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Abstract

:

Recently, various chiral aromatic compounds, including chiral π-conjugated liquid crystals, have been developed for their unique photofunctions. One of the typical photofunctions is the bulk photovoltaic effect of ferroelectric π-conjugated liquid crystals, which integrates a polar environment based on molecular chirality with an extended π-conjugation system. Tuning the spectral properties and molecular packing is essential for improving the optical functions of the chiral π-conjugated liquid crystals. Herein, we examined the effects of an ethynyl linker and bilateral symmetry on the liquid-crystalline (LC) properties and π-conjugated system through detailed characterization via polarizing optical microscopy, differential scanning calorimetry, and X-ray diffraction analysis. The spreading of the π-conjugated system was evaluated using UV–vis absorption and photoluminescence spectroscopy. Bilateral symmetry affects the LC and photoluminescent properties. Hetero-substitution with a sparse ethynyl linker likely allows the formation of an interdigitated smectic LC structure. Because the molecular packing and photophysical properties can affect the photo- and electrical functions, we believe this study can promote the molecular design of novel functional π-conjugated materials, such as chiral ferroelectric π-conjugated liquid crystals, exhibiting the bulk photovoltaic effect.
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1. Introduction


Molecular chirality can induce the formation of hierarchical suprastructures, which acts as platforms for biological, pharmacological, chemical, and physical functions [1,2,3,4,5,6,7]. A broken-symmetry structure is a self-organized structure that reflects the molecular chirality. Symmetry reduction leads to the stabilization of polar structures. Thus, ferroelectricity can be observed in such chiral suprastructures [8,9,10]. Another representative chiral supramolecular system is the helical self-assembly. The absolute configuration of the chiral molecules labeled (R) or (S) reflects their helical structure and axis. Because the helical conformation due to inherent molecular chirality is known to contribute to various functionalities of self-assembled materials, chiral materials, including chiral polymers [6,11], chiral supramolecular polymers [6,12], and chiral liquid crystals (CLCs) [2,13,14,15], have been extensively developed and studied. In particular, CLCs show sensitive responses to external stimuli, such as temperature and electric fields, because of their dynamic nature [14,15]. In recent years, we have focused on chiral smectic liquid crystals resulting from introducing molecular chirality into smectic liquid crystal systems [16,17,18,19]. From both basic scientific and engineering standpoints, the most important and beneficial chiral smectic liquid crystal is a ferroelectric liquid-crystalline material that exhibits a chiral smectic C (SmC*) phase. In the neutral SmC* phase, the CLC molecules form a tilted-layer structure with helical twisting of the molecular axis along the normal layer. When an electric field is applied to planar-aligned CLC molecules with a transverse dipole moment in the SmC* phase, molecular reorientation should occur to unwind helical structures. Because molecular chirality can stabilize the polar structure owing to the reduction of structural symmetry, ferroelectric properties are often observed in the SmC* phase. Conventional CLCs have been investigated for their applications such as in optical sensors [20] and high-speed liquid-crystal displays [21]. While conventional CLCs are generally insulators, chiral π-conjugated liquid crystals have the potential to be unique photofunctional materials [16,17,18,19,22]. Many π-conjugated liquid crystals have been synthesized, and their electronic charge carrier transport properties have been explored as liquid-crystalline (LC) semiconductors [23,24,25,26,27,28]. LC materials have some advantages such as improved solubility in common organic solvents, the control of molecular orientation, and the formation of uniform thin films against inorganic semiconductors. Therefore, LC semiconductors have been frequently used as active materials in optoelectronic devices such as bulk heterojunction organic photovoltaic devices [29,30], organic light-emitting diodes [31,32,33], and organic thin-film transistors [34,35,36].



