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Abstract

:

Chiral cylindrical molecular complexes of homo- and hetero-double-helices derived from helicene oligomers self-assemble in solution, providing functional heterogeneous liquid-solid materials. Gels and liotropic liquid crystals are formed by fibril self-assembly in solution; molecular monolayers and fibril films are formed by self-assembly on solid surfaces; gels containing gold nanoparticles emit light; silica nanoparticles aggregate and adsorb double-helices. Notable dynamics appears during self-assembly, including multistep self-assembly, solid surface catalyzed double-helix formation, sigmoidal and stairwise kinetics, molecular recognition of nanoparticles, discontinuous self-assembly, materials clocking, chiral symmetry breaking and homogeneous-heterogeneous transitions. These phenomena are derived from strong intercomplex interactions of chiral cylindrical molecular complexes.
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1. Heterogeneous Liquid-Solid Materials


Heterogeneous liquid-solid materials can be constructed by self-assembly of materials derived from molecules [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16]. Self-assembly involves the noncovalent bond formation, which has several advantages compared with the covalent bond formation: (1) Various shapes and structures of self-assembly materials can be formed by tuning the molecular structures; (2) diverse mechanisms of noncovalent bond formation can be used, including hydrogen-bonding, electrostatic interactions, van der Waals interactions, solvophobic interactions, π-π interactions and dipole-dipole interactions; (3) various spatial interactions including point-to-point, point-to-fiber, fiber-to-fiber, fiber-to-face and face-to-face modes are available, which are not restricted to the point-to-point interactions, that characterize covalent bond formation; (4) properties of the interactions can be affected largely by conditions such as temperature, concentration, light and chemical substances; (5) self-assembly materials can be degraded without using much energy and the constituent molecules may be recovered and reused.



Structural switching in heterogeneous liquid-solid materials containing self-assembly materials is notable and is also essential for living things (Figure 1). For example, muscles move mechanically through heterogeneous liquid-solid materials involving myosin and actin proteins. Proteins and particles are transported on microtubules by kinesin proteins in water. Heterogeneous liquid-solid materials are important as media for chemical reactions, for example, as protein receptor bound on cell surfaces. These systems involve the interconversions among different ordered structures in self-assembly materials.



Another subject related to the dynamics of heterogeneous liquid-solid materials is the process of forming self-assembly materials from dispersed molecules in solution. Molecules interact to form nanometer-sized aggregates, which grow to form regular structures such as micrometer-sized fibrils and membranes in solution, which are heterogeneous liquid-solid materials. Mechanisms underlying this dynamic are important to understand and to control the structures and properties of heterogeneous liquid-solid materials, which, however, are often extremely complex. For example, nucleation-growth mechanisms have been examined to clarify such self-assembly, during which the initial formation of small nuclei is slow and the subsequent growth is fast, which provides sigmoidal kinetics [17,18,19,20,21,22].



Self-assembly phenomena involve changes of molecular dispersed homogeneous solutions into heterogeneous liquid-solid materials, being homogeneous-heterogeneous transitions, which seems to run counter to thermodynamics (Figure 2). Free energy is minimized and entropy maximized in a homogeneous solution, which is thermodynamically the most stable [23]. Such a homogeneous-heterogeneous transition does not occur in an equilibrium-to-equilibrium reaction, when the initial homogeneous solution is equilibrium [24,25,26,27]. On the other hand, a transition occurs, when the initial homogeneous solution is metastable and when such transition is an energetically downhill process from a metastable state to an equilibrium. Homogeneous metastable state can be generated by providing external energy such as heating, irradiating, or adding a chemical substance. Then, various intermediate states appear during the transition from a homogeneous metastable state to an equilibrium state in time-dependent manner.



Reversibility is also an interesting dynamic aspect of the homogeneous-heterogeneous transitions involving self-assembly. The original homogeneous state can be regenerated by providing suitable energy, such as heating or irradiation. Alternatively, addition and removal of chemical substances providing chemical energy can also be employed. When energy and matter are exchanged between the inside and outside of a system during a transition, the system is called open; when only energy is exchanged, the system is called closed. Such reversible systems of self-assembly materials exhibit interesting switching properties.




2. Self-Assembly of Chiral Cylindrical Molecular Complexes


2.1. Cylindrical Molecular Complexes


To construct functional heterogeneous liquid-solid materials involving self-assembly materials, the structures of molecules or molecular complexes, which are the structural units, are critical. Here, a molecular complex implies a small aggregate derived from molecules; for example, a double-helix. Principles to govern the structure and function of the self-assembly materials remain undeveloped and an approach to this subject is provided by the three-dimensional shape of molecules and molecular complexes (Figure 3). Rod- and disk-shaped molecules form self-assemblies such as membranes and micelles. Ball-, oval- and irregularly space shaped molecules, in contrast, are less common, which may be ascribed to fewer contact points for interactions with other molecules and to isotropy in shape. Among various shapes, cylindrical molecular complexes, being anisotropic in shape, are interesting, which can be regarded as a combination of a disk shape and a rod shape, both of which are anisotropic. The ideal cylindrical shape has D∞h symmetry with broad surfaces on the lateral side and two bottoms. The lateral and bottom surfaces can be used to interact to form an anisotropic self-assembly material. As described by the Onsager theory [28,29], directional shapes and interactions between the shapes are important for constructing anisotropic systems such as liquid crystals.



Chiral cylindrical shapes of synthetic molecular complex are not common, which is in contrast to the case in biology, where many chiral cylindrical molecular complexes exist, as exemplified by double-stranded DNA and α-helix proteins [2,3,4,30,31]. The lack of synthetic chiral cylindrical molecular complex is ascribed to the lack of an appropriate synthetic method. Organic molecules with a cylindrical shape are not easy to synthesize employing covalent bond formation. However, such a shape can be relatively readily obtained using molecular complexes formed by noncovalent bond. One of conceivable methods is the use of disk-shaped molecules that aggregate at their bottom faces by face-to-face interactions, which have been observed for polycyclic aromatic molecules (Figure 4) [32,33]. Modification of aromatic structures at peripheral sites can be conducted, which has, however, a relatively limited scope. Another problem of the method is that it is generally not easy to control the number of self-assembly, a factor that is the height of the cylindrical structures, because both the top and bottom faces can be involved in the self-assembly. A methodology is needed to inhibit the formation of higher face-to-face aggregation of aromatic molecules that produce tube-shaped complexes.




2.2. Double-Helix Chiral Cylindrical Molecular Complex


An efficient method to synthesize cylindrical molecular complexes is double-helix formation by oligomeric molecules, which is the subject of this article (Figure 4). The method has advantages over a method using disk-shaped molecules. Structural diversity is high and various functional groups can be introduced at the terminal and side of the oligomers, which are located at the bottom faces and lateral face of a cylindrical structure, respectively. The height of the cylindrical structure can be controlled by the length of oligomers. When chiral oligomers are employed, double-helix chiral cylindrical structures are obtained and (P)- and (M)-double-helixes are formed from optically active (P)- and (M)-oligomers (Figure 5).



When oligomers of the same structure aggregate, homo-double-helices are formed (Figure 5); when different structures aggregate, hetero-double-helices are formed (Figure 6). In this article, a homo-double-helix is shown in transparent blue and a hetero-double-helix in transparent yellow. Note that the hetero-double-helix can possess enantiomeric three-dimensional structures, termed P*- and M*-structures in this article, even when racemic oligomers are used, as shown in Figure 6a, because of the unsymmetrical twisting nature of hetero-double-helix structures. For example, racemic oligomers (P)-oligomer 1 and (M)-oligomer 1 can provide right-handed hetero-double-helix P*-[(P)-oligomer 1/(M)-oligomer 1] and left-handed hetero-double-helix M*-[(P)-oligomer 1/(M)-oligomer 1], which are enantiomeric. A mixture of slightly different structures of oligomers (P)-oligomer 1 and (M)-oligomer 2 can provide right-handed hetero-double-helix P*-[(P)-oligomer 1/(M)-oligomer 2] and left-handed hetero-double-helix M*-[(P)-oligomer 1/(M)-oligomer 2], which are diastereomeric (Figure 6). Such an example appears in the hetero-double-helix DNA, specifically B-DNA and Z-DNA. The synthetic systems are described in Section 4 and Section 5 of this article.



Two or more double-helix chiral cylindrical molecular complexes can be linked by one and two covalent bonds, where the structures of the linking group can be modified (Figure 7a). Noncovalent bonds can also be employed for the linking groups, in which the chiral cylindrical molecular complex domain and the linker domain are either associated or dissociated (Figure 7b,c). These features are true for the 1:1 double-helix complexes derived from oligomers of comparable lengths, and, when the lengths are different, 1:2 double-helix complexes can be formed (Figure 7d).




2.3. Dynamics of Double-Helix Chiral Cylindrical Molecular Complex Formation


Thus far, static structures of double-helix chiral cylindrical molecular complexes have been discussed but dynamics is another interesting subject with respect to two aspects (Figure 8): Structural changes between molecules or molecular complexes and concentration changes in response to changes in conditions are the thermodynamics aspect; and the mechanism of the structural changes are the kinetics aspect, which is also affected by changes in conditions.



Regarding the thermodynamic aspect (Figure 8), the formation of a double-helix chiral cylindrical molecular complex in solution can largely be affected by temperature, concentration and solvent type. In general, cooling and concentrating the solution promote association and vice versa. The solvent effect is also substantial and association is promoted in certain types of organic solvent. The effect is significant in aqueous solutions, where hydrophobic interactions are substantial. Thus, notable dynamics appears: sharp temperature responses due to changes in conditions, large enthalpic and entropic changes, ordinary and inverse thermo responses and interconversions between the chiral three-dimensional P*- and M*-molecular complexes.



The kinetic aspect during structural changes of double-helix chiral cylindrical molecular complexes is extremely complex and interesting. An example is self-catalysis, which is a phenomenon, in which a double-helix molecular complex catalyzes the reaction of random-coil molecules to become a double-helix. This is a molecular communication system, in which various unusual molecular events occur, such as thermal hysteresis and equilibrium crossing, which have been summarized in recent review articles [34,35,36,37,38].



Note that when the rate of the process to form double-helix chiral cylindrical molecular complexes is slower than the usual time-scale of minutes and hours, the kinetics of the processes can be followed by typical spectroscopic methods. In addition, the process can be perturbed by changing conditions during the process.




2.4. Self-Assembly of Double-Helix Chiral Cylindrical Molecular Complexes


Double-helix chiral cylindrical molecular complexes are capable of forming self-assembly materials by intercomplex interactions and provide heterogeneous liquid-solid materials, which are the subject of this article (Figure 9). These may be due to the broad and anisotropic surface and also to chirality. Various structures form from nanometer to centimeter sizes of materials. Self-assembly materials of subnano- to micrometer sizes were characterized by spectroscopy and microscopy, which are determined to be fibrils, fibers, bundles and vesicles. The structures of heterogeneous liquid-solid materials of micrometer to meter sizes were analyzed by microscopy, mechanical and visual methods, which were determined to be gels, liotropic liquid crystals and emulsions.



When molecular self-assembly occurs in one direction, fibrils are formed, which can aggregate to form fibers and bundles. When self-assembly occurs in two directions, sheets are formed, which can fold and assemble to form higher-order three-dimensional structures such as tubes and vesicles. When self-assembly occurs on flat and curved surfaces of solids, monomolecular layers are formed. Note that dissociated oligomers generally do not the self-assemble, which indicates an important role of the chiral cylindrical molecular complex structure in self-assembly. Chirality in cylindrical molecular complexes enables chiral recognition by the self-assembly.




2.5. Dynamics in Self-Assembly of Double-Helix Chiral Cylindrical Molecular Complexes


Dynamics in the self-assembly formation by the double-helix chiral cylindrical molecular complexes is another subject of this article (Figure 9). Regarding the thermodynamic aspect, self-assembly materials change their structures between dissociated states in response to changes in conditions. The relative thermodynamic stability of double-helix self-assemblies and dissociated states is largely affected by conditions. Structure changes between two self-assemblies I and II with ordered structures also appear (Figure 9), which can be useful compared with the changes between self-assembly materials and dissociated state, because two ordered structures are maintained during the switching, as exemplified in the mechanical movement of artificial muscles. In the Section 5 and Section 6, such examples are shown by the transition of self-assembly gels to vesicles; changes between self-assembly gels and liotropic liquid crystals; self-assembly gel shrinkage.



