nanotubes within the PDMS matrix, stretchable electrodes were obtained, several conductivity performances of these being showed in Figure 5d.



However, silicones suffer from low value of dielectric permittivity, requiring relatively high electric fields (E > 100 MV/m) on the electrodes for actuation [83,84,85,86]. Therefore, significant efforts are being made to improve this parameter. One of the ways to improve the performance of silicone elastomers in terms of dielectric permittivity against the background of their other properties of interest is to attach polar groups [87]. This can be done on monomers (silanes or cyclosiloxanes) or by post-functionalization of polymers containing certain reactive groups, generally Si-H, Si-CH = CH2 or RX (R: alkyl, X: NH2, halogen, SH) by hydrosilylation, thiol-ene addition or substitution reactions. While some of these groups are themselves of interest due to polarity, their modification can lead to more complex structures. Thus, groups such as cyan, epoxy, benzaldehyde, dispersed Red1 (DR1) [88], acetate, carboxyl and chloride [89] were attached to increase the dielectric permittivity of silicones and indeed this effect has been achieved, and more. Although they have very good dielectric properties, due to phase separation, polar silicones most often show weak mechanical properties, which limit their applicability in electromechanical devices. An alternative solution has been considered, polysiloxanes carrying CN-propyl or Cl-propyl groups were processed as submicron particles stabilized by either full organic [90] or a specially designed siloxane surfactant [91], cross-linked within the formed particles and used as fillers in a high molecular weight polydimethylsiloxane matrix [90,91]. Soft elastomers with Young’s moduli of 0.12–0.5 MPa, depending on the filler’s structure, dielectric strength up to 63 MV/m and dielectric permittivity up to 4.7 at 104 Hz were obtained. High apparent piezoelectric coefficient (d33) was measured by piezoresponse force microscopy (PFM) without poling, at ambient temperature, while variation of d33 with stretching was observed, in correlation with morphological aspects [90]. Elastomeric composites with improved mechanical properties (higher elongation and tensile strength) and electromechanical response (higher actuation) were obtained. Polyazomethine (PAZ) submicron particles (either containing siloxane moieties, or not) have also been used as fillers for silicone-based composites [92]. Polar particles were obtained by polycondensation reactions performed in organic solvents in the presence of an amphiphilic siloxane oligomer. Elastomers with increased dielectric permittivity relative to pure polydimethylsiloxane elastomer, excellent stretchability with elongations in excess of 500% and up to 800% and low Young’s moduli were obtained by this approach.



Much research has also been done on the preparation of elastomeric silicone composites by incorporation in a silicone matrix with different parameters (molecular weight, functionality, degree of crosslinking, etc.) of other active fillers capable of increasing its dielectric permittivity. Fillers of different types were tested with this aim. For example, ceramic fillers (BaTiO3 [93,94,95], TiO2 [80]) having different morphologies and inorganic ones (in situ generated silica [96]) were used. Studies have shown that the success of such an approach depends primarily on the degree of dispersion and compatibility of the filler with the matrix. For this, an adequate surface treatment is required, which also ensures a reasonable dielectric strength for the resulting material. In the case of the use of BaTiO3 having different morphologies, the particles with high aspect ratio were found to be more adequate, an addition of only 5 wt.% BaTiO3 leading to an increase of about three times of the relative dielectric permittivity compared to the value measured for the silicone matrix [94]. The electromechanical sensitivity and actuation strain, calculated from mechanical and dielectric data, proved to be the highest in the case of acicular particles, also being high compared to those reported in the literature (electromechanical sensitivity, β ~ 400 MPa−1 and lateral actuation strain Sx ~ 23%), thus promise for a good effective electromechanical response exists [94]. TiO2 nanotubes were first properly treated on the surface with hexamethyldisilazane and incorporation (5 wt.%) in the silicone matrix led to a dielectric elastomer with dielectric permittivity of 7.7 at 0.1 Hz and dielectric strength of 60 MV/m. A synergy between the increased dielectric permittivity and a low Young’s modulus reflected a good electromechanical response of the composites, resulting in 8.84% efficiency for 400 V input voltage and 150% balloon-like elongation (Figure 5c) [80].