This study aimed to develop chiral π-conjugated liquid crystals for novel optoelectronic materials. Recently, exciting applications of chiral π-conjugated liquid crystals have been reported. For instance, Funahashi et al. developed electric-field-responsive CLCs that exhibited an SmC* phase. As terthiophene-based CLCs show ferroelectricity and photoconductivity in the SmC* phase, the combined effect of spontaneous polarization and carrier transport results in a bulk photovoltaic effect in the LC phase [37]. The bulk photovoltaic effect based on molecular chirality is a newly discovered type of ferroelectric photovoltaic (FePV) effect, which is classified as one of the bandgap-independent photovoltaic effects [38,39,40,41]. As the FePV effect shows unique characteristics, such as ultrafast spontaneous photocurrent [42], low noise current [43], and no dissipation [44], the anomalous photovoltaic effect in ferroelectrics is evidently different from conventional photovoltaic effects based on p-n junctions [40,41]. Therefore, the FePV effect has attracted considerable attention in material chemistry and physics. While the FePV effect in ferroelectric ceramics has been widely investigated for several decades [38,39,40,41,42,43,44], reports on the FePV effect in organic materials other than the FePV effect of CLCs [16,17,18,19,22] are still limited [45,46,47]. The FePV effect for organic materials is essential for developing novel high-performance organic photoelectronic devices, including organic photovoltaic cells and organic photodetectors [47]. In fact, the FePV effect with a high open-circuit voltage of over 1 V was recently achieved by using CLCs doped with a fullerene derivative [48]. The exploration of CLCs, which are candidates for the active materials of the FePV effect, has only begun and is still important. In particular, tuning the light absorption property is a significant factor in realizing a large short-circuit current density, resulting in efficient charge carrier generation. The most common approach for tuning spectroscopic properties is expanding the π-conjugated systems, such as by introducing an ethynyl linker.



In this study, we examined the influence of the ethynyl linker between oligothiophene and chiral fluorophenyl units on the LC and photophysical properties. In addition, the impact of bilateral symmetry of the chiral compounds upon those properties were studied. We synthesized three chiral π-conjugated compounds, (R)-1, (R)-2, and (R)-3 (Figure 1). Molecular packing in the smectic LC phase and its spectroscopic properties were also investigated.




2. Materials and Methods


2.1. General Procedures and Materials


All reagents were purchased from Sigma-Aldrich Japan (Tokyo, Japan), Tokyo Chemical Industry Co., Ltd.(Tokyo, Japan), Kanto Chemicals (Tokyo, Japan), and FUJIFILM Wako Pure Chemicals (Osaka, Japan) and were used without further purification. All the reactions were performed under an argon atmosphere in a well-dried flask equipped with a magnetic stirring bar. The synthetic scheme for the target compounds is described in the next section (Section 2.2. Synthesis). The details of synthetic conditions are described in the attached Supplementary Files, Section S1. All 1H and 13C NMR spectra were recorded on a Bruker (Osaka, Japan) Biospin AVANCE NEO 400 spectrometer in CDCl3 (400 MHz for 1H NMR spectra, 100 MHz for 13C NMR spectra). All chemical shifts (δ) in the 1H and 13C NMR spectra are quoted in ppm using tetramethylsilane (δ = 0.00) as the internal standard (0.03 vol%). High-resolution mass spectrometry (HRMS) measurements were carried out by electrospray ionization using a SCIEX (Tokyo, Japan) X500R QTOF spectrometer. Elemental analysis was entrusted to A-Rabbit-Science Japan Co., Ltd. (Kanagawa, Japan).




2.2. Synthesis


The chiral π-conjugated compounds (R)-1, (R)-2, and (R)-3 were synthesized according to the procedures shown in Scheme 1. All compounds were synthesized via Pd-catalyzed C-C coupling reactions. The chiral starting material (S)-2-octanol was purchased from Tokyo Chemical Industry Co., Ltd. (Specification value: chemical purity ≥ 98.0%, optical purity ≥ 98.0%ee). Compounds 4, (R)-5, 6, (R)-7 and 8 were synthesized with reference to literatures [17,19,49,50,51]. The chiral compound (R)-5 was synthesized via the Suzuki–Miyaura reaction between 2,2’-bithiophene-5-boronic acid pinacol ester and 4-bromo-2-fluoro-1-{(R)-2-octyloxy}benzene. 4-Bromo-2-fluoro-1-{(R)-2-octyloxy}benzene was synthesized via the Mitsunobu reaction between 4-bromophenol and (S)-2-octanol. It is noted that the optical purity of (S)-2-octanol is guaranteed ≥ 98.0%ee by the standard. Because the Mitsunobu reaction generally undergoes the typical SN2 displacement pathway, chiral inversion must be caused [52]. Shi et al. reported that the Mitsunobu reaction using chiral alcohols exhibiting high enantiomeric excess (> 90%ee) with phenol derivatives afford the product with high optical purity (> 90%ee) [53]. Based on these findings, various chiral liquid crystals have been synthesized from (S)-2-octanol or (R)-2-octanol the several reaction steps including Mitsunobu reaction and C-C cross-coupling reactions [54,55,56,57]. 1H-, 13C NMR and HRMS spectra for the target compounds (R)-1, (R)-2, and (R)-3 are shown in the ESI, Sections S2 and S3.



