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Abstract

:

Recent progress in mirror symmetry breaking and chirality amplification in isotropic liquids and liquid crystalline cubic phases of achiral molecule is reviewed and discussed with respect to its implications for the hypothesis of emergence of biological chirality. It is shown that mirror symmetry breaking takes place in fluid systems where homochiral interactions are preferred over heterochiral and a dynamic network structure leads to chirality synchronization if the enantiomerization barrier is sufficiently low, i.e., that racemization drives the development of uniform chirality. Local mirror symmetry breaking leads to conglomerate formation. Total mirror symmetry breaking requires either a proper phase transitions kinetics or minor chiral fields, leading to stochastic and deterministic homochirality, respectively, associated with an extreme chirality amplification power close to the bifurcation point. These mirror symmetry broken liquids are thermodynamically stable states and considered as possible systems in which uniform biochirality could have emerged. A model is hypothesized, which assumes the emergence of uniform chirality by chirality synchronization in dynamic “helical network fluids” followed by polymerization, fixing the chirality and leading to proto-RNA formation in a single process.
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1. Introduction-Homochirality and Life


Ever since Pasteur revealed the molecular asymmetry of organic compounds in 1848 [1], the origin of the homochirality of biologically relevant molecules has attracted considerable attention. The chirality of organic compounds is due to the tetrahedral structure of carbon with a valence of four bondings to adjacent atoms. Only if all four substituents are different, is the compound chiral and existing as two stereoisomers representing mirror images of each other, differing in their configuration, being either d or l. It is well known that in all existing organisms the carbohydrates exist in the d-form and the amino acids in the l-form (see Figure 1; there are also l-sugars and d-amino acids in biological systems, but if they are involved, they fulfill specific functions, see [2]). This homochirality is considered as a signature of life. In the 4.5 billion years (Ga) of the history of Earth, by 4.2–4.3 Ga Earth has cooled sufficiently to be covered by liquid water. Already by 3.95 Ga, the first signatures of life appear as carbon isotope signatures. In this astonishing narrow window of only about 200–300 million years (0.2–0.3 Ga), the first cells came to existence, meaning that mirror symmetry must have been broken and the genetic code developed during this, on a geological time scale, amazingly short period of abiogenesis [3]. The origin of the homochirality of the molecules of life and the mechanism of the chirogenesis remain an unsolved problem in the hypotheses of development of life [4,5,6,7]. The focus of chirogenesis was mostly on the carbohydrates and amino acids being intrinsically chiral, as described in numerous contributions and reviews [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23]; amphiphiles were also considered [24]. However, there are also biologically relevant molecules, or at least building blocks of such molecules, which are achiral, because they are built up of carbons with only three substituents, and these compounds with trigonal carbons are flat. Among them, the pyrimidine und purine bases (N-heterocycles) involved in the nucleic acids form the basis of the genetic code of RNA/DNA, which developed during abiogenesis. Helical self-assembly (for example, predominately single helices for RNA and double helices for DNA) is an important consequence of molecular chirality and simultaneously provides a source of homochirality. It does not require molecular chirality, and therefore it can also be formed under achiral conditions with achiral molecules [25,26,27,28,29,30]. Helical superstructures are not only formed as crystalline assemblies, fibers and gels [31,32,33,34,35,36,37,38], they are also common in soft matter systems and fluids, where they can occur spontaneously [25,26,39,40,41,42] or induced by an internal or external source of chirality [43,44,45]. Soft self-assembly in fluids is of special interest for chirogenesis, as life most likely developed in aqueous fluids.



Herein, the recently discovered spontaneous mirror symmetry breaking in isotropic liquids [25] and in liquid crystalline (LC) cubic phases [26] is discussed under the aspect of their relevance for the emergence of biochirality during abiogenesis. It is postulated that biochirality could have arisen by the spontaneous helical self-assembly of achiral molecules in the liquid state, and that synchronization of the helicity of self-assembled achiral heteroaromatic amphiphiles by the formation of dynamic networks could have been the source of the developing biochirality. It is hypothesized that early forms of RNA could not only have acted as the first information carrier and catalyst in abiogenesis, but could also provided the biochirality.




2. Emergence of Homochirality in Non-Biological Systems-Artificial Chirogenesis


2.1. Racemates vs. Conglomerates


Based on the fundamentals of stereochemistry, under achiral conditions, chiral molecules are always formed from achiral (prochiral) substrates as racemic mixtures of the two enantiomeric forms in 1:1 ratio [46]. In these racemic forms, there are intermolecular interactions between the like enantiomers (d/d and l/l) as well as between unlike pairs (d/l) with different energies. Two different situations can be distinguished depending on the strength of the attractive intermolecular interactions between the like (d/d and l/l) and unlike (d/l) pairs.



As shown in Figure 2a,b, the attractive interactions can be either stronger between the opposite enantiomers, leading to a thermodynamically stable racemate (R-type, Figure 2a), or, if the attractive interactions between like enantiomers are stronger, it leads to conglomerates of the two enantiomorphic pairs d/d and l/l as energy minimum states (C-type, Figure 2b). The first case is the predominating in the crystalline state, observed for 90–95% of the known crystalline compounds [47]. One of the reasons for this is that the entropy gain of mixing contributes to the free energy gain of the racemate, whereas in the case of conglomerate formation, the entropic penalty of demixing must be overcome by the enthalpy gain of the homochiral interactions.




2.2. R-Type Systems: Mirror Symmetry Breaking by Autocatalysis And Enantiomeric Cross-Inhibition in Chemical Reaction Cycles-Soai Reaction


In the case of stronger attractive interactions between unlike enantiomers, the racemate is thermodynamically more stable than the homodimers d/d or l/l, see Figure 2a. If a scalemic mixture (i.e., a mixture of the enantiomers being different from 50:50%, the racemate, and from 100:0%, the pure enantiomer) crystallizes, then the racemate is formed first and the excess enantiomer remains in the melt or solution. In this case, uniform chirality can only arise if the ratio of the enantiomers is not precisely 50:50%. However, this can even be the case for the racemates, due to the inherent statistical fluctuations. This means that there is always a tiny statistic deviation from the exact 50:50 ratio obtained in chemical reactions under achiral conditions, either with a minor excess of the d- or the l-enantiomer. The enantiomeric excess (ee) is very small and can be calculated according to ee = [d] − [l]/[d] + [l] = 0.6743 (N)−0.5, where N is the total number of molecules [9,48,49,50,51,52,53,54]. This provides the basis of the mechanism of spontaneous emergence of homochirality in chemical systems proposed in 1953 by F. C. Frank [55]. It is based on autocatalysis and inhibition by the formation of an inactive meso-form by d + l pairing (enantiomeric cross-inhibition), leaving the pure excess enantiomer acting as the autocatalyst for its own reproduction. The statistical fluctuations lead, in a stochastic way, either to one or the opposite chiral form with equal probability (bifurcation, see Figure 2c). An imbalance arises by chiral dopands or chiral forces (both summarized here as chiral fields) such as circular polarized light and chiral surfaces, which bias one sense of chirality (dotted arrows in Figure 2c) [56]. Soai et al. [57,58] found the first highly efficient asymmetric autocatalysis (non-linear chirality transfer [59]) with a strong positive non-linearity of chirality transfer (amplification of chirality), by using the reaction between pyrimidine-5-carbaldehydes with diisopropyl zinc (Figure 3) [57]. A huge number of weak sources of chirality have been tested, including cryptochiral compounds [60], isotopomers [61] enantiotopic surfaces of crystals [62] and statistical fluctuations [63,64]. An enantiomeric excess (ee) as low as 5 × 10−5% was found to be sufficient to ensure almost complete enantioselection of > 99.5% in only three autocatalytic cycles (Figure 3). Though this specific reaction is very unlikely to have played any role in the development of homochirality in nature, it is an important proof of principle. This process can produce chiral molecules in an isotropic solution by chemical reactions under achiral conditions (stochastic) or under the influence of a weak chiral field (deterministic). Usually, in the experiments, the chirality of the products is fixed by crystallization, which makes them long-term stable. However, if kept in solution racemization is likely to occur by the formation of the thermodynamically more stable racemic state and the thus obtained chirality is instable on a geological time-scale [65]. This means that the chiral fluids of R-type systems represent metastable states which must be maintained by continuous autocatalytic cycles and a continuous input of energy, as described in a number of papers [16,17,55,66,67].




