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Abstract

:

Rheological and viscoelastic properties of physically crosslinked low-temperature elastomers were studied. The supramolecularly assembling copolymers consist of linear polydimethylsiloxane (PDMS) elastic chains terminated on both ends with mesogenic building blocks (LC) of azobenzene type. They are generally and also structurally highly different from the well-studied LC polymer networks or LC elastomers: The LC units make up only a small volume fraction in our materials and act as fairly efficient physical crosslinkers with thermotropic properties. The aggregation (nano-phase separation) of the relatively rare, small and spatially separated terminal LC units generates temperature-switched viscoelasticity in the molten copolymers. Their rheological behavior was found to be controlled by an interplay of nano-phase separation of the LC units (growth and splitting of their aggregates) and of the thermotropic transitions in these aggregates (which change their stiffness). As a consequence, multiple gel points (up to three) are observed in temperature scans of the copolymers. The physical crosslinks also can be reversibly disconnected by large mechanical strain in the ‘warm’ rubbery state, as well as in melt (thixotropy). The kinetics of crosslink formation was found to be fast if induced by temperature and extremely fast in case of internal self-healing after strain damage. Thixotropic loop tests hence display only very small hysteresis in the LC-melt-state, although the melts show very distinct shear thinning. Our study evaluates structure-property relationships in three homologous systems with elastic PDMS segments of different length (8.6, 16.3 and 64.4 repeat units). The studied copolymers might be of interest as passive smart materials, especially as temperature-controlled elastic/viscoelastic mechanical coupling.
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1. Introduction


This work is dedicated to ‘smart’ viscoelastic and rheological properties of low-temperature-reversible elastomers, which melt close below room temperature. The materials are based on linear polydimethylsiloxane (PDMS) of different chain length, terminated with liquid-crystalline (LC) units in α- and ω-position. The LC end-groups act as physical crosslinkers in this special variety of PDMS /LC copolymers. To the authors best knowledge, no explicit studies were carried out about materials, which freeze to elastomers at low temperatures (while they are molten at the ambient one), at least not under such a title. On the other hand, numerous studies appeared about low-temperature elasticity, which are dedicated to the behavior of ‘normal’ and most often of commercially important elastomers at low temperatures, see for example, [1]. Fusible rubbers with low melting points offer interesting potential applications (e.g., in soft robotics) as temperature-sensitive smart coupling or energy absorbing materials, which display temperature-switchable viscoelasticity in the melt state, down to ‘freezing’ to a rubbery phase.



In a preceding work (“Part I”, [2]), the synthesis, as well as the phase behavior of the presently studied α,ω-LC-terminated copolymers is subjected to a comprehensive study. In that mentioned publication, the Introduction deals in detail with the specific architecture of the copolymers and especially with the marked difference between them and the ‘liquid-crystalline elastomers’ much-studied in literature: the latter contain a much higher mesogen fraction and thus display wholly different properties.



The study of reversible non-covalent crosslinking via crystallization of small rigid structural units was inspired by the authors’ previous work about epoxy-nanocomposites tethered with polyhedral oligomeric silsesquioxanes (POSS) [1,2,3,4] and about oriented epoxy-LC polymers [5]. In both these systems, however, due to the parallel presence of physical and of relatively dense covalent crosslinking, the possibilities of deeper study of viscoelasticity and rheology were very limited.



1.1. Physically Crosslinked Polydimethylsiloxane


Related to the presented study is the broader topic of physical (non-covalent) crosslinking of PDMS. Several interesting approaches were studied in literature, including the attachment of hydrogen-bridging groups [3,6,7,8,9,10] or of π-stacking units [11,12,13,14]. Other physically crosslinked PDMS derivatives include such with grafted side chains consisting of long hydrocarbons with polar end-fragments [15] or A-B-A triblock copolymers with PDMS as central block [16,17]. Combinations of Lewis-acidic and -basic functional substituents on PDMS [18] or of attached mildly bonding ligands and free metal cations [19] also were tested, as well as coordinative crosslinking by borate units [20,21] but such systems rather represent reversible covalent crosslinking. In contrast to the above mentioned so-called ‘thermoplastic elastomers’, the PDMS copolymers studied in the presented work are crosslinked by a rather mild variety of non-covalent interactions: The aggregation of the ‘active’ structural units is driven by their crystallization tendency, with no hydrogen bridging, no strong π-stacking and no strong electrostatic attraction. The authors of this work recently studied [22] a distantly related PDMS–LC copolymer, which, however, is structurally highly different from the presently investigated ones: it consisted of a linear PDMS chain tethered with spatially separated quartets of pendant LC groups. The highly different architecture led to a different thermo-mechanical behavior (compare References [22] and [2]), as well as rheological one (as will be shown in this work).




1.2. Rheology of Liquid Crystals and of Liquid-Crystalline Polymers (LCPs)


The presently studied copolymers display highly interesting viscoelastic properties due to the presence of significant amounts of liquid-crystalline building blocks in their structure. The rheology and viscoelasticity of rod-like molecular liquid crystals, as well as of liquid-crystalline polymers (LCPs), attracted a considerable research interest since early on, see reviews [4,5,7,23,24,25,26,27], in view of unusual and promising material properties of LCPs, especially of oriented ones and in view of their extraordinary flow behavior during processing. Lyotropic and thermotropic LCPs generally display similar rheology but the lyotropic ones were studied earlier and more frequently (see e.g., [8,28,29,30]) than thermotropic ones [25], due to the easier in-situ observation of the former by polarized light microscopy (PLM).



1.2.1. Models of Flow Behavior of LCPs


Based on their studies of LCP rheology with polarized light, Onogi, Asada and co-workers [31,32] proposed three regions of the dependence of viscosity on shear rate: a polydomain region with piled and randomly oriented and tumbling LC domains which occurs at low shear rates (“region I”)—associated with thixotropic behavior; at higher shear rates, the “region II” occurs, characterized by dispersed domains in a nematic continuum and by a plateau of the viscosity dependence on shear rate; finally, at the highest shear rates (“region III”), the morphology transforms to nematic monodomain-type (flow alignment) and thixotropic behavior again is observed. Generally, in the aligned nematic state, the LCPs are observed to possess a distinctly lower viscosity than in the isotropic state [23].



The flow behavior of single LCP macromolecules (and also of LC molecules) was described by two models, which apply depending on material properties: The ‘molecular (Doi-) model’ [33,34] which assumes an uniform phase of the flowing fluid with some director wagging or tumbling in this phase. The viscoelasticity arises from the interplay of LC-distortional- (Frank-) elasticity and of hydrodynamic forces. On the other hand, the ‘polydomain (Larson-Doi-) model’ [35,36] is based on a polydomain morphology (similar to the polycrystalline one in solid materials), where not the director in the uniform fluid but the small domains undergo wagging and tumbling [37]. If the rheological behavior of lyotropic and thermotropic LCPs was compared [38,39], it was found, that the molecular (Doi) theory well fits diluted lyotropic LCPs, while concentrated lyotropic LCPs and thermotropic LCPs are better described by the polydomain model (Larson-Doi). The latter is favored by topological exclusion and insufficient flexibility of the macromolecules.




1.2.2. Effect of LCP Architecture


Several studies compared the rheology of the two main structural families of LCPs:



In case that thermotropic main-chain-LCPs (MC-LCPs) possess semi-flexible properties due to suitable spacers, flow aligning behavior was found to be greatly favored [27,40], even in a moderately crosslinked MC-LCP [41]. Because of this, MC-LCPs are also subjected to rather durable consequences of previous shear flow (‘thermal and shear history’), which are difficult to reset, even by isotropic melting [27,42,43].



The side-chain-LCPs (SC-LCPs) were reported to possess a much more extended linear viscoelastic region than MC-LCPs [44] and even to lack the rheological ‘region I’ [42], as well as having a tendency to persistent domain tumbling during flow [27], instead of flow alignment. In contrast to MC-LCPs, shear history effects quickly disappear in SC-LCPs (rapid ‘reset’ of initial viscoelastic properties) [27]. SC-LCPs with the rod-like mesogens attached side-on (laterally) [45] are generally similar to ‘normal’ SC-LCPs with end-on-attached LC units but they can be oriented by creep, while subsequent isotropization easily occurs via oscillatory deformation. Their rheology is controlled mainly by their backbone.



Spacer moieties in MC-LCPs influence their tendency to flow alignment by their flexibility [27,40], as well as their viscosity (odd/even effect in shorter polymethylene spacers) [46]. In SC-LCPs, a longer spacer favors stronger LC-LC interaction and eventually the formation of a smectic phase [47,48], while shorter spacers favor nematic ordering. Smectic SC-LCPs display a specific shear behavior [49].





1.3. Rheology-Related Studies on α,ω-LC-Terminated Polymers


The α,ω-LC-terminated PDMS polymers studied in this work belong to a unique structural group, distinct from SC-LCPs and MC-LCPs. In case of a not too long central chain, such compounds were called ‘LC-dimers’ in older literature. Early examples of rheological investigations on such compounds (which however contained different central chains than PDMS) are the publications [50] and [51,52]. A relatively small degree of segmental phase separation (LC/central chain) was achieved in Reference [50] and in most products in Reference [51], which reduced the ‘smart’ properties of such ‘LC-dimers’. In Reference [51], smectic ordering was achieved in one of the ‘LC-dimers’, via suitable choice of the central chain. In Reference [52], polytetrahydrofuran-28-mer α,ω-terminated with an aromatic diester (“diES2-polyTHF”), was subjected to comprehensive rheological investigation. In contrast to molecular liquid crystals or to MC-LCPs, diES2-polyTHF displayed a higher viscosity in the nematic state than in the isotropic melt, obviously due to supramolecular assembly (nano-phase-separation of LC). Large strains were found to induce solid → liquid transition in diES2-polyTHF (in contrast to MC-LCPs). After shear treatment or large oscillatory deformation, the recovery of original material properties was very slow, which was attributed to a slow build-up of nano-phase-separated domains. Flexibility and nano-phase-separation tendency of the central chain were considered to be the key factors in the smart behavior of “diES2-polyTHF” in Reference [52]. In the present work, these both parameters of an α,ω-LC-terminated copolymer were much improved, which led to very interesting rheological behavior.



1.3.1. Rheological Properties of Physically Crosslinked PDMS


One of the first viscoelastic studies on PDMS-LC copolymers (of loosely crosslinked SC-LCP) was done by Finkelmann and co-workers [53]. Some persistent shear-induced anisotropy was observed, as well as ‘liquid-crystalline elasticity’ upon isotropic → nematic transition. More related to the studied copolymers are the PDMS polymers α,ω-terminated with various physically crosslinking groups, which were mentioned further above. As these products displayed intriguing properties in many aspects, their rheology or viscoelasticity was studied only to a moderate extent, in the further-above cited works [7,8,13,18]. Similar was also the situation with rheological characterization of the less structurally related PDMS physically crosslinked by pendant groups [12,14,54,55]. All the mentioned works contain rather simple rheological characterizations like the study of the melting process by recording temperature-dependent moduli [7] or viscosity [13]. More sophisticated investigations included stress relaxation tests which characterized the re-organization of the reversible physical crosslinks and its dynamics [14,54,55], as well as deformation recovery tests [54].




1.3.2. Aim of This Work


The aim of the presented work was a comprehensive study of the complex viscoelastic and rheological properties of the α,ω-LC-terminated PDMS copolymers recently prepared by the authors, in the molten, as well as in the rubbery state and also the evaluation of structure property relationships in this context. While the rheology and viscoelasticity of typical liquid crystalline polymers was studied to a considerable depth, the presently investigated materials are novel, due to their low volume fraction of LC units. Their rheology and viscoelasticity is expected to be highly different, dominated by the interplay of nano-phase-separation effects, of the elasticity of the PDMS chains and by the thermotropic behavior of the physical crosslinks, made up of LC aggregates. The studied low-temperature-melting elastomers are interesting because of potential applications as thermo-responsive viscoelastic coupling materials, behaving as oils with greatly varying temperature-controlled viscoelasticity near room temperature and as rubbers at lower temperatures. An attractive feature of the studied products are their azo LC groups, which offer development potential for photo-sensitivity.






2. Experimental Section


2.1. Materials


In this work, the rheological properties of three α,ω-mesogen-terminated copolymers were studied, which consisted of polydimethylsiloxane (PDMS) central chains and of diaromatic azo mesogen end groups (called “BAFKU” in continuation of nomenclature from previous work). The copolymers differed in the length of the central PDMS chain and were named “H03–BAFKU2”, “H11–BAFKU2” and “H21–BAFKU2” (where “Hxx” denoted the different central chains). The synthesis and basic characterization of these materials is described in a preceding work by the authors (“Part I” of the present one) [2]. As reference compounds for some of the tests, the neat PDMS spacer components were also employed, namely “DMS H03” (Mn = 623.9 g/mol), “DMS H11” (Mn = 1196.5 g/mol) and “DMS H21” (Mn = 4764 g/mol), which were purchased as commercial products (Gelest, Inc., Morrisville, PA, USA).




2.2. Rheological Characterization of the PDMS–BAFKU2 Copolymers


2.2.1. Equipment


The advanced multi-functional rheometer of the type ARES-G2, from TA Instruments, New Castle, DE, USA—part of Waters, Milford, MA, USA, was used for characterizing the rheological properties of the prepared copolymers. Different experimental procedures were carried out on this rheometer, in order to perform the below-described investigations.




2.2.2. Sample Geometry


The samples were measured between parallel plates, the diameter of which was: 35 mm for BAFKU2-H21, 25 mm for BAFKU2-H11 and most experiments with BAFKU2-H03 and 12.6 mm for the most viscous samples of BAFKU2-H03. Pure polysiloxane components H03, H11, H21 were measured as references using the 12.6 mm plates. The thickness of the tested samples was always between 0.2 and 0.25 mm.