2.2.1. Characterization of (R)-1


5-Octyl-5”-{3-fluoro-4-[(R)-2-octyloxy]phenyl}-2,2’:5’,2”-terthiophene: (R)-1


1H NMR (400 MHz, CDCl3): δ [ppm] = 7.30 (dd, 1H, J = 12.2, 2.2 Hz), 7.25 (ddd, 1H, J = 8.4, 2.4, 1.2 Hz), 7.10 (d, 1H, J = 3.6 Hz), 7.08 (d, 1H, J = 3.6 Hz), 7.05 (d, 1H, J = 3.6 Hz), 6.99 (d, 1H, J = 4.0 Hz), 6.98 (d, 1H, J = 3.2 Hz), 6.95 (t, 1H, J = 8.6 Hz), 6.68 (d, 1H, J = 3.6 Hz), 4.37 (sextet, 1H, J = 6.0 Hz), 2.79 (t, 2H, J = 7.4 Hz), 1.86–1.55 (m, 4H), 1.51–1.20 (m, 18H), 1.33 (d, 3H, J = 6.0 Hz), 0.89 (t, 6H, J = 7.0 Hz); 13C NMR (100 MHz, CDCl3): δ [ppm] = 153.8 (d, J = 244.2 Hz), 145.8 (d, J = 10.9 Hz), 145.7, 141.8 (d, J = 2.2 Hz), 136.9, 136.3, 135.4, 134.4, 127.8 (d, J = 7.2 Hz), 124.9, 124.3, 124.1, 123.5 (d, J = 15.9 Hz), 123.4, 121.4 (d, J = 3.6 Hz), 117.9 (d, J = 2.7 Hz), 113.8, 113.6, 76.6, 36.5, 31.9, 31.8, 31.6, 30.2, 29.3, 29.3, 29.2, 29.1, 25.4, 22.7, 22.6, 19.8, 14.1, 14.1; HRMS (ESI): molecular weight: 582.8954 (C34H43FOS3); m/z calculated for [C34H43FOS3]+: 582.2455 ([M]+); found: 582.2456; elemental analysis (%) calculated for C34H43FOS3: C 70.06, H 7.44, F 3.26, O 2.74, S 16.50; found: C 69.81, H 7.28.





2.2.2. Characterization of (R)-2


5-Octyl-5”-({3-fluoro-4-[(R)-2-octyloxy]phenyl}ethynyl)-2,2’:5’,2”-terthiophene: (R)-2


1H NMR (400 MHz, CDCl3): δ [ppm] = 7.25–7.18 (m, 2H), 7.14 (d, 2H, J = 3.6 Hz), 7.07 (d, 1H, J = 4.0 Hz), 7.03 (d, 1H, J = 4.0 Hz), 6.99 (d, 1H, J = 4.0 Hz), 6.99 (d, 1H, J = 3.6 Hz), 6.91 (t, 1H, J = 8.8 Hz), 4.39 (sextet, 1H, J = 6.0 Hz), 2.79 (t, 2H, J = 7.6 Hz), 1.85–1.55 (m, 4H), 1.52–1.22 (m, 18H), 1.33 (d, 3H, J = 6.4 Hz), 0.88 (t, 6H, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3): δ [ppm] = 152.9 (d, J = 244.8 Hz), 147.0 (d, J = 10.9 Hz), 146.0, 138.7, 137.6, 134.7, 134.2, 132.7, 127.9 (d, J = 3.6 Hz), 124.9, 124.8, 123.6 (d, J = 3.2 Hz), 123.2, 121.7, 119.4, 119.2, 116.7 (d, J = 2.4 Hz), 115.3 (d, J = 8.3 Hz), 93.2, 82.0, 76.3, 36.4, 31.9, 31.8, 31.6, 30.2, 29.3, 29.2, 29.1, 25.4, 22.7, 22.6, 19.8, 14.1, 14.1; HRMS (ESI): molecular weight: 606.9174 (C36H43FOS3); m/z calculated for [C36H43FOS3]+: 606.2455 ([M]+); found: 606.2453; elemental analysis (%) calculated for C36H43FOS3: C 71.24, H 7.14, F 3.13, O 2.64, S 15.85; found: C 71.25, H 7.16.