Regarding the kinetic aspect, the formation of heterogeneous liquid-solid materials by self-assembly in general involves multistep complex phenomena, in which many intermediates are formed. Examples are provided in this article such as liotropic liquid crystal formation, chiral symmetry breaking with self-assembly gel formation, discontinuous fibril film formation, mechanically induced self-assembly gel formation and silica nanoparticle precipitation. A strong Cotton effect and large changes in CD spectra appear accompanied by structure changes between double-helix and random-coil in helicene oligomers as well as during self-assembly. These spectral changes are monitored to determine complex kinetic processes in liquid-solid heterogeneous materials systems.



In this article, we discuss the double-helix formation by chiral helicene oligomers providing chiral cylindrical molecular complexes, which form diverse self-assembly materials in solution, heterogeneous liquid-solid materials. The conditions largely affect the structures and properties of self-assemblies. Dynamic properties in structural changes are discussed from the thermodynamic and kinetic aspects. In Section 3 and Section 4, the formation of chiral cylindrical molecular complexes by dimeric association of the helicene oligomers is shown to proceed by face-to-face interactions and double-helix formation. In Section 5 and Section 6, self-assembly of double-helix chiral cylindrical molecular complexes is discussed with regard to gelation and liotropic liquid crystals formation. In Section 7 and Section 8, self-assembly at solid surfaces is described. In Section 9, self-catalytic reactions involving the spatial homogeneous-heterogeneous transition in dispersed solution are described.





3. Double-Helix Chiral Cylindrical Molecular Complexes


Helical structures are ubiquitous in nature and appears in various materials from the nanometer scale at the molecular level to the centimeter scale at the bulk level. Examples are double-stranded DNA and α-helix proteins at the molecular level and chains of morning glories at the bulk level. Regarding synthetic molecules, however, helical structures are not common. Helicenes are an interesting group of synthetic aromatic molecules with a helical structure and have been known since the 1950s. Their properties have not been well examined, although many syntheses are reported [39,40,41,42,43,44,45,46,47,48,49,50,51]. On the basis of a large-scale synthesis of 1,12-dimethylbenzo[c]phenanthrene developed in this laboratory, we have studied the synthesis and function of helical substances using helicenes as building blocks [34,35,36,37,38] Helical substances treated here range from molecules to oligomers, molecular complexes and self-assembly materials, each of which exhibited notable properties and functions.



Several cyclic helicene oligomers have been developed and trimers form dimeric aggregates in solution, which are cylindrical molecular complexes by face-to-face aggregation. A number of acyclic helicene oligomers have also been developed and form double-helices in solution, which are another group of cylindrical molecular complexes. Double-helix molecular complexes self-assembled to form various heterogeneous liquid-solid materials. A notable feature of helical molecules is their chirality and right-handed and left-handed helical structures, which exhibit various chiral phenomena.



3.1. Face-to-Face Dimeric Aggregation of Cyclic Ethynylhelicene Oligomers


A series of cyclic ethynylhelicene oligomers have been synthesized, in which the helicenes and the m-phenylene spacers are linked by acetylenes, among which the trimers [3 + 3]cycloalkynes formed dimeric aggregates in solution (Figure 10) [52]. A (P)-[3 + 3]cycloalkyne with D3-symmetry possesses identical front and back surfaces. Cylindrical molecular aggregates are formed in solution and a structure arising from face-to-face aggregation was indicated by calculations. The upper and lower (P)-[3 + 3]cycloalkynes fit in the groves of the helicenes, which may make the other π-face not suitable to participate in further aggregation. Many examples of π-π stacking of aromatic compounds have been reported, which form high aggregates [32,33]. That [3 + 3]cycloalkynes form dimeric aggregates without forming high aggregates may be due to their chiral face structure.



Chiral cylindrical molecular complexes were obtained from another helicene trimer [3]-alkyne, in which the helicene is connected by acetylenes without an m-phenylene spacer (Figure 11) [53]. The trimers again formed dimeric aggregates without forming high aggregates. In contrast to the (P)-[3 + 3]cycloalkyne, (P)-[3]alkynes with C3-symmetry have front and back surfaces, where three blade-like structures exhibit right-handed and left-handed chiral faces, providing front-right, front-left, back-right and back-left faces. Eight modes of face-to-face interactions appear in racemic (±)-[3]alkynes, among which the interactions between both front-right faces predominated in the solid state and in solution. Unlike the cylindrical molecular complexes formed by double-helices, which are discussed below, the cylindrical molecular complexes formed by disk-shaped molecules did not self-assemble in solution.




3.2. Double-Helix Formation by Ethynylhelicene Oligomers


Acyclic helicene oligomers were synthesized, where helicenes and m-phenylenes were connected by acetylene, amide, reverse amide, sulfonamide, amino methylene and oxymethylene groups (Figure 12). To compare the structure and property of the oligomers with different numbers of helicenes, the oligomers were sequentially synthesized from monomers, dimers, trimers and higher oligomers [54,55]. All the compounds formed dimeric aggregates for oligomers above a certain number of helicenes.



The ethynylhelicene (P)-heptamer formed a homo-double-helix in chloroform, as determined by the following experiments [56,57,58,59]. An extremely strong Cotton effect appeared at ∆ε values exceeding 103 cm−1 M−1, which indicated the formation of a highly ordered structure (Figure 13d); a decrease in UV-vis intensity caused by association indicated the involvement of π-π interactions; vapor pressure osmometry (VPO) indicated dimeric aggregation; 1H-NMR showed broadening and upfield shifts in the associated state, which indicated restricted molecular motion; heating dissociated the aggregates as shown by the weak Cotton effects, showing the random-coil state. The number of helicenes was critical for forming dimeric aggregates, where (P)-heptamers and longer oligomers aggregated in chloroform. Calculations on the (P)-tetramer/(P)-pentamer complex indicated a homo-double-helix structure with a chiral cylindrical structure, with a diameter of 3.0 nm and a height of 1.9 nm (Figure 13c). The (P)-tetramers formed a dimeric aggregate in trifluoromethylbenzene, which was consistent with the calculated homo-double-helix structure with three helicenes in one turn. A monomolecular layer of a homo-double-helix (P)-pentamer on a gold surface had a diameter of 3.0 nm as determined by QCM, consistent with the calculated diameter of 3.2 nm for the homo-double-helix: the 3.9 nm height of homo-double-helix (P)-pentamer attached to the phenylpropylthio group on a gold surface coincided reasonably with the calculated height of 1.9 nm for the (P)-pentamer/(P)-tetramer hetero-double-helix. The results indicate homo-double-helix formation by the ethnylhelicene oligomers with a chiral cylindrical structure.



Additional features supported homo-double-helix formation. Analysis of the thermodynamic parameters for the association of (P)-heptamers showed a large negative enthalpy change, ∆H = −98 kJ mol−1, which indicated very strong noncovalent bond interactions between the oligomers. A large negative entropy change ∆S = −0.33 kJ mol−1 K−1, was obtained, which indicated highly restricted molecular motions in the aggregates.



Structures of chiral cylindrical molecular complexes can be diversely modified by attaching various groups. In general, side chains were introduced at m-phenylene spacers, located at the lateral positions of the cylindrical structure to increase solubility [59] The lateral side chains affect the stability of homo-double-helices and perfluorooctyl and decyloxycarbonyl groups considerably increased the stability of homo-double-helices while the decylthio group destabilized them. For the terminal positions of the oligomers to be modified, they must be located at the axial positions of the cylindrical molecular complexes.




3.3. Thermo Response of Ethynylhelicene Oligomers


Ethynylhelicene oligomers associate on cooling and dissociate on heating, which is an ordinary thermo response [56,57,58,59] All the molecules are homo-double-helices at low temperatures and are random-coils at high temperatures. These changes occurred for small temperature changes, for example, over 50 K in the case of the ethynyhelicene (P)-heptamer. This thermo response is explained by the large negative enthalpy change ∆H and large negative entropy change ∆S of the association reaction (Figure 14a). The large negative enthalpy change ∆H is derived from strong binding to form homo-double-helix and the large negative entropy change ∆S is derived from substantially reduced molecular motion by the formation of a compact structure of homo-double-helix. When the absolute value of ∆H is large, temperature dependences of the association constant K are substantial, because of RlnK = −∆H/T + ∆S, where R and T are the gas constant and absolute temperature, respectively.



The solvent effect is substantial and homo-double-helix formation is promoted in hard aromatic solvents such as trifluoromethylbenzene and m-difluorobenzene, whereas dissociation predominated in soft aromatic solvents such as iodobenzene and bromobenzene as determined by the hard-soft acid-base (HSAB) principle. The homo-double-helix formation of the ethynylhelicene oligomers in solution is sensitive to changes of conditions.




3.4. Inverse Thermo Response of Ethynylhelicene Oligomer with Terminal PEG Groups


Homo-double-helix chiral cylindrical molecular complexes were modified at the axial positions by introducing groups at the terminal positions of oligomers. Introduction of hydrophilic poly(ethylene oxide) (PEG) groups enhanced solubility in aqueous solutions, characterized by an inverse thermo response, that is cooling induced dissociation and heating association [60]. On the basis of the discussions of ordinary thermo responses, the inverse thermo response was considered to involve positive ∆H and ∆S values of the association reaction, which, however, is counter-intuitive, because the association reaction is endothermic and entropy increasing (Figure 14b).



The ethynylhelicene (M)-tetramer with six terminal PEG groups showed an inverse thermo response in an aqueous solvent system of acetone/water/triethylamine (1:2:1) (Figure 15). DLS analysis confirmed that no higher aggregates were formed under these conditions and the inverse thermo response was a molecular event in dilute solution. The thermodynamic parameters for the association reaction were ∆H = +240 kJ mol−1 and ∆S = +0.92 kJ mol−1 K−1 both positive, which is unusual.



A mechanism for the inverse thermo response based on hydration and dehydration at the PEG groups during cooling and heating, respectively, was considered (Figure 16). At a low temperature, the PEG groups, being hydrophilic, are hydrated by water molecules and the (P)-tetramer in random-coil state is dissolved in the aqueous solvent. As temperature increases, the PEG groups become hydrophobic and are dehydrated, which induces water molecules surrounding the hydrophobic group to form an ordered structure. To reduce the ordered water cluster domain, which is thermodynamically unfavorable, the (P)-tetramer associates in solution. Then, heating induces the association reaction, which is endothermic with a positive ∆H. The properties of water clusters outweigh the properties the homo-double-helices to dissociate because of the temperature increase.



Another feature that must be considered is the dimeric aggregate formation without polymeric aggregation. In general, hydrophobic organic molecules in aqueous solution form polymeric aggregates, as exemplified by lipid bilayers and micelles. This behavior is due to the minimization of the hydrophobic surface area in water, which reduces the extent of the ordered water cluster domain owing to hydrophobic interactions. The dimeric aggregate formation in this system may be explained by the lower critical solvent temperature (LCST) of the triethylamine/water system, which is homogeneous at low temperatures and phase-separated at high temperatures. When temperature increases, triethylamine clusters are formed, which incorporate the hydrophobic (P)-tetramers and promote homo-double-helix formation by the π-π interactions. This system must be considered with regard to the structure of molecules and solvent clusters.




3.5. Thermo Response of Linked and Multi-Domain Ethynylhelicene Oligomers


Homo-double-helix formation by linked ethynylhelicene oligomers in organic solvents was substantially affected by the nature of linking groups. When a flexible linker such as a hexadecamethylene group was employed to connect two ethynylhelicene (P)-hexamers, intramolecular homo-double-helices were formed [59] This behavior is ascribed to entropic factors, for which intermolecular homo-double-helix formation is unfavorable.