2.3. C-Type Systems: Spontaneous Homochirality


2.3.1. Spontaneous Homochirality by Phase Transitions-Viedma Ripening


Cross-inhibition and autocatalysis are not required for achieving homochirality if the homochiral attractive interactions become preferential over the heterochiral (C-type systems, see Figure 2b) [68,69,70,71,72]. In this case, the homochiral state represents the spontaneously formed energy minimum state and homochirality can emerge spontaneously, leading to conglomerates during crystallization of racemic mixtures, as already shown by Pasteur’s famous work [1]. The typical outcome is a conglomerate of both coexisting enantiomeric forms, i.e., only a locally symmetry broken state is formed, but recently methods have been developed to shift this racemic mixture to only one of the enantiomeric states, thus leading to complete mirror symmetry breaking.



The most prominent example of such a process is the Viedma ripening, which allows the complete deracemization of conglomerates by grinding or thermal cycling with a coexisting solution (Figure 4b) [73,74,75]. Without going into details, this process is based on the dissolution of smaller crystals and the growth of the lager, combined by their fast racemization in the coexisting solution. In this case, enantiomerization of the minor enantiomer is essential for achieving uniform chirality. This racemization must be sufficiently fast and therefore in most cases requires catalysis for permanently chiral molecules [76]. This can also be used in chemical reactions, where a fast equilibrium between the enantiomeric products and the achiral educts leads to the crystallization of the product in 100% ee, representing a new method of absolute asymmetric synthesis [77,78,79,80]. Likewise, achiral molecules (e.g., NaClO3 [73,74]) and transiently chiral molecules with chiral low-energy conformations [42] (e.g., benzil) can crystallize with the formation of only one enantiomeric form of chiral crystals (Figure 4a,c) [81]. A fast racemization kinetics is the basis of the spontaneous mirror symmetry breaking in the case of the C-type systems (Figure 2b), whereas for the R-type systems (Figure 2a) racemization leads to the loss of chirality. Moreover, in all these cases, the mirror symmetry broken state once developed is trapped by crystallization in a 3D lattice which provides a denser packing and freezes the dynamics. This, together with the high degree of cooperativity of the non-covalent interactions between the molecules in the crystalline 3D lattice enhances the enantiomerization energy barrier. Therefore, even for fast racemizing chiral molecular conformers, the chirality sense becomes synchronized and fixed in the crystalline state (Figure 4c). However, in dilute solutions, the interactions with the achiral solvent molecules become the dominant intermolecular interaction (solvatation) and the attractive interactions between like enantiomers cannot stabilize the system. Therefore, in solution, the unfavorable entropy of the homochiral system leads to racemization in timescales depending on the activation energy of racemization. The situation is different for polymers, where the chiral units are covalently fixed to one other and stabilize each other, and therefore the favorable like interactions are also retained in solution, as long as the polymer is not hydrolyzed [82].




2.3.2. Spontaneous Mirror Symmetry Breaking in Liquids


The above-mentioned stabilizing effects of the crystalline state are absent in the melted isotropic liquid state. However, for C-type liquids, the spontaneous bifurcation into two liquids with opposite optical activity was identified by computer simulations [65,68]. It was shown that it takes place if (i) the enthalpic gain of deracemization exceeds the entropic penalty of demixing of the enantiomers by ∆H = 2kBT (Figure 5), and (ii) if there is a fast enantiomerization kinetics. Both together lead to a synchronization of the chirality sense. The resulting enantiomeric liquids are scalemic and increase in enantiomeric purity with further rising ∆H.



As the stronger attractive interaction between the like enantiomers is likely to lead to a closer packing, the conglomerate formation takes place by a decrease in volume, and therefore it was recently proposed that spontaneous resolution in such liquids could be triggered under sufficiently high pressure [83,84]. Nevertheless, attempts to achieve spontaneous separation of enantiomers in the liquid state have failed [85,86] until, in 2014, we discovered the first experimental observation of spontaneous mirror symmetry breaking in the liquid state of transiently chiral molecules (compound 3 in Figure 6), even without any applied pressure [25]. In the meantime, this phenomenon was observed in several other classes of compounds, shown in Figure 6 [40,42,87,88,89,90]. In the following sections, the possible reasons for this observation and the potential impact of this finding for the emergence of uniform biochirality will be discussed.






3. From Crystals via Liquid Crystals to Liquids


Liquid crystals (LCs) represent intermediate states between ordinary liquids and the crystalline state combining order and mobility; the order can be either orientational or positional or a combination of both [91,92,93]. This leads to a huge variety of LC states, a small selection of the most important phase structures, those of relevance for the discussion herein, are collated in Figure 7a–f. The simplest LC phase is the nematic phase (Figure 7a), which has only orientational order and makes the physical properties of the liquid direction-dependent [94]. Emerging positional order can occur in one, two or all three spatial dimensions, leading to lamellar (smectic), columnar and bicontinuous cubic (Cubbi) phases, respectively (Figure 7b–f). The most complex LC phases are the Cubbi phases, which develop at the transition between lamellar (1D) and columnar (2D) self-assembly [95,96,97,98,99,100,101,102]. These Cubbi phases with a 3D lattice represent networks of branched columns. Due to the intrinsic combination of mobility and order, all three modes of LC self-assembly are of relevance for biosystems [103,104,105,106,107,108,109]. The lamellar structures are the basis of all cell membranes [110,111]: columnar phases allow the dense packing of DNA in the nucleus [112,113,114,115] and cubic phases are involved in cell fusion and cell fission processes [95,102]. The positional order is mainly a consequence of the segregation of incompatible molecular building blocks into separate nano-spaces (microsegregation or nanosegregation [93,97,116]), i.e., these compounds represent amphiphiles, which are composed of two chemically connected incompatible parts (Figure 7g) [97]. However, the amphiphilicity is not restricted to the well-known polar/lipophilic amphiphilicity, as commonly known for lipids and their aqueous systems (Figure 7h); it can arise from any incompatibility of intermolecular interactions, and the second most common is the incompatibility between rigid polyaromatic and flexible aliphatic building blocks [93,97,117]. In all cases, this segregation creates interfaces which determine the morphology of the aggregates and the dimensionality of long-range positional order on an nm-scale (Figure 7b–f). The remarkable feature of all LCs, which distinguishes them from the solid-state crystals, is the absence of any fixed position of the individual molecules, which is identified by the typical diffuse scattering around 4.5 nm observed in their X-ray diffraction patterns. This means that despite the presence of long-range order, the individual molecules are still mobile and thus can be considered as ordered fluids. However, due to the order, the molecules are not completely independent, but more or less fixed in lamellar or columnar aggregates or even in networks (Cubbi phases), and this provides a confinement for the molecules and cooperativity of the intermolecular interactions in one, two or even three directions [42,117,118]. Consequently, mirror symmetry breaking is supported and stabilized in the LC state compared to the isotropic liquid state, and there are numerous recent reports of spontaneous mirror symmetry breaking in LCs. These have been summarized and discussed in previous reviews [40,41,42,119].