2.2.3. Determination of Gel Points in Multi-Frequency Oscillatory Tests


The temperature-controlled gelation behavior of the studied copolymers was evaluated using the multi-frequency temperature sweep test (method name in ARES-G2 software: “Oscillation Multiwave”): the samples were loaded as melt between parallel plates, the geometry of which is specified above and were izotropized by a 5 min dwell at 80 °C. Subsequently, two tests were run, the first one in cooling regime and a second one in heating regime. The first test started at the ‘loading temperature’ of +80 °C, where all samples were isotropic and all history effects in them erased. The final temperature of the cooling run depended on the sample: 0 °C for H03–BAFKU2, −15 °C for H11–BAFKU2 and −40 °C for H21–BAFKU2. The heating scan started at the final cooling temperature of each sample and ended at +70 °C. The rate of temperature change was 1 °C/min in both scans. The deformation regime in both scans consisted in simultaneously applied (‘multi-frequency’) deformations of following frequencies and amplitudes: 1 Hz/strain amplitude of 1%, 2 Hz/1%, 4 Hz/0.8%, 8 Hz/0.6%, 16 Hz/0.4%, 32 Hz/0.3% and 64 Hz/0.1%. The results were depicted as curves sets of temperature dependent storage shear modulus G′ = f(T), of the loss shear modulus G″ = f(T) and of the loss factor tan(δ) = f(T). The latter sets of curves were used to determine the gel points (as tan δ crossover points) according to the theory of Chambon and Winter [56].




2.2.4. Rate of Thermally Induced Physical Gelation


In order to evaluate the rate with which the physical network is formed after abrupt cooling of molten copolymer to different temperatures, oscillatory time sweep tests (method name in ARES-G2 software: “Oscillation/Time”) with a constant oscillatory frequency of 1 Hz and a constant strain amplitude of 1% have been performed. The samples were measured between parallel plates, the geometry of which is specified further above. The tested copolymer samples were rapidly cooled from +70 °C in the isotropic molten state to different final temperatures, which were positioned in the rubbery region, in the liquid-crystalline melt region and in the isotropic melt region. The “oscillatory time sweep test” recorded G′, G″ and tan(δ) as function of time, as well as the actual temperature, beginning with the start of the rapid melt cooling. In this way, eventual rapid crosslinking prior to temperature equilibration also could be observed, in addition to slower crosslinking which occurred after the temperature of the cooled melt stabilized.




2.2.5. Analysis of Mechanical Disconnection of Crosslinks: Strain Sweep Tests


The possibility to disconnect the reversible physical networks by mechanical strain was investigated using the oscillatory strain sweep test (method name in ARES-G2 software: “Oscillation Amplitude”). The samples were measured between parallel plates, the geometry of which is specified further above. At a constant deformation frequency of 1 Hz, the strain was gradually increased from 0.1% to 1000% and strain-dependent G′, G″ as well as tan(δ) were recorded. Such experiments were carried out at several constant temperatures positioned in characteristic regions of the studied samples.




2.2.6. Frequency Stiffening Tests


Eventual sample stiffening at high oscillatory deformation frequencies was studied by means of the frequency sweep test (method name in ARES-G2 software: “Oscillation Frequency”), where the oscillatory deformation frequency was gradually increased from 0.001 Hz to 100 Hz. The data were recorded in five logarithmic series of points—‘decades’, with a constant deformation amplitude in each decade, namely 50% (at 0.001 to 0.01 Hz), 20%, 10%, 5% and 1% (at 10 to 100 Hz). The samples were measured between parallel plates, the geometry of which is specified further above. Such frequency sweep tests were carried out at several constant temperatures positioned in characteristic regions of the studied samples.




2.2.7. Creep and Creep Recovery Tests


The creep and creep recovery tests were performed in order to further evaluate the strength of the physical crosslinks in the studied materials at different temperatures. In weaker-crosslinked samples, yield stress values could be obtained in these experiments. The samples were measured in the torsion regime between parallel plates, the geometry of which is specified further above. The method “Step (Transient) Creep” (method name in ARES-G2 software) was used for this purpose. The experiment consisted of several subsequent stages, each of which contained a loading step followed by an un-loading one (two subsequent “Step (Transient) Creep” modules). During the loading step, a constant stress was applied for a pre-defined time period and the deformation (strain) adjusted automatically in order to maintain the constant stress. In the subsequent un-loading step, the value of the applied constant stress was set to be zero. The measured time-dependent values of the automatically adjusted strain were the final results. The subsequent two-step stages differed in the strain values applied in their respective first step. The creep and creep recovery tests were performed at several characteristic temperatures for each studied copolymer. The standard sequence of applied stress loadings (in the first steps of each stage) was: 0.1, 1, 200, 500, 1000, 2000 and finally 10,000 Pa. In view of the properties of the studied samples, the duration of the loading and un-loading steps was set to 3 min, with 200 data points recorded during this time.




2.2.8. Stress Relaxation Tests


Stress relaxation tests (method name in ARES-G2 software: “Step (Transient) Stress Relaxation”) were used as an additional method to further evaluate the strength of the physical crosslinks and the dynamics of their splitting and reconnection. The samples were measured in the torsion regime between parallel plates, the geometry of which is specified further above. During each test, a pre-defined constant deformation (strain) was applied and the time-dependence of the resulting stress was recorded by the force detector and later evaluated as the final experiment result. The experiment was stopped after the stress value apparently reached equilibration. For each copolymer sample, a series of tests was done at several characteristic temperatures. Each of the series consisted of tests with the applied deformation (strain) values of: 0.4%, 1%, 2%, 3%, 4%, 5%, 10% and 20%. The data sampling rate was 1 point/s.




2.2.9. Simple Oscillatory Tests of Thixotropy


The destruction of physical crosslinking by high deformations, as well as its recovery upon substantial reduction of such deformations was tested in simple oscillatory time sweep tests (method name in ARES-G2 software: “Oscillation/Time”). The experiments were carried out as multi step procedures. In each step, a constant oscillatory frequency (1 Hz) and at constant oscillatory deformation was applied and the time-dependent values of storage shear modulus and of loss shear modulus were recorded. The individual steps in the procedure differed by highly contrasting values of the deformation amplitudes, which ranged between 0.1 and 5030%. The duration of each step was between 50 and 150 s.




2.2.10. Thixotropic Loop Tests


Thixotropy loop tests were performed in order to evaluate changes in viscosity caused by continuous shear flow, as well as the degree of eventual recovery vs. ‘shear damage’ in short-time term. The samples were measured between parallel plates, the geometry of which is specified further above.



Two experimental setups were used: “Flow Ramp” and “Flow Sweep” (method names in ARES-G2 software):



In the “Flow Ramp” tests, in the first step, the materials were subjected to a continuously increasing shear rate (during continuous rotatory mode) while the stress generated by the shearing was recorded. The shear-rate-dependent viscosity values were calculated from form the stress values. In the second step, the shear rate was continuously reduced down to 0 s−1. In a standard test, the range of applied shear rates was 0 to 100 s−1, followed by 100 to 0 s−1. The duration of each step was set to 10 min. In case of highly viscous or semi-solid samples, shorter “Thixotropy ramp” tests were performed, with shear rate ranges of 0 to 0.1 s−1, 0 to 1 s−1 or 0 to 10 s−1. The values of stress and of viscosity in dependence of shear rate were obtained in the result plot.



The “Flow Sweep” tests were used to perform a rapid scan of the shear rate region from 100 to 400 s−1. The experiments were performed in two steps: In the first step, the shear rate was step-wise increased, with measured points at: 100, 200, 300 and 400 s−1 and with equilibration time of 2 min per each point (while the point’s data were measured and averaged for an additional 30 s). In the second analogous step, the shear rate was step-wise decreased, to 300, 200 and 100 s−1. The values of stress and of viscosity in dependence of shear rate were obtained in the result plot.



The thixotropy loop tests were carried out at several characteristic temperatures of each copolymer, in order to characterize their semi-liquid and liquid regions.






3. Results and Discussion


3.1. Description of the Studied Copolymers


Three copolymers (structure: Scheme 1) consisting of highly flexible polydimethylsiloxane (PDMS) chains, α,ω-terminated with mesogenic units of azobenzene type (“BAFKU”), were subjected to a comprehensive rheological characterization as potential passive smart materials. The copolymers differed in the length of the central PDMS chain, namely 8.6-mer (“H03”), 16.3-mer (“H11”) and 64.4-mer (“H21”). Their synthesis and basic characterization was described in a previous work [2] by the authors. From the point of view of nomenclature, however, the most proper designation of the studied products would be “mesogen end-capped polymers”.



The combination of the highly flexible central chain with two rigid and PDMS-incompatible mesogenic BAFKU groups leads to nano-phase-separation and to physical crosslinking (see Scheme 2) via the aggregation of BAFKU end-groups (nano-crystallization). The latter effect was found to result in the formation of a distinct lamellar morphology in the copolymers [2], which also persists in the lower-temperature region of the copolymer melt, until the regular lamellae break-up above the isotropization temperature [2] (see Scheme 2). Thermotropic transitions of the liquid-crystalline (LC) end-groups assembled in the lamellae were expected to cause interesting viscoelastic and rheological behavior of the studied materials, that is, melting vs. solidification of the rubbery phase or temperature-induced changes in viscoelasticity of the melt.



In Scheme 3, Scheme 4 and Scheme 5, the previously determined [2] thermal characteristics of the studied copolymers are summarized, which will be important for the evaluation of their rheology:



The H03–BAFKU2 copolymer displays the richest phase behavior [2] (Scheme 3): In the solid state it is glassy, then, upon heating, this vitrimeric material transforms directly from glass to melt. In the liquid state, first a smectic (Sm) phase forms, followed by a nematic (N) one and finally by the isotropic (I) melt phase, in the order of increasing temperature. The lamellar structure, as shown in Scheme 2, exists in the solid (glassy) state, where the ordering of the BAFKU units in the lamellae is crystalline (Cr), as well as in the Sm and N state of the melt. The Cr → Sm and Sm → N transitions occur inside of the lamellae, while the N → I transition is connected with lamellae breakup to irregular and dynamically splitting/recombining ‘nano-droplets’ (final superstructure in Scheme 2). The H03–BAFKU2 copolymer also is characterized by the highest volume fraction of the LC units (“BAFKU”), namely 52%.



The H11–BAFKU2 copolymer somewhat differs from H03–BAFKU2 [2] (Scheme 4) but it also is characterized by the same lamellar structure (see Scheme 2). This copolymer is glassy at the lowest temperatures, thereafter it transforms into a rubbery phase, which subsequently melts to a nematic liquid (without undergoing a smectic state) and it finally transforms into an isotropic liquid, in the order of increasing temperature.



H21–BAFKU2 (Scheme 5) generally was found [2] to be very similar to H11–BAFKU2, except for the values of the characteristic temperatures. The DSC transitions were much less intense in the longest copolymer: they were partly below DSC detection threshold.



The longer copolymers are dark red viscoelastic liquids at standard room temperature (25 °C), with melting/freezing points at +10/+5 °C (H11–BAFKU2) and −12/−13 °C (H21–BAFKU2). The mesogen-rich H03–BAFKU2 is turbid (smectic) sticky and highly viscoelastic paste of orange color at 25 °C (dark red in nematic and isotropic melt) and its melting/freezing points are at +23/+11 °C.



The viscoelastic and rheological properties of the studied non-covalently crosslinked copolymers in the rubbery and in the molten state were investigated by multiple methods, while focusing on four aspects: First, the gelation behavior was studied at the transition melt/solid, as well as during thermotropic transitions in the melt. Secondly, the kinetics of thermally induced gelation to solid (or to partly crosslinked viscoelastic liquid) was characterized. Thirdly, the mechanical reversibility of the non-covalent crosslinks also was evaluated. Finally, the shear thinning (thixotropic) behavior was investigated, which also is related to the mechanical disconnection of crosslinks.




3.2. Reversible Gelation Processes Induced by Temperature Change


The thermally-induced gelation of the studied copolymers was investigated in temperature areas stretching from temperatures somewhere below their respective solid/melt transition, up to the region of isotropic melt. Temperature scans over the whole interesting range were carried out, in multi-frequency oscillatory deformation mode. The experiments were performed both in the cooling- as well as in the heating regime, in order to compare the inverse processes of crosslink formation and dissociation. As will be demonstrated further below, both the effects of thermotropic transitions in LC-nano-aggregates, as well as the wider-scale effects of nano-phase-separation (LC-lamellae fragmentation vs. growth) appear to play an important role in the gelation behavior. Generally, multiple gel-points were observed in the copolymers, up to three in case of H03–BAFKU2. As a point of gelation, the point (the temperature) of tan δ crossover was sought (point of frequency-independence of tan δ), in accordance with the theory of Chambon and Winter [56].



H03–BAFKU2: The results of the ‘multi-frequency gelation tests’ obtained for the H03–BAFKU2 copolymer are shown in Figure 1: In Figure 1a,b, the temperature-dependence of the storage shear modulus (G′: blue curves), of the loss shear modulus (G″: green curves), as well as of the complex viscosity (Eta*: black curves) is shown. Curves of each temperature-dependent magnitude were recorded at different frequencies (1, 2, 4, 8 and 16 Hz) and the order of the curves for these frequencies is denoted in the graphs. Figure 1a summarizes the results from the cooling run and Figure 1b the heating run (both at 1 °C/min). These graphs illustrate the temperature- and the frequency-dependence of the basic viscoelastic properties. Figure 1c,d and display the temperature-dependence of the loss factor (tan δ) alone, which was equally measured at the same multiple frequencies. Figure 1c shows the cooling run and Figure 1d the heating run. These latter graphs were used to find the temperature-induced gel points of the studied material.