The linking can involve noncovalent chemical bonds. Bi-domain (P,P)-oligomer were developed, which contained an ethynylhelicene (P)-heptamer domain and an amidohelicene (P)-tetramer domain [61,62] The amidohelicene oligomers were capable of forming dimeric aggregates, although their aggregation property was different from that of ethynylhelicene oligomers: They aggregated in nonpolar solvents and disaggregated in polar solvents such as THF and DMSO; aggregation is insensitive to temperature changes. Heating the (P,P)-oligomer in nonpolar aromatic solvents induces dissociation at ethynylhelicene domains, while aminohelicene domains remained associated.



A tri-domain (P,P,P)-oligomer was developed, in which ethynylhelicene (P)-pentamer was connected by two amidohelicene (P)-tetramers at both terminals (Figure 17). In nonpolar solvents, a middle chiral cylindrical molecular complex domain associated and dissociated during cooling and heating, which likely caused expansion and contraction, because of the rigid aggregate structure in the amidohelicene domain [63].




3.6. Double-Helix Formation by Aminomethylenehelicene and Oxymethylenehelicene Oligomers


Aminomethylenehelicene oligomers were developed, in which the acetylene moieties in ethynylhelicene oligomers were substituted by aminomethylene groups (Figure 12) [64,65]. The aminomethylenehelicene oligomers formed homo-double-helix in solution, which associated and dissociated on cooling and heating. The homo-double-helix formation was shown by the very high CD intensities; reduced intensity by UV-vis, broadening of 1H-NMR absorptions, dimeric aggregation by VPO, similarity in the CD spectra shape with ethynylhelicene oligomers, helincene-number dependence and relatively large negative ∆H = −70 kJ mol−1 and ∆S = −0.18 kJ mol−1 K−1 values by association reaction of (M)-pentamer. Oxymethylenehelicene oligomers, where the nitrogen atoms in the aminomethylenehelicene oligomers were substituted with oxygen atoms, also formed homo-double-helix in solution (Figure 12) [66].



Homo-double-helixes were formed by helicene oligomers in solution without forming higher aggregates. The thermodynamic aspect of their dynamics has been discussed above and with regard to the kinetic aspect the structural changes are generally very rapid on a time scale of less than 1 min.





4. Hetero-Double-Helix Cylindrical Molecular Complexes


Compared with the homo-double-helix formation already described, hetero-double-helix formation is a complex phenomenon, in which the association must occur between two different suitable oligomers. In addition, the hetero-double-helices must be much stronger than those to form homo-double-helices; otherwise, mixtures of homo- and hetero-double-helices are formed, which complicates properties. The helicene oligomers containing enantiomeric helicenes formed hetero-double-helices (Figure 6). A notable feature of this phenomenon is that the helicene numbers in the enantiomeric oligomers need not the same and the enantiomeric oligomers with different numbers of the helicenes can be employed and resulting combinations are called pseudo-enantiomers. Mixtures of pseudo-enantiomeric oligomers are very close to racemic but with slight imbalances and various combinations of pseudo-enantiomeric oligomers are available. That the hetero-double-helix is not racemic allows structural analysis by CD spectroscopy.



4.1. Hetero-Double-Helix Formation by Pseudo-Enantiomeric Ethynylhelicene Oligomers


Mixtures of the pseudo-enantiomeric ethynylhelicene oligomers formed hetero-double-helices in solution, which were stronger than homo-double-helices. The phenomenon was initially observed using a mixture of the ethynylhelicene (P)-pentamer with perfluorooctyl side chains and the (M)-pentamer with decyloxycarbonyl, where the formation of 1:1 complex in chloroform was indicated by the Job plots (Figure 12) [64]. Hetero-double-helix formation was later confirmed using several combinations of oligomers, in which self-assembly of the hetero-double-helix, as is noted in the next section, was suppressed [65]. The combination of ethynylhelicene (M)-tetramer with branched decyloxycarbonyl side chain and (P)-pentamer with decyloxycarbonyl provided a dimeric aggregate as indicated by VPO. Calculated structure of the hetero-double-helix indicated a cylindrical structure analogous to the homo-double-helix (Figure 13a). Various structural features on hetero-double-helices including CD spectra were similar to the homo-double-helices (Figure 13b). The hetero-double-helix derived from a single combination of oligomers had two enantiomeric structures as indicated by the inverted CD spectra, which revealed the presence of chiral three-dimensional structures of the hetero-double-helices (Figure 6).



Such hetero-double-helix formation predominating over homo-double-helices was also observed for cyclic-linked bisethynylhelicene (M)-tetramers as will be described later [27]. The cyclic (P)-oligomer formed homo-double-helices in solution and addition of 2 equivalents of the (M)-pentamer provided 1:2 hetero-double-helices, as indicated by VPO analysis.



The ααββ tetrameric aggregate was obtained by hetero-double-helix formation from a bi-domain (P,P)-oligomer and an (M,P)-oligomer as will be described later [62] Mixing two compounds in the dimeric aggregate state provided the ααββ tetrameric aggregate, as determined by VPO, where the hetero-double-helix formed at the ethynylhelicene domain.




4.2. Hetero-Double-Helix Formation from Pseudo-Enantiomeric Aminohelicene Oligomers


Pseudo-Enantiomeric aminomethylenehelicene oligomers formed hetero-double-helices, which predominated homo-double-helices (Figure 12 and Figure 18) [66,67]. A mixture of a (P)-tetramer and an (M)-pentamer at 70 °C, as random-coils A, was cooled to 25 °C at a constant rate, which provided a metastable A solution. Hetero-double-helix B was formed with a strong negative Cotton effect at 315 nm within 1 h. When the solution was settled at 25 °C for 60 h, the CD spectrum inverted and provided another hetero-double-helix C with a strong positive Cotton effect at 315 nm. The inverted nature of the CD spectra of B and C revealed the apparent enantiomeric three-dimensional structures, although, to be precise, they are diastereomeric because of the use of the (P)-tetramer and (M)-pentamer (Figure 6). The results indicated that B with a chiral three-dimensional structure, tentatively termed M*, was inverted to C with the enantiomeric structure P*. The hetero-double-helix structures of B and C were determined from the high CD intensity, reduction in intensity by UV-vis, broadening of 1H-NMR absorptions, dimeric aggregation by VPO, similarity in shape of CD spectra with the ethynylhelicene oligomers, helicene-number dependence, 1:1 complexation as shown by the Job plots experiment and the enantiomeric form of the hetero-double-helix derived from a single combination of oligomers.



The B-to-C reaction is an example of the chirality inversion of hetero-double-helices, where C is thermodynamically more stable than B (Figure 6). The inversion of enantiomeric structures with a relatively large energy barrier was slow and occurred on the time-scale of hours. The mechanism could be either intramolecular inversion of three-dimensional structures or intermolecular dissociation and association. Heating C regenerated the dissociated A, which constructed three-states one-directional structure change with a single heating.



Slow hetero-double-helix formation often occurs on the time-scale of hours, which compares with rapid homo-double-helix formation. Then, the kinetics of the processes can be monitored by spectroscopic methods and perturbations introduced during the process caused interesting nonequilibrium thermodynamic phenomena, which were summarized in a recent article [35,36].





5. Self-Assembly Gel Formation by Hetero-Double-Helix Cylindrical Molecular Complexes


Gels are semi rigid heterogeneous liquid-solid materials, which do not flow. Self-assembly gels, where small particles or molecules self-assemble to form fibrous structures incorporating large amounts of solvent molecules [68,69,70], have attracted attention, because gel structure and property can be tuned by altering molecular structures. Two-component self-assembly gels have been developed, in which gelation occurs only in the presence of molecules with two different structures. The scope of self-assembly gel formation, however, is not broad and modifications of molecular structures often causes the loss of gel formation ability, probably because interactions between the molecules are weak. In contrast, chiral cylindrical molecular complexes exhibit a broad scope of self-assembly gel formation, which may be due to strong intercomplex interactions. The fact that molecular structures can be modified is an important advantage.



5.1. Self-Assembly Two-Component Gels of Heterogeneous Liquid-Solid Materials Derived from Pseudo-Enantiomeric Ethynylhelicene Oligomers


Hetero-double-helices derived from ethynylhelicene oligomers formed self-assembly gels (Figure 19a) [71]. A pseudo-enantiomeric mixture of the ethynylhelicene (P)-tetramer and (M)-pentamer in toluene at 70 °C, which are random-coils, was cooled to 25 °C and a metastable random-coils solution was formed. Then, slow hetero-double-helix formation and self-assembly occurred, as indicated by the appearance of a strong negative Cotton effect at 380 nm and the increase in the viscosity of the solution (Figure 19b). TEM analysis indicated formation of a fibrous structure (Figure 19c).



Various combinations of pseudo-enantiomeric oligomers form gels, in which both were trimers and longer oligomers. This behavior showed the broad scope of this method (Table 1). Self-assembly occurs only under conditions, when hetero-double-helices forms and were not in random-coil state. The anisotropic nature of hetero-double-helix chiral cylindrical structures facilitated the elongation and thickening of the self-assembly to form fibrils, fibers and bundles, which then formed gels.



When the solvent was changed, different self-assembly materials were formed. Vesicles were formed in diethyl ether and fibrous structures were formed in toluene [71]. The thickness of the membrane 2 nm in vesicles were close to the height of the hetero-double-helix (Figure 13), suggesting that the lateral interactions of the chiral cylindrical molecular complex formed single molecular membrane (Figure 20). The different morphologies can be ascribed to the different folding modes of the single molecular membrane; folding into tubes in toluene and balls in diethyl ether. The vesicles could be converted to gels by changing the solvent and by heating, which is an example of a structure changes between ordered self-assembly materials.



An advantage of this method to form two-component self-assembly gel is that the gel structures and properties can be tuned by the structures of helicene oligomers, which involve the number of helicenes, the side chain structure, the linker structure and the employment of multi-domain oligomers. In addition, different combinations of two pseudo-enantiomeric oligomers provide different structures and properties of self-assembly gels (Table 1 and Figure 21) [72] In accordance, depending on the numbers of two pseudo-enantiomeric oligomers, two types of gels were formed: combinations of pseudo-enantiomeric oligomers with comparable numbers of helicenes (Type I) and combinations of pseudo-enantiomeric oligomers with larger differences in the number (Type II). Type I gels showed relatively lower minimal gelation concentrations (MIC) than Type II gels; the Cotton effect at 380 nm was characteristically negative for Type I gels and positive for Type II gels, despite using (M)-oligomers for the longer component; the stoichiometries were 1:1 for Type I gels and 1:2 to 1:3 for Type II gels; Type I gels were more viscous than Type II gels. The formation of enantiomeric structures of gels as indicated by CD spectra may be due to the enantiomeric three-dimensional structures of hetero-double-helixes (Figure 21b).



The dynamics in the self-assembly gelation in terms of kinetic aspects appears to be complex, as indicated by the fluorescence/time profiles (Figure 22). The fluorescence/time profile shows decrease followed by an increase.




5.2. Gels Formed by Bi-Domain Oligomers


Bi-domain helicene oligomers also formed self-assembly gels derived from the hetero-double-helices, in which different properties of two domains are combined to exhibit a novel property. This methodology is referred to as synthesis of function.



An ααββ tetrameric aggregate was obtained by hetero-double-helix formation by the bi-domain (P,P)-oligomer and (M,P)-oligomer (Figure 23), which were the α and β subunits, respectively and which contained the ethynylhelicene (P)/(M)-pentamer domain and amidohelicene (P)-tetramer domain [62]. The (P,P)-oligomer and (M,P)-oligomer formed a dimeric aggregate at the amidohelicene domain and mixing provided the ααββ tetrameric aggregate by hetero-double-helix formation at the ethynylhelicene domain. Biological proteins form ααββ tetrameric aggregates and it is interesting that such higher-order structures can be constructed without forming simple αβ dimeric aggregates. A method of synthesis was developed using the bi-domain oligomers, on the basis of the stronger association of hetero-double-helix than of homo-double-helix.