2.2.3. Characterization of (R)-3


5,5’-Bis({3-fluoro-4-[(R)-2-octyloxy]phenyl}ethynyl)-2,2’-bithiophene: (R)-3


1H NMR (400 MHz, CDCl3): δ [ppm] = 7.25–7.19 (m, 4H), 7.15 (d, 2H, J = 3.6 Hz), 7.07 (d, 2H, J = 4.0 Hz), 6.92 (t, 2H, J = 8.6 Hz), 4.40 (sextet, 2H, J = 6.2 Hz), 1.85–1.72 (m, 2H), 1.67–1.55 (m, 2H), 1.52–1.24 (m, 16H), 1.33 (d, 6H, J = 6.4 Hz), 0.88 (t, 6H, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3): δ [ppm] = 152.9 (d, J = 245.4 Hz), 147.1 (d, J = 10.8 Hz), 138.0, 132.7, 128.0 (d, J = 3.0 Hz), 124.0, 122.5, 119.3 (d, J = 20.2 Hz), 116.7 (d, J = 2.4 Hz), 115.2 (d, J = 8.5 Hz), 93.5 (d, J = 2.8 Hz), 81.8, 76.3, 36.4, 31.8, 29.2, 25.4, 22.6, 19.8, 14.1; HRMS (ESI): molecular weight: 658.9068 (C40H44F2O2S2); m/z calculated for [C40H45F2O2S2]+: 659.2824 ([M+H]+); found: 659.2828; elemental analysis (%) calculated for C40H44F2O2S2: C 72.91, H 6.73, F 5.77, O 4.86, S 9.73; found: C 72.99, H 6.86.






2.3. Characterization of LC Properties


The LC properties of chiral π-conjugated compounds were characterized using differential scanning calorimetry (DSC), polarizing optical microscopy (POM), and X-ray diffraction (XRD). DSC measurements were conducted using a SHIMADZU (Kyoto, Japan) DSC-60 system equipped with a liquid nitrogen auto-cooling system (TAC-60L). Approximately 2–3 mg of each sample was sealed in an aluminum pan. The optical texture was observed using a polarizing optical microscope (Olympus BH2, Olympus Corporation, Tokyo, Japan) equipped with a digital camera (AS ONE HDCE-X1 (AS ONE Corporation, Osaka, Japan) and a temperature control system (METTLER TOLEDO FP90 and FP82HT). Indium tin oxide (ITO) sandwich cells filled with chiral π-conjugated compounds were used for POM observations. Empty ITO sandwich cells (KSSO-02/A311P1NSS05, cell gap: 2 μm) were purchased from EHC Corporation (Tokyo, Japan). The ITO surface without a polyimide was rubbed to assist in the planar orientation of the smectic phases. The scan rate of DSC measurements and POM observations was 10 °C min−1. XRD measurements were performed using a Rigaku RINT-2500 (Ni-filtered Cu Kα radiation, Rigaku Corporation, Tokyo, Japan) equipped with a custom-made thermal control system composed of a silicone rubber heater, thermocouple sensor, and PID-type thermal controller (AS ONE TJA-550).




2.4. Characterization of Spectroscopic Properties


UV–vis absorption spectra were recorded using a JASCO (Tokyo, Japan) V-650 spectrometer. UV-vis absorption spectra were measured using a pair of quartz cells (cell gap: 1 cm). The photoluminescence (PL) emission spectra were recorded using a SHIMADZU (Kyoto, Japan) RF-6000 spectrometer. Emission spectra were measured using a pair of quartz cells (cell gap: 1 cm).