If the basic viscoelastic characteristics of H03–BAFKU2 in the melting and in the low-temperature-melt region are evaluated (Figure 1a,b), it can be noted that this copolymer displays a 40 °C-wide region of thermally-induced transitions, where storage and loss moduli, as well as the viscosity change by many orders of magnitude, in several ‘gradual steps’. At lower- (vitrimeric solid), as well as at higher temperatures (isotropic melt), the region of dramatic changes is bordered by ‘plateau regions’, where the mentioned magnitudes undergo little to moderate temperature-induced changes. The results recorded in the heating and in the cooling regime somewhat differ: A visible temperature shift is observed (delayed build-up of moduli and viscosity in the cooling run), which only partly correlates with the rather small shift (heating/cooling) in the temperatures of thermotropic transitions of H03–BAFKU2 which were determined by DSC in Reference [2] and which are included as markers in Figure 1. Also, the curves’ shapes are somewhat different. Different dynamics of growth vs. fragmentation of nano-phase-separated lamellae might strongly contribute to the observed undercooling effect. It can be noted, that the complex viscosity is strongly frequency-dependent in the vitreous state and visibly frequency-dependent in the liquid-crystalline melt, while the frequency-dependence practically disappears in the isotropic melt.



The multi-frequency sets of tan δ = f(T) curves of H03–BAFKU2 (see Figure 1c,d) indicate an interesting gelation behavior, with up to three gel points, both in the cooling and heating scan. Close to the solid/liquid transition, where a gelation would be expected, a narrowing (with tan δ curves nearly ‘touching’ in the cooling run) or a true crossover (in the heating run) of the curves indeed is observed. This gel point precedes a distinct tan δ maximum, which occurs at a somewhat higher temperature. The mentioned two features appear to be directly connected with the Cr/Sm transition in the lamellar aggregates of BAFKU end-groups: The gel-point marks the solid/liquid transition, while the maxima in tan δ can be assigned to energy absorption by friction of smectic layers in the lamellar aggregates (see Scheme 6 and Scheme 7).



At even higher temperatures, a distinct tan δ crossover is observed in both runs. This second gel point is can be correlated with the Sm/N transition (reported in Reference [2] and marked in Figure 2), which occurs at a temperature slightly below the second gel point. The physical reason for this gelation likely is (in the cooling run) the increased spatial crosslinking, via the transition from 1-dimensionally ordered nematic lamellae to 2-dimensionally ordered smectic lamellae (see Scheme 6) and possibly also the growth of more rugged lamellar superstructure upon this transition. (An opposite process occurs in the heating run).



Finally, most likely a third gel point occurs at the temperature approaching the one of the N → I transition (reported in Reference [2] and marked in Figure 2), although the sensitivity of the experiments was not high enough to confirm definitely this third crossover. This gel point would correspond (upon cooling) to the formation of 1-dimensional crosslinking in isotropic droplet-like BAFKU nano-domains (see Scheme 6) and probably also to the growth of much more robust nematic-ordered lamellar nano-aggregates, starting from droplet-like liquid ones. (An opposite process occurs in the heating run).



H11–BAFKU2: The ‘multi-frequency gelation results’ obtained for the longer H11–BAFKU2 copolymer are shown in Figure 2 (changes in basic viscoelastic properties in Figure 2a,b; analysis of gel points—tan δ crossovers in Figure 2c,d), recorded both as cooling run (Figure 2a,c) and as heating run (Figure 2b,d). The H11–BAFKU2 copolymer displays similar trends like the shorter H03–BAFKU2 but a notable difference is the absence of a smectic phase: Upon melting of the whole material, as well as of the BAFKU lamellae, the ordering in the latter transforms from crystalline to nematic (as reported in Reference [2]). A step is observed in the basic viscoelastic magnitudes at this temperature (Figure 2a,b), as well as a tan δ crossover (Figure 2c,d). This transition, similar to the corresponding DSC peak (reported in Reference [2] and marked in Figure 2) undergoes a strong undercooling in the cooling scan. The gelation to rubber/rubber melting (also Cr/N transition) is followed by a large maximum in tan δ, which can be assigned to energy absorption in the lamellar aggregates of BAFKU: In the heating scan, the mesogenic units become more mobile and additionally the lamellae more easily undergo splitting (see Scheme 8).



A second gel point (tan δ crossover) as well as a distinct step in the storage modulus (and a flat step in viscosity and loss modulus) is observed near 45 °C, at a temperature close to the DSC peak of the N/I transition (reported in Reference [2] and marked in Figure 2). A similar N/I gel point was also observed in the copolymer H03–BAFKU2. Similarly like in the latter case, there is only a small undercooling effect, if comparing the cooling and heating run of this transition. The tan δ crossover is well-visible in the cooling scan but its precise position might be influenced by thixotropy effects resulting from changed strain amplitudes (highlighted by red markers on the Temperature axis in Figure 2; the amplitude was changed in order to compensate for strongly decreasing sample resistance, in order to keep signal quality). Such thixotropy effects are distinctly visible on several occasions in Figure 2. A distinct difference between the heating and cooling scans are the markedly lower values of tan δ in case of the cooling scan. This might be attributed to the mentioned thixotropy effects, which were different in case of cooling- and heating scan, because the cooling scans started with larger deformations.



H21–BAFKU2: The longest copolymer generally displays nearly analogous features in the multi-frequency gelation tests, like the other ‘long copolymer’, the above-discussed H11–BAFKU2, albeit with different characteristic temperatures. The results are shown in the Supplementary Information File, as Figure S1 (cooling run) and Figure S2 (heating run). H21–BAFKU2 contains only 13.5 Vol.% of the mesogen units and hence the physical crosslinking via BAFKU aggregation in the nematic melt region (or more precisely region of where the BAFKU aggregates are nematic) is less efficient and the moduli G′ and G″ are markedly lower than in case of H11–BAFKU2. The tan δ curves in the melt region are thus very noisy but nevertheless, a tan δ crossover in the region of the melting of the rubbery phase can be discerned, especially well in case of the heating run (Figure S2b). An adjacent region with tan δ maxima (similar like in H11–BAFKU2) still can be recognized, albeit with some difficulty (heating run, Figure S2c). The suspected second tan δ crossover in the region of isotropization near 30 °C (invisible by DSC but clearly indicated by PLM in Reference [2]) cannot be discerned but the associated step in the G′ = f(T) curves still can be seen, if the deformation amplitude is carefully selected (Figure S2a). Thixotropy effects are very strong in the melt of H21–BAFKU2, which is attributed to a higher lability of the BAFKU aggregates, which are more dispersed in this copolymer. These effects can be seen especially well if comparing the sets of tan δ curves obtained for two different cooling runs carried out with strongly different deformation amplitudes, as shown in Figure S1c vs. Figure S1d.




3.3. Rate of Physical Gelation upon Quenching the Melt


An interesting aspect of the temperature-induced reversible crosslinking of via nano-aggregation of BAFKU units in the studied copolymers is the kinetics of this process. This could not be directly observed in the above-discussed experiments.



The kinetics was studied via ‘quenching’ polymer melt samples from the ‘isotropic temperature’ of 70 °C down to temperatures ranging between −50 and +60 °C. During the quenching and in the subsequent time period where the temperature was constant, the moduli of the tested samples were measured via an applied oscillatory deformation of constant frequency (1 Hz) and of a constant small strain (1%). Observation of the build-up and of the subsequent equilibration of the moduli gave a picture of the kinetics. The complete sets of results for all the three copolymers are shown in the Supplementary Information File, as Figures S3 and S4.



In general it was observed, that the temperature-induced gelation was relatively fast, with equilibration times ranging between 0.5 and 5 min. In case of slower gelations, especially of H21–BAFKU2, it was possible to recognize that the gelation was a two-step process, starting with the rapid formation of small ordered aggregates of BAFKU end-groups from droplet-like isotropic liquid ones and followed by the slower growth of the aggregates to larger ones. Hence, the crosslinking process is not only connected with thermotropic (LC) transitions but also with the dynamics of nano-phase-separation. All the copolymers displayed similar trends.



H11–BAFKU2: Selected results concerning the kinetics of the gelation of the isotropic melt of this copolymer upon quenching to different lower temperatures are shown in Figure 3. (All results are shown in Figure S3). The graphs in Figure 3 contain the time-dependent course of the storage and loss moduli (G′ and G″ respectively), as well as the course of the temperature of the sample. The equilibration time is short at the lowest quenching temperatures (40 s at −50 °C) but it gradually increases (see Figure S3). At +20 °C, it already is 240 s (6 min). The time value contains also the time needed for temperature equilibration, ca. 40 s in case of the +20 °C experiment in Figure 3. For final temperatures above +20°C, a distinct induction period appears, during which the moduli do not change and which makes most of the difference between the gelation times at the different final temperatures higher than +20 °C. This induction time is significantly longer than the time needed for temperature equilibration (see Figure S3). The increasing induction time likely indicates the more difficult onset of LC lamellae growth (see Scheme 9) at higher final temperatures.



If the shape of the curves G′ = f(time) and G″ = f(time) is compared, similar courses are obtained if the ‘hot melt’ is frozen to a (rubbery) solid or only to a viscoelastic melt. In the latter case, the mentioned induction time prior to melt thickening appears as an additional feature. Also, the curves for G′ have very similar courses and are always close to the ones of G″ but in case of rubber as final state, G′ has a higher value than G″, while the opposite case is found if cooling down to viscoelastic melt only.



The H21–BAFKU2 copolymer displays fairly analogous gelation kinetics like H11–BAFKU2 (see selected results in Figure 4 and all results in Figure S4) but the gelation process of H21–BAFKU2 clearly displays a two-step character (see Figure 4, well visible above 4−0 °C). This can be assigned to a rapid formation of small ‘primary’ nano-aggregates of the BAFKU end-groups, which subsequently more slowly (second step in the curves) grow to larger, higher-functional-crosslinking ones (see Scheme 9). Induction periods prior to crosslinking are the longest in H21–BAFKU2 among the tested copolymers, as well as the times of moduli equilibration. This appears to be connected with the very long PDMS spacer segments and with the hence more difficult assembly of the domains which act as crosslinkers.



H03–BAFKU2, a vitrimer, was tested only in its viscoelastic melt region. The gelation kinetics results are shown in Figure S5. It shows analogous trends to the ones observed for H11–BAFKU2. A difference is, that in the smectic liquid region near the melting point (30 °C) of H03–BAFKU2, the physical crosslinking achieves a much higher relative modulus increase (3 orders) than the nematic crosslinking in case of H11–BAFKU2, although the absolute values of equilibrium moduli of both copolymers in the melting region are similar. At 30 °C, the sample H03–BAFKU2 additionally displays visible thixotropy during the kinetics test: moduli somewhat decrease after initial build-up, as consequence of the oscillatory shear deformation of 1% amplitude. Another specific feature of H03–BAFKU2 are the much shorter or even absent induction periods, if the isotropic melt is cooled down to temperatures higher than 30 °C. The longer times of equilibration are due exclusively to crosslinking. The absence of induction times in the ‘viscoelastic gelation’ of H03–BAFKU2 can be attributed to the dominant (over 50%) volume fraction of the BAFKU mesogen, which facilitates the start of lamellae assembly.




3.4. Mechanical Disconnection of the Physical Network


After studying the thermal reversibility of the physical crosslinking via BAFKU units nano-crystallization, their resistance against mechanical disconnection was investigated. Several experimental methods were employed to this end: Short-time stability at small and high deformations was studied in strain sweep tests carried out at different characteristic temperatures. Additionally, creep tests and stress-relaxation tests were performed, in order to evaluate the crosslink stability on a moderately long time scale. The results indicated a high strength and durability of the non-covalent crosslinks in the rubbery state, if the temperature was sufficiently far below the melt solidification temperature. While approaching this temperature, the mechanical disconnection of the crosslinks became increasingly prominent.



3.4.1. Strain Sweep Tests


The strain sweep tests were carried out in oscillatory mode, at the frequency of 1 Hz. The applied deformation amplitudes were changed from 0.1% up to 1000%. Representative results, as obtained for H11–BAFKU2 are shown in Figure 5.



All the studied copolymers display similar trends, especially close are the two longer ones, the elastomers H11–BAFKU2 and H21–BAFKU2. The vitrimer H03–BAFKU2 could be investigated only in the viscoelastic melt region, where it mostly shows analogous trends like the remaining copolymers. The collection of results for all the copolymers is shown in Figures S6–S8.



In case of H11–BAFKU2, which is shown as an exemplary system in Figure 5 (all data are in Figure S6), it can be noted, that at very low temperatures far from the melting region (e.g., −50 °C in Figure 5) the physical network in the rubbery phase is rather robust: The sample undergoes macroscopic destruction at sufficiently high strains, which manifests itself as irregularities and sudden downward steps in the graphs. The mechanical destruction can also be observed visually. This damage occurs practically without dynamic disconnection of the physical crosslinks. At somewhat higher temperatures (−30 °C in Figure 5), a smoother destruction occurs, which besides macroscopic damage likely also includes some shear thinning in the material (crosslink disconnection). At even higher temperatures (−20 °C in Figure 5) no mechanical destruction is observed any more visually, the measured curves are smooth and the samples are able to endure even high deformations. The moduli smoothly decrease at sufficiently high deformations (100% and more at −20 °C in Figure 5), due to the disconnection of the physical crosslinks. At such a high deformation, the sample becomes liquid-like as G″ exceeds G′ (G″ G′ crossover). At even higher temperatures, for example, 0 and 10 °C in Figure 5, the strain dependence of the moduli shows similar trends like before but G″ always is higher than G′, as the material already is a melt and also the ‘shear degradation’ of the moduli starts at lower strains. The curves also become flatter and the moduli smaller.