At higher concentrations, the ααββ tetrameric aggregate formed gels by the self-assembly at the hetero-double-helix moiety, which resulted in a four-component self-assembly gel (Figure 23c). By heating and cooling, a reversible sol-gel transition occurred as a result of the dissociation and association of the hetero-double-helices.



Another example of the synthesis of function by multi-domain oligomers was shown in the reversible shrinkage of self-assembly gels induced by addition and removal of lithium cation (Figure 24) [73]. A mixture of the bi-domain (P,P)-oligomer and the ethynylhelicene (M)-pentamer formed self-assembly gel in pyridine, which reversibly dissociated upon heating and associated upon cooling. When lithium perchlorate was added, the gel shrunk to 1/3 of its original volume, owing to the interactions of lithium cations with amidohelicene domains. When the sol phase was removed and pyridine was added, the gel expanded, regaining its original size. The response to lithium cations at the amidohelicene domains and gelation at the ethynylhelicene domains together caused reversible gel shrinkage, thereby illustrating the synthesis of function by multi-domain oligomers. This behavior is another example of structural changes between two ordered self-assembly materials.



An advantage of two-component gel formation using the pseudo-enantiomeric ethynylhelicene oligomers is diversity in the self-assembly materials, in which various combinations of the oligomers can be employed. The strong tendency of the hetero-double-helix cylindrical molecular complexes to form self-assembly gels enables various structural and functional modifications without losing gelation property.




5.3. Chiral Symmetry Breaking Accompanied by Self-Assembly Gel Formation


Chiral symmetry breaking is a phenomenon, in which symmetric chiral state is transformed into unsymmetrical chiral state; this involves fluctuation to form one of the enantiomeric structures [74,75,76,77,78] Along with a significance in basic science, its application to the production of optically active compounds has attracted attention because of its simple operation. Several examples of this phenomenon are known with self-assembly involving achiral organic compounds and racemic compounds under racemization conditions. The mechanisms, however, are not yet well understood. Chiral symmetry breaking by racemic organic molecules under nonracemization conditions is interesting, because diverse combinations of components are available as well as diverse conditions: Experiments can be conducted systematically by changing the ratio, mixing mode, or procedures in the mixing of the enantiomers.



As noted previously, 1:1 mixture of the pseudo-enantiomeric aminomethylenehelicene (M)-pentamer and (P)-tetramer formed hetero-double-helices B and C with the enantiomeric three-dimensional structures (Figure 18). The racemic (±)-pentamer was then examined, which exhibited deterministic and stochastic chiral symmetry breaking [79]. The deterministic implies the formation of a single enantiomeric hetero-double-helix and self-assembled structures as shown by repeated experiments; stochastic implies the formation of enantiomeric structures at comparable ratio (Figure 25a). The system involved the formation of enantiomeric hetero-double-helices (Figure 6) and its self-assembly to form fibrils, during which chiral symmetry breaking occurred under nonracemization conditions.



Equal amounts of the (P)-pentamer and (M)-pentamer were weighed and were dissolved in toluene. The solution was heated to 90 °C to establish the random-coil state and then cooled to 70 °C, at which point the Cotton effect with small negative and positive values appeared at 315 and 303 nm, respectively (Figure 25b). Chiral symmetry breaking appeared during the formation of the enantiomeric structures of hetero-double-helix. On cooling to 25 °C, a self-assembly gel was formed and the Cotton effect was enhanced, indicating the chiral symmetry breaking under self-catalytic conditions (Figure 25c). Depending on the conditions, deterministic and stochastic chiral symmetry breaking appeared.



Complex kinetics appeared in the chiral symmetry breaking, as shown by the ∆ε/time profiles from the constant cooling rate experiments and a sigmoidal curve in isothermal experiments (Figure 26).



Hetero-double-helix chiral cylindrical molecular complexes formed various self-assemblies in solution, owing to strong intercomplex interactions. Heterogeneous liquid-solid materials involving self-assembly solid phases then exhibited unique structures and dynamic properties, which can be tuned by altering the molecular structures and conditions. The complex kinetic of the homogeneous-heterogeneous transition are also noted.





6. Self-Assembly Lipotropic Liquid Crystal Formation by Chiral Cylindrical Molecular Complexes


Liotropic liquid crystals (LLC) are heterogeneous liquid-solid materials that are also anisotropic [80,81,82]. Both self-assembly gels and LCCs are formed from fibrous structures containing large amounts of solvent molecules. They can be differentiated by polarized optical microscopy (POM), which provides homogeneous images for the gels and birefringence for the LCC. These differences are ascribed to a random orientation of the fibers in the gels and an anisotropic arrangement at the macroscopic level on the order of micrometers to millimeters in the LLCs.



Linked cyclic bis[(M)-tetramers] derived from an ethynylhelicene oligomer showed a structural change at the molecular level between an intramolecular double-helix and random-coils induced by cooling and heating (Figure 27) [83]. In the presence of an enantiomeric (P)-pentamer, trimolecular 2:1 complexes with a total molecular weight of over 10,000 daltons containing intermolecular hetero-double-helices was formed, which predominated over the intramolecular homo-double-helix.



At higher concentrations, the trimolecular complex self-assembled and formed LLC composed of anisotropically aligned fibers. A mixture of a linked cyclic bis[(M)-tetramer] and a (P)-pentamer in toluene gradually changed into a viscous fluid and POM showed birefringence with a poly-domain texture typical of the nematic LLC phase (Figure 27b). SAXS analysis indicated regular periodicity with a distance of approximately 9 nm perpendicular to the nematic director, which was ascribed to the width of mesogens with the surrounding solvent. AFM analysis of the LLCs showed that they partially aligned to form fibers of 7−8 nm diameter.



When the LLCs were cooled to −60 °C, their transparency decreased and viscosity increased, at which the LLCs changed into a turbid gel (Figure 27a). POM analysis showed the disappearance of birefringence and AFM analysis showed random oriented thick bundles 100–200 nm in width. The changes were reversible and the birefringence recovered when the mixture was warmed to 25 °C. This is a reversible change between two ordered self-assembled materials, which contrasts to generally known changes between LLCs and nonstructured isotropic liquids.




7. Solid Surface Self-Assembly by Chiral Cylindrical Molecular Complexes


Chemical reactions, conformational changes and aggregations of organic molecules at the liquid-solid interfaces are important phenomena in nature and exhibit different properties from that occur in solution [84,85,86,87] The differences can be ascribed to the interactions of molecules with the surface, higher concentrations of organic molecules on the surface and confined conformations of molecules on the surface. Less, however, is known about the chemical reactivities of organic molecules on a solid surface than those in solution. Homo- and hetero-double-helix chiral cylindrical molecular complexes self-assemble on solid surfaces and exhibit notable dynamics.



7.1. Homo-Double-Helix Formation on Gold Surface


Ethynylhelicene (P)-pentamer disulfide formed a self-assembly monolayer (SAM) with homo-double-helix structure on a gold surface [88]. When a gold plate was immersed in a solution containing homo-double-helix (P)-hexamer disulfide, the homo-double-helix were grafted on the gold surface with a thickness of 3.9 nm as determined by quartz crystal microbalance (QCM) (Figure 28). From the average coverage, a double-helix occupied an area of 6.5 nm2 area with a diameter of 2.8 nm, which was consistent with the calculated size of the bottom face (Figure 13). The bottom face of the homo-double-helices were considered attached to the gold surface with dense packing. The structure of this SAM system can be monitored by CD, taking advantage of the extremely strong Cotton effect resulting from the homo-double-helix formation.



An interesting dynamic on the gold surface occurs when a gold plate is immersed in a solution containing random-coils of (P)-pentamer disulfide and SAM with a homo-double-helix structure is produced, indicating that the interactions of the sulfur groups with the gold surface induce the association. Dissociation did not occur by heating the homo-double-helices on the surface to 80 °C. The formation of homo-double-helices on the gold surface is ascribed to the strong intercomplex interactions between the chiral cylindrical molecular complexes.




7.2. Formation of Fibril Films on Vesicle Surfaces


Fibrils and fibers form by self-assembly of organic molecules in solution and provides gels incorporating large amounts of solvent molecules. In contrast, fibril formation at a liquid-solid interface produces fibril films, which is related to biological events on the membranes, cells and also solid surfaces [89,90]. For example, formation of amyloid fibrils by the aggregation of peptides or proteins is considered to be related to Alzheimer’s, Parkinson’s and prion diseases. The surface adsorption of peptide and protein films is also a critical subject in relation to the biocompatibility of implantation materials and biofilm formation by microorganisms.



A pseudo-enantiomeric mixture of oxymethylenehelicene oligomers (Figure 12) formed hetero-double-helices at the liquid-solid interface of vesicles, which provided fibril films (Figure 29a) [91]. Discontinuous nucleation was characteristic of the dynamics of the fibril film formation. A 1:1 mixture of an (M)-hexamer and a (P)-pentamer (Figure 12) in trifluoromethylbenzene was heated to 60 °C in a quartz cell and cooled to 5 °C, which produced a metastable homogeneous solution with dissociated random-coils. When the solution was held at 5 °C, fibrils formed on the quartz cell surface, which self-assembled into fibril films (Figure 29b). In contrast, the oligomers remained dissociated in the solution phase.



It may be reasonable to consider the initial hetero-double-helix formation on the solid surface on the basis of the following observations: very strong negative Cotton effect at 316 nm; reduced UV-vis intensity; 1:1 complexation determined from Job plots; hetero-double-helix formation by related pseudo-enantiomeric aminomethylenehelicene oligomers (Figure 18); similar CD spectra with the hetero-double-helix of pseudo-enantiomeric aminomethylenehelicene oligomers; presence of the enantiomeric three-dimensional structures.



The fibril film was formed on different substrate plates and the amounts differed by a factor of 20 between poly(ethylene terephthalate) and aluminum. The result is consistent with the involvement of the solid surface in the formation of hetero-double-helices as well as their self-assembly.



With regard to the kinetic aspect of the fibril films formation, AFM analysis at early stages showed a number of flat and round particles with a uniform diameter of 50 nm (Figure 29c). Notably, short fibrils were formed from some particles, which indicated that the particles were the critical for initiating fibril formation. The ∆ε/time profiles of fibril film formation revealed a sigmoidal kinetics with a lag time.



A probable mechanism of fibril film formation follows (Figure 29a). At 60 °C, the (P)-pentamer and (M)-hexamer are in the dissociated state and produce a metastable random-coil solution upon cooling to 5 °C. Then, hetero-double-helices are formed on the solid surface, which self-assemble to particles 50 nm in diameter. The particles cease to grow, likely because of the formation of thermodynamically stable ordered structures, from which fibrils 50 nm width form. The intense CD signals and large changes accompanying homo-double-helix formation enable the structural analysis on the solid surface. The discontinuous nucleation is programmed in the molecular structures of the oxymethylenehelicene oligomers and is another example of dynamics between two ordered self-assembled structures.




7.3. Self-Assembly Gels Formed by Mechanical Stimulation


Molecular responses to mechanical stimulations are an interesting subject, which has possible applications in mechanical switching, mechanical sensing and friction control [92,93,94,95,96,97,98,99,100]. Hetero-double-helix and self-assembly gels formation in pseudo-enantiomeric mixtures of the oxymethylenehelicene (P)-pentamer and (M)-hexamer occurred at 25 °C in response to mechanical stirring (Figure 30). This behavior is in contrast to the formation of fibril films on the solid surface at 5 °C (Figure 29) [101].



A trifluoromethylbenzene solution of a 1:1 mixture of the (P)-pentamer and (M)-hexamer was heated to 80 °C and cooled to 25 °C to produce a metastable homogeneous solution. The solution was mechanically stirred with an oval-shaped Teflon magnetic stirring bar at a rate of 2000 rpm (Figure 30). The solution became turbid and CD spectra with a positive Cotton effect at 322 nm was recorded, which indicated the formation of the hetero-double-helices and self-assembly. It was determined that fibril film was not formed on the vessel surface under these conditions. The inverted shapes of the CD spectra of the self-assembly gels and the fibril films suggested enantiomeric structures of the hetero-double-helices, derived from (P)-pentamer and (M)-hexamer (Figure 29 and Figure 30).