We focus here only on those observed in the Cubbi phases, which are of relevance for the following discussions [95,96]. Bicontinuous means that there is a continuum and additional continuous networks, independent of the actual number of these networks. The networks are distinct by the valence of their junctions (mostly three, but also four and six [96]) and the number of networks per unit cell (in most cases two [96,120], but in some cases also one [121,122] or three [123]). Figure 7d–f shows the case of networks with three-way junctions which are the most common, namely the single gyroid, the double gyroid and the more complex I23 phase. To date, only the double network (the gyroid,    I a 3   d) and the triple network (I23) [123] are known for liquid crystalline Cubbi phases with three way junctions (Figure 7d,f). The continuum is, in most cases, either formed by a solvent (in most cases water) in the so-called lyotropic systems, or by flexible chains, in most cases alkyl chains, in the solvent-free thermotropic systems. The fluidity of solvents or chains contributes significantly to the mobility and to the segregation of networks and continuum. However, in the networks the organization is liquid-like, not crystal-like, i.e., liquid crystalline Cubbi phases are dynamic and therefore very different from the networks in gels which are crystallized [29,31,32].



These Cubbi phases are special among the LC phases for several reasons. Firstly, due to the cubic symmetry, they are isotropic like ordinary liquids. Due the optical isotropy, they do not show any linear birefringence, and hence, optical activity and mirror symmetry breaking can be easily be detected by the rotation of the plane of linear polarized light. Under a polarizing microscope, which can be considered as a polarimeter with spatial resolution, a chiral conglomerate appears as a pattern of dark and bright domains for the areas with opposite chirality after a slight rotation of one polarizer out of the 90° crossed orientation by 1°–10° in a clockwise or anticlockwise direction. The brightness is inverted by inverting the twist direction of the polarizers (see Figure 8e,f) [26]. Secondly, Cubbi phases represent supramolecular network structures in a continuum, and networks are responsible for the development of complexity and emergence of new properties [124]. In the case discussed here, the self-assembled molecular 3D network structure leads to the emergence of mirror symmetry breaking due to the improved pre-organization of the involved molecules and the thus increasing intermolecular interactions and arising cooperativity [116,118]. The network structure leads to a transmission of chirality in all three spatial directions. Moreover, the inherent mobility allows a fast enantiomerization kinetics, which is required for mirror symmetry breaking in fluids.




4. Mirror Symmetry Breaking in Cubic Network Phases


4.1. Racemic    I a 3   d Phases and Chiral Conglomerate Type I23 Phases


Though there are numerous different materials capable of forming thermotropic or lyotropic Cubbi phases [92,93,99,100], the focus is here on the thermotropic Cubbi phases formed by compounds having flexible chains at one or both ends of a rod-like polyaromatic core (see Figure 6). In the Cubbi phases of these so-called polycatenar molecules [125,126,127], the rods are organized in networks and the terminal chains form the continuum between them [26,42]. Within the networks, the rods tend to be organized, on average, parallel to each other and perpendicular to the networks (Figure 8d,g). However, due to the larger space required by the end-chains compared to the rods, they cannot align perfectly parallel, but assume a helical twist (Figure 8c), which is transmitted by the junctions throughout the networks. In this way, dynamic supramolecular helix networks develop, with the helix sense being synchronized along the networks (Figure 8d,g) [26,42].



Depending on the number of networks, the symmetry of the cubic lattice is different. The    I a 3   d lattice is formed by two enantiomorphic helical networks with three-way junctions being twisted to each other by 70.5° (Figure 7e and Figure 8d) [26]. This means that the networks themselves are homochiral and two networks with opposite handedness are combined in the    I a 3   d lattice, thus becoming overall achiral, despite the presence of a helical superstructure in the networks. The second type of cubic phases observed for this kind of compounds has the space group    I m 3   m, which is achiral and formed by three networks (Figure 8g) [26,123]. In this case, the network chirality cannot compensate and there is a synchronization of the helicity in all three network, leading to the chiral space group I23. All Cubbi/I23 type phases investigated to date show spontaneous mirror symmetry breaking under all conditions, though they are formed by achiral molecules [26,40,42,87,88,89,90,128,129,130,131,132,133]. The chirality is detected as described above by investigation under the polarizing microscope by the formation of a conglomerate composed of dark and bright domains due to the rotation of the polarization plane of the light into opposite directions (Figure 8e,f) [26,40,42]. The high optical rotation is about 1–2°/10 μm (corresponding to about 10,000–20,000°/dm), mainly due to the exciton coupling between the twisted π-conjugated rods [134,135]. In contrast, the achiral    I a 3   d phase remains uniformly dark after rotating one of the polarizers in either direction, confirming that it is optically inactive (Figure 8a,b). This shows that the network formation in the LC Cubbi phases, transmitting chirality and disfavouring helix reversals [136], is a powerful tool for achieving mirror symmetry breaking under thermodynamic equilibrium conditions and for the long-term stabilization of the chirality synchronized helices in the LC network phases with cubic [26,88,89,128,129,130,131,132,133] or non-cubic symmetry [137,138]. It is noted that the first report on mirror symmetry breaking in cubic phases came from Kishikawa et al. though the structure of the cubic phase and the origin of chirality remained unclear at that time [139]. Overall, the    I a 3   d phase can be considered as an R-type and the I23 phase as a C-type Cubbi system. Only in C-type systems can mirror symmetry breaking be expected to be achieved by transiently chiral molecules or aggregates in fluid systems under thermodynamic control (Figure 2a,b). Such C-type I23 triple network structures have, to date, only been observed for systems involving sufficiently long rigid polyaromatic units [26], whereas flexible amphiphiles of any kind prefer the organization in the R-type double gyroid (   I a 3   d) cubic phases [93,96,99,100,101].




4.2. Conglomerate Formation vs. Complete Mirror Symmetry Breaking in Cubic Pases


As shown in Figure 2c mirror symmetry breaking leads to a bifurcation with stochastic outcome, i.e., either one or the other enantiomer becomes dominating, depending on the statistical fluctuations in the considered system. For fast isomerizing systems, these fluctuations modulate locally in space and with time [48,52,56]. Therefore, as shown in Figure 8e,f, conglomerates of chiral domains with opposite handedness are usually observed, not a uniform chirality of the complete sample. Thus, mirror symmetry breaking is usually only local and takes place under compartmentalization of the sample, where the size of the chiral domains depends on many parameters. Strictly speaking, this is only a local mirror symmetry breaking which, on a larger macroscopic scale, still retains a non-symmetry broken overall racemic state.