3. Results and Discussion


3.1. Liquid-Crystalline Properties


3.1.1. Polarizing Optical Microscopy


In the POM observation of chiral phenylterthiophene derivative (R)-1, a broken fan-like texture with stripes was observed in the area where the sample was sandwiched between two ITO electrodes, at approximately 140 °C upon cooling from the isotropic liquid (IL) state (Figure 2a). The broken fan-like domains suggest the formation of an LC tilted-layer structure. Furthermore, the stripe pattern in each fan-shaped domain should be derived from the disclination. Therefore, the characteristic optical textures indicated the appearance of a chiral smectic C (SmC*) phase with a nonpolar helical structure. When the sample was cooled to approximately 130 °C, the polarized optical texture was transformed, and tile-like domains were observed in the homeotropic domains of the SmC* phase between the two glass substrates (Figure 2b). This change in texture corresponds to a phase transition from SmC* to ordered smectic phases. Upon further cooling to room temperature, the domain shapes were maintained without drastic textural changes (Figure 2c). In the POM study of compound (R)-2, an ethynyl linker introduced between the terthiophene and chiral fluorophenyl units, we observed a fan-shaped texture upon cooling from the IL phase (Figure 3a). A typical fan-shaped texture shows the appearance of a smectic LC phase. Because the color and contrast of the optical texture vary as the sample temperature of (R)-2 decreases to approximately 110 °C (Figure 3b), the high-temperature smectic LC phase is changed to another smectic LC phase at this temperature. After cooling below 100 °C, the stripes appeared in fan-shaped domains (Figure 3c). In the polarized optical texture of (R)-2 at 45 °C, the stripes of fan-shaped domains are more conspicuous (Figure 3d). The slight change of optical texture is probably due to rearrangements in the intralayer molecular packing. These results support that (R)-2 exhibited several smectic LC phases. In the POM observation of compound (R)-3 modified with chiral fluorophenyl units on both wings of the 2,2’-bithiophene core, two types of optical textures were observed during cooling from the IL phase (Figure 4a,b). However, these textures differ from the distinctive textures of LC phases. Therefore, we conclude that (R)-3 does not exhibit LC properties.




3.1.2. Differential Scanning Calorimetry


The DSC thermogram of (R)-1 exhibits two distinct endothermic peaks due to first-order phase transitions during the second heating (Figure 5a). Although a crystal-LC phase transition peak is found at 63.3 °C on the first heating, no endothermic peak of crystal-LC transition is seen on subsequent heating scans. Similar phase transition behaviors are found in analogous phenylterthiophene derivatives [17,37]. The inconsistency in the number of first-order phase transition peaks between first cooling and second heating scans suggests the existence of a monotropic metastable mesophase during cooling. When we consider the results of POM and DSC studies of (R)-1, the exothermic peak at 144.2 °C during cooling indicates the IL–SmC* phase transition. The following peak observed at 131.3 °C corresponds to the transition from SmC* to metastable ordered smectic phases. The metastable smectic phase transforms to a more stable ordered smectic phase at 66.5 °C during cooling. On the second heating scan, the endothermic peak of the ordered smectic-SmC* phase transition is observed at 132.5 °C, and the SmC*-IL phase transition follows at 144.8 °C. In the DSC thermogram of (R)-2, three peaks are observed during the second heating (Figure 5b). These peaks correspond to the two LC–LC phase transitions and an LC–IL phase transition based on the results of the POM study. The middle LC phase changes to the low-ordered smectic phase at 111.5 °C after the first LC–LC phase transition occurs at 101.3 °C. The smectic LC structure and the molecular order collapses at 126.0 °C. The broad exothermic peak, at approximately 67 °C, is observed on the first cooling scan, corresponding to the transition from metastable to stable states (Figure 5b). A metastable LC phase is observed during cooling for compound (R)-2. Therefore, we conclude that compounds (R)-1 and (R)-2 exhibit similar monotropic behavior. The broad tolerance of molecular packing style in (R)-2 should be also reflected to the complicated phase transition behaviors on the first heating process. Compound (R)-3 also shows several phase transitions at 52.3 and 77.2 °C, as observed in the second heating scan (Figure 5c). The DSC and POM studies support that compound (R)-3 exhibits crystalline polymorphism.