The process of hetero-double-helix and self-assembly gel formation involved multi-step transitions as indicated by the ∆ε/time profiles (Figure 31). AFM analysis showed sequential formation of fibers, bundles and sheets.



The mechanism of the formation of hetero-double-helices and the self-assembly as a result of mechanical stirring is suggested on the basis of the generation of local and temporal high-temperature domains caused by friction exerted by mechanical stirring (Figure 32). Such heating provides sufficient activation energy for the reaction of metastable random-coils to form hetero-double-helices. The heated domains disappear rapidly because of thermal relaxation and return to the original state and the structural changes occur only in limited domains. Then, the hetero-double-helices self-assemble in the solution phase to form gels.



Solid surfaces are interesting reaction media, where chiral cylindrical molecular complexes exhibit notable structures and dynamics of self-assembly. Metastable homogeneous solutions can be transformed into various heterogeneous liquid-solid materials involving self-assembly on the solid phase depending on conditions.





8. Self-Assembly of Nanoparticles with Double-Helix Chiral Cylindrical Molecular Complexes


Along with homo-double-helix formation on flat solid surfaces, the curved solid surfaces of nanoparticles are another interesting reaction medium. Nanoparticles can have much broader surfaces than the flat surfaces and the number of molecules on the surfaces in a dispersed solution is considerably larger, which makes analysis easy [102,103]. The behavior of nanoparticles, such as aggregation and precipitation, is also affected by chiral cylindrical molecular complexes in solution.



8.1. Light Emission by Composite Materials of Self-Assembly Gels and Gold Nanoparticles


Gold nanoparticles with average diameters of 10 nm were reacted with a mixture of the ethynylhelicene (P)-trimer and (M)-tetramer disulfides (Figure 33), which formed hetero-double-helices on solid surfaces and self-assembly gels in solution [104].



Upon excitation at 365 nm, composite materials produced an emission at 600–800 nm (Figure 33). The emission disappeared upon heating, when the hetero-double-helices and self-assembly gels dissociated; they regenerated upon cooling. Confocal microscopy analysis of dried composite gels exhibited arrays of fluorescent particles at 600 to 700 nm, which indicated that the emission was derived from gold nanoparticles. It is likely that the gel was excited by irradiation and transferred its energy to the nanoparticles, which then emitted light. The self-assembly gels appear to function as antennae for collecting light and transferring energy to arrays of gold nanoparticles, which is interesting because gold nanoparticles are generally considered not to emit light.




8.2. Molecular Recognition by Helicene-Grafted Silica Nanoparticles


Silica nanoparticles efficiently recognize the structure of the homo-double-helix cylindrical molecular complexes [104,105,106,107,108]. Aminopropylated silica nanoparticles with an average diameter of 70 nm were grafted with (P)-helicene acid chloride. The silica (P)-nanoparticles recognized the homo-double-helix form of the ethynylhelicene (P)-tetramer in solution, adsorbed (P)-tetramer and precipitated (Figure 34) [106]. A solution containing 1:9 mixture of homo-double-helices and random-coils of (P)-tetramer was treated with (P)-nanoparticles for 35–40 h, which formed precipitates. The precipitates contained 53% yield of homo-double-helices and the solution phase contained homo-double-helices and random-coil at 1:9 ratio in 45% yield. The (P)-nanoparticles did not precipitate with random-coils but recognized the chiral cylindrical molecular complexes in preference to the irregular random-coils. The removal of the homo-double-helices by precipitation shifted the equilibrium in the solution phase.



The (P)-nanoparticles recognized also hetero-double-helices, which were intermediates in the self-assembly gel formation and removed the chiral cylindrical molecular complexes from the solution phase by precipitation (Figure 35) [107]. A toluene solution of the ethynylhelicene (P)-pentamer and (M)-tetramer containing (P)-nanoparticles was heated to 100 °C and cooled to 25 °C to form a self-assembly gel. Then, (P)-nanoparticles, on which the hetero-double-helices were adsorbed in 30% yield, were removed by centrifugation.



The hetero-double-helices were then isolated by liberation in an appropriate solvent. The (P)-nanoparticle precipitates were suspended in 2-bromopropionic acid, sonicated to liberate hetero-double-helices and centrifuged to remove the (P)-nanoparticles. When the solution was allowed to settle for 1 h, the hetero-double-helices precipitated in crystalline form. This method could be used to separate intermediates in a chemical reaction.



A mechanism of (P)-nanoparticles precipitation is suggested (Figure 36) [105]. The dispersed state of (P)-nanoparticles in solution is derived from the electrostatic repulsions of the protonated aminopropyl groups. Consequently, washing the (P)-nanoparticles with triethylamine substantially reduced the stability of the dispersion. The added chiral cylindrical molecular complex is recognized and adsorbed on the solid surface, at which the repulsions between the (P)-nanoparticles are reduced, causing them to aggregate and precipitate.




8.3. Materials Clocking by Helicene-Grafted Silica Nanoparticles


Clocking is an important phenomenon in biology, which appears, for example, in the circadian clock [109,110,111,112,113]. It is likely that clocking involves chemical reactions, which occur accurately and precisely at a certain delay time after activation (Figure 37). Usually, chemical reactions are initially fast and later become slow, which is not suitable for clocking, because the error in time will be substantial, especially at later stages. Silica (P)-nanoparticles precipitation exhibited stair-shaped kinetics, which can be used for materials clocking [114]. This is a notable kinetic feature in the self-assembly formation of chiral cylindrical molecular complexes.



A solution of a homo-double-helix (P)-pentamer and silica (P)-nanoparticles was dispersed by sonication and the metastable dispersion was allowed to settle. Precipitation started from the top part of the solution at 3 h and completed at 4 h (Figure 38). During the initial 3 h, UV-vis absorbance remained unchanged and then an abrupt decrease occurred in a stair-shape manner, which reached a constant value at 4 h. Essentially the same kinetics were observed in the CD, UV-vis and dynamic light scattering (DLS) analysis. The decrease was ascribed to the precipitation of the (P)-nanoparticles and adsorption of the (P)-pentamer, during which 30% of the (P)-pentamer was removed from the solution phase. The experiment was highly reproducible with regard to the start time and the end time of the absorbance change, making it suitable for materials clocking with delayed time.



The homo- and hetero-double-helix cylindrical chiral molecular complexes have a high affinity for the silica nanoparticles surfaces and the materials system exhibits molecular recognition phenomena and materials clocking.





9. Homogeneous-Heterogeneous Transitions in Molecular Dispersed Solutions by Self-Catalysis


The homogeneous-heterogeneous transitions discussed in the previous sections involved the formation of heterogeneous liquid-solid materials. In contrast, the chiral cylindrical molecular complex exhibited spatially homogeneous-heterogeneous transitions in solution by dispersed molecules as indicated by UV-vis/CD imaging, where a self-catalytic network is involved [115]. A metastable homogeneous solution was converted to a metastable heterogeneous state, during which local and temporal patterns were formed by self-catalysis and eventually homogeneous solution at equilibrium formed (Figure 39).



A pseudo-enantiomeric mixture of the aminomethylenehelicene (P)-tetramer and (M)-pentamer in fluorobenzene was heated to 70 °C. UV-vis imaging analysis showed a homogeneous bright area, consisting of random-coils A (Figure 18). Then, the solution was naturally cooled to 30 °C and dark domains 1 mm in size appeared at 38 °C. This observation is consistent with the formation of hetero-double-helices B, which exhibits weaker absorption at 320 nm than A. At 30 °C because it was a metastable solution, the dark domains moved and rotated changing shape at a rate of approximately 1 mm min−1. A meteor like travelling pattern 1 mm in size also appeared from the bottom to the top, moving at a rate of 1 mm min−1. The tip of the meteor like travelling pattern was analyzed by CD imaging, revealing a negative ∆ε, which was consistent with B formation. Thus, a spatially heterogeneous solution containing B was spontaneously formed a homogeneous solution of A.



A heterogeneous solution containing B was formed by amplification involving a self-catalytic reaction, in which B catalyzes the reaction of A to become B. The result indicated that a self-catalytic chemical reaction at the molecular level can be a spatially heterogeneous phenomenon in macroscopic domains at the millimeter level.




10. Conclusions


Chiral cylindrical molecular complexes are an interesting group of organic compounds, which characteristically have anisotropic three-dimensional shapes with large surface areas of the lateral and bottom faces. Chiral cylindrical molecular complexes are obtained from homo- and hetero-double-helices formed by chiral helicene oligomers and the molecular complexes exhibit notable structures and functions in the formation of heterogeneous liquid-solid materials.



Chiral cylindrical molecular complexes exhibit dynamic properties, in that they reversibly associate and dissociate in response to changing conditions such as temperature, concentration, solvent and chemical substances. Notable phenomena appeared with regard to the thermodynamic aspect of their behaviors: reversible transitions between double-helices and random-coils, the predominant formation of hetero-double-helices over homo-double-helices, formation of enantiomeric three-dimensional structures, ordinary and inverse thermo responses, effect of the formation of water cluster and organic solvent clusters, inversion of enantiomeric three-dimensional structures and synthesis of function by multi-domain oligomers. Notable phenomena also appeared with regard to the kinetic aspect of their behavior: sigmoidal and stair-shaped kinetics, solid surface catalysis, chiral symmetry breaking and homogeneous-heterogeneous transitions in molecularly dispersed solutions by self-catalysis.



The chiral cylindrical molecular complexes self-assemble owing to the strong intercomplex interactions, and, as a consequence, provide various heterogeneous liquid-solid materials of gels, vesicles, LLCs, SAM and nanoparticles precipitates, in which solid phases are formed by self-assembly. Notable self-assembly dynamics was observed with regard to the thermodynamic aspect of their behavior, accompanied by molecular complex dissociation and association: self-assembly gelation; 1:1 and 1:2 complex formation providing Type I and II gels, respectively; four-component gel formation by ααββ-etrameric aggregate; light-emitting composite materials consisting of gold nanoparticles and self-assembly gels; molecular recognition, aggregation and precipitation by silica nanoparticles; reversible gel shrinkage due to synthesis of function; and interconversion between ordered structures of self-assembly gels and LLCs. With regard to the kinetic aspect, we observed discontinuous fibril film formation, mechanically induced self-assembly gel formation, materials clocking by silica nanoparticle precipitation and chiral symmetry breaking with self-assembly gel formation.



These functions of heterogeneous liquid-solid materials involving self-assembly materials are programmed into the molecular structures of oligomers and chiral cylindrical molecular complexes. In addition, molecular modification can be employed for the development and tuning of the properties of heterogeneous liquid-solid materials. Such controllable nature of chiral cylindrical molecular complexes is in contrast to that of small molecules, in which small structural changes often substantially affect the properties of heterogeneous liquid-solid materials.







Acknowledgments


We thank Masanori Shigeno, Wataru Ichinose, Koji Yamamoto and Masamichi Miyagawa for their contributions to these studies. We also thank all the students, whose names are noted in the publications. This work was financially supported by Grants-in-Aid for Scientific Research (Nos. 17H03050 and 17H08203) from the Japan Society for the Promotion of Science (JSPS). N.S. also acknowledges the financial supports from the Sumitomo Foundation and Izumi Science and Technology Foundation.