H21–BAFKU2 (see Figure S7) differed from H11–BAFKU2, only in the characteristic temperatures (really rigid crosslinks at −70 °C or lower),



The vitrimer H03–BAFKU2 (see Figure 6 and all data in Figure S8) displays some interesting differences in the early post-melt state, which is a smectic phase: At 25 °C (see Figure 6), the melt is highly viscoelastic and the storage modulus G′ even exceeds G″ at the lowest deformation amplitudes (below 1%). After a small plateau until the strain amplitude of ca. 1%, both moduli then display marked shear thinning, G′, much more so than G″. This shear thinning behavior is similar to the one observed by Yang and Chang [49] for a well-characterized smectic polisiloxane-LC copolymer, albeit the latter had a different architecture than H03–BAFKU2 (it was a side-chain LC-copolymer very rich in LC). At higher temperatures, H03–BAFKU2 displays similar trends in the viscoelastic melt like the other copolymers.




3.4.2. Creep Tests


The mechanical strength of the physical crosslinks also was studied in multi-step creep experiments, in which a constant stress was applied in each step and the resulting time-dependent strain was observed. After each loading step, a recovery step with stress automatically adjusted to zero was carried out. The copolymers displayed similar trends in their respective characteristic temperature regions. The crosslinks were found to be robust only in the low-temperature part of the rubbery region.



H11–BAFKU2: Representative results for the copolymer H11–BAFKU2 are shown in Figure 7, while the complete collections of results for all the three copolymers can be seen in Figures S9–S11. It can be seen, that in the low-temperature part of the rubbery region (−50 °C in Figure S9) nearly no creep (in view of the error margin) occurs on the time scale of 3 min at any applied stress (up to 10,000 Pa). In the warmer temperature region of the rubbery phase (−20 °C in Figure 7), distinct creep starts at 10,000 Pa and is no more fully recovered. At −5 °C, not far from the melting region, creep is observed already at the lowest loadings, although significant elastic recovery still occurs, especially at lower stress loadings. By applying 10,000 Pa at −5 °C, the sample is ‘shear-liquefied’ and an extreme deformation results: see inlay with different y-axis scale in the graph on the right side in Figure 7. This extreme deformation is plastic and does not significantly recover. At +5 °C and at higher temperatures, only plastic deformation without any recovery occurs and the strains resulting from the applied stresses become very large, as the sample becomes liquid, albeit a nematic viscoelastic one.



H21–BAFKU2: The longest copolymer which displays the lowest melting point of the rubbery phase, H21–BAFKU2, generally displays analogous trends like the shorter H11–BAFKU2 (see results in Figure S10). In the rubbery region at low applied stresses, the creep tendency of H21–BAFKU2 is smaller than in case of H11–BAFKU2 but at the highest stresses, it is the longer copolymer which creeps more. This might be the combined effect of more numerous elastically active entanglements in H21–BAFKU2 (due to longer chains) on one hand, as well as of smaller and hence less strong BAFKU aggregates (physical crosslinker). In this context, it is interesting that in the early post-melt nematic state, the sample still exhibits a considerable elastic recovery and starts to flow only if 2000 Pa or more are applied.



H03–BAFKU2: The shortest copolymer, the vitrimer H03–BAFKU2, could only be accurately rheologically investigated in the melt region. The results in Figure S11 clearly show, that from +15 °C upwards, the melting material already is fully plastic, with no significant elastic recovery.




3.4.3. Stress Relaxation


The mechanical stability of the physical crosslinks was further studied by means of stress relaxation tests, which practically evaluated ‘internal creep phenomena’: A sample, in which the crosslinks are dynamic, eventually would fully adjust to the new deformed shape via disconnection and more favorable recombination of crosslinks, behaving similarly like a viscoelastic liquid. All the copolymers displayed similar trends in their respective characteristic temperature regions, like in case of creep tests.



H21–BAFKU2: Stress relaxation results for the longest copolymer, H21–BAFKU2, are shown in Figure 8, while the results for the remaining two copolymers can be seen in Figures S12 and S13.



At low temperatures in the rubbery plateau (−50 °C in Figure 8), there is a small and fast initial relaxation, followed by practical time-independency of the measured stress (on the time scale of 10 min). The initial small relaxation might be due to the disconnection of easily reversible entanglements. At +15 °C, in the warmer temperature region of the rubbery phase, the initial fast relaxation becomes more intense, especially at higher applied strains but the measured stress seems to approach a non-zero final value (in the mid-term). At 0 °C, in the early nematic melt region, the stress relatively quickly relaxes ca. 85% of its value and subsequently stabilizes on a slowly decreasing course. The less than complete rapid stage of the relaxation seems to be connected with permanent entanglements, which are due to long H21 chains and to the stabilization of the entanglements by residual physical crosslinking (via BAFKU lamellae) in the nematic melt. At 20 °C, in the warmer region of the nematic melt, the stress relaxation is nearly immediate: the measured stress value after the applied deformation runs constantly at 0 Pa.



H11–BAFKU2: The shorter elastomer H11–BAFKU2 displays very similar trends like H21–BAFKU2 (see results in Figure S12) but the entanglements’ effect is nearly absent, so that ca. 100% of the stress relaxes in the rapid relaxation stage already at the end of the temperature region of rubber melting (at +5 °C). A new interesting (albeit small) effect in this copolymer is, that at +5 °C and at high applied initial deformation, the stress relaxation in the viscous nematic melting material overshoots the value of zero stress and reaches small negative values. This likely is caused by shear-induced ordering of the nematic lamellae and of the whole lamellar structure, which is dynamic at this temperature. A similar effect of higher strength was observed for H03–BAFKU2, which contains more of the mesogen, while the effect is absent in H21–BAFKU2.



H03–BAFKU2: The melt region of the vitrimer H03–BAFKU2 (see Figure S13) displays similar characteristics like the H11–BAFKU2 melt but the relaxation of the relatively low-molecular H03–BAFKU2 is faster: At +15 °C (zone of glass melting), the fast stage of the relaxation already is nearly quantitative. The ‘relaxation overshoot effect’ is markedly more intense in H03–BAFKU2 than in H11–BAFKU2 and it occurs even in case of small initial deformations. It is the strongest in the early smectic melt region (at 25 °C).





3.5. High-Frequency Stiffening and Self-Healing Effects


Frequency sweep tests (1 mHz to 100 Hz) were performed with the prepared copolymers, in order to evaluate high-frequency stiffening and eventual frequency-induced transitions between liquid-like and rubber-like behavior at several characteristic temperatures. With the elastomers H11–BAFKU2 and H21–BAFKU2, the tests were conducted in the rubbery and in the liquid state (see Figure 9, as well as Figures S14 and S15), whereas with the vitrimer H03–BAFKU2, this characterization was performed only in the melt range (Figure S16). The tests proved frequency stiffening in the copolymers, as well as self-healing effects at favorable temperatures, with crystalline as well as with smectic BAFKU lamellae.



An important experimental detail was the division of the frequency sweeps into decades of points for each frequency order, where different deformation amplitudes (higher strains at low frequencies) were applied in order to achieve optimal signal quality. For technical reasons, the rheometer made brief (in the range of seconds) delays between the decades. These delays made possible to observe eventual internal self-healing after endured strain-damage, as steps in the measured curves.



H11–BAFKU2: All the three copolymers display a very similar behavior in the frequency sweep tests. As an exemplary system, the results for the copolymer H11–BAFKU2 are shown in Figure 9 (selected graphs only, all results are in Figure S14). The following trends can be observed: At low temperatures deep in the rubbery region (e.g., at −60 °C, see Figure 9), G′ always prevails over G″, even at the lowest frequency of 1 mHz and the samples hence are truly rubber-like. The physical crosslinks are robust in this temperature region, so that the test at −60 °C with high applied strains results in macroscopic mechanical damage (irregular curves, similarly like in the strain sweep test of the same copolymer at −50 °C shown in Figure 5; the damage worsens during the delays). At higher temperatures in the rubbery region (−20 °C), no macroscopic destruction is observed but only shear-thinning damage to the crosslink density. During the experimental delays, the internal damage is at least partly repaired by crosslink re-combination. The self-healing is very fast, as it generates marked effects during the brief (multi-second) delays. As the rubbery phase is fully molten (see example in Figure 9: 10 °C), the shear-thinning at low frequency (combined with large deformation amplitude), as well as the self-healing effects completely disappear and the measured curves become nearly linear in the nematic melt. Already below the melting region, G″ starts to dominate over G′ but G′ increases more steeply with frequency. In the nematic melt and at higher temperatures, G′ and G″ have a parallel course.



Except in the region of mechanical damage, all three copolymers display frequency-stiffening in the solid and in the molten state, like typical linear polymers.



H21–BAFKU2: This sample displays generally nearly identical trends like H11–BAFKU2, except for a lower melting temperature (see Figure S15).



H03–BAFKU2: The shortest copolymer, H03–BAFKU2 (Figure S16), which lacks a rubbery phase, also displays similar trends like H11–BAFKU2 and H21–BAFKU2, if the viscous melt ranges are compared. An interesting feature are the shear thinning and self-healing effects, which are observed in H03–BAFKU2, although it is in the molten state: These effects are limited to the range of the smectic BAFKU aggregates, which split and self-heal similarly like the crystalline aggregates in the ‘warmer rubbery phase’ of the longer copolymers. In the nematic region of the melt, H03–BAFKU2 behaves analogically to the longer copolymers.




3.6. Thixotropy


The physical nature itself of the crosslinking in the studied copolymers suggests that thixotropy (shear-thinning) effects could be prominent in the molten state and even at the fringe of the rubbery state, if the temperature is not very distant from the respective melting point. The final part of this study hence was dedicated to the evaluation of thixotropy. The effect was evaluated in oscillatory experiments, as well as in steady flow experiments (thixotropic loop). Very strong thixotropy could be documented and also a very fast recovery of the original viscoelastic properties. The latter was nearly instantaneous in case of samples which underwent oscillatory shear and somewhat slower in samples which have endured continuous shear flow.



As first experimental indication, several of the further-above-discussed characterization methods already indicated thixotropy, for example, the multi-frequency gelation tests (Figure 1 and Figure 2, effect of switching the strain amplitude) or the kinetics of physical crosslinking upon melt quenching (Figure S3 at 10 °C: decrease of moduli after initial build-up). The mechanical crosslink disconnection observed in the strain sweep experiments (Figure 5 and Figure 6) also can be considered a thixotropic effect. The strong effect of the applied different deformation amplitudes on the measured moduli is well visible in Figures S17–S20.



3.6.1. Oscillatory Tests of Thixotropy and of Recovery of Viscoelasticity


Direct tests of thixotropy and of the recovery of viscoelastic properties are shown in Figure 10, on the example of H11–BAFKU2: The sample was subjected to an oscillatory shear deformation with the constant frequency of 1 Hz, while the deformation amplitude was multi-step-wise changed between the values of 0.1% and 5030%.



The tests were conducted at two temperatures: at +20 °C, not far above the melting point and at 45 °C, close to the point of isotropization of the nematic melt. It can be seen that at both temperatures, the storage (elasticity) modulus increases by more than two orders if going from the very high deformation amplitude of ca. 5000% to the small one of ca. 0.1%. The loss modulus displays a markedly lower sensitivity to deformation amplitude than the storage modulus.



Most importantly, it can be noted, that the thinning or the thickening of the copolymer melt occurs practically immediately upon the change of the deformation amplitude, also in case of smaller step-wise changes.




3.6.2. Thixotropic Loop Tests


The thixotropy of the studied copolymers was more profoundly investigated by standard thixotropic loop tests. In the first stage of these tests, the shear rate was continuously raised from 0 to 100 s−1 and subsequently continuously reduced again to 0 s−1. In a second stage, a fast scan was done of the higher shear rates, where several points were measured, namely at 100, 200, 300, 400, 300, 200 and 100 s−1, in this order. In case of sufficiently slow re-generation of the elastic structures in the liquids, a distinct hysteresis would be expected between the ‘shear-rate-up-curve’ and the ‘shear-rate-down-curve’. It was found that the copolymers display mutually similar trends in their respective characteristic temperature regions. The results indicate very fast recovery of flow-induced damage to crosslinking.



H11–BAFKU2: The shorter elastomer H11–BAFKU2 (see Figure 11) generates a considerable resistance, if measured in the boundary region between rubber and the liquid nematic phase at +5 °C. Only a limited shear rate range could be investigated, up to 30 s−1. A visible albeit not very large hysteresis of the curves of shear-rate-dependent stress and viscosity is observed at this experiment temperature, as well as oscillations in the ‘down-curve’ at lower shear rates. Both effects likely can be attributed to the behavior of the lamellar BAFKU nano-aggregates, which are on the boundary between the frozen crystalline state and the more dynamic nematic state. Their re-organization upon shearing is no more very fast, so that some shear damage persists on the time scale of the experiment. The oscillations can be possibly caused by the tumbling of fragments of the lamellar structure, in which the BAFKU lamellae are crystal-like and rigid. At +20 °C, in the middle of the nematic temperature region, the hysteresis area between the thixotropic curves is very slim, both in the continuous loop up to 100 s−1, as well as in the test of the high shear rates (up to 400 s−1). At a first glance, the nearly negligible hysteresis might appear as a contrast to Figure 10 further above, where at the same temperature, oscillatory shear of high amplitude generates a thixotropic drop in modulus by nearly three orders. However, in Figure 10, the modulus (and hence the stress, as well as the complex viscosity) also is shown to recover immediately (in less than 1 s) if the oscillatory amplitude is reduced. This ultra-fast recovery in fact is in good agreement with the very slim hysteresis observed in the loop experiments in Figure 11. The still observed small hysteresis means that in continuous flow, some more intense damage to the elastic structure is done, which is not fully and immediately recovered during the continuous change of the shear rate. If the shear-rate-induced decrease in viscosity is evaluated, it can be noted that most of the shear thinning occurs between 0 and 20 s−1 (largest part of it between 0 and 5 s−1).