3.1.3. X-ray Diffraction


The variable-temperature XRD measurements were conducted for the chiral π-conjugated compounds (R)-1, (R)-2, and (R)-3 to gain insight into their molecular packing and self-assembled structures. The XRD pattern of (R)-1 in the SmC* phase at 139 °C (Figure 6a, upper) exhibits diffraction peaks at 2θ = 3.12°, 6.10°, 12.11°, 15.15°, and 18.21°, which correspond to diffractions from the (001), (002), (003), (004), (005), and (006) planes, respectively. Because all d-spacings estimated from these diffractions can be expressed as integer ratios, the XRD pattern also indicates that a smectic-layer structure at approximately 140 °C can be formed. The molecules in the smectic-layer structure should be tilted with respect to the normal of the layer because the layer spacing (29 Å) is shorter than the theoretical extended molecular length (35 Å) of (R)-1 estimated by the molecular mechanics calculation (Energy minimization calculation, MM2 force field, PerkinElmer, Chem3D 18.1). The SmC* phase is observed between 144 and 131 °C upon cooling of (R)-1. This observation coincides with those of the preceding POM and DSC studies. In the XRD pattern, during cooling, we observed a diffraction peak with a low intensity at 95 °C in the wide-angle region (2θ = 19.30°) and several other diffraction peaks that represented from the smectic-layer structures (Figure 6a, middle). The low-intensity peak can be assigned to the (010) plane, reflecting the intralayer order. From the periodic diffraction peaks corresponding to the (001), (002), (003), (004), and (006) planes, the layer spacing is estimated to be 29 Å. Therefore, the tilt angle remains unchanged through the SmC*–LC phase transition. As no other peaks are observed in the wide-angle region, the intralayer order in the metastable smectic phase should be confined in the short range. Therefore, we consider the metastable phase at 95 °C to be an ordered chiral smectic (SmX1*) phase which is probably either chiral smectic F or chiral smectic I phase [57,58,59,60]. The XRD profile of the more stable highly ordered chiral smectic (SmX2*) phase at 27 °C differed from those of the SmC* and SmX1* phases (Figure 6a, lower). The increase in the intralayer molecular order is indicated by a broad peak observed at 2θ = 18.64° for the (100) plane and by an increase in the relative peak intensity of the (010) diffraction. The shorter layer spacing of 29 Å and the calculated molecular length indicate that the tilted-layer structure is maintained even in the ordered smectic phase. This ordered smectic (SmX2*) phase should be one of the chiral smectic G, chiral smectic J or chiral smectic H phase, as determined by the general phase transition sequence [57,58,59,60,61].



The XRD pattern of the LC phase of (R)-2 at 124 °C (Figure 6b, upper) exhibits several peaks at 2θ = 2.16°, 4.36°, and 6.49°. These three peaks are attributed to the (001), (002), and (003) planes with diffractions derived from the periodicity of the smectic-layer structure. Although the extended molecular length of (R)-2 is estimated to be 38 Å by MM2 calculations, the experimentally obtained layer spacing is 41 Å. The layer spacing is greater than the theoretical molecular length that an interdigitated layer structure can achieve. The halos observed at approximately 2θ = 12°, 20°, 24°, and 26° also confirm the interdigitated organization of (R)-2 molecules. Because the POM textures of (R)-2 at a comparable temperature are typical for a low-ordered smectic phase and not for a characteristic texture for a highly ordered smectic phase, the formation of a highly ordered smectic phase is uncertain. In addition, the sample of (R)-2 shows fluidity in the LC phase. These behaviors can be observed in a low-ordered interdigitated smectic phase. While the halo at 2θ = 12° can be ascribed to the disordered aggregation of bulky chiral alkyl chains based on steric effects, the series of halos between 2θ = 18° and 2θ = 30° probably resulted from the disordered aggregation of the linear aliphatic chains and interaction between aromatic units. Thus, the appearance of several halos suggests that each of the rigid aromatic units and mobile chiral alkyl chains is segregated and gathered in different periodicities. The integrated molecules of (R)-2 in the LC phase should be tilted with respect to the layer normal, considering the molecular packing model (Figure 7). Therefore, upon cooling, we assigned the LC phase of (R)-2 between 126 °C and 112 °C to an interdigitated chiral smectic C (SmCd*) phase [62,63,64,65,66,67]. When the XRD sample of (R)-2 was cooled to 108 °C, the normalized intensities of the (002) and (003) diffraction peaks in the XRD profile (Figure 6b, middle) were higher than those of the same peaks in the XRD pattern of the SmCd* phase (Figure 6b, upper). The absence of sharp diffraction peaks in the wide-angle region indicates the absence of long-range intralayer order in the middle-temperature LC phase. Because the interlayer spacing undergoes a slight change of 41–42 Å via the SmCd*–LC phase transition, the interdigitated layer structure is maintained. Based on these results, we believe that the middle-temperature LC phase is a chiral smectic (SmXd1*) phase, in which the interdigitated LC structures have short-range intralayer order. In the XRD pattern of (R)-2 cooled to room temperature (34 °C), additional weak diffraction peaks were observed at 2θ = 10.6° and 19.4° (Figure 6b, bottom). These peaks originated from the (005) and (010) diffraction planes. Because the sharp (010) diffraction peak indicates growing intralayer-bond order, the room-temperature LC phase is identified as a highly ordered interdigitated chiral smectic (SmXd2*) phase. The small difference of XRD patterns between SmXd1* phase and SmXd2* phase suggests the slight structural change through phase transitions via the metastable state. The POM study of (R)-2 on cooling process (Figure 3b–d) also supports this consideration. The metastable phase of (R)-2 probably appears while the rearrangement of intralayer molecular packing proceeds under the influence of spatial factors by bulky chiral unit and sparse ethynyl moiety.