Author Contributions


N.S. and M.Y. conceived and designed the experiments and wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Deuter, M.; Bradbery, J.; Turnbull, J. Oxford Advanced Learner’s Dictionary, 9th ed.; Oxford University Press: Oxford, UK, 2015. [Google Scholar]

	



Lodish, H.; Berk, A.; Kaiser, C.A.; Krieger, M.; Scott, M.P.; Bretscher, A.; Ploegh, H.; Matsudaira, P. Molecular Cell Biology, 6th ed.; W. H. Freeman and Company: New York, NY, USA, 2008. [Google Scholar]

	



Voet, D.; Voet, J.G. Biochemistry, 4th ed.; Wiley: Hoboken, NJ, USA, 2011. [Google Scholar]

	



Alberts, B.; Johnson, A.; Lewis, J.; Morgan, D.; Raff, M.; Robert, K.; Walter, P. Molecular Biology of the Cell, 6th ed.; Garland Science: New York, NY, USA, 2014. [Google Scholar]

	



Semrau, S.; Schmidt, T. Membrane heterogeneity—From lipid domains to curvature effects. Soft Matter 2009, 5, 3174–3186. [Google Scholar] [CrossRef]

	



Gupta, P.; Sarkar, S.; Das, B.; Bhattecharjee, S.; Tribedi, P. Biofilm, pathogenesis and prevention—A journey to break the wall: A review. Arch. Microbiol. 2016, 198, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Bechtloff, B.; Jüsten, P.; Ulrich, J. The kinetics of heterogeneous solid-liquid crystallizations—An overview and examples. Chem. Ing. Tech. 2001, 51, 453–460. [Google Scholar] [CrossRef]

	



Orlik, M. Self-organization in nonlinear dynamical systems and its relation to the materials science. J. Solid State Electrochem. 2009, 13, 245–261. [Google Scholar] [CrossRef]

	



Busseron, E.; Ruff, Y.; Moulin, E.; Giuseppone, N. Supramolecular self-assemblies as functional nanomaterials. Nanoscale 2013, 5, 7098–7140. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Carter, J.D.; LaBean, T.L. Nanofabrication by DNA self-assembly. Materialstoday 2009, 12, 24–32. [Google Scholar] [CrossRef]

	



Min, Y.; Kwak, J.; Soon, A.; Jeong, U. Nonstoichiometric nucleation and growth of multicomponent nanocrystals in solution. Acc. Chem. Res. 2014, 47, 2887–2893. [Google Scholar] [CrossRef] [PubMed]

	



De Santis, E.; Ryadnov, M.G. Peptide self-assembly for nanomaterials: The old new kid on the block. Chem. Soc. Rev. 2015, 44, 8288–8300. [Google Scholar] [CrossRef] [PubMed]

	



Thorkelsson, K.; Bai, P.; Xu, T. Self-assembly and applications of anisotropic nanomaterials: A review. Nano Today 2015, 10, 48–66. [Google Scholar] [CrossRef]

	



Liu, M.; Zhang, L.; Wang, T. Supramolecular chirality in self-assembled systems. Chem. Rev. 2015, 115, 7304–7397. [Google Scholar] [CrossRef] [PubMed]

	



Datta, S.; Bhattacharya, S. Multifarious facets of sugar-derived molecular gels: Molecular features, mechanisms of self-assembly and emerging applications. Chem. Soc. Rev. 2015, 44, 5596–5637. [Google Scholar] [CrossRef] [PubMed]

	



Tao, K.; Levin, A.; Adler-Abramovich, L.; Gazit, E. Fmoc-modified amino acids and short peptides: Simple bio-inspired building blocks for the fabrication of functional materials. Chem. Soc. Rev. 2016, 45, 3935–3953. [Google Scholar] [CrossRef] [PubMed]

	



Steinfeld, J.I.; Francisco, J.S.; Hase, W.L. Chemical Kinetics and Dynamics; Prentice-Hall, Inc.: Upper Saddle River, NJ, USA, 1989. [Google Scholar]

	



Van Santen, R.A.; Niemantsverdriet, J.W. Chemical Kinetics and Catalysis; Plenum Press: New York, NY, USA, 1995. [Google Scholar]

	



Wright, M.R. Fundamental Chemical Kinetics; Horwood Publishing Limited: Chichester, UK, 1999. [Google Scholar]

	



Levine, R.D.; Bernstein, R.B. Molecular Reaction Dynamics; Cambridge University Press: Cambridge, UK, 2009. [Google Scholar]

	



De Yoreo, J.J.; Vekilov, P.G. Principles of crystal nucleation and growth. Rev. Mineral. Geochem. 2003, 54, 57–93. [Google Scholar] [CrossRef]

	



Thanh, N.T.K.; Maclean, N.; Mahiddine, S. Mechanisms of nucleation and growth of nanoparticles in solution. Chem. Rev. 2014, 114, 7610–7630. [Google Scholar] [CrossRef] [PubMed]

	



Atkins, P.; de Paula, J. Physical Chemistry, 10th ed.; Oxford University Press: Oxford, UK, 2014. [Google Scholar]

	



De Groot, S.R.; Mazur, P. Non-Equilibrium Thermodynamics; Dover Publication: New York, NY, USA, 1984. [Google Scholar]

	



Demirel, Y. Non-Equilibrium Thermodynamics: Transport and Rate Processes in Physical, Chemical and Biological Systems, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2007. [Google Scholar]

	



Epstein, I.R.; Pojman, J.A. An Introduction to Nonlinear Chemical Dynamics; Oxford University Press: Oxford, UK, 1998. [Google Scholar]

	



Scott, S.K. Chemical Chaos; Oxford University Press: Oxford, UK, 1991. [Google Scholar]

	



Onsager, L. The effects of shape on the interaction of colloidal particles. Ann. N. Y. Acad. Sci. 1949, 51, 627–659. [Google Scholar] [CrossRef]

	



Xiao, X.; Sheng, P. Generalized Onsager theory of liquid crystals. Phys. Rev. E 2013, 88, 062501. [Google Scholar] [CrossRef] [PubMed]

	



Goulhen, F.; Hafezi, A.; Uitto, V.-J.; Hinode, D.; Nakamura, R.; Grenier, D.; Mayrand, D. Subcellular Localization and Cytotoxic Activity of the GroEL-Like Protein Isolated from Actinobacillus actinomycetemcomitans. Infect. Immun. 1998, 66, 5307–5313. [Google Scholar] [PubMed]

	



Torensma, R.; van der Laan, J.M.; Zantinge, A.; van Bruggen, E.F.J. Reassembly of wall domains of Roman-snail (Helixpomatia) fl-haemocyanin. Biochem. J. 1981, 195, 119–122. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S. Self-organization of disc-like molecules: Chemical aspects. Chem. Soc. Rev. 2006, 35, 83–109. [Google Scholar] [CrossRef] [PubMed]

	



Wöhrle, T.; Wurzbach, I.; Kirres, J.; Kostidou, A.; Kapernaum, N.; Litterscheidt, J.; Haenle, J.C.; Staffeld, P.; Baro, A.; Giesselmann, F.; et al. Discotic liquid crystals. Chem. Rev. 2016, 116, 1139–1241. [Google Scholar] [CrossRef] [PubMed]

	



Yamaguchi, M.; Shigeno, M.; Saito, N.; Yamamoto, K. Synthesis, double-helix formation and higher-assembly formation of chiral polycyclic aromatic compounds: Conceptual development of polyketide aldol synthesis. Chem. Rec. 2014, 14, 15–27. [Google Scholar] [CrossRef] [PubMed]

	



Shigeno, M.; Kushida, Y.; Yamaguchi, M. Energy aspects of thermal molecular switching: Molecular thermal hysteresis of helicene oligomers. ChemPhysChem 2015, 16, 2076–2083. [Google Scholar] [CrossRef] [PubMed]

	



Shigeno, M.; Kushida, Y.; Yamaguchi, M. Molecular switching involving metastable states: Molecular thermal hysteresis and sensing of environmental changes by chiral helicene oligomeric foldamers. Chem. Commun. 2016, 52, 4955–4970. [Google Scholar] [CrossRef] [PubMed]

	



Saito, N.; Shigeno, M.; Yamaguchi, M. Structure and property diversity of chiral helicene oligomer. Encycl. Polym. Sci. Technol. 2015. [Google Scholar] [CrossRef]

	



Yamaguchi, M.; Arisawa, M.; Shigeno, M.; Saito, N. Equilibrum and nonequilibrium chemical reactions of helicene oligomers in the noncovalent bond formation. Bull. Chem. Soc. Jpn. 2016, 89, 1145–1169. [Google Scholar] [CrossRef]

	



Wynberg, H. Some observations on the chemical, photochemical and spectral properties of thiophenes. Acc. Chem. Res. 1971, 4, 65–73. [Google Scholar] [CrossRef]

	



Martin, R.H. The helicenes. Angew. Chem. Int. Ed. 1974, 13, 649–660. [Google Scholar] [CrossRef]

	



Iwasaki, T.; Nishide, H. Electro- and magneto-responsible chiral polymers. Curr. Org. Chem. 2005, 9, 1665–1684. [Google Scholar] [CrossRef]

	



Collins, S.K.; Vachon, M.P. Unlocking the potential of thiaheterohelicenes: Chemical synthesis as the key. Org. Biomol. Chem. 2006, 4, 2518–2524. [Google Scholar] [CrossRef] [PubMed]

	



Rajca, A.; Rajca, S.; Pink, M.; Miyasaka, M. Annelated, chiral π-conjugated systems: Tetraphenylenes and helical β-oligothiophenes. Synlett 2007, 12, 1799–1822. [Google Scholar] [CrossRef]

	



Shen, Y.; Chen, C.-F. Helicenes: Synthesis and applications. Chem. Rev. 2012, 112, 1463–1535. [Google Scholar] [CrossRef] [PubMed]

	



Gingras, M. One hundred years of helicene chemistry. Part 1: Non-stereoselective syntheses of carbohelicenes. Chem. Soc. Rev. 2013, 42, 968–1006. [Google Scholar] [CrossRef] [PubMed]

	



Gingras, M.; Félix, G.; Peresutti, R. One hundred years of helicene chemistry. Part 2: Stereoselective syntheses and chiral separations of carbohelicenes. Chem. Soc. Rev. 2013, 42, 1007–1050. [Google Scholar] [CrossRef] [PubMed]

	



Gingras, M. One hundred years of helicene chemistry. Part 3: Applications and properties of carbohelicenes. Chem. Soc. Rev. 2013, 42, 1051–1095. [Google Scholar] [CrossRef] [PubMed]

	



Urbano, A.; Carreno, M.C. Enantioselective synthesis of helicenequinones and -bisquinones. Org. Biomol. Chem. 2013, 11, 699–708. [Google Scholar] [CrossRef] [PubMed]

	



Bosson, J.; Gouin, J.; Lacour, J. Cationic triangulenes and helicenes: Synthesis, chemical stability, optical properties and extended applications of these unusual dyes. Chem. Soc. Rev. 2014, 43, 2824–2840. [Google Scholar] [CrossRef] [PubMed]

	



Saleh, N.; Shen, C.; Crassous, J. Helicene-based transition metal complexes: Synthesis, properties and applications. Chem. Sci. 2014, 5, 3680–3694. [Google Scholar] [CrossRef]

	



Isla, H.; Crassous, J. Helicene-based chiroptical switches. Comptes Rendus Chim. 2016, 19, 39–49. [Google Scholar] [CrossRef][Green Version]

	



Nakamura, K.; Okubo, H.; Yamaguchi, M. Synthesis and self-aggregation of cyclic alkynes containing helicene. Org. Lett. 2001, 3, 1097–1099. [Google Scholar] [CrossRef] [PubMed]

	



Saito, N.; Terakawa, R.; Yamaguchi, M. Synthesis, π-face-selective aggregation and π-face chiral recognition of configurationally stable C3-symmetric propeller-chiral molecules with a π-core. Chem. Eur. J. 2014, 20, 5601–5607. [Google Scholar] [CrossRef] [PubMed]

	



Amemiya, R.; Yamaguchi, M. Chiral recognition in noncovalent bonding interactions between helicenes: Right-handed helix favors right-handed helix over left-handed helix. Org. Biomol. Chem. 2008, 6, 26–35. [Google Scholar] [CrossRef] [PubMed]

	



Amemiya, R.; Yamaguchi, M. Synthesis and structure of built-up organic macromolecules containing helicene. Chem. Rec. 2008, 8, 116–127. [Google Scholar] [CrossRef] [PubMed]

	



Sugiura, H.; Nigorikawa, Y.; Saiki, Y.; Nakamura, K.; Yamaguchi, M. Marked effect of aromatic solvent on unfolding rate of helical ethynylhelicene oligomer. J. Am. Chem. Soc. 2004, 126, 14858–14864. [Google Scholar] [CrossRef] [PubMed]