At 80 °C, in the isotropic melt region, the hysteresis in the thixotropic loop graph completely disappears, while an initial drop of viscosity upon the onset of shearing is observed, similarly like at the lower temperatures but it occurs in a narrower range of shear rates. After that, the characteristics are Newtonian. The initial high viscosity can be attributed to ‘soft crosslinking’ by droplet-like isotropic aggregates of BAFKU end-groups



H21–BAFKU2: The longest copolymer H21–BAFKU2 (see Figure S21) displays similar trends in thixotropy loops like H11–BAFKU2. In spite of the lower melting point, its melt at 0 °C generates a considerable resistance (and elasticity), as noticed already in case of creep experiments. Standard thixotropic loop tests were possible only with small maximum shear rates, where very high viscosity and a very marked hysteresis (Figure S21, top row) were observed. Due to the low content of the physically crosslinking BAFKU units, however, this copolymer can be more easily liquefied by intense shearing, than the shorter ones. After forcefully applying a 100–400–100 s−1 loop, a dramatic shear thinning was achieved. A subsequent measurement of the continuous thixotropic loop (0–100–0 s−1) yields a wholly different thixotropic profile than in case of an intact sample (see Figure S21, last graph of top row), characterized by small viscosity (nearly two orders below original values) and a slim hysteresis. The liquefication is possible because the recovery of elastic structures is slow at 0 °C in H21–BAFKU2. At 20 °C, in the nematic region, the hysteresis of H21–BAFKU2 is very slim but discernible in the continuous loop up to 100 s−1 and well visible albeit still moderate in the loop up to 400 s−1. This stronger tendency to hysteresis might be due to the mentioned entanglements. At 80 °C, H21–BAFKU2 displays no more hysteresis, in analogy to H11–BAFKU2.



H03–BAFKU2: The shortest copolymer, H03–BAFKU2 (see results in Figure S22), displays the strongest hysteresis tendency in its thixotropic loop characteristics among the studied products. Only in the isotropic melt at 80 °C, (see Figure S22), the hysteresis is nearly absent. The nematic phase of H03–BAFKU2 (50 °C, see Figure S22) displays the most distinct hysteresis among the nematic phases of the studied copolymers, as well as irregular oscillations of the curves. The hysteresis is even wider in the smectic phase (35 °C, see Figure S22), where also the strongest oscillations of the curves are observed, if shear rates higher then ca. 2 s−1 are applied. At 25 °C in the smectic phase, only limited shear rate scans were possible, which also display a significant hysteresis. Generally, it seems that in H03–BAFKU2, except at isotropic temperatures, the splitting of lamellae, as well as tumbling of fragments of lamellar structure (somewhat similar to domain tumbling in LC polymers discussed in Reference [37]) plays a strong role in the flow behavior and in thixotropic loop tests.





3.7. Comparison of Rheological Behavior of the Studied and of Classical LC Polymers


In view of all of the above-discussed results, it is interesting to compare the mechanisms of flow in the studied copolymers and in classical liquid-crystalline polymers (LCPs). The latter were discussed in the Introduction: The model of three regions of flow [31,32], as well as the Larson-Doi polydomain model [33,34] well describe the rheology of most LCPs, which are typically very rich in mesogen units. The flow mechanism corresponding to these models is summarized in Scheme 10: At the lowest shear rates, a tumbling of small oriented LC domains occurs (region I). At higher shear rates, these domains gradually diminish and an increasing number of macromolecules join the more or less flow-aligned ‘nematic sea’, while some domains still persist (region II). Finally, in region III, all material consists of the ‘nematic sea’. Structural features of the respective LCPs influence the prominence and the properties of the rheological regions.



In contrast to the typical LCPs, the presently studied copolymers are much less mesogen-rich, they contain 52, 37 and 16 Vol.% of mesogen, respectively. Additionally, they undergo strong nano-phase separation of the highly flexible central PDMS chains from the rigid mesogenic diaromatic azo end-groups. This phase separation, which persists also in the liquid phase, appears to play a key role in the mechanical as well as in the rheological properties of the studied copolymers. Scheme 11 illustrates the main factors, which appear to play a role in the flow behavior of the presently studied copolymers: (1) the splitting and recombination of the lamellae formed as result of the phase separation, which are liquid-crystalline in the molten polymers at not overly high temperatures; (2) the thermotropic phase transitions in these lamellae, which change their stiffness and the dynamics of their splitting and re-combination; both the effects (1) and (2) seem to be responsible for the multiple gel points observed in the copolymers; (3) finally, also the entanglements of the elastic PDMS chains were found to play a certain role.



If comparing the presently studied PDMS–BAFKU2 compounds with a copolymer of similar basic architecture studied by Winter, Lin and co-workers [52], some similarities can be noted, like a higher viscosity of the nematic melt than of the isotropic, as well as the possibility of shear induced transition from solid to liquid state. Both effects in both systems are connected with the nano-phase-separation of the LC end-groups. The comparison further shows, that in the presently studied copolymers, the much-increased flexibility of the central chain, as well as a higher phase-separation tendency of the constituent segments, tremendously increase the rate of recovery of strain- or even of flow-induced damage (e.g., the above-discussed immediate recovery during oscillatory tests).





4. Conclusions


	−

	
Physically crosslinked thermo-reversible low-temperature-melting rubbers, based on linear polydimethylsiloxane (PDMS) capped in α,ω-positions with liquid-crystalline (LC) building blocks called “BAFKU”, were studied concerning their viscoelastic and rheological properties in melt, as well as in the rubbery state.




	−

	
The properties of three copolymers were compared, which differed in the length of the central PDMS chain, namely DMS H03 (8.6 dimethyl siloxane repeat units), DMS H11 (16.3-mer) and DMS H21 (64.4-mer).




	−

	
Physical crosslinking via nano-aggregation of BAFKU units in all three tested copolymers was found to be fairly efficient and very large step-wise changes of elasticity and viscosity were observed, which correlated with the thermotropic properties of the crosslinks.




	−

	
The rheological behavior of the copolymers was found to be controlled by an interplay of nano-phase separation of the LC end-groups (growth and splitting of their aggregates) and of the thermotropic transitions in these aggregates (which change their stiffness). Entanglements of the elastic PDMS chains also were found to play a role.




	−

	
In contrast to LC-rich liquid crystalline (co)polymers (LCPs), the studied copolymers display viscosity increase if going form isotropic to nematic (or further to the smectic) state, because their viscoelasticity is controlled by the larger-scale morphology, which is responsible for the physical crosslinking. The latter in turn is controlled by nano-phase separation and by the strengthening or loosening of the aggregates of LC units via thermotropic transitions.




	−

	
The copolymers display up to three gel points, if a temperature scan (in both directions) is performed in the range from rubbery state to isotropic melt. The gel points correlate with the thermotropic transitions (I/N, N/Sm and Sm/Cr in the shortest copolymer and I/N, N/Cr in the longer ones) and with the associated changes in stiffness and dynamic size of LC nano-aggregates.




	−

	
The kinetics of (physical) gelation to network is fairly fast if induced by temperature (abrupt melt cooling): between 0.5 and 3 min (typically ca. 1 min). It slows down at higher final temperatures. This kinetics is controlled by temperature-dependent nano-phase-separation dynamics.




	−

	
The physical crosslinks can be reversibly disconnected by large mechanical strain in the rubbery state and in the melt (thixotropy in the latter case). The kinetics of subsequent re-generation was found to be extremely fast: ca. 1 s in oscillatory tests.




	−

	
Thixotropic loop tests, in which the samples were subjected to continuous flow, also indicate a very fast regeneration of destroyed physical crosslinks, so that only very small hysteresis is observed in these tests, in spite of very strong shear-thinning tendency in all the copolymers in wide temperature ranges. Nevertheless, in contrast to oscillation experiments, the crosslink regeneration in continuous flow is not immediate.




	−

	
The ‘warmer’ rubbery phase of the longer copolymers can be relatively easily transformed to liquid by strong shear.




	−

	
Frequency-stiffening was observed in the rubbery state, as well as in the melt. Such a behavior is characteristic of classical elastomers and linear polymers.




	−

	
The studied low-temperature elastomers might be of interest as passive smart materials for advanced applications such as viscoelastic coupling for example, in soft robotics (transitions melt/viscoelastic melt/rubber) but also as damping materials (energy absorption via physical crosslink disconnection). Additionally, the incorporated LC building blocks of azo type open the possibility of reversible UV-light-induced switching of material properties.












Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4360/12/12/2840/s1. Figure S1: Multi-freq H21–BAFKU2 … cooling scans … diff. deform; Figure S2: Multi-freq. H21–BAFKU2 … heating scan; Figure S3: Full data set: Kinetics H11–BAFKU2: physical gelation upon cooling melt; Figure S4: Kinetics H21–BAFKU2: physical gelation upon cooling melt …; Figure S5: Kinetics H03–BAFKU2: physical gelation upon cooling melt; Figure S6: All data: Disconnection of the physical crosslinks in H11–BAFKU2 by; Figure S7: Disconnection of the physical crosslinks in H21–BAFKU2 by mechanical strain; Figure S8: Disconnection of physical crosslinks in H03–BAFKU2 melt by mechanical strain; Figure S9: Multi-step creep tests of H11–BAFKU2 all data; Figure S10: Multi-step creep tests of H21–BAFKU2; Figure S11: Multi-step creep tests of H03–BAFKU2; Figure S12: Stress relaxation tests of H11–BAFKU2; Figure S13: Stress relaxation tests of H03–BAFKU2; Figure S14: All data: Frequency-stiffening of H11–BAFKU2; Figure S15: Frequency-stiffening of H21–BAFKU2 …; Figure S16: Frequency-stiffening of H03–BAFKU2 melt observed in frequency sweep tests; Figure S17: Thixotropy effects in case of kinetics of phys. gelation of H03–BAFKU2; Figure S18: Thixotropy effects H03–BAFKU2—very low strains; Figure S19: Thixotropy effects in case of kinetics of phys. gelation of H11–BAFKU2; Figure S20: Thixotropy effects in case of kinetics of phys. gelation of H21–BAFKU2; Figure S21: Thixotropic loop tests of H21–BAFKU2; Figure S22: Thixotropic loop tests of H03–BAFKU2.





Author Contributions


Conceptualization: A.S.; Funding acquisition: B.S.; methodology: A.S., B.M.-L. and M.Š.; investigation: S.H., B.M.-L., M.K., B.S.; writing—original draft preparation: A.S. and S.H.; writing—review and editing: A.S.; visualization: S.H. and A.S.; supervision: A.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Czech Science Foundation, grant number GA19-04925S. The APC was funded by the Czech Science Foundation, grant number GA19-04925S.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jaunich, M.; Stark, W.; Wolff, D. Comparison of low temperature properties of different elastomer materials investigated by a new method for compression set measurement. Polym. Test. 2012, 31, 987–992. [Google Scholar] [CrossRef]

	



Horodecka, S.; Strachota, A.; Mossety-Leszczak, B.; Strachota, B.; Šlouf, M.; Zhigunov, A.; Vyroubalová, M.; Kaňková, D.; Netopilík, M.; Walterová, Z. Low-temperature-meltable elastomers based on linear polydimethylsiloxane chains alpha,omega-terminated with mesogenic groups as physical crosslinker: A passive smart material with potential as viscoelastic coupling. Part I: Synthesis and phase behaviour. Polymers 2020, 12, 2476. [Google Scholar] [CrossRef]

	



Strachota, A.; Kroutilová, I.; Kovářová, J.; Matějka, L. Epoxy Networks Reinforced with Polyhedral Oligomeric Silsesquioxanes (POSS). Thermomechanical Properties. Macromolecules 2004, 37, 9457–9464. [Google Scholar] [CrossRef]

	



Rodzeń, K.; Strachota, A.; Ribot, F.; Matějka, L.; Kovářová, J.; Trchová, M.; Šlouf, M. Reactivity of the tin homolog of POSS, butylstannoxane dodecamer, in oxygen-induced crosslinking reactions with an organic polymer matrix: Study of long-time behaviour. Polym. Degrad. Stab. 2015, 118, 147–166. [Google Scholar] [CrossRef]

	



Mossety-Leszczak, B.; Strachota, B.; Strachota, A.; Steinhart, M.; Šlouf, M. The orientation-enhancing effect of diphenyl aluminium phosphate nanorods in a liquid-crystalline epoxy matrix ordered by magnetic field. Eur. Polym. J. 2015, 72, 238–255. [Google Scholar] [CrossRef]

	



Strachota, A.; Whelan, P.; Kříž, J.; Brus, J.; Urbanová, M.; Šlouf, M.; Matějka, L. Formation of nanostructured epoxy networks containing polyhedral oligomeric silsesquioxane (POSS) blocks. Polymer 2007, 48, 3041–3058. [Google Scholar] [CrossRef]

	



Colombani, O.; Barioz, C.; Bouteiller, L.; Chaneac, C.; Fomperie, L.; Lortie, F.; Montes, H. Attempt toward 1D Cross-Linked Thermoplastic Elastomers: Structure and Mechanical Properties of a New System. Macromolecules 2005, 38, 1752–1759. [Google Scholar] [CrossRef]