Compound (R)-3 exhibited complicated XRD patterns, indicating crystalline molecular packing below 74 °C (Figure 6c). Although several phase transition peaks were observed in the DSC thermogram, bis({fluorophenyl}ethynyl) bithiophene (R)-3 showed crystal polymorphism and did not show any thermodynamically stable LC phase.



The phase transition behaviors of (R)-1, (R)-2, and (R)-3 are summarized in Table 1. For each of LC compounds (R)-1 and (R)-2, the initial crystalline precipitates for the characterization of LC properties were obtained by recrystallization. It is noted that both LC compounds (R)-1 and (R)-2 exhibit the crystalline–LC phase transition only in the first heating process. Once the precipitates melted to the IL phase, no crystallization occurred during the cooling process below −50 °C at a scanning rate of 10 °C min−1. These results show that a bilateral asymmetric molecular structure is effective for liquid crystallinity. In addition, we consider that the interplay of bulky chiral unit and sparse ethynyl moiety prominently causes a variety of molecular packing as well as the formation of interdigitated structures.





3.2. Spectroscopic Properties


Figure 8a shows the UV–vis absorption and PL spectra in a dilute THF solution of (R)-1, (R)-2, and (R)-3. The absorption spectrum of (R)-1 in THF (10 μM) showed a quasi-unimodal absorption band corresponding to the π–π* transition of the terthiophene unit between 330 and 450 nm. The absorption maximum was 393 nm with a molar absorption coefficient of 4.0 × 104 L mol−1 cm−1. By comparing the absorption spectra of (R)-1 and (R)-2 in THF dilute solutions, a slight shift in the absorption band of (R)-2 is observed towards the longer wavelength region. This result suggested that introducing an ethynyl linker to the mesogenic core accurately extended the effective π-conjugation length. In addition, the THF solution of compound (R)-2 showed a higher molar absorption coefficient of 4.7 × 104 L mol−1 cm−1 at the absorption maximum (λabs = 397 nm) compared to those of the solution of (R)-1. The absorption spectrum of (R)-3 in THF (10 μM) displays the π–π * transition band of the bithiophene core with an absorption maximum of 390 nm. For a dilute solution of (R)-3, the molar absorption coefficient attained 5.5 × 104 L mol−1 cm−1. The absorption edges in the THF solutions of (R)-1, (R)-2, and (R)-3 are 446, 450, and 455 nm, respectively (Figure 8b). Because the order of the absorption maxima and edges reflects the π-conjugation length, (R)-2 should have the longest effective π-conjugation length among the three compounds. Each fluorescence spectrum indicates well-resolved vibrational structures (Figure 8a). The maximum PL intensity of (R)-3 in the THF solution was more than twice those of (R)-1 and (R)-2. This result indicates that modifying phenylethynyl units on both wings of the 2,2’-bithiophene core enhances fluorescence emission. The luminescence enhancement appears to result from the suppression of thermal relaxation, and an increase in the oscillator strength is observed. In the case of compound (R)-3, introducing an ethynyl linker may reduce steric interactions and extend the π-conjugation length [68]. Table 2 lists the spectroscopic parameters. The disubstituted compound (R)-3 showed the slightest Stokes shift among the three compounds, and phenylethynyl terthiophene (R)-2 displayed the most significant Stokes shift. According to previous reports, we considered that the difference in Stokes shift originated from conformational changes rather than solvent effects [68]. The difference in Stokes shift implies a variation in the conformational change between the ground and excited states. The modification of the chiral phenylethynyl units showed different effects on excitation and emission in (R)-3 and (R)-2. Because interorbital electronic interactions are sensitive to modifications, the principal cause of the difference in spectroscopic properties of (R)-2 and (R)-3 seems to be left-right asymmetrical hetero-substitution. The lack of a drastic increase in the PL intensity of (R)-2 also supports this hypothesis.