	



Sugiura, H.; Yamaguchi, M. Helix-dimer–random-coil thermal switching process of ethynylhelicene heptamer highly sensitive to its environment. Chem. Lett. 2007, 36, 58–59. [Google Scholar] [CrossRef]

	



Sugiura, H.; Amemiya, R.; Yamaguchi, M. Reversible double-helix-random-coil transition process of bis{hexa(ethynylhelicene)}s. Chem. Asian J. 2008, 3, 244–260. [Google Scholar] [CrossRef] [PubMed]

	



Saito, N.; Terakawa, R.; Shigeno, M.; Amemiya, R.; Yamaguchi, M. Side chain effect on the double helix formation of ethynylhelicene oligomers. J. Org. Chem. 2011, 76, 4841–4858. [Google Scholar] [CrossRef] [PubMed]

	



Saito, N.; Kobayashi, H.; Yamaguchi, M. “Inverse” thermoresponse: Heat-induced double-helix formation of an ethynylhelicene oligomer with tri(ethylene glycol) termini. Chem. Sci. 2016, 7, 3574–3580. [Google Scholar] [CrossRef]

	



Ichinose, W.; Shigeno, M.; Yamaguchi, M. Multiple states of dimeric aggregates formed by (amido–ethynyl)helicene bi-domain compound and (amido–ethynyl–amido)helicene tri-domain compound. Chem. Eur. J. 2012, 18, 12644–12654. [Google Scholar] [CrossRef] [PubMed]

	



Ichinose, W.; Ito, J.; Yamaguchi, M. Tetrameric ααββ aggregate formation by stereoisomeric bi-domain helicene oligomers. Angew. Chem. Int. Ed. 2013, 52, 5290–5294. [Google Scholar] [CrossRef] [PubMed]

	



Ichinose, W.; Ito, J.; Yamaguchi, M. Heteroaggregation between isomeric amido-ethynyl-amidohelicene tri-domain oligomers. J. Org. Chem. 2012, 77, 10655–10667. [Google Scholar] [CrossRef] [PubMed]

	



Amemiya, R.; Saito, N.; Yamaguchi, M. Hetero-double-helix formation by an ethynylhelicene oligomer possessing perfluorooctyl side chains. J. Org. Chem. 2008, 73, 7137–7144. [Google Scholar] [CrossRef] [PubMed]

	



Saito, N.; Shigeno, M.; Yamaguchi, M. Two-component fibers/gels and vesicles formed from hetero-double-helices of pseudoenantiomeric ethynylhelicene oligomers with branched side chains. Chem. Eur. J. 2012, 18, 8994–9004. [Google Scholar] [CrossRef] [PubMed]

	



Shigeno, M.; Sato, M.; Kushida, Y.; Yamaguchi, M. Aminomethylenehelicene oligomers possessing flexible two-atom linker form a stimuli-responsive double-helix in solution. Asian J. Org. Chem. 2014, 3, 797–804. [Google Scholar] [CrossRef]

	



Shigeno, M.; Kushida, Y.; Yamaguchi, M. Heating/cooling stimulus induces three-state molecular switching of pseudoenantiomeric aminomethylenehelicene oligomers: Reversible nonequilibrium thermodynamic processes. J. Am. Chem. Soc. 2014, 136, 7972–7980. [Google Scholar] [CrossRef] [PubMed]

	



Smith, D.K. Lost in translation? Chirality effects in the self-assembly of nanostructured gel-phase materials. Chem. Soc. Rev. 2009, 38, 684–694. [Google Scholar] [CrossRef] [PubMed]

	



Fichman, G.; Gazit, E. Self-assembly of short peptides to form hydrogels: Design of building blocks, physical properties and technological applications. Acta Biomater. 2014, 10, 1671–1682. [Google Scholar] [CrossRef] [PubMed]

	



Rasale, D.B.; Das, A.K. Chemical reactions directed peptide self-assembly. Int. J. Mol. Sci. 2015, 16, 10797–10820. [Google Scholar] [CrossRef] [PubMed]

	



Amemiya, R.; Mizutani, M.; Yamaguchi, M. Two-component gel formation by pseudoenantiomeric ethynylhelicene oligomers. Angew. Chem. Int. Ed. 2010, 49, 1995–1999. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, K.; Oyamada, N.; Mizutani, M.; An, Z.; Saito, N.; Yamaguchi, M.; Kasuya, M.; Kurihara, K. Two types of two-component gels formed from pseudoenantiomeric ethynylhelicene oligomers. Langmuir 2012, 28, 11939–11947. [Google Scholar] [CrossRef] [PubMed]

	



Ichinose, W.; Miyagawa, M.; Yamaguhi, M. Reversible shrinkage of self-assembled two-component organogels by lithium salts: Synthesis of gelation property and lithium salt response using bi-domain helicene oligomer. Chem. Mater. 2013, 25, 4036–4043. [Google Scholar] [CrossRef]

	



Tranter, G.E. The parity-violating energy differences between the enantiomers of α-amino acids. Chem. Phys. Lett. 1985, 120, 93–96. [Google Scholar] [CrossRef]

	



Mason, S.F.; Tranter, G.E. The electroweak origin of biomolecular handedness. Proc. R. Soc. Lond. 1985, 397, 45–65. [Google Scholar] [CrossRef]

	



Kondepudi, D.K.; Nelson, G.W. Weak neutral currents and the origin of biomolecular chirality. Nature 1985, 314, 438–441. [Google Scholar] [CrossRef]

	



Kondepudi, D.K. Selection of molecular chirality by extremely weak chiral interactions under far-from-equilibrium conditions. BioSystems 1987, 20, 75–83. [Google Scholar] [CrossRef]

	



Kondepudi, D.K.; Asakura, K. Chiral autocatalysis, spontaneous symmetry breaking and stochastic behavior. Acc. Chem. Res. 2001, 34, 946–954. [Google Scholar] [CrossRef] [PubMed]

	



Kushida, Y.; Sawato, T.; Shigeno, M.; Saito, N.; Yamaguchi, M. Deterministic and stochastic chiral symmetry breaking exhibited by racemic aminomethylenehelicene oligomers. Chem. Eur. J. 2017, 23, 327–333. [Google Scholar] [CrossRef] [PubMed]

	



Mann, S. Self-assembly and transformation of hybrid nano-objects and nanostructures under equilibrium and non-equilibrium conditions. Nat. Mater. 2009, 8, 781–792. [Google Scholar] [CrossRef] [PubMed]

	



Yu, G.; Yan, X.; Han, C.; Huang, F. Characterization of supramolecular gels. Chem. Soc. Rev. 2013, 42, 6697–6722. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, K.; Steed, J.W. Supramolecular gel phase crystallization: Orthogonal self-assembly under non-equilibrium conditions. Chem. Soc. Rev. 2014, 43, 2080–2088. [Google Scholar] [CrossRef] [PubMed]

	



Saito, N.; Kanie, K.; Matsubara, M.; Muramatsu, A.; Yamaguchi, M. Dynamic and reversible polymorphism of self-assembled lyotropic liquid crystalline systems derived from cyclic bis(ethynylhelicene) oligomers. J. Am. Chem. Soc. 2015, 137, 6594–6601. [Google Scholar] [CrossRef] [PubMed]

	



Love, J.C.; Estroff, L.A.; Kriebel, J.K.; Nuzzo, R.G.; Whitesides, G.M. Self-assembled monolayers of thiolates on metals as a form of nanotechnology. Chem. Rev. 2005, 105, 1103–1169. [Google Scholar] [CrossRef] [PubMed]

	



Vericat, C.; Vela, M.E.; Corthey, G.; Pensa, E.; Cortés, E.; Fonticelli, M.H.; Ibanez, F.; Benitez, G.E.; Carro, P.; Salvarezza, R.C. Self-assembled monolayers of thiolates on metals: A review article on sulfur-metal chemistry and surface structures. RSC Adv. 2014, 4, 27730–27754. [Google Scholar] [CrossRef]

	



Casalini, S.; Bortolotti, C.A.; Leonardi, F.; Biscarini, F. Self-assembled monolayers in organic electronics. Chem. Soc. Rev. 2017, 46, 40–71. [Google Scholar] [CrossRef] [PubMed]

	



Pieters, G.; Prins, L.J. Catalytic self-assembled monolayers on gold. New J. Chem. 2012, 36, 1931–1939. [Google Scholar] [CrossRef]

	



Yamamoto, K.; Sugiura, H.; Amemiya, R.; Aikawa, H.; An, Z.; Yamaguchi, M.; Mizukami, M.; Kurihara, K. Formation of double helix self-assembled monolayers of ethynylhelicene oligomer disulfides on gold surfaces. Tetrahedron 2011, 67, 5972–5978. [Google Scholar] [CrossRef]

	



Moores, B.; Drolle, E.; Attwood, S.J.; Simons, J.; Leonenko, Z. Effect of Surfaces on Amyloid Fibril Formation. PLoS ONE 2011, 6, e25954. [Google Scholar] [CrossRef] [PubMed]

	



Brodoceanu, D.; Bauer, C.T.; Kroner, E.; Arzt, E.; Kraus, T. Hierarchical bioinspired adhesive surfaces-a review. Bioinspir. Biomim. 2016, 11, 051001. [Google Scholar] [CrossRef] [PubMed]

	



Shigeno, M.; Sawato, T.; Yamaguchi, M. Fibril film formation of pseudoenantiomeric oxymethylenehelicene oligomers at the liquid–solid interface: Structural changes, aggregation and discontinuous heterogeneous nucleation. Chem. Eur. J. 2015, 21, 17676–17682. [Google Scholar] [CrossRef] [PubMed]

	



Helen, W.; de Leonardis, P.; Ulijn, R.V.; Gough, J.; Tirelli, N. Mechanosensitive peptide gelation: Mode of agitation controls mechanical properties and nano-scale morphology. Soft Matter 2011, 7, 1732–1740. [Google Scholar] [CrossRef]

	



Maity, S.; Kumar, P.; Haldar, D. Sonication-induced instant amyloid-like fibril formation and organogelation by a tripeptide. Soft Matter 2011, 7, 5239–5245. [Google Scholar] [CrossRef]

	



Okano, K.; Arteaga, O.; Ribo, J.M.; Yamashita, T. Emergence of chiral environments by effect of flows: The case of an ionic oligomer and Congo red dye. Chem. Eur. J. 2011, 17, 9288–9292. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.-W.; Ma, J.-T.; Chen, C.-F. Structure–property relationship of a class of efficient organogelators and their multistimuli responsiveness. Tetrahedron 2011, 67, 85–91. [Google Scholar] [CrossRef]

	



Okano, K.; Taguchi, M.; Fujiki, M.; Yamashita, T. Circularly polarized luminescence of rhodamine B in a supramolecular chiral medium formed by a vortex flow. Angew. Chem. Int. Ed. 2011, 50, 12474–12477. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, A.; Srivastava, A. Mechano-responsive gelation of water by a short alanine-derivative. Soft Matter 2014, 10, 4863–4868. [Google Scholar] [CrossRef] [PubMed]

	



Van Herpt, J.T.; Stuart, M.C.A.; Browne, W.R.; Feringa, B.L. Mechanically induced gel formation. Langmuir 2013, 29, 8763–8767. [Google Scholar] [CrossRef] [PubMed]

	



Teunissen, A.J.P.; Nieuwenhuizen, M.M.L.; Rodríguez-Llansola, F.; Palmans, A.R.A.; Meijer, E.W. Mechanically induced gelation of a kinetically trapped supramolecular polymer. Macromolecules 2014, 47, 8429–8436. [Google Scholar] [CrossRef]

	



Shen, Z.; Wang, T.; Shi, L.; Tang, Z.; Liu, M. Strong circularly polarized luminescence from the supramolecular gels of an achiral gelator: Tunable intensity and handedness. Chem. Sci. 2015, 6, 4267–4272. [Google Scholar] [CrossRef] [PubMed]

	