Symmetry breaking becomes complete, i.e., only one sense of chirality can be observed in the considered system, if the seed formation at the Iso-I23 transition is slow and the following growth of the uniform domains is sufficiently fast that only one seed determines the chirality sense of the complete sample. However, whether mirror symmetry breaking is considered as complete or only local depends on the size of the actually investigated system. In the case of the Cubbi phases, the investigations are usually carried out with 10–50-μm-thick films between two glass substrates and, in this case, the size of the uniformly chiral areas can easily become as large as one to few square millimeters. However, on a larger length scale, conglomerate formation is still observed as soon as more than only one initial seed is formed, and its chirality sense is determined by the local fluctuations (stochastic symmetry breaking). However, the development of uniform chirality is easily triggered by tiny internal or external chiral fields (Figure 2c) [25]. Tiny sources of chirality by (often not detectable) traces of chiral impurities or chiral physical forces can thus lead to only one or the other enantiomer in the whole investigated system, leading to complete deterministic mirror symmetry breaking.



The parity violation is a potential universally acting chiral field, but its effect on mirror symmetry breaking has not yet been unambiguously confirmed experimentally [140] and is considered as unlikely [141]. This effect is much smaller than kBT and therefore has no measurable influence, at least in non-polymeric systems. Overall, chiral conglomerate formation is considered as an indication of the capability of the considered system of spontaneous mirror symmetry breaking in a finite system.





5. Experimental Demonstration of Mirror Symmetry Breaking in Isotropic Liquids


5.1. Local Mirror Symmetry Breaking by Conglomerate Formation


The first experimental proof of a spontaneous mirror symmetry breaking in the liquid state, occurring even in the absence of any applied pressure and at temperatures compatible with the conditions of abiogenesis, was observed for liquid phases occurring in the vicinity of the Cubbi phases of polycatenar molecules, like compounds 3 [25]. The molecules forming these mirror symmetry broken liquids are achiral (Figure 6), but can assume energy minimum chiral conformations which are in a rapid equilibrium (transiently chiral molecules, Figure 9a,b) [42].



As shown in Figure 9c–f, the optically isotropic liquid phase (Iso) spontaneously becomes mirror symmetry broken at a phase transition by the formation of a conglomerate of liquid domains with opposite signs of optical rotation (Iso[*] phase). This process is completely reversible without any visible supercooling effect, even at high heating/cooling rates. The spinodal decomposition confirms the first-order nature of the phase transition. At this phase transition, there is no visible change in the viscosity, i.e., the Iso[*] phase is also a true liquid which flows under gravity, as shown in a video attached as supporting information to [25].



The liquid state is additionally confirmed by X-ray scattering (XRD). The XRD patterns show only a diffuse scattering in the small- as well as in the wide-angle range, excluding the formation of a cubic phase [25]. The shape of the diffuse small-angle scattering changes continuously and becomes continuously narrower across the Iso-Iso[*] transitions, but without any visible discontinuity [25]. This supports the liquid state of the material and indicates a spontaneous separation process, leading to a macroscopic conglomerate of two chemical identical, but immiscible liquids differing only in the direction of the rotation of the plane of polarized light [25]. In this case, spontaneous mirror symmetry breaking takes place under thermodynamic equilibrium conditions, leading to a conglomerate of two chiral liquids which is stable, even at temperatures as high as >200 °C. This demonstrates for the first time that in dynamic systems chirality can develop spontaneously from achiral molecules under thermodynamic control [25]. In the meantime, this was found for a number of different polycatenars molecules (Figure 6) [25,88,89,130], hydrogen-bonded aggregates 5 and even for simple heterocyclic compounds with relationships with nucleobases (see Section 6 below). Even photoisomerizable compounds were found, for which the chirality can be switched on and off by non-polarized visible light (compounds 4, 5 in Figure 6) [88,89,90].




5.2. Total Mirror Symmetry Breaking in Isotropic Liquids


Typically, the formation of the chiral Iso[*] phase takes place by a spinodal demixing at the Iso-Iso[*] transition where, due to local fluctuations, small left- and right-handed domains spontaneously emerge in 1:1 ratio (Figure 10a). The domains rapidly grow and fuse with the formation of larger domains with uniform chirality as a result of the reduction in the interfacial areas between the oppositely chiral domains and the minimization of the curvature of these interfaces (see Figure 10b).



Toxvaerd proposed that these chiral liquids show an intrinsic tendency to destabilize the racemic state and only one homochiral state will appear when one of the chiral domains encapsulates the other [19,68]. The argument is that the enantiomerization takes place at the interface, whereas the chirality synchronization inside the chiral domains slows down the kinetics, which enhances the segregation of the enantiomers, i.e., the molecules at the surface are activated. In a droplet of an l-rich domain in the d-rich continuum, the activated molecules at the interfaces have a larger probability to assume the chirality sense of the molecules on the convex side of the droplet (outer side towards the continuum), which experience an excess of d-enantiomer and the droplet will shrink and finally disappear [19]. However, this could not be confirmed experimentally. In our case, the opposite was found: the droplets grow with time (Figure 10a,b,d–f) and then fuse to larger domains. This takes place in the d-rich and l-rich regions, and the growth process slows down with growing domain size and decreasing curvature of the inter-domain interfaces (Figure 10e,f). After a certain domain size is reached, no further changes can be observed. This means that the system apparently tends to retain the overall racemic conglomerate state (at least in laboratory timescales) as long as there is no imbalance right from the beginning due to any kind of a biasing chiral field. However, this cannot be stated with certainty, due to the dramatic slowdown of the agglomeration process as the interfacial curvature between the domains decreases. Hochberg and Zorzano have simulated the effect of spatio-temporal fluctuations on the Frank chiral amplification model and obtained two solutions, one leading to uniform chirality and absolute symmetry breaking (Figure 11a) and a second one leading to a racemic state with a linear phase boundary (Figure 11b) [52]. The latter was found to occur in two dimensional systems. Therefore, it must be considered that the experimentally investigated system is a relatively thin film (10–50 μm) between two substrates and, in this case, it could behave like a two dimensional system which stacks in the racemic case, whereas in true 3D systems, homochirality might be the final outcome. It is noted here that, once a homochiral liquid has been formed (either under a chiral field or spontaneously after transition from a homochiral Cubbi phase, see below), this liquid is stable and no racemization could be observed.




5.3. Effects of Dilution on Mirror Symmetry Breaking in Isotropic Liquids


It is also worth noting that these liquid conglomerates tolerate the addition of achiral molecules, such as, for example, n-alkanes, which can even expand the Iso[*] phase temperature range [25]. As shown in Figure 12, up to 50 mol% of a long-chain n-alkane (C32H66) is tolerated. This is important with respect to the discussion of the possible impact of chirality synchronization in the isotropic liquid state on the emergence of homogeneous chirality in aqueous prebiotic fluids.