Besides the ceramic particles, less studied materials as permittivity enhancers for PDMS are metal (Mn, Fe, Cr) complexes of salen-type Schiff bases with tetramethyldisiloxane spacers [97]. The resulted composites showed a slight decrease of elastic properties but an increase in dielectric permittivity of up to 100%, while the electromechanical sensitivity was almost double compared with the reference sample. Cu-, Co-, and Ni-atranes [98] or a 1D coordination polymer [99], were also tested as fillers for silicones. While in the latter case, a dielectric permittivity value of 4.6 was obtained at a load of 3 wt.% filler, regardless of the frequency, in the first case, remarkably high values were registered for dielectric permittivity but, unfortunately, also for dielectric loss, which makes these composites fall more into the semiconductor field. Iron oxide nanoparticles are another category of inorganic fillers studied as permittivity enhancers for polysiloxanes [100,101]. Spherical ferrihydrite and nanorods of goethite were prepared and subsequently incorporated into the PDMS matrix [101]. The nanocomposites prepared with spherical nanoparticles showed permittivity values up to 5 at 1 kHz and electromechanical sensitivity comparable to that of composites with ceramic fillers.



The dielectric permittivity of polysiloxanes can also be increased by incorporating conductive fillers at concentrations below the percolation threshold. There are two strategies of using these fillers as permittivity enhancers, either the concentration of the filler is kept below the percolation threshold or the fillers are coated with surfactants or other materials to avoid this phenomenon. Composites based on silicones and conductive fillers are also being studied as compliant electrodes. Considering that the carbon black particles represent the cheapest powder that can be used as a conductive filler, a rubber electrode was fabricated by incorporating 25 wt.% of carbon black into a high molecular weight PDMS [79,81]. The electrical conductivity was about 0.1 S·cm−1 at 150% strain, remaining almost unchanged even after a few hundred stretching cycles (Figure 5d). By increasing the carbon black load to 50%, the conductivity increases considerably but the cyclic operation performance decreases. An automatic installation for the alternating deposition of rubbery dielectric and electrode layers for obtaining stacked DETs has been patented [82] (Figure 5e). This consists of several blocks (I–VII), which allows obtaining the alternating deposition of dielectric and electrode layers as a stacked DET [101]. A stainless-steel rigid block (I) sustains all other blocks, while a mobile block (VII), that mainly consists of a rotating disc, moves horizontally in four steps to obtain two consecutive sacrificial layers, two electrodes and one active layer, as follows. In the first step, a silane solution is sprayed with a gun on the rotating disc from block VII, under block III. In the second step, a certain amount of polymer is poured on the disc after block VII moves under block V and spin-coated to obtain the desired thickness. The UV crosslinking of the thin polymer layer occurs under block IV in the third step. The first electrode is obtained by moving block VII beside block II and under block III. At this step, the fourth, a circular mask drops on the rotating disc, the disc rotates with the mask and simultaneously the electrode solution is sprayed with a gun onto the disc. The mask allows obtaining the circular shape of the electrode. These steps are repeated to obtain the active layer, the second electrode and the final sacrificial layer. Several performances obtained with such formulations and arrays are showed in Figure 5e.





3. Siloxane-Siloxane and Siloxane-Organic Copolymers


The lack of intermolecular interactions between chains causes PDMS to be amorphous in normal conditions (Figure 2a) and to even flow at very high molecular weights (even those of the highest molecular weight obtained, more than a million Da [102,103]). It would be expected that the partial replacement of methyl groups with other organic groups capable of developing intermolecular interactions would produce significant changes in the behavior of the polymer. In reality, the situation is much more complicated. The difference in polarity between the methyl group and any other more polar organic group leads to phase segregation [20]. This could be avoided or diminished by the synthesis of perfectly alternating copolymers. However, they are almost impossible to obtain due to the equilibrium nature of the reaction for obtaining polysiloxanes [14]. An alternative would be the reactions under kinetic control, but in this case they are also limitedly imposed by the adequacy of the substituents to such reactions which are conducted mainly in a basic environment.