Sawato, T.; Saito, N.; Shigeno, M.; Yamaguchi, M. Mechanical stirring induces heteroaggregate formation and self-assembly of pseudoenantiomeric oxymethylene helicene oligomers in solution. ChemSelect 2017, 2, 2205–2211. [Google Scholar] [CrossRef]

	



Saha, K.; Agasti, S.S.; Kim, C.; Li, X.; Rotello, V.M. Gold nanoparticles in chemical and biological sensing. Chem. Rev. 2012, 112, 2739–2779. [Google Scholar] [CrossRef] [PubMed]

	



Colangelo, E.; Comenge, J.; Paramelle, D.; Volk, M.; Chen, Q.; Lévy, R. Characterizing self-assembled monolayers on gold nanoparticles. Bioconjug. Chem. 2017, 28, 11–22. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, K.; An, Z.; Saito, N.; Yamaguchi, M. Fluorescent gold nanoparticles: Synthesis of composite materials of two-component disulfide gels and gold nanoparticles. Chem. Eur. J. 2013, 19, 10580–10588. [Google Scholar] [CrossRef] [PubMed]

	



Ichinose, W.; Miyagawa, M.; An, Z.; Yamaguchi, M. Optical resolution of aromatic alcohols using silica nanoparticles grafted with helicene. Org. Lett. 2012, 14, 3123–3125. [Google Scholar] [CrossRef] [PubMed]

	



Miyagawa, M.; Ichinose, W.; Yamaguchi, M. Equilibrium shift in solution: Molecular shape recognition and precipitation of a synthetic double helix using helicene-grafted silica nanoparticles. Chem. Eur. J. 2014, 20, 1272–1278. [Google Scholar] [CrossRef] [PubMed]

	



Miyagawa, M.; Yamaguchi, M. Helicene-grafted silica nanoparticles capture hetero-double-helix Iintermediates during self-assembly gelation. Chem. Eur. J. 2015, 21, 8408–8415. [Google Scholar] [CrossRef] [PubMed]

	



Miyagawa, M.; Arisawa, M.; Yamaguchi, M. Equilibrium shift induced by chiral nanoparticle precipitation in rhodium-catalyzed disulfide exchange reaction. Tetrahedron 2015, 71, 4920–4926. [Google Scholar] [CrossRef]

	



Hardin, P.E. Molecular genetic analysis of circadian timekeeping in Drosophila. Adv. Genet. 2011, 74, 141–173. [Google Scholar] [CrossRef] [PubMed]

	



Green, C.B.; Takahashi, J.S.; Bass, J. The meter of metabolism. Cell 2008, 134, 728–742. [Google Scholar] [CrossRef] [PubMed]

	



Asher, G.; Schibler, U. Crosstalk between components of circadian and metabolic cycles in mammals. Cell Metab. 2011, 13, 125–137. [Google Scholar] [CrossRef] [PubMed]

	



Yang, G.; Paschos, G.; Curtis, A.M.; Musiek, E.S.; McLoughlin, S.C.; FitzGerald, G.A. Knitting up the raveled sleave of care. Sci. Transl. Med. 2013, 5, 212rv3. [Google Scholar] [CrossRef] [PubMed]

	



Umemura, Y.; Koike, N.; Matsumoto, T.; Yoo, S.-H.; Chen, Z.; Yasuhara, N.; Takahashi, J.S.; Yagita, K. Transcriptional program of Kpna2/Importin-α2 regulates cellular differentiation-coupled circadian clock development in mammalian cells. Proc. Natl. Acad. Sci. USA 2014, 111, E5039–E5048. [Google Scholar] [CrossRef] [PubMed]

	



Miyagawa, M.; Yamaguchi, M. Material clocking by silica nanoparticle precipitation in solution phase that is tunable by organic molecules. ChemPlusChem 2015, 80, 1502–1507. [Google Scholar] [CrossRef]

	



Kushida, Y.; Sawato, T.; Saito, N.; Shigeno, M.; Satozono, H.; Yamaguchi, M. Spatially heterogeneous nature of self-catalytic reaction in hetero-double helix formation of helicene oligomers. ChemPhysChem 2016, 17, 3283–3288. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 23 00277 g001 550] 





Figure 1. Bottom-up formation of heterogeneous liquid-solid systems derived from self-assembly of molecules. Both biological and synthetic systems are shown. 
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Figure 2. Energy aspects of homogeneous-heterogeneous transition in formation of heterogeneous liquid-solid materials involving self-assembly materials for solid phase. 
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Figure 3. Various shapes of molecules and molecular complexes. 
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Figure 4. Methods of synthesis of cylindrical structures by molecular complexation. 
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Figure 5. Formation of chiral double-helix cylindrical molecular complexes, shown in transparent blue. 
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Figure 6. Hetero-double-helix chiral cylindrical molecular complexes with enantiomeric three-dimensional structures, which are derived from racemic oligomers providing enantiomeric structures and from slightly different structures of oligomers providing diastereomeric structures. Hetero-double-helixes are shown in transparent yellow. 
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Figure 7. Linked cylindrical molecular complexes by covalent bond (a); single noncovalent bond domain (b); two noncovalent bond domains (c) and 1:2 double-helix complexes, where the length of oligomers are different (d). 
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Figure 8. Interconversion between double-helix and random-coil (a) and interconversion between hetero-double-helix the enantiomeric three-dimensional structures (b). 
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Figure 9. Structure changes of cylindrical molecular complexes of double-helix at the molecular level to self-assembly level in multiple steps manner. 
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Figure 10. Calculated structure of dimeric (P)-[3 + 3]cycloalkyne. Reproduced from reference 52 by permission from ACS, Washington, DC, USA. 
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Figure 11. X-ray structure of dimeric (P)-[3]alkyne. Reproduced from reference 53 by permission from John Wiley & Sons, Hoboken, NJ, USA. 
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Figure 12. Chemical structures of acyclic helicene oligomers. 
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Figure 13. Calculated structures (a) and CD spectra (b) of hetero-double-helix derived from (P)-tetramer/(M)-pentamer; calculated structures (c) and CD spectra (d) of homo-double-helix derived from (P)-tetramer/(P)-pentamer. 
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Figure 14. Ordinary thermo responses (a) and inverse thermo responses (b) shown by the plots of RTlnK against association constant K, in which the relation is shown by free energy, ∆G = −RTlnK = ∆H − T∆S. 
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Figure 15. Ordinary thermo response (dotted lines) and inverse thermo response (solid lines) shown by ∆ε (360 nm)/time profiles at temperature switching between 5 and 60 °C shown in blue and red circles, respectively. Chemical structure of a PEG (P)-tetramer is also shown. 
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Figure 16. Possible mechanism of inverse thermo response. 
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Figure 17. Expand and shrink of a tri-domain (P,P,P)-oligomer as shown by CD spectra. Chemical structure of tri-domain (P,P,P)-oligomer is also shown. 
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Figure 18. Inversion of chiral three-dimensional structures in the hetero-double-helix formation derived from aminomethylenehelicene (P)-tetramer and (M)-pentamer, which are indicated by the P*- and M*-structures (a); CD spectra for the B-to-C reaction are also shown (b). 
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Figure 19. Self-assembly gel formed by a hetero-double-helix (a) shown by CD spectra (b) and TEM image (c). Reproduced from reference 71 by permission from John Wiley & Sons. 






Figure 19. Self-assembly gel formed by a hetero-double-helix (a) shown by CD spectra (b) and TEM image (c). Reproduced from reference 71 by permission from John Wiley & Sons.
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Figure 20. Effects of solvents on the morphology of self-assembly materials derived from hetero-double-helices (P)-pentamer/(M)-tetramer. 
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Figure 21. Type I and Type II gels in the pseudo-enantiomeric ethynylhelicene oligomers (a) shown by CD spectra (b). Reproduced from reference 72 by permission from ACS. 
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Figure 22. Formation of type I gels shown by fluorescence/time profiles. Reproduced from reference 72 by permission from ACS. 
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Figure 23. Formation of ααββ tetrameric aggregates derived from bi-domain (P,P)- and (P,M)-compounds (a); HPLC profiles (b) and AFM images (c) of gels are shown. Chemical structure of bi-domain (P,P)-oligomer is also shown (d). 
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[image: Molecules 23 00277 g023]







[image: Molecules 23 00277 g024 550] 





Figure 24. Synthesis of function by bi-domain (P,P)-compound and (M)-tetramer upon addition and removal of lithium salt. 
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Figure 25. Schematic presentation of chiral symmetry breaking of racemic aminomethylehehelicene (±)-pentamer (a) as shown by development of CD spectra (b) and AFM images of resultant fibers (c). Reproduced from reference 79 by permission from John Wiley & Sons. 
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Figure 26. Kinetics in chiral symmetry breaking during hetero-double-helix and self-assembly gel formation shown by ∆ε/time profiles from repeated experiments (a) and ε/time profiles at different temperatures (b). Reproduced from reference 79 by permission from John Wiley & Sons. 
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Figure 27. Schematic representation of a hetero-double-helix molecular complex and self-assembly of the cyclic ethynylhelicene bis[(M)-tetramer]/(P)-pentamer system (a); Visual, POM and AFM images of LLCs at 25 and −60 °C (b); The chemical structure of the cyclic bis[(M)-tetramer] is also shown (c). 
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Figure 28. Formation of self-assembled monolayer (SAM) of double-helix (P)-pentamer disulfide on a gold surfaces. Chemical structure of the (P)-pentamer disulfide is also shown. 
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Figure 29. (a) Schematic presentation of fibril film formation shown by (b) CD spectra and (c) AFM image. 
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Figure 30. Formation of hetero-double-helices and self-assembly of oxymethylenehelicene (M)-hexamer and (P)-pentamer mixture in solution at 25 °C by mechanical stirring. The changes are shown by visual images and CD spectra. 
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Figure 31. ∆ε/time profiles of kinetics in the formation of self-assembly gels by mechanical stirring as shown by (a) and AFM images (b). Reproduced from reference 101 by permission from John Wiley & Sons. 
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Figure 32. Proposed mechanism of formation of self-assembly gelation by mechanical stirring. 
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Figure 33. Light emission from composite materials derived from gold nanoparticles and hetero-double-helices self-assembly gels. Changes in visual and fluorescence spectra are shown accompanying the sol-gel transition in response to thermal stimuli. Reproduced from reference 104 by permission from John Wiley & Sons. 
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Figure 34. Molecular recognition of homo-double-helices by heliciene-grafted silica nanoparticles, which induces equilibrium shift. 
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Figure 35. Removal and isolation of hetero-double-helices during self-assembly gelation by silica (P)-nanoparticles. 
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Figure 36. Proposed mechanism of (P)-nanoparticles precipitation. S represents chiral cylindrical molecular complex. 
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Figure 37. Materials clocking system using precipitation of (P)-nanoparticles in the presence of A-to-B reaction. 
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Figure 38. Absorbance/time profiles obtained by UV-vis and CD analyses of mixture of ethynylhelicene (P)-pentamer and (P)-nanoparticles in trifluoromethylbenzene. Diameter/time profiles (blue line) obtained by DLS analysis. Pictures of the precipitation experiment are also shown. Reproduced from reference 114 by permission from John Wiley & Sons. 






Figure 38. Absorbance/time profiles obtained by UV-vis and CD analyses of mixture of ethynylhelicene (P)-pentamer and (P)-nanoparticles in trifluoromethylbenzene. Diameter/time profiles (blue line) obtained by DLS analysis. Pictures of the precipitation experiment are also shown. Reproduced from reference 114 by permission from John Wiley & Sons.
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Figure 39. UV-vis images (320 nm) (a) and CD images (320 nm) (b) of 1:1 mixture of aminomethylenehelicene (P)-tetramer and (M)-pentamer in fluorobenzene during cooling from 70 to 30 °C. Reproduced from reference 115 by permission from John Wiley & Sons. 
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Table 1. Two-component gels formation by the pseudo-enantiomeric ethynylhelicene oligomers shown by minimal gelation concentrations (mM). The compounds are shown in terms of the absolute configuration and numbers of helicene. The types of the gels formed by the combinations, type I and II, are also shown by shades in green and blue, respectively.
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