5.4. Chirality Amplification in Isotropic Liquids


Under strictly achiral conditions, the area ratio of the domains is 1:1 in the liquid conglomerates, but chiral dopands with a concentration as low as only 10−8 mol% can shift the ratio of the domains to a clearly visible imbalance, whereas 10−3 mol% is sufficient to produce homochirality [25]. Thus, these conglomerates have a huge chirality amplification power, comparable with those observed for the Soai reaction, and weak chiral influences can easily lead to homochirality. The effect of chiral dopands is the most efficient if it is present at the phase transition temperature (Iso-Iso[*] or Iso-I23), i.e., close to the bifurcation point (Figure 2c); below this transition, the effects become much smaller.




5.5. Total Mirror Symmetry Breaking in the Cubbi/I23 Phase


Complete mirror symmetry breaking (homochirality) in the absence of any chiral field can be achieved by a phase transition from the chiral Iso[*] phase to a chiral cubic I23 phase if the formation of the seeds of this cubic phase is a slow process and the transition Iso[*]-Cubbi/I23 is significantly faster, as shown in Figure 13a–d. In the ideal case, a single seed, which develops either in a (+)- or (−)-liquid domain, leads to uniform chirality in the whole sample, thus leading to complete mirror symmetry breaking. Although the growth of the I23 phase is faster in the regions with the same chirality, it moves the domain boundaries into the areas with opposite chirality and thus leads to an inversion of the chirality in these regions (see Figure 13a→b→c), finally providing uniform chirality (Figure 13d). Although this growth is slower, because it requires helix inversion at the moving interfaces, the whole process shown in Figure 13a–d takes place within less than 10 s. Occasionally homochirality can also be found at the transition from the achiral isotropic liquid to the I23 phase on cooling, which is, however, difficult to detect, because in the absence of the conglomerate texture, no significant optical change is visible at the phase transition.




5.6. Cubbi/I23 Phase-Assisted Total Mirror Symmetry Breaking in Isotropic Liquids


In some cases, it was observed that the formed Iso[*] phase occurring beside the chiral cubic I23 phase is spontaneously shifted to one chirality, even in the absence of any chiral field (Figure 10c). This observation results from two different effects. First, the formation of the chiral cubic I23 phase may tend easily towards an imbalance of left- and right-handed domains, in most cases only slightly, but sometimes almost completely, as shown in Figure 13d, which creates a chiral field for the developing Iso[*] phase. The other effect is the storage of the chiral information in the liquid state. It appears that the chiral information once gained in the I23 phase is stored either in clusters of networks persisting in the isotropic liquid phase range close to the Iso[*]-Iso phase transition temperature, or in thin films at the surfaces. This range of the achiral isotropic liquid phase with a local network structure is designated here as Iso1. The chiral memory is completely lost within few minutes in the achiral Iso phase at >20 K above the phase transition and in this case upon cooling the racemic conglomerate composed of equal areas of the chiral domains is formed again. As the temperature difference to the Iso[*]-Iso1 phase transition is reduced, the time required for complete loss of chiral memory increases. Even in a certain temperature range of the achiral isotropic liquid phase close to the Iso[*]-Iso1 transition, the chirality is memorized, so that, on cooling back to Iso[*], either a uniformly chiral Iso[*] phase is formed again or an equal or non-equal distribution of left and right domains is found. The outcome depends on the temperature difference to the Iso[*]-Iso1 phase transition temperature and on the time; it is kept at that temperature in the achiral Iso1-phase. In this way, the interaction of the spontaneous formed chiral cubic phase with a ratio of left- and right-handed domains unequal the racemic 1:1 state, and memorizing this chiral information in the liquid state, generates a chiral field which easily leads to symmetry breaking over larger areas, or maybe total mirror symmetry breaking if the cycle Cubbi/I23-Iso1-Iso[*] is repeated.




5.7. Complete Mirror Symmetry Breaking in Isotropic Liquds Due to Compartmentalization


Another interesting observation made in the Iso[*] phases is that impurities accumulate at the racemic interfaces between the chiral domains with opposite chirality, as shown in Figure 14; in this case as a result of thermal decomposition in the Iso[*] phase at high temperatures. In the example shown in Figure 14a, the “membranes” enclosing the domains with opposite chirality are stable and the content retains uniform chirality in the liquid state. However, the “membranes” are not sufficiently stable to resist the chirality synchronization taking place across these boundaries at the phase transition to the cubic I23 phase. Therefore, the boundaries between the chiral domains are shifted, whereas the position of the walls between the compartments does not change (most probably due to their pinning to the surfaces), and thus the formed “membranes” become visible as thin lines in the Cubbi/I23 phase (arrow in Figure 14b,c). This could be considered as another alternative way for the transition from local to total mirror symmetry breaking in the Iso[*] phase, in this case by isolating the domains with opposite chirality from each other, i.e., by reducing the length scale of the considered system, simply by enclosing and separating the different domains. It could be expected that the addition of properly chosen molecules, which are incompatible with the material forming the bulk Iso[*] phase, can lead to more stable membranes, making the compartments more resistant to external influences. This provides an interesting mode of symmetry breaking, combining local symmetry breaking with compartmentalization in a single unified process. This could be a possible mechanism of the development of uniform chirality in abiogenesis, as discussed further below.




5.8. Impact of Network Formation on Mirror Symmetry Breaking in Isotropic Liquids


What is the origin of chirality in these liquids? These liquids occur, in most cases adjacent to one of the Cubbi phases with helical network structure, either the achiral    I a 3   d or the mirror symmetry broken I23 phase. Therefore, it is likely that in the liquid state fragments of these, Cubbi phases are also retained as local clusters, leading to a liquid polyamorphism [142,143]. As shown in Figure 15 for the example of the benzil derivative 10 (Figure 6, n = 12) with the Iso[*] phase occurring besides a    I a 3   d phase, the development of this cubic phase takes place from the isotropic liquid state by a series of phase transitions. These are indicated by three distinct exotherms in the DSC cooling traces, one dominating broad feature and two sharper transitions with smaller peaks [130] which can be interpreted as follows. With lowering temperature, nucleation of the molecules sets in, thus leading to clusters (cybotaxis), which increase in size. This clustering is supported by the nanoscale segregation of incompatible molecular parts, the rigid polyaromatic cores and the flexible alkyl chains [93,97,117], leading to short helix fragments. With further lowering temperature, the helical clusters grow and become interconnected to dynamic random networks (Figure 15b), which further grow and increase in connectivity in the range of the broad feature in the DSC trace (as introduced in Section 5.6, we designate this achiral liquid with a local network structure as Iso1, see Figure 15a) [144]. At a certain critical connectivity, the helix sense is spontaneously synchronized over macroscopic distances, leading to the mirror symmetry broken liquid (Iso[*] phase) [25,130]. The relatively sharp peak for this Iso1-Iso[*] transition (Figure 15a) is likely to be mainly the result of the chiral segregation at this transition [25]. Further increasing network connectivity finally leads to the phase transition to the Cubbi phase, where a long-range positional order is established [40,130].