However, phase separation can be exploited, a major application of this being the self-assembly of amphiphilic materials, which is the motor for their behavior as surface active compounds, stabilizers or nanoreactors. Siloxane-based surfactants are very interesting in this context. Based on the pronounced hydrophobicity of the dimethylsiloxanes, the surface tension of water and certain organic solvents is seriously diminished, reaching values of ca. 20 mN/m, at low concentrations. In terms of morphology, the preferred type of aggregates are vesicles [104,105,106,107], which opens interesting possibilities for drug delivery systems and cosmetic formulations. Aggregates of siloxane surfactants containing glucose [108], amino-pyridine [109] or tromethamol [106] hydrophilic groups are exemplified in Figure 6A, while in Figure 6B some of the applications proposed for siloxane surfactants are illustrated. Encapsulation of a non-soluble drug in the surfactant’s vesicles (Figure 6d) [110], stabilization of polyazomethine nanoparticles synthesized directly in the aqueous micelles (Figure 6e) [111] or transfer of super-paramagnetic iron oxide nanoparticles, SPIONs, into water (Figure 6f) [112] have been demonstrated.



Block or segmented siloxane-organic copolymers also show phase separation with the formation of micelle or vesicle-like aggregates, this being a common phenomenon in block-copolymers formed from incompatible partners [113]. This phenomenon occurs even for small siloxane segments combined with practically any organic fragment, due to the afore-mentioned peculiarities of polysiloxane (pronounced hydrophobicity, very low surface energy, high chain flexibility, very low negative glass transition temperature). A wide range of siloxane-organic copolymers with organic blocks having a variety of internal functions (sulfone, amide, imide, urea, urethane, oxadiazole, silyl ether, silyl-ester, etc.) was obtained, many of which showed evidence of self-assembly capacity in selective solvents [24]. Thus, although in some cases, phase separation may jeopardize material properties, it is a tool for self-assembly in bulk or in selective solvents, a behavior of interest for nanotechnology. An example is shown in Figure 7, where crystallization from one solvent and formation of micelles in another were observed for amphiphile polysiloxane copolymers. The increased degree of ordering induced by the presence of polar organic blocks or bridges was also proved by the appearance of peaks in the X-ray diffractogram of the compound (Figure 2c).



In terms of molecular organization, liquid crystals (LCs) are intermediary state materials, between disordered isotropic liquids and highly ordered 3D solid crystals [117], exhibiting long-range order. Siloxane moieties (short segments, long chains, cycles) are often used in LCs as flexible spacers or as the main backbone, in combination with unnumbered mesogenic groups. The main reasons for using siloxanes instead of purely organic (hydrocarbon) counterparts derive from their bulkiness, high flexibility, chemical versatility and tendency of microphase separation [118,119,120]. Several general characteristics of the resulted LC materials are due to these specific behaviors of (poly)siloxanes: lower transition temperatures, larger mesophase range, tendency for formation of smectic mesophases and suppression of the nematic mesophase. In our group a large variety of siloxane-containing LCs has been reported, mainly of azomethine type, but also polyethers, polyesters and H-bond supramolecular polymers [119,121,122,123]. By varying the siloxane segment lengths and the structure of the adjacent organic flexible groups, tuning of the mesophase range and type, as well as large solubility domains can be achieved. Besides main chain and side chain linear liquid crystalline polymers, polysiloxanes are probably best known as components of elastomeric liquid crystals (LCEs). These ordered crosslinked materials combine the order and mobility of the LC phase with rubber-like elasticity. Some of their characteristics and applications have recently been reviewed [104,105,106,107,113]. Polarized light optical microscopy images of various types of siloxane-containing LCs are exemplified in Figure 8, for a low molecular compound, an H-bond supramolecular polymer and an oligomeric surfactant [124].