	



Botterhuis, N.E.; van Beek, D.J.M.; van Gemert, G.M.L.; Bosman, A.W.; Sijbesma, R.P. Self-Assembly and Morphology of Polydimethylsiloxane Supramolecular Thermoplastic Elastomers. J. Polym. Sci. Part A Polym. Chem. 2008, 46, 3877–3885. [Google Scholar] [CrossRef]

	



Ślęczkowski, M.L.; Meijer, E.W.; Palmans, A.R.A. Cooperative Folding of Linear Poly(dimethyl siloxane)s via Supramolecular Interactions. Macromol. Rapid Commun. 2017, 38, 1700566. [Google Scholar] [CrossRef]

	



Rambarran, T.; Bertrand, A.; Gonzaga, F.; Boisson, F.; Bernard, J.; Fleury, E.; Ganachaud, F.; Brook, M.A. Sweet supramolecular elastomers from a,x-(b-cyclodextrin terminated) PDMS. Chem. Commun. 2016, 52, 6681–6684. [Google Scholar] [CrossRef]

	



Strachota, A.; Rodzeń, K.; Ribot, F.; Trchová, M.; Steinhart, M.; Starovoytova, L.; Pavlova, E. Behavior of Tin-Based “Super-POSS” Incorporated in Different Bonding Situations in Hybrid Epoxy Resins. Macromolecules 2014, 47, 4266–4287. [Google Scholar] [CrossRef]

	



Fawcett, A.S.; Brook, M.A. Thermoplastic Silicone Elastomers through Self-Association of Pendant Coumarin Groups. Macromolecules 2014, 47, 1656–1663. [Google Scholar] [CrossRef]

	



Lamers, B.A.G.; Graf, R.; de Waal, B.F.M.; Vantomme, G.; Palmans, A.R.A.; Meijer, E.W. Polymorphism in the Assembly of Phase-Segregated Block Molecules: Pathway Control to 1D and 2D Nanostructures. J. Am. Chem. Soc. 2019, 141, 15456–15463. [Google Scholar] [CrossRef] [PubMed]

	



Lamers, B.A.G.; Ślęczkowski, M.L.; Wouters, F.; Engels, T.A.P.; Meijer, E.W.; Palmans, A.R.A. Tuning polymer properties of non-covalent crosslinked PDMS by varying supramolecular interaction strength. Polym. Chem. 2020, 11, 2847–2854. [Google Scholar] [CrossRef]

	



Vasilev, V.G.; Pryakhina, T.A.; Shragin, D.I.; Kononevich, Y.N.; Papkov, V.S.; Muzafarov, A.M. Formation of a Physical Crosslinked Structure in Polydimethylsiloxanes Modified with Long-Chain Hydrocarbon Substituents with Polar Fragments. Polym. Sci. Ser. 2017, 59, 320–327. [Google Scholar] [CrossRef]

	



Dollase, T.; Spiess, H.W.; Gottlieb, M.; Yerushalmi-Rozen, R. Crystallization of PDMS: The effect of physical and chemical crosslinks. Europhys. Lett. 2002, 60, 390–396. [Google Scholar] [CrossRef]

	



Petr, M.; Katzman, B.; DiNatale, W.; Hammond, P.T. Synthesis of a New, Low-Tg Siloxane Thermoplastic Elastomer with a Functionalizable Backbone and Its Use as a Rapid, Room Temperature Photoactuator. Macromolecules 2013, 46, 2823–2832. [Google Scholar] [CrossRef]

	



Dodge, L.; Chen, Y.; Brook, M.A. Silicone Boronates Reversibly Crosslink Using Lewis Acid–Lewis Base Amine Complexes. Chem. Eur. J. 2014, 20, 9349–9356. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.H.; Wang, C.; Keplinger, C.; Zuo, J.L.; Jin, L.; Sun, Y.; Zheng, P.; Cao, Y.; Lissel, F.; Linder, C.; et al. A highly stretchable autonomous self-healing elastomer. Nat. Chem. 2016, 8, 618–624. [Google Scholar] [CrossRef]

	



Li, X.; Zhang, D.; Xiang, K.; Huang, G. Synthesis of polyborosiloxane and its reversible physical crosslinks. RSC Adv. 2014, 4, 1–8. [Google Scholar] [CrossRef]

	



Seetapan, N.; Fuongfuchat, A.; Sirikittikul, D.; Limparyoon, N. Unimodal and bimodal networks of physically crosslinked polyborodimethylsiloxane: Viscoelastic and equibiaxial extension behaviors. J. Polym. Res. 2013, 20, 183. [Google Scholar] [CrossRef]

	



Horodecka, S.; Strachota, A.; Mossety-Leszczak, B.; Šlouf, M.; Zhigunov, A.; Vyroubalová, M.; Kaňková, D.; Netopilík, M. Meltable copolymeric elastomers based on polydimethylsiloxane with multiplets of pendant liquid-crystalline groups as physical crosslinker: A self-healing structural material with a potential for smart applications. Eur. Polym. J. 2020, 137. [Google Scholar] [CrossRef]

	



Wissbrun, K.F. Rheology of Rod-like Polymers in the Liquid Crystalline State. J. Rheol. 1981, 25, 619–662. [Google Scholar] [CrossRef]

	



Marrucci, G. Rheology of liquid crystalline polymers. Pure Appl. Chem. 1985, 57, 1545–1552. [Google Scholar] [CrossRef]

	



Guskey, S.M.; Winter, H.H. Transient shear behavior of a thermotropic liquid crystalline polymer in the nematic state. J. Rheol. 1991, 35, 1191–1207. [Google Scholar] [CrossRef]

	



Marrucci, G.; Greco, F. Flow Behavior of Liquid Crystalline Polymers. In Advances in Chemical Physics; Prigogine, I., Rice, S.A., Eds.; John Wiley & Sons, Inc.: New York, NY, USA, 1993; Volume 86, pp. 331–404. ISBN 9780471598459; 9780470141458. [Google Scholar] [CrossRef]

	



Jamieson, A.M.; Gu, D.; Chen, F.L.; Smith, S. Viscoelastic behavior of nematic monodomains containing liquid crystal polymers. Prog. Polym. Sci. 1996, 21, 981–1033. [Google Scholar] [CrossRef]

	



Kiss, G.; Porter, R.S. Rheology of concentrated solutions of poly(γ-benzyl-glutamate). J. Polym. Sci. Polym. Symp. 1978, 65, 193–211. [Google Scholar] [CrossRef]

	



Kiss, G.; Porter, R.S. Rheology of concentrated solutions of helical polypeptides. J. Polym. Sci. Polym. Phys. Ed. 1980, 18, 361–388. [Google Scholar] [CrossRef]

	



Moldenaers, P.; Mewis, J. On the nature of viscoelasticity in polymeric liquid crystals. J. Rheol. 1993, 37, 367–380. [Google Scholar] [CrossRef]

	



Asada, T.; Muramatsu, H.; Watanabe, R.; Onogi, S. Rheooptical Studies of Racemic Poly(γ-benzyl glutamate) Liquid Crystals. Macromolecules 1980, 13, 867–871. [Google Scholar] [CrossRef]

	



Onogi, S.; Asada, T. Rheology and Rheo-Optics of Polymer Liquid Crystals. In Rheology; Astarita, G., Marrucci, G., Nicolais, L., Eds.; Springer: Boston, MA, USA, 1980; Volume 1, pp. 127–147. ISBN 978-1-4684-3742-3; 978-1-4684-3740-9. [Google Scholar] [CrossRef]

	



Doi, M. Molecular dynamics and rheological properties of concentrated solutions of rodlike polymers in isotropic and liquid crystalline phases. J. Polym. Sci. Polym. Physics Ed. 1981, 19, 229–243. [Google Scholar] [CrossRef]

	



Doi, M.; Edwards, S.F. The Theory of Polymer Dynamics; Oxford University Press: Oxford, UK, 1986; ISBN 0198519761; 9780198519768. [Google Scholar]

	



Larson, R.G.; Doi, M. Mesoscopic domain theory for textured liquid crystalline polymers. J. Rheol. 1991, 35, 539–563. [Google Scholar] [CrossRef]

	



Larson, R.G. The Structure and Rheology of Complex Fluids; Oxford University Press: New York, NY, USA, 1999; ISBN 019512197X; 978-0195121971. [Google Scholar]

	



Burghardt, W.R. Molecular orientation and rheology in sheared lyotropic liquid crystalline polymers. Macromol. Chem. Phys. 1998, 199, 471–488. [Google Scholar] [CrossRef]

	



Baek, S.G.; Magda, J.J.; Larson, R.G. Rheological differences among liquid-crystalline polymers. I. The first and second normal stress differences of PBG solutions. J. Rheol. 1993, 37, 1201–1224. [Google Scholar] [CrossRef]

	



Baek, S.G.; Magda, J.J.; Larson, R.G.; Hudson, S.D. Rheological differences among liquid-crystalline polymers. II. Disappearance of negative N1 in densely packed lyotropes and thermotropes. J. Rheol. 1994, 38, 1473–1503. [Google Scholar] [CrossRef]

	



Ugaz, V.M.; Burghardt, W.R.; Zhou, W.; Kornfield, J.A. Transient molecular orientation and rheology in flow aligning thermotropic liquid crystalline polymers. J. Rheol. 2001, 45, 1029–1063. [Google Scholar] [CrossRef]

	



Azoug, A.; Vasconcellos, V.; Dooling, J.; Saed, M.; Yakacki, C.M.; Nguyen, T.D. Viscoelasticity of the polydomain-monodomain transition in main-chain liquid crystal elastomers. Polymer 2016, 98, 165–171. [Google Scholar] [CrossRef]

	



Lee, K.M.; Han, C.D. Rheology of Nematic Side-Chain Liquid-Crystalline Polymer: Comparison with Main-Chain Liquid-Crystalline Polymer. Macromolecules 2002, 35, 6263–6273. [Google Scholar] [CrossRef]

	



Kim, S.S.; Han, C.D. Effect of Thermal History on the Rheological Behavior of a Thermotropic Liquid-Crystalline Polymer. Macromolecules 1993, 26, 3176–3186. [Google Scholar] [CrossRef]

	



Colby, R.H.; Gillmor, J.R.; Galli, G.; Laus, M.; Ober, C.K.; Hall, E. Linear viscoelasticity of side chain liquid crystal polymer. Liq. Cryst. 1993, 13, 233–245. [Google Scholar] [CrossRef]

	



Berghausen, J.; Fuchs, J.; Richtering, W. Rheology and Shear Orientation of a Nematic Liquid Crystalline Side-Group Polymer with Laterally Attached Mesogenic Units. Macromolecules 1997, 30, 7574–7581. [Google Scholar] [CrossRef]

	



Chang, S.; Han, C.D. Effect of Flexible Spacers on the Rheological Behavior of Main-Chain Thermotropic Liquid-Crystalline Polymers Having Bulky Pendent Side Groups. Macromolecules 1997, 30, 2021–2034. [Google Scholar] [CrossRef]

	



Lee, K.M.; Han, C.D. Effect of Flexible Spacer Length on the Rheology of Side-Chain Liquid-Crystalline Polymers. Macromolecules 2003, 36, 8796–8810. [Google Scholar] [CrossRef]

	



Wewerka, A.; Viertler, K.; Vlassopoulos, D.; Stelzer, F. Structure and rheology of model side-chain liquid crystalline polymers with varying mesogen length. Rheol. Acta 2001, 40, 416–425. [Google Scholar] [CrossRef]

	



Yang, I.K.; Chang, S.H. The Smectic Rheology of a Polysiloxane Side Chain Liquid Crystalline Polymer. J. Polym. Res. 2002, 9, 163–168. [Google Scholar] [CrossRef]

	



Hoshio, H.; Jin, J.I.; Lenz, R.W. Liquid crystalline behavior of polymeric glycols terminated with aromatic diester and diacid mesogenic groups. J. Appl. Polym. Sci. 1984, 29, 547–554. [Google Scholar] [CrossRef]

	



Chien, J.C.W.; Zhou, R.; Lillya, C.P. Liquid-crystalline compounds and polymers from promesogens. Macromolecules 1987, 20, 2340–2344. [Google Scholar] [CrossRef]

	



Lin, Y.G.; Zhou, R.; Chien, J.C.W.; Winter, H.H. Rheology of a Twin Liquid Crystalline Polymer. Macromolecules 1988, 21, 2014–2018. [Google Scholar] [CrossRef]

	



Oppermann, W.; Braatz, K.; Finkelmann, H.; Gleim, W.; Kock, H.J.; Rehage, G. Viscoelastic properties of silicone polymers with liquid crystalline behaviour. Rheol. Acta 1982, 21, 423–426. [Google Scholar] [CrossRef]

	



Stukenbroeker, T.; Wang, W.; Winne, J.M.; Du Prez, F.E.; Nicolaÿ, R.; Leibler, L. Polydimethylsiloxane quenchable vitrimers. Polym. Chem. 2017, 8, 6590–6593. [Google Scholar] [CrossRef]

	



Meng, Y.; Xu, W.; Newman, M.R.; Benoit, D.S.W.; Anthamatten, M. Thermoreversible Siloxane Networks: Soft Biomaterials with Widely Tunable Viscoelasticity. Adv. Funct. Mater. 2019, 29, 1903721. [Google Scholar] [CrossRef]

	



Winter, H.H.; Chambon, F. Analysis of linear viscoelasticity of a crosslinking polymer at the gel point. J. Rheol. 1986, 30, 367–382. [Google Scholar] [CrossRef]








[image: Polymers 12 02840 sch001a 550][image: Polymers 12 02840 sch001b 550] 





Scheme 1. Top: structure of the prepared copolymers with different length of the central PDMS segment: n = 6.6 (in H03–BAFKU2), n = 14.3 (in H11–BAFKU2) and n = 62.4 (in H21–BAFKU2). 
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Scheme 2. Supramolecular assembly (nano-phase-separation) of PDMS–BAFKU2 macromolecules to a physically crosslinked lamellar structure and the melting of this structure above the isotropization temperature. 
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Scheme 3. H03–BAFKU2: schematic overview of values (measured in [2]) of thermal and phase properties (DSC = differential scanning calorimetry). Characteristic temperatures observed in cooling scans are noted with blue font, in heating scans with red/brown. 
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Scheme 4. H11–BAFKU2: schematic overview of values (measured in [2]) of thermal and phase properties. Characteristic temperatures observed in cooling scans are noted with blue font, in heating scans with red/brown. 