Depending on the type of formed cubic lattice in the resulting cubic phase, the chirality of the Iso[*] phases is either retained at the transition to the chiral I23 phase or removed at the transition to the achiral    I a 3   d phase [26]. As the Iso[*]-   I a 3   d transition requires helix reversal for half of the molecules, this transition is slow and can be significantly supercooled compared to the transition on heating [137]. The whole sequence is shown schematically in Figure 15c, where the dots represent the local domains and the lines indicate their increasing connectivity to a network structure. Thus, the chirality synchronization and mirror symmetry breaking are supported by the presence of a dynamic network structure, even in the liquid state (percolated liquids, network liquids) [145,146,147,148]. The local structure of the networks in the Iso[*] phase could either be completely random or I23-like, but not    I a 3   d-like, which would retain an achiral liquid state. There is no visible change in the optical rotation at the Iso[*]-I23 transition (Figure 13 and Figure 14), and therefore we can assume that the local structure is I23-like also in the Iso[*] phase and that segregation of the helicity is complete in both phases, i.e., there should be uniform helix sense in the domains of these C-type systems. It is much more difficult to answer the question of the molecular helicity [25,40,42]. The compounds discussed here have no stereogenic centre, and hence are achiral. Nevertheless, these molecules can assume chiral conformations (see for example Figure 9a,b) [25,42]. Because the energy barrier between these conformers is relatively small, there is a conformational equilibrium of the enantiomorphic helices and this equilibrium is biased to some extent by the helical organization of the molecules towards one of the enantiomorphic conformers, leading to the energy minimum diastereomeric pair. Moreover, a denser packing is obviously achieved for conformers with uniform chirality and this effect is strengthened and long-range transmitted by the organization of the molecules in networks. Although we are sure about the homochirality of the helical networks, the degree of segregation of enantiomorphic conformers in these networks is more difficult to estimate and likely to be scalemic.



This raises the important question of if transient molecular chirality is required for helix formation, or if helix formation in liquids would be possible even without any contribution of molecular helicity. This is difficult to prove experimentally, because completely rigid polyaromatic units tend to crystallize instead of forming Iso[*] phases. Nevertheless, this work has shown that, in C-type systems, chirality can spontaneously develop from achiral molecules as thermodynamically stable phases, even in the liquid or liquid crystalline state.





6. Possible Scenario for Chirogenesis Based on Mirror Symmetry Breaking in Network Liquids


Though it is self-evident that the reported system cannot have played any role in abiogenesis, this observation shows that chirality can arise spontaneously by liquid state self-assembly, just like the Soai reaction, which confirmed the concept of autocatalysis for the emergence of uniform chirality in autocatalytic cycles of chemical reactions [57,58]. The chirality develops under thermodynamic control, meaning that it is long-term stable and can be retained without the requirement of complex catalytic cycles. It allows the development of spontaneous chirality in liquids, even at the temperatures of hydrothermal vents, where abiogenesis is assumed to have started [149,150]. As shown above, the Iso[*] phase is not restricted to local mirror symmetry breaking, but can also develop total mirror symmetry breaking either (i) stochastically by cycling across phase transitions or (ii) by compartmentalization, or (iii) deterministic under the influence of extremely weak chiral fields by chirality amplification. Toxvaerd proposed different chirogenesis scenarios of mirror symmetry breaking in fluids based on developing carbohydrate [19] and protein chirality [151]. However, we have shown that it works even with achiral molecules [25]. The only requirements are a C-type system, a rapid enantiomerization and network formation in a fluid system [26,40,129]. This raises the question of whether a related process of chirality synchronization in the liquid state could have been of importance for the emergence of homochirality during abiogenesis.



A possible hypothesis could be the following. If one believes the RNA world picture of the origin of life [152,153,154] and that chirality had to be selected before biogenesis, then homochirality perhaps developed together with the formation of early forms of RNA (proto-RNA or pre-RNA) [155,156]. As nowadays, prebiotically plausible ways towards nucloetides are known [4,154,157,158,159], the process could have started with the self-assembly of a library of these amphiphilic N-containing heteroaromatic compounds, forming (slightly twisted) hydrogen-bonded pairs or oligomers, stacking with their faces on top of each other (as still found in today’s RNA and DNA). The dense packing expels the water from the core region, thus forming nano-segregated rods of helically twisted π-stacked N-heterocycles in the aqueous continuum (Figure 16a). With increasing concentrations of these short helices, they fuse to dynamic networks with long-range synchronized helicity, thus forming a mirror symmetry broken liquid (or a mirror symmetry broken Cubbi liquid crystal at an even higher concentration, Figure 16b). The polar groups, together with excess water, form the continuum in a very similar way to the alkyl chains in the case of the previously discussed polycatenars compounds. This helical organization might not only be driven by the different size of aromatic units and polar surrounding (Figure 8c), but also by the well-known tendency of staggered packing of these flat, electron-poor N-heterocycles [160,161,162].



Thus, the helical self-assembly is determined by the achiral N-heterocyclic units, whereas the attached polar units are either achiral or (almost or completely) racemic and have no effect on the helix formation itself. The actual sense of helicity of these dynamic aggregates is either determined by local fluctuations (stochastic outcome) or by any kind of weak chiral field, leading to a deterministic outcome with preference for one sense of chirality. During growth of the dynamic helical networks, the building blocks were continuously exchanged to achieve the most stable helical system. This also includes the exchange of the wrong enantiomers. The formation of covalent bonds between properly preorganized groups in the polar periphery fixes the helical structure and leads to the development of dynamic proto-RNA oligomers (Figure 16c), in which the exchange and optimization continues due to the dynamics resulting from ongoing hydrolysis/condensation reactions as well as epimerization and racemization (transition from dynamic supramolecular aggregates to dynamic covalent bonds). The helix sense and also the once-chosen chirality of the carbohydrates or carbohydrate-like units (i.e., their relative and absolute configuration) become more and more fixed by the confinement provided by fixation in the developing polymer system [82,163,164,165,166,167,168,169]. Thus, the chirality synchronization is followed by covalent fixation. After reaching a critical polymer stability and after reaching a certain limiting polymer length, the interconnected network structure has to be given up, and from that point on, the helical proto-RNA can act as a relatively persistent carrier of the once-established chiral information (transition from dynamic to permanent covalent bonds). This would mean that uniform chirality is likely to have co-evolved during proto-RNA formation, which has fixed the carbohydrate chirality.



That chirality synchronization can indeed be observed in self-assembled soft matter systems formed by simple achiral amphiphilic N-heterocycles was recently shown experimentally for compound 11 (Figure 17) [170], where the oligoethylene glycol chain represents the polar group, replacing the ribose and phosphate units of the related nucleic acids. In the investigated case, it forms a glassy conglomerate of chiral domains in the bulk state (without solvent), as shown in Figure 17a,b [170]. The spontaneous formation of homochiral domains was recently also observed in supramolecular polymer gels formed in aqueous systems of self-assembled helical aggregates of hydrogen-bonded achiral heterocycles [171].



Though peptides might have co-evolved together with RNA [82], peptide self-assembly itself is less likely to be the source of homochirality, though peptides are capable of helix formation and hydrophobic amino acids could give rise to amphiphilicity and aggregation [151], but they are unlikely to be able to form mirror symmetry broken liquid states. The reason for this is that for flexible amphiphiles (lipids [96], block-copolymers [101]), only double networks have been found to date, usually the achiral double-gyroid    I a 3   d phase. However, mirror symmetry breaking in network fluids requires a chiral network structure, as provided by the I23-like triple network, which has, to date, only been found for molecules involving sufficiently large π-conjugated aromatic units and this can be provided by the hydrogen-bonded pairs (or larger aggregates) of nucleobases and related N-heterocycles. This does not exclude that N-heterocycles of aromatic amino acids could also have been involved in the chirogenesis of network fluids and transferred their chirality to the developing peptides. This would be in line with a co-evolution scenario [81].