4. Highly Ordered Coordination Polymers Containing Silicon or Silicone Motif


Since 2010, the idea of attaching complexing groups to the silane or flexible siloxane substrates appeared. Thus, a series of Schiff bases developed mainly by the reaction of either 1,3-bis(3-aminopropyl)tetramethyldisiloxane or in-lab synthesized diamine 1,3-bis(amino-phenylene-ester-methylene)tetramethyldisiloxane by complexation with metals forming highly crystalline compounds. More than 30 such unique structures have been recorded in the crystallographic database, CCDC [125]. They are generally molecular compounds, some of which develop weak intermolecular interactions. However, highly ordered, crystalline polymeric covalent structures, where siloxane motifs alternate with coordinated metal blocks, were obtained with carboxylic ligands, 1,3-bis(carboxypropyl)tetramethyldisiloxane (H2CX) prepared for the first time in 1999 [15], bis(p-carboxyphenyl)diphenylsilane (H2L1), and bis(3,4-dicarboxyphenyl)dimethylsilane (H4L2) were prepared later [126] (Figure 9a). They were used alone to directly coordinate the metal ions [127,128,129] or complexes of the latter with vacancies [55,99,130,131] or in combination with ancillary organic ligands (imidazole [132,133], 4,4′-bipyridyl [134], 4,4′-azopyridine [56,132,135], 1,2-di(4-pyridyl)ethylene [134], 1,10-phenanthroline [126], etc.) (Figure 9b) and metal ions or clusters, which allow highly directional intermolecular interactions (metal-ligand, hydrogen bonds and π-π stacking interactions). As a result, dramatic changes occur in the X-ray diffraction pattern (Figure 2d,e). Twenty-three such structures were registered in the CCDC database.



The dimensionality (1D, 2D or 3D) and the structural motifs (linear or double chains, zig-zag, helix, square-grid, diamondoid, etc.) of the resulting coordination polymers depend on the molecular building blocks and on the synthesis conditions [136]. Different synthetic strategies are employed for obtaining coordination polymers, consisting of both conventional methods (slow solvents evaporation-saturation methods, slow diffusion of solvent or of reactants) and non-conventional methods, such as hydro/solvothermal, ultrasonic and microwave-assisted syntheses. Often, the same starting precursors can lead to different products, depending on the solvent, the molar ratio between the reactants, the metal center, the counter ion, temperature, pH, time, the cooling speed in hydro/solvothermal synthesis, et cetera. The assembly of the building blocks into a predictable architecture thus becomes a difficult task.



In our attempt to investigate the design and control of the self-assembly in coordination polymers with flexible or semi rigid (V-shaped) polycarboxylate ligands, especially those containing silane and siloxane units (H2L1, H4L2 and H2CX in Figure 9a), with the involvement of different organic co-ligands (Figure 9b), various metal complexes with interesting structures (Figure 9c–h) have been successfully isolated by template-directed synthesis, slow diffusion of solvents and reactants and solvothermal methods.



While the coordination bonds directly control the assembly of the building blocks, the weaker interactions (H bonds, π-π stacking and van der Waals interactions) consolidate the packing of the solid, crystalline structure. Such intermolecular interactions develop exclusively between the polar organic or inorganic blocks in the structure (Figure 9e), while the role of dimethylsiloxane or dimethyl-/diphenylsilane motifs remains one related to flexibility and stability, which affects transitions and thermal stability, solubility and hydrophobicity. The flexibility of this segment allows the adoption of both cis- [133,135], and trans-oide [55,133,135] conformations, in dependence on the coordination geometry of the secondary building units (SBUs) and H-bonding configuration. It was observed that while the complexation of metals with silicone ligands almost always leads to 1D structures [55,99,128,131,132,134], in the presence of an organic co-ligand 2D structures are often formed [56,127,132,133,134,135]. The 2D structures built with the H2Cx ligand are of interest from the perspective of 2D materials, presenting as hydrophobic nano-sheets with very weak interactions between them [56]. The carboxylate groups of the silicon-based ligands in these complexes also evidenced a versatile coordination behavior, in other words, ionic, monodentate, bidentate bridging, bidentate chelating or some combination of them.



Besides the highly ordered structure, in the obtained coordination polymers, the presence of the metal and of its coordination block induces specific properties such as optical [56,128], magnetic [55,56,126,127], electrical [99], catalytic [134], self-assembly ability in film and solution [55,99] or some porosity [126,127,135], not found in classical amorphous silicones. In addition, the co-existence in the structure of highly hydrophobic methylsilicone units and somewhat polar coordinated blocks gives the polymer an amphiphile character enabling it, when it is soluble, to reduce the surface tension of the solvent and to self-assemble in solution beyond its specific critical aggregation concentration. These aggregates can be used for modification of a flat surface, making it an intelligent material which can respond to electrical, optical or magnetic stimuli [56].