Scheme 4. H11–BAFKU2: schematic overview of values (measured in [2]) of thermal and phase properties. Characteristic temperatures observed in cooling scans are noted with blue font, in heating scans with red/brown.



[image: Polymers 12 02840 sch004]







[image: Polymers 12 02840 sch005 550] 





Scheme 5. H21–BAFKU2: schematic overview of values (measured in [2]) of thermal and phase properties Characteristic temperatures observed in cooling scans are noted with blue font, in heating scans with red/brown. 
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Figure 1. Multi-frequency temperature ramp tests carried out in the melting and rubbery temperature regions of H03–BAFKU2: (a,b): temperature dependence of the storage shear moduli G′ of the loss moduli G″ of the complex viscosities Eta* recorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 Hz; (a): cooling scan; (b): heating scan; (c,d): detail of the sets of the tan δ curves with marked crossover (or near-crossover) points; (c): cooling scan, (d): heating scan; red markers indicate change in strain. 
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Scheme 6. Thermotropic transitions inside of the lamellar nano-aggregates of BAFKU: (a) crystalline lamellae in the rubbery state, (b) smectic lamellae in the liquid-crystalline (LC) melt, (c) nematic lamellae, (d) isotropic small droplet like aggregates in the isotropic melt. 
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Scheme 7. Possible sliding of 2-dimensional layers in smectic lamellae of BAFKU and its role in flow of the liquid-crystalline melt. 
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Figure 2. Multi-frequency temperature ramp tests carried out in the melting and rubbery temperature regions of H11–BAFKU2: (a,c): temperature dependence of the storage shear moduli G′ of the loss moduli G″ and of the complex viscosities Eta* recorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 Hz; (a): cooling scan; (b): heating scan; (c,d): detail of the sets of the tan δ curves with marked crossover (or near-crossover) points; (c): cooling scan, (d): heating scan; red dotted lines indicate change in strain. 
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Scheme 8. Possible splitting of BAFKU lamellae in two different deformation modes and its role in flow of the liquid-crystalline melt. 






Scheme 8. Possible splitting of BAFKU lamellae in two different deformation modes and its role in flow of the liquid-crystalline melt.



[image: Polymers 12 02840 sch008]







[image: Polymers 12 02840 g003 550] 





Figure 3. Exemplary kinetics of the change in storage (G′) and loss (G″) modulus (kinetics of physical gelation) upon quenching molten H11–BAFKU2 from 70 °C down to −50 °C (left), to +20 °C (center) and to +30 °C (right); the entire set of results for the different final temperatures tested is shown in Figure S3; at final temperatures above +45 °C, practically no change in moduli is observed upon quenching. 
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Scheme 9. Transition of isotropic melt to LC melt: ordering and growth of BAFKU nano-aggregates. 
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Figure 4. Exemplary kinetics of the change in storage (G′) and loss (G″) modulus (kinetics of physical gelation) upon quenching molten H21–BAFKU2 from 70 °C down to temperatures between −60 °C and +10 °C; the complete set of results for all the different final temperatures tested is shown in Figure S4; at final temperatures above +45 °C, practically no change in moduli is observed upon quenching the melt. 
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Figure 5. Disconnection of the physical crosslinks in H11–BAFKU2 by mechanical strain: strain-dependence of storage (G′) and loss (G″) modulus of H11–BAFKU2 at temperatures from −50 to +10 °C—selected results; the full results collection is shown in Figure S6. 
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Figure 6. Disconnection of the physical crosslinks in H03–BAFKU2 by mechanical strain: strain-dependence of storage (G′) and loss (G″) modulus of H11–BAFKU2 at temperatures from +25 to +40 °C—selected results; the full results collection is shown in Figure S8. 
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Figure 7. Multi-step creep tests of H11–BAFKU2 at the temperatures of −20, −5 and +5 °C; stresses ranging between 200 and 10,000 Pa were applied, followed by recovery steps (at 0 Pa); more results at different temperatures are shown in Figure S9. 
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Figure 8. Stress relaxation tests of H21–BAFKU2 at different temperatures; at each temperature, several constant strain values were applied. 
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Figure 9. Frequency-stiffening of H11–BAFKU2 observed in frequency sweep tests (1 mHz to 100 Hz) conducted at −60 to +10 °C—selected results; the full results collection is shown in Figure S14; the strain amplitude was different in each frequency decade, ranging from 50% at 1 mHz to 1% at 100 Hz; the effect of strain-induced damage to the network, as well as of its recovery between the frequency decades is clearly visible, especially in case of G’ curves at lower temperatures. 
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Figure 10. Exemplary thixotropy tests carried out on the copolymer H11–BAFKU2 at 20 °C (a) and 45 °C (b); the tests were performed after a preparatory procedure, which consisted in heating up to the isotropic state (at 80 °C), followed by cooling down to the experiment temperature and waiting 5 min for equilibration (during which no deformation occurred); the thixotropy tests were conducted as rheological time sweeps conducted in several subsequent stages differing in the value of the applied constant deformation (strain) amplitude. 
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Figure 11. Thixotropic loop tests (dependence of shear stress and of viscosity on the shear rate) for the copolymer H11–BAFKU2 at +5, 20 and 80 °C: at the left are continuous tests with shear rates rising up to 100 s−1, at the right are step-wise tests with shear rates between 100 and 400 s−1. 
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Scheme 10. Typical three-region flow behavior of liquid crystalline polymers [31,32,33,34]. 
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Scheme 11. Mechanisms of flow in the studied nano-phase-separated copolymers. 






Scheme 11. Mechanisms of flow in the studied nano-phase-separated copolymers.



[image: Polymers 12 02840 sch011]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(@ (b)

[ At gt e e T
E— [R—

[ [E— )

0o % % 40 % 60 70 00 2 % 4 % 0 70
Temperature 'C] Temperature 'C]
© @

P
H03-8AFKU gtation sponcoolng (1-Crn)

?
sy
~ snat
Dsc: osc:
cres psc: ||
i Jsmen .
o 10 2 3 40 8 60 70 0 1o 20 3% 40 5 6 70

Temperature 'C] Temperature ['C]





media/file4.png
H4C
H3C‘Si_o H3C‘3i__o |S\i
‘CH3 é3"'3 CHs
n

n = 6.6 (total: 8.6) Me2SiO units
14.3 (total: 16.3) Me2SiO units
62.4 (total: 64.4) Me2SiO units





media/file39.jpg
HI1-BAFKU, at 20°C

107

100

100

160

200 300 400 500 600
step time [s]

100 200 300 400 500 600 700 800
step tme 5]





media/file18.png





media/file21.jpg





media/file44.png
region |

region |l

region Il

A 4

y

A 4

v

domain
tumbling

dispersed
domains in

‘nematic sea’

typical macromolecule
structures

i i
1






media/file26.png
large
LC lamellae

small ‘primary’

(isotropic melt,
LC lamellae

small droplet-like
aggregates)





media/file7.jpg
HO3-BARKY, L 52.4ol.% of BAFKU mesogen

cr/sm - sm/N N/I
DSCtransitions: ~ +19.9°C  +412°C  +63.5°C
4173°C 4387°C 460.3°C

melting Smectic Nematic
region _melt | melt

-

LC melt
T
as determined from +17°C +27°C mid-stey
thermo-mechanicaltests +3'C  +17°C  mid-step:+11°C

isotropic melt

Temperature






media/file28.png
107
10°
10°
10*

G" [Pa]

- 103

Gl

102
10’

10°

to - 60°C

S

0

100

200 300 400

step time [s]

to 0°C
10° .
60
3 20
o 10° 0o <
.- | -
- -
3 L
10 \ 40
\ L _60
102 LI N B R R B R B R R S R S S B L R S LR
0 100 200 300 400 500

step time [s]

10* -

Gl’ G" [Pa]
2,

to 10°C

-60

i

-40
N A
) '

T[°C]

0
|20
40
60

100 200 300 400

step time [s]

500





media/file10.png
H11—BAFKU3 16.3 PDMS repeat units

low-T-elastomer

Cr/N

DSC transitions: +9.2°C
-11.4°C

/\

melting
region

PR b R R b b
S S
A Ao
T T

R
R
S
e
R
S
R
e
BRI,
LR
R TR
ST,
R
et
e
HERRLE,

i
S
s

&
L

A
O
5%
R
b
R
St
SR,
SRR
S

Ry
L

S
2

S

o

b
3

2
T
i
)
o
o

rubber

37.3 Vol.% of BAFKU mesogen

N/I

+47.9°C

+42.8°C

Nematic

melt

isotropic melt

e

region of melting:

as determined from -10°C  +10°C  mid-step: +10°C
+5°C  mid-step: +5°C

thermo-mechanical tests _22°C

em

perature





media/file11.jpg
H21-BAFKU, 64.4 PDMS repeatunits  13.5 Vol.% of BAFKU mesogen

[re— | g
! %
o [V —————
bSCtmmitons: rotdetces  notdetcted  31C
Sec o datected
!

isotropic melt

Temperature

‘as determined from -25°C  -7°C  mid-step:-12°C
thermo-mechanicaltests  gic 7'C midstep:-13°C





media/file6.png
XRD: lamellae of LC units
(nano-aggregates)

liquid-like nano-aggregates of LC units
(irregular and dynamic)

melt
isotropization

self-
assembly

single macromolecules

rubbery phase (stiff and durable lamellae) isotropic melt

and (no lamellar reflections in
LC-melt (with dynamic lamellae) XRD, isotropy in PLM)






media/file36.png
. H21-BAFKU, at—50°C H21-BAFKU, at-15°C 2 H21-BAFKU, at 0°C
1.6x10% | __ 16x10%- 2.5x107
] e L _ _ force detector overloaded, ' el
1.4x10° - estimated course only 4 4x10? 4 5 k102 —
© 1.2x10* N— © 1.2x10% [——0.4 % strain] — :
o, . ] T, DY Dﬂ_i ?:ﬁ% strain
b 1.0x10%4 04 % strain b 1.0x10%- 2% o 1.5x107 1 00
0 ' I 0 ——3% "
& 8.0x10° ;: S 8.0x10°{™ o %
= : — = = 2 |
P 6.0x10%- ® g ox10° 4 & 1.0x10
] |
4.0x10° 4.0x10° -
- " 5.0x10"
2 0x10° - 2.0)(103—‘
00 T T T 1 00 T T T T T T T 1 00 T T T T T 1
0 50 100 150 200 0 100 200 300 400 500 600 700 800 0 50 100 150 200 250 300
time t [s] time t [s] time t [s]
2 5x102 - H21-BAFKU, at 20°C
2.0x10?
™
L. 1 5x10%1 :1 % strain
3 2%
w
2 1.0x102-
w
5.0x10"
0.0 T T T 1
0 50 100 150 200

time t [s]





media/file15.jpg
()

(b)

(a)

Ay

W g5






nav.xhtml


  polymers-12-02840


  
    		
      polymers-12-02840
    


  




  





media/file23.jpg
Spmats

= Storage modulus 6
— Loss modulus G
— Temperature T

e





media/file24.png
G', G" [Pa]

to - 50°C

0 100 200 300
step time [s]

400

—rt-=60
500

60
40
20 5
6
|20
L 40
10? 1 ~60
100 200 300 400 500
step time [s]
=== Storage modulus G’
me== | 0ss modulus G”’
m== Temperature T

to 30°C

T[°C]

10" 4 .
3 -60
40
© L
= 20
O 10° :
..-10 ] L0
w -
--20
L 40
([ S DI NINIRNE I WL )
0 100 200 300 400 500

step time [s]





media/file29.jpg
e

excn sran 4

— storage modulus
— Lossmodulus G”






media/file1.jpg
central chain






media/file12.png
64.4 PDMS repeat units 13.5 Vol.% of BAFKU mesogen

/

Cr/N N/l < but visible by PLM:

DSC transitions: not detected not detected +31°C
-9.8°C not detected

H21-BAFKU,

low-T-elastomer

melting
region Nemat

A
R
S
e
ey
F
S
Fe
e
e
R
Eteys

b
EEys
b
EES
#;
L5
etk
e

&
%
£
R
&
£
ek
2
S
i
&
4
e
ke

2
£
Ees
e
£
s
¥
L
&%
£

&
)
b
EEys
e

S
et
Epty?
e
thy
L

i
ety
o
¥
e
iy
F

S

£

£
£

Ey
£
E
i
hitit

S

£
£
e
&

£

o
i
i

i

£
£
e
£

L)

£
5
i
&
e
i

.
o

£

B
e
e

2
E
gy

£
T
R

it
ot
o
i
i
R
++
S
i

wwwwvff
S
e
i
i
AT
S
£
£
R
e

isotropic melt

b
£

EEEES

EEy

2
i
ARSI,
e
i
£
R
L

£
£
e
e
3
S
e
EEEEE

e

i
£
£

F
£
S
e
S
£
&
o

rubber

et
S
B
R
EEEy
Bt
R
bt
s
e
£
A,
ey
LR,

v
2
ek

E

SN,

AL

T
e
o
S
o
£
£
S

+
o
i

L
i
et

FEEEE

5
B

L
SR

f
"
e
i

£

e

region of melting: Temperature
as determined from -25°C  -7°C  mid-step: -12°C
thermo-mechanical tests _28°C ~7°C  mid-step: —13°C






media/file3.png
.m
(4°]
e
o
©
"
e
c
)
(&






media/file9.jpg
H11-BAFKU, 16.3 POMS repeat units

3 - 37.3 Vol % of BAFKU mesogen
low-T-elastomer e

N

melting  Nematic
region _ melt

-

rubber isotropic melt

region of melting; Temperature
as determined from S10°C +10°C mid-step: +10°C
thermo-mechanical tests _,.c 45°C mid-step: +5°C






media/file42.png
+5°C

20°C

80°C

Stress ¢ [Pa]

Stress ¢ [Pa]

Stress o [Pa]

3.0x10° -

2.5x10° -

2.0x10° 4

1.5x10° -

1.0x10° 4

5.0x107 -

H11-BAFKU, at +5°C

-8.0x10?