It is also likely that this chirogenesis process, which requires relatively high concentrations to retain the chirality synchronized fluid state, took place parallel in confined spaces like pores and with a different outcome in different pores. In larger spaces, the possibility of compartmentalization of the fluid conglomerates by developing walls formed by lipids and other lipophilic molecules accumulating at the racemic boundaries between the aqueous domains with opposite chirality would allow the coupled formation of protocells and uniform chirality. In both cases, the chirality is only selected within the individual compartments, and the overall outcome could still be racemic (stochastic), but one of the enantiomeric cell types can then become dominant in the following selection processes [5]. However, the huge chirality amplification power of the mirror symmetry broken network fluids [25] makes it more likely that the sign of chirality has developed in a more deterministic way under the influence of weak chirality fields (meteorites, chiral surfaces, circular polarized light, etc.) [9]. Once the dominating chirality sense is fixed, the weak chiral fields cannot alter the once selected chirality.



Thus, the early RNA could have not only acted as the first information carrier and catalyst, it might also have provided uniform biochirality. Accordingly, biochirality would have developed from achiral units, capable of forming dynamic helical networks by self-assembly into a chiral prebiotic fluid, and this triggered the formation of the biorelevant molecules which were homogeneously chiral (or at least scalemic) right from the beginning (see Figure 18). Thus, chirality can probably be considered as the first information stored by the emerging RNA. This model is only based on thermodynamic arguments, molecular self-assembly and phase transitions. It does not require complex chemical reaction networks, kinetically stabilized stationary states and a continuous flow of energy or material, and therefore is likely to be compatible with the situation at the very beginning of abiogenesis.



Overall, during abiogenesis, the complexity of chemical systems has increased by a combination of chemical reactions and self-assembly (molecular and supramolecular self-assembly). Abiogenesis presumably started with small achiral molecules (HCN, NH3, H2CO, etc.) where chirality did not play a role. They condensed to larger molecules (heterocycles, formose reaction products and amino acids) where chirality became an issue. Some of these molecules were capable of soft helical self-assembly, forming fluid networks capable of chirality synchronization. The developing uniform chirality then allowed the formation of polymers and the fixation of the selected chirality sense, and homochiral molecules and polymers were formed. The emerging molecular homochirality then triggered the transition from simple chemistry to complex reaction networks and catalytic and autocatalytic metabolic cycles, which gave rise to non-equilibrium chemistry in abiogenesis (transition from self-assembly to self-organization), finally leading to the Darwinistic evolution of life in the continuing biogenesis.




7. Conclusions


Recent progress in mirror symmetry breaking and chirality amplification in isotropic liquids and liquid crystalline cubic phases of achiral molecule is reviewed and discussed in relation to the autocatalytic Soai chirality amplification reaction, the Viedma type deracemizations, and with respect to its implications for the hypothesis of emergence of biological chirality. It is shown that this symmetry breaking process requires fluid systems where homochiral interactions are preferred over heterochiral (C-type systems). Moreover, it is experimentally shown that dynamic network structures lead to chirality synchronization if the enantiomerization barrier is sufficiently low, i.e., that racemization drives the development of uniform chirality. The typical outcome is conglomerate formation, indicating a local mirror symmetry breaking. This led to the first experimentally proven example of phase separation in an isotropic liquid solely based on mirror symmetry breaking. Total mirror symmetry breaking was found by crossing phase transitions due to kinetic effects, or under the influence of minor chiral fields, leading to stochastic and deterministic homochirality, respectively. This is associated with the extreme chirality amplification power of these systems, especially close to the bifurcation point. Once formed, these mirror symmetry broken liquids are longtime stable because they represent thermodynamic minimum systems. This mode of spontaneous mirror symmetry breaking in the isotropic liquid state is considered as important for the emergence of biochirality. A model is hypothesized, which assumes the emergence of uniform chirality by dynamic helical networks in fluids formed by achiral heterocycles in water, followed by polymerization, which fixes chirality and simultaneously leads to (proto)-RNA formation and uniform biochirality. Possibly, this process was even combined with a liquid–liquid compartmentalization, providing a dynamic cellular structure.
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Figure 1. Biologically relevant chiral and achiral molecules and structures. 
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Figure 2. The two systems of relevance for mirror symmetry breaking. (a) R-type systems (R = racemate) with stronger attractive forces between the heterochiral enantiomers and low-energy racemic ground state (enantiophilic or social self-assembly), mirror symmetry breaking would require an amplification of the excess enantiomer in scalemic mixture or resulting from statistical fluctuations. (b) C-type systems (C = conglomerate) with preferred homochiral interactions (enantiophobic or narcissistic self-assembly), leading to low-energy homochiral states; this allows the formation of thermodynamically stable homochiral ground states, usually representing conglomerates. A third possibility where dd/ll and dl have identical energies is rare and not shown here. A typical feature of both systems is bifurcation into either one of the enantiomeric states, (c) shows the general bifurcation scheme; the achiral (or racemic) state becomes instable and chiral statistical fluctuations drive the system to one of the degenerate enantiomeric states; weak chiral polarization close to the bifurcation point transforms the stochastic bifurcation into a deterministic one. 
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Figure 3. Asymmetric autocatalytic chirality amplification in the Soai reaction leads in only three cycles from (S)-1 with an ee of only 5 × 10−5% ee to an almost enantiomerically pure compound (S)-1 with > 95% ee, representing an extreme case of deterministic mirror symmetry breaking in an R-type system [57]. The obtained homochiral enantiomeric product is stabilized and racemization is kinetically inhibited by storage of the obtained compound in the crystalline state. Reprinted from [57], Copyright (2014), with permission from Wiley. 
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Figure 4. Viedma deracemization. Panel (b) shows the principle scheme for the transformation of a racemic conglomerate of crystals of an achiral (A) or racemic chiral compounds (R ↔ S) in solution by mechanical grinding. [77] (a) shows the example of chiral crystals formed by achiral molecules and (c) an example of a transiently chiral molecule, separated by this process into enantiomorphic crystals; in the crystals, the conformers are chirality synchronized. Note that the color scheme indicating the chirality sense is in this figure opposite to that used in the other figures. (b) is reprinted from [77], Copyright (2009), with permission from Wiley-VCH. 
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Figure 5. Enantiomeric excess as a function of time in a molecular dynamic system with isomerisation kinetics and for different enthalpy gains for the chirality synchronization process with (a) |ΔH| = RT, (b) 2RT, (c) 3RT and (d) ∞; reprinted from [65]. 






Figure 5. Enantiomeric excess as a function of time in a molecular dynamic system with isomerisation kinetics and for different enthalpy gains for the chirality synchronization process with (a) |ΔH| = RT, (b) 2RT, (c) 3RT and (d) ∞; reprinted from [65].