Depending on the structure and proportion of the silicone component, the coordination polymers obtained have values of water vapor moisture sorption generally below 10 wt.%, namely, between 1.5 [133] and 9.7 wt.% [126]. A higher value, 15.45 wt.% [128] was recorded in the case of the Mn complex with dicarboxylic acid having a diphenylsilane spacer. The lowest values, below 2.6 wt.% [128,134,135], were shown by all complexes with H2Cx ligand. The high degree of methylation and the siloxane bond flexibility increase the hydrophobic character of the coordination compounds. The metal-organic frameworks based on 1,3-bis(carboxypropyl)tetramethyldisiloxane with aluminum sulphate showed a moisture sorption capacity of 3.44 wt.%, much lower (about 15 times smaller) compared to the value of 50.06 wt.% recorded for aluminum fumarate prepared and analyzed in similar conditions [129].




5. Conclusions and Outlooks


Silicones are amorphous under normal conditions. Their low surface tension makes them easy to form films, which can be further stabilized by crosslinking. This feature, along with others, such as high flexibility and deformability (regularly achieving >300% mechanical breaking strain) and low value of the modulus of elasticity as well as the wide thermal window in which they are stable/functional, and weather and environmental resistance, have made silicones among the select few polymers of choice in the development of DETs. Their performances for such applications can be sought by variations of the structural parameters (molecular mass, polydispersity, crosslinking pattern). Attachment of functional groups or incorporation of active fillers in the silicone matrix followed by crosslinking are other variables that allow adjusting the electromechanical properties of silicone films (especially for increasing dielectric permittivity), but also allow the polymers to respond in different ways (deformation, color, refractive index, etc.) to other external stimuli (temperature, magnetic field, wavelength, etc.). When silicone fragments are co-chained by different interactions with other diorganosiloxane (in which methyl groups are substituted with polar organic or reactive groups), organic, inorganic or mixed segments/blocks, the intermolecular interactions established between the latter can lead to the formation of self-assembled structures, from biphasic (in the case of siloxane and siloxane-organic copolymers) to crystalline (coordination polymers). While silicone films are homogeneous, smooth and respond to stimuli by dimensional change, films based on structures with different degrees of ordering form nanostructures that respond to stimuli (e.g., solvent) by changing morphology. In the case of crystalline structures, siloxane units are not able to participate in the establishment of intermolecular interactions other than hydrophobic ones, due to the extremely non-polar nature of methyl groups attached to silicon. However, the high flexibility of the siloxane motif can allow the adoption of unusual conformations, while its surface activity facilitates orientation of the methyl groups to the air interface, imparting hydrophobic surface behavior to the compound.