4. Conclusions


We synthesized three chiral oligo-thiophene derivatives, (R)-1, (R)-2, and (R)-3. While compounds (R)-1 and (R)-2 exhibited chiral smectic LC phases, the disubstituted bithiophene analog (R)-3 showed only crystalline polymorphism. This outcome suggests that the bilateral symmetry hinders liquid-crystallinity. In other words, molecular structuring with left-right asymmetry promotes the formation of LC structures. The ethynyl-inserted monosubstituted compound (R)-2 forms LC interdigitated layer structures due to the steric effect of the spatially sparse ethynyl linker and the bulky chiral moiety. In addition, the interplay of both units could effectively contribute to the formation of various smectic LC structures. The UV–vis absorption and PL spectra in a dilute THF solution indicate that (R)-2 has a more expansive π-conjugation system than (R)-1 because of the introduction of the ethynyl linker. The ethynyl linker also contributed to an increase in the molar absorption coefficient in the visible region. Because the molecular packing and photophysical properties affect the photoconductive properties, introducing an ethynyl linker in the central π-conjugated core causes drastic changes in the performance of organic optoelectronic devices. We believe our results can help in the molecular design of novel functional chiral π-conjugated liquid crystals, including ferroelectric π-conjugated liquid crystals that exhibit the FePV effect.
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Figure 1. Chemical structures of the chiral π-conjugated compounds (R)-1, (R)-2, and (R)-3. 
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Scheme 1. Synthesis routes of compounds (R)-1, (R)-2, and (R)-3. 
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Figure 2. POM images of (R)-1 at (a) 140 °C, (b) 95 °C, and (c) 40 °C. The black arrows indicate the border of ITO electrode and glass surface. 
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Figure 3. POM images of (R)-2 at (a) 120 °C, (b) 105 °C, (c) 90 °C, and (d) 45 °C. 
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Figure 4. POM images of (R)-3 at (a) 70 °C, and (b) 40 °C. 
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Figure 5. DSC thermograms of (a) (R)-1, (b) (R)-2, and (c) (R)-3 at a scanning rate of 10 °C min−1. 
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Figure 6. Variable-temperature XRD profiles of (a) (R)-1, (b) (R)-2, and (c) (R)-3. 
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Figure 7. Schematic illustrations of the molecular packing models in the (a) SmC* phase of (R)-1 (monolayer structure), and (b) SmCd* phase of (R)-2 (interdigitated layer structure) assumed from the XRD profiles. 
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Figure 8. (a) UV–vis absorption and photoluminescent spectra in THF dilute solution (10 μM) of (R)-1, (R)-2, and (R)-3. (b) The magnified UV–vis absorption spectra in (a). Each triangle marks in the inset of absorption spectra depicting the absorption edge of (R)-1 (blue), (R)-2 (red), and (R)-3 (green). 
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Table 1. Phase transition behavior of (R)-1, (R)-2, and (R)-3.
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Compound

	
Phase Transition Temperature/°C (Enthalpy/kJ mol−1)






	
(R)-1

	
first heating

	
Cr 63 (−13) SmX2* 132 (−13) SmC* 145 (−11) IL




	
first cooling

	
IL 144 (11) SmC* 131 (12) SmX1* 67 (1) SmX2*




	
second heating

	
SmX2* 133 (−13) SmC* 145 (−11) IL




	
(R)-2

	
first heating

	
Cr 24 (−5) M 47 (−2) SmXd2* 102 (−3) SmXd1* 112 (−4) SmCd* 126 (−9) IL




	
first cooling

	
IL 126 (9) SmCd* 112 (3) SmXd1* 101 (4) SmXm* 67 (1) SmXd2*




	
second heating

	
SmXd2* 101 (−3) SmXd1* 112 (−3) SmCd* 126 (−8) IL




	
(R)-3

	
first heating

	
Cr2 53 (−9) Cr1 78 (−37) IL




	
first cooling

	
IL 75 (33) Cr1 51 (18) Cr2




	
second heating

	
Cr2 52 (−9) Cr1 77 (−36) IL








The abbreviations Cr, Cr1, Cr2, IL, M, SmC*, SmCd*, SmX1*, SmX2*, SmXd1*, SmXd2*, and SmXm* denote crystalline, crystalline 1, crystalline 2, isotropic liquid, unidentified ordered, chiral smectic C, chiral interdigitated smectic C, unidentified ordered chiral smectic 1, unidentified ordered chiral smectic 2