[image: Symmetry 12 01098 g005]







[image: Symmetry 12 01098 g006 550] 





Figure 6. Molecular structures of compounds capable of mirror symmetry breaking in the isotropic liquid state (Iso[*] phases) [25,26,87,88,89,90]. 
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Figure 7. Development of liquid crystalline (LC) phases depending on molecular amphilicity and supramolecular aggregate curvature. (a) Nematic phase formed by non-amphiphilic rod-like molecules showing exclusively orientational order while retaining liquid-like fluidity. (b–c) Transition from lamellar via bicontinuous cubic (Cubbi) phases to columnar phases by increasing interface curvature between the nano-segregated compartments, as observed for polycatenars compounds. The Cubbi phases are specified in d-f showing cubic phases with three-way junction networks. (d) The single gyroid is yet unknown for LC systems; (e) the double gyroid is the commonly observed Cubbi phase for a wide range of self-assembled systems, ranging from lyotropic systems to bulk self-assembly of low molecular weight and polymeric amphiphiles; (f) the complex triple network structure with I23 lattice is exclusively formed by rigid π-conjugated molecules crystals, replacing the    I a 3   d phase for a distinct range of chain volume. For the single- and double-network structures, four- and six-way junctions are also possible, which are not shown. Panels (g,h) show two typical molecular structures forming Cubbi phases, the arrows indicate the LC phase types covered by these compounds. (f) is reprinted from [123], Copyright (2020), with permission from RSC. 
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Figure 8. Mirror symmetry breaking in the Cubbi phases. In (a,b) and (e,f) the textures as observed under a polarizing microscope with the indicated orientation of the polarizers (white arrows) are shown [26], and (c,d,g) show the models of molecular organization. (c) shows the helical twist of the molecules along the networks, which can be right- or left-handed. (d,g) show one unit cell of the cubic phases; the yellow interfaces in (d) represent the minimal surfaces separating the two networks; the green rods in (d) and in (g) the yellow rods and the thin green lines parallel to these rods indicate the rod-like units organized in a helical manner [123]. Panels (a,b,d) show the achiral double network Cubbi phase with    I a 3   d space group. Panels (e–g) show the chiral triple network Cubbi phase with I23 space group; adapted from [26], (g) is reprinted from [123], Copyright (2020), with permission from RSC. 
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Figure 9. The liquid phases of the polycatenar compounds 3. (a,b) Molecular models showing the helical conformers of a model compound 3 with m, n = 1; (c–f) Transition from the achiral isotropic liquid to the mirror symmetry broken Iso[*] phase as observed for compound 3 with m, n = 6 on cooling between slightly uncrossed polarizers; (c) achiral Iso phase, (d) transition Iso-Iso[*] at 214 °C showing spinodal decomposition at the phase boundary (there is a temperature gradient in the sample with slightly higher temperature at the right), and (e,f) fully segregated chiral domains in the Iso[*] phase at 212 °C, inverting the brightness by uncrossing the polarizers either by clockwise or anticlockwise rotation; adapted from [25]. 
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Figure 10. Growth of the size of the chiral domains in the Iso[*] phases of compounds 3 with time. (a,b) After the transition from the achiral    I a 3   d phase to the mirror symmetry broken Iso[*] phase of compound 3 with m, n = 6 on heating; (a) developing chiral domains immediately after the phase transition    I a 3   d- Iso[*] at T = 205 °C and (b) after one min at T = 210 °C; (c) shows an example for the spontaneous imbalance of left- and right-handed domains associated with Iso[*] phases occurring besides a chiral I23 phase (compound 3 with m = 10 and n = 8); (d–f) show the Iso-Iso[*] transition on cooling of compound 3 with m = n = 6, (d) at the phase transition at T = 212 °C and (e,f) after growth for one and 30 min at T = 190 °C, respectively; note that the growth of the small circular domains which is indicated with arrows (previously unpublished results). 
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Figure 11. Results of simulations using the exact Langevin equations. Starting from a homogeneous racemic condition (left) the local fluctuations drive the system (a) to a homochiral state (right) or (b) to a state with spatial segregation (right); time runs from left to right. Reprinted from [52], Copyright (2006), with permission from Elsevier. 
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Figure 12. Effect of an achiral hydrocarbon solvent on the Iso[*] phase range of compound 3 (m = n = 6, see Figure 6); (a) shows the development of the phase ranges depending on concentration of the hydrocarbon C32H66 and temperature and (b) shows the contact region as observed under a polarizing microscope at T = 200 °C (orientation of polarizer and analyzer indicated by arrows), showing the development of the mirror symmetry broken Iso[*] phase between the achiral    I a 3   d phase (bottom) and the achiral hydrocarbon solvent (top); reprinted from [25]. 
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Figure 13. Spontaneous development of uniform chirality at the Iso[*]-to-Cubbi/I23 transition, shown for compound 3 (m = n = 10) and as observed under a polarizing microscope at T = 175 °C (orientation of the polarizers is indicated by arrows), depending on time; (a) shows the Iso[*] phase at t = 0 s; (b) formation of the I23 phase starts in the dark region at the top right, (c) the I23 phase area grows towards the bottom left and (d) covers the complete area of view after < 10 s; note that the optical rotatory power does not change at this transition, meaning that the local structure in the Iso[*] phase is likely to be the same as in I23; see also the video associated as supporting material to [26]. 
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Figure 14. Compartmentalization by mirror symmetry breaking. (a) Chiral domains in the Iso[*] phase of compound 3 (m, n = 10) at T = 177 °C. After annealing at this temperature for about an hour thermal decomposition products accumulate at the racemic walls between the domains with opposite chirality; (b) shows the same range after transition to the Cubbi/I23 phase upon cooling to T = 175 °C. Because of the slow seed formation, the borders between the chiral domains are shifted and the walls separating the chiral domains become visible. In this case, the walls are obviously not defect-free, meaning that they can still be passed by the chiral information. (c) shows (b) with crossed polarizers, and enlarges exposure time (previously unpublished results). 
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Figure 15. Investigation of the benzil compound 10 (Figure 6, n = 12). (a) DSC cooling trace (10 K min−1) showing the transitions Iso-Iso1-Iso[*]-Cubbi/   I a 3   d; (b) shows a model of the rod-like molecules in the dynamic helical networks of the Iso[*] phase and (c) shows schematically the transition from an ordinary liquid via cybotactic and percolated network liquids to the Cubbi phase with increasing network connectivity [40,42,130]; the dots symbolize the helical nano-clusters and the lines the interactions between them. It is noted that the Iso-Iso1 transition cannot be identified in the DSC traces as a separate phase transition in all cases, either if this transition is completely continuous or if the aggregate structure of the liquid is present in the whole achiral Iso range. This case is found for compounds 3 with a diphenyl-dithiophene core unit [25]; reprinted from [130]. 
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Figure 16. Hypothesis of development of biochirality: (a) Libraries of amphiphilic N-heterocycles self-assemble into dynamic helices (the blue dots represent the polar groups, being carbohydrates or other units) which (b) become chirality synchronized by dynamic network formation in the mirror symmetry broken helical network fluid and (c) polymerization leads to proto-RNA with fixed helicity and uniform absolute configuration (chirality) of the attached carbohydrates. 
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Figure 17. Amphiphilic N-heterocyclic compound 11 forming a glassy Iso[*] phase. (a,b) show the chiral domains as observed between slightly uncrossed polarizers at 90 °C, (c) shows the molecular structure and (d) shows the structure of a nucleotide for comparison, adapted from [170]. 
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Figure 18. Scheme showing a possible transition from simple achiral to chiral molecules and complex functional biopolymers in abiogenesis, being mediated by chiral network fluids. 
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