The results so far prove the high potential that silicones still have for development based on them, of new compounds and materials designed according to requirements. The perspectives for silicones research in Romania seem promising in our view, since ongoing projects and innovative ideas stimulate the approach of new structures, formulations based on them and original applications. Development of self-healing and/or smart silicone materials with multiple, switchable functions useful for building different transducers and adaptive systems, their optimization for 3D printing, the challenges to obtain highly-ordered siloxane-containing materials, the demonstration of unique applicative potential of siloxane-based surfactants or the sustained concerns for a cleaner environment involving silicone materials, are only a few directions to be developed in the next years.
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Figure 1. A free polydimethylsiloxane chain fragment as a representative structural motif for silicones (a) and main pathways approached for obtaining oligo- or polydiorganosiloxanes: hydrolysis-condensation of dialkoxysilanes (b); ring-opening polymerization of cyclosiloxanes (c); ring-opening copolymerization of diorganocyclosiloxane mixtures (d); diorganocyclosiloxane equilibration with 1,3-bis(functionalized)disiloxanes (e). 
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Figure 2. Modification of the X-ray diffraction pattern with the increase of the weight of the organic segment in hybrid structures: (a) a linear, high molecular weight PDMS-α,ω-diol [41]; (b) a crosslinked PDMS having thioether bridges between chains [53]; (c) a segmented poly(siloxane-azomethine) [54]; (d) 1D coordination polymer consisting of hexanuclear manganese(III) salicylaldoximate complex units connected by 1,3-propyltetramethyldisiloxane bridges [55]; 2D di-manganese coordination polymer with siloxane spaced dicarboxylic acid and 4,4’-azopyridine as co-ligands [56]. (a,c)—CuKα-emission (λ = 1.54059 Å, Rigaku Miniflex 600 diffractometer), (d,e)—graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å, Oxford-Diffraction XCALIBUR E CCD diffractometer); the dotted circles mark the siloxane fragments within the hybrid structures. 
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Figure 3. The principle of operation of dielectric elastomer transducers (DETs) as: (a) actuators (DEA); (b) sensor (DES); (c) generator (DEG). 
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Figure 4. Approaches for increasing the performance of dielectric elastomers using different cross-linking pathways: peroxide, condensation, hydrosilylation, dehydrocoupling, thiol-ene addition [53]. 
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Figure 5. Own performances obtained with dielectric silicone elastomer transducers: (a) actuation showed by a DEA with single-layer silicone film based on PDMS (Mw = 80,000 Da) containing 8.4% vinyl groups crosslinked by thiol-ene addition with a PDMS with Mw = 35,000 Da containing 16.5% SH group along the chain [53]; (b) energy harvesting with a DEG based on three layers of silicone elastomer and stretchable electrodes also based on silicone embedding 25 wt% carbon black [79]; (c) energy collected with a DEG based on silicone filled with 2 wt% TiO2 nanotubes and carbon black electrode [80]; (d) conductivity performances of stretchable electrodes based on PDMS incorporating 25 wt% carbon black within the PDMS matrix [81]; (e) automatic installation for stacked DET manufacturing (block I—stainless steel rigid skeleton, block II—automatic drop of the circular mask, block III—two spray guns that allow the deposition of the electrode solution and the silane, block IV—UV lamp, block V—polymer dispenser, block VI—electronic parts, block VII—left-right mobile rotating disc on stainless steel plate) [82]. 
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Figure 6. (A): Examples of siloxane surfactants and their aggregation patterns. (a,c) Atomic Force Microscopy (AFM) images, (b) Transmission Electron Microscopy (TEM) image) [106,108,109]. (B) Selected applications of original siloxane surfactants (exemplified in AFM images); (d) micellar solubilization of drugs [110]; (e) nanoreactors for polymer synthesis [111]; (f) stabilization of metal oxide nanoparticles in water [112]. 
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Figure 7. Examples of segmented silane/siloxane-organic copolymers [54,114,115,116] and illustration through 2D and 3D AFM (a,b) and TEM (c) images of their self-assembly that changes depending on the polarity of the environment. 
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Figure 8. Polarized light optical microscopy images of siloxane-containing liquid crystals: a) a siloxane azomethine with smectic A focal conic texture at 330 °C (magnification 400x); b) an H-bond supramolecular polymer and its smectic crystal texture at 40 °C (magnification 200x); c) an amphiphilic siloxane oligomer forming LC phase at room temperature [124]. 
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Figure 9. Carboxylic ligands containing silicon in the substrate (a) and organic co-ligands (b) used; 1D coordination polymer based on: diphenylsilane-spaced dicarboxylate (H2L1 ligand) coordinated to the NiL [131] (c), tetramethyldisiloxane-spaced dicarboxylate (H2CX ligand) coordinated to the NiL preformed complex [130] (d) and to oxime-bridged Mn6+ cluster [55] (e); Covalent 2D coordination polymers looking like nano-sheets consisting of: dimanganese coordinated by H2CX and 4,4’-azopyridine [56] (f); trinuclear (g) and pentanuclear (h) manganese coordinated with H2L1 [127]. 
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Table 1. Important weather resistances of main classes of dielectric elastomers; where: E—excellent; G—Good; F—Fair; P—Poor [77,78].
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Properties

	
Elastomer Type




	
Silicone

	
Acrylic

	
Polyurethane

	
Natural Rubber






	
Atmospheric ageing resistance

	
E

	
E

	
F

	
P




	
Oxidation resistance

	
E

	
E

	
E

	
G




	
Heat resistance

	
E

	
E

	
F–G

	
F–G




	
Low temperature flexibility

	
E

	
P

	
F

	
E




	
Moisture resistance

	
E

	
F

	
G

	
G–E
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