-6.0x10° &’

-4.0x10?

Viscosity n [Pa

-2 .0x102

0.0

6x10? -

5x10? -

4x107 -

3x10? 4

2x102 -

1x10? -

0...

LA SHIN AN AN S S SENL SN SN SN S NN NN S SN S (RN S

10 20 30 40
Rate v [1/s]

H11-BAFKU, at 20°C

50

0.0

- 3.0x10’
.-2.5x10’
'-2.0x10’
'-1.5x10’
.-1.0x10‘

-5.0x10°

0.0

2.5x10" -
2.0x10’ -1

1.5x10" -

1.0x10‘-/

5.0x10° -

(.

20 40 60 80
Rate v [1/s]

H11-BAFKU, at 80°C

100

-4.0x10~"

-3.0x10~"

-2.0x10™"

/.1'OX10_‘

0.0

00
0

I » Ll b i

20 40 60 80
Rate ¥ [1/s]

100

Viscosity n [Pa s]

Viscosity n [Pas

Stress o [Pa]

Stress o [Pa]

6x107 -

5x10? 4

4x10? -

3x107 -

2102 -

1x10? -

H11-BAFKU, at 20°C

100

2.5x10" -

2.0x10"

1.5x10" -

1.0x10" -

5.0x10° -

200 300
Rate 7 [1/s]

H11-BAFKU, at 80°C

400

-2.0x10°
- 1.5x10°

- 1.0x10°

- 3.0x10’

-2.5x10"

Viscosity n [Pa s]

- 5.0x10°

0.0

-4.0x107"

-3.0x10°" @

-2.0x107"

Viscosity n [Pa

-1.0x10"

0.0

0.0

200 300
Rate 7 [1/s]

400





media/file38.png
=

-60°C

|

10" e
0.001 0.01 0.1 1

frequency [Hz]

100

6 _ 6_ °
199 -20°C 10°5 10°C
10° 4
105‘: —
£ £
© ©10°
O 104-E o
] 107 4
3 T T LR | LI T T ToTTTTTTn 101 ML | o LR | LR | T
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
frequency [HZz] frequency [Hz]

— Otorage modulus G’

Loss modulus G”






media/file17.jpg





media/file30.png
108 ;

1074

106_
105_
) 10*
1024
1021
10"

G" [Pa]

Gl

—350°C

10°

10°-

0.1 -

1 10
oscillation strain [%)]

G’’>G’ molten state

G', G"[Pa]

10° 4

102

0°C

100

1000

0.1

1 10 100
oscillation strain [%]

1000

108;
107
T 10° -
D‘__. E
: 5 T o
© 10° —30°C
(V) i
1045
1035
102_ T LB | T T T LIS |
0.1 1 10 100 1000
oscillation strain [%]
10% 5
ED ]
- (o]
® 10°C
10" 4
0.1 1 10 100 1000

oscillation strain [%]

108 5
107 4 —
'E' E
Q,
tn 10° 4 - 20°C
© Modulus is decreasing due to
10°4 disconnection of physical crosslinks
104 T UL | T T LI | T rTrTTTh
0.1 1 10 100 1000

oscillation strain [%]

—  Storage modulus G’
—  LOSS Modulus G”






media/file35.jpg





media/file27.jpg





media/file22.png





media/file19.jpg
&
B
©

fa)

.m.m......_..z..<_..uu..,,

]

Pr——
H1-BATKU, g mtingupon hestio (-G

o w

10°- _10°

10°. 10t

ot £

0 Ew

10 107

10' '!‘m‘

100 b Dse:

107 B4, Cr->N

o 10

ot Lo SN Y i

59 % % W W s s oo 16 20 % % 50 8

Temperature ['C] Temperature [°C]
© @

HH1-BAPKU, gelston upon coolng(Cimin)

7l

I
D5

tan(ceta) 1]

[
gy
osc:
N

I

1020 30 40 50 60
Temperature ['C]

o o 10 20 % 40 50 60

Temperature ['C]





media/file40.png
107 -

i ek b i i d
--—\_
-

H11-BAFKU, at 20°C

0.3%: 1%

I ——————
8

----a°-

5030%

0 100 200 300 400 500

step time [s]

600

H11-BAFKU, at 45°C

102
11 i [ I 1 1
101 " I 1 I .
nl 1 I I i [ 1
-E! | 1 1 | 1 1
0 i I % 1200%' 5030% 1 200% 120%
Q. 10 .\ 20!_ IENWI 1 L
= 0.06% I i I P
5 - o 1 ' 1 I
--10 . L I 1
0-2% d i ]
5 [ 1
10 ' | 1 I
| 1 i |
I 1
1072 : : o |
| 1 1 1 B
| | I i I !
10—4 I e '!l 1 1 | | 1 1

100 200 300 400 500 600 700 800
step time [s]





media/file33.jpg





media/file32.png
105_
T
o
E_., 103- 25°C
) =
102 .
smectic state

10’ . —
0.1 100 1000
oscnlaton straln [%]
10°% 10%
| S0°¢ | 40°C
T 10°- = 10%-
g g
o : %y
10%4 10"+
101 T T T 100 ' rrrrTrg ' rrrrrrg ' L ' L
0.1 100 1000 0.1 1 10 100 1000

osmllahon straln [%] oscillation strain [%]





media/file14.png
(a)

. :_
HO3-BAFKU, gelation upon cooling (1°C/min)

Cr<--Sm
10" I

Temperature [°C]

(c)
-—
HO03-BAFKU, gelation upon cooling (1°C/min)
8-
1 ——1Hz
7 1 ——2Hz
64 [—4Hz
e 8 Hz
- 54 ——16Hz
i K Jextremely
J | [noisy

i signal

DSC:
<--|

LI

L |

60 70

tan(delta)

Temperature [°C]

order of the curves:
— storage modulus G' 16 Hz
—— loss modulus G“-/z itz
—— complex viscosity Eta* - 1HZ
1'6 Hz _

(b)

HO3-BAFKU, gel melting upon heating (1°C/min)

order of the curves:|

—— storage modulusﬁ 16 Hz

—loss modulus G" B 1Hz

S 108 +—— complex viscosity Eta*'-n.%%__i'Hz
E 10° 16 Hz |
- 10° DSC:
o 10°+ >
O 102
O 10°
19°
10 20 30 40 350 60 70
Temperature [°C]
(d)
#—
HO3-BAFKU, gel melting upon heating (1°C/min)
| —— 1Hz
£ — 2 Hz
© ——4 Hz ?
8 Hz
— — 16 HZ ,q‘."! 7
: 4' ﬁ . W
S l 4] extremely
o) \ ! M noisy
z 2 V \Z# —
= i , N\ signa
: 5 i
l Cr>Sm@f™ psc: DSC:
0 4 JA AT
w ' - Sm-->N N-->|
N U | il
0 10 20 30 40 50 60 70

Temperature [°C]





media/file41.jpg
HILBAFKU, at 45°C

B
o H
Reniii
2000 L, e L L mesnsee
Low H
- I g -
E 2w muf é 0 1800 2
i ol o ww
it N
B0°C o om0 i
K -z oo
- £ Lo i
- ot fo oo
ik it
e g

Rate 1] Rate (18]





media/file2.jpg
LC-unit "BAFKU' - \ LC-unit "BAFKU"

n = 65 (total: 8.6) Me2SI0 units
143 (total: 16.3) Me2SIO units
62.4 (total: 64.4) Me2SiO units






media/file37.jpg
'y

a20¢ ")

w0

Fo
&

w0l

w0y

ey

10°c

-

— Storage modulus 6*
— Lossmodulus G”






media/file46.png
self-assembly

(nano-phase
separation)

N

i?éé Zzéé

fsplittin_g/ recombination )
of lamellae:

LC transitions in lamellae:

CraaSmaN<&= |

.

rentan_glements of elastic chains:N

o






media/file45.jpg
splitting / recombination’

setassem P
el assembly

(nano-phase
separation)






media/file16.png
(d)

(c)

(b)

o] Proner | Ers \_‘ \\\ \} Il

.

——
e
==
=y






media/file20.png
G', G" [Pa]; Eta* [Pa s]

tan(delta) [-]

(a)

i}
H11-BAFKU, gelation upon cooling (1°C/min)

107 = order of the curves:
h-.....).“ storage modulus G' 16 Hz
10° /Z
3 -l —— loss modulus G" 1 Hz
105? ‘!"‘I“ iSCOSi 1Hz
1041; . —— complex viscosity Eta* +
; 16 Hz
10° 1
10?4
101 a
1003:
10‘11;
1072
10_3‘ b BN T [ e | T T :
-10 0 10 20 30 40 50 60
Temperature [°C]
(c)
~t
H11-BAFKU, gelation upon cooling (1°C/min)
d — 1 Hz
—2 Hz
30 - L 4Hz |
8 Hz
—— 16 HZ
20 - ' extremely
- ® noisy
signal
0. 11
DSC:
N<--I
ot Al
=5

Temperature [°C]

10 0 10 20 30 40 50 60

(b)

H11-BAFKU, gel melting upon heating (1°C/min)

1 0? 3 order of the curves:
106 _ o storage mu:)dulusj‘2 16 Hz
w5 I - loss modulus G" 1Hz
g 124 f : — complex viscosity Eta® H1*Hz
;E 103_: 16 Hz
- 402 ] NS DSC:
E ::g? N s N--51|
€
o 10-11;
102 l ‘
10—t ..,,1hdﬂu

10 0 10 20 30 40 50 60
Temperature [°C]

(d)

-
H11-BAFKU, gel melting upon heating (1°C/min)

B -
g
o extremely
k. noisy
= .
£z Ml
DSC:
N-->|
° I

10 0 10 20 30 40 50 60
Temperature [°C]





media/file5.jpg
XRO: lamellag of LC units
i ke nan-agreptes of L s

e snd o]

set. meit
assembly isotopiztion

—p- 5 Tl =

single macromolecules

cubbery phase (st and durabl amelse) isotopic melt
and (o tamellrrefecions in

LC-melt (with dynamic lamellae) 'XRD, isotropy in PLM)





media/file31.jpg
2%

smectic state

A e
o T e oo
oscilaton stain %]

10 100
oy awc
102
10!
100

&.6"[Pal

10/
o1 7 o i 1600 01 1 1160 1000

oscillaion strain [%] oscillaion strain [%)





media/file25.jpg
A y
<y =

e

v\#\, - ad

58
il
X

+
I

=
- large
LClamellae
(isotropic melt, small ‘primary’
small droplet-like
aggregates )

LC lamellae





media/file0.png





media/file8.png
HO3-BAFKU, » SRR TEpERCURIES _ 52.4Vol.% of BAFKU mesogen

vitrimer s

Cr/Sm Sm/N N/I
DSC transitions: +19.9°C +41.2°C +63.5°C

+173°C 438.4'C +60.3°C

|

melting Smectic Nematic
region melt melt
S 48y

AN

W::: A
- -

. ‘ isotropic melt

e
_—

Temperature

region of melting - s
: o . o
+17°C +27°C  mid-step:+23°C

as determined from . ) . :
thermo-mechanicaltests +3°C  +17°C  mid-step:+11°C





media/file43.jpg
region il






media/file34.png
Strain y [%]

0.6 -

0.5 1

0.4 1

0.3 -

0.2 1

0.14

0.0 A

H11-BAFKU, at —20°C

—— 200 Pa
—— 0 Pa
— 500 Pa
—— 0 Pa
—— 1000 Pa
——O0Pa
—— 2000 Pa
—— 0 Pa

—— 10000 Pa
——O0Pa \fﬂ

train y [%]

1 v 1 v 1 v 1 v 1 v 1 ' 1 v 1 v 1 N 1 '
0 200 400 600 800 1000 1200 1400 1600 1800
time t [s]

1.0 -
0.9-
0.8
0.7 -
0.6-
0.5-
0.4-
0.3
0.2-
0.1
0.0

H11-BAFKU, at — 5°C

- 8000

-6000

-4000

-2000

1 ' ) ' 1 ' 1 i 1 ' 1 ' 1 N 1 ' 1 ' 1
0 200 400 600 800 1000 1200 1400 1600 1800
time t [s]

Strain vy [%]

1.2x10°
1.0x105—-
8.0x104-
6.0x104-
4.0x104-
2.0x104-

0.0 4

H11-BAFKU, at35°C

2(|)0 | 40|0
time t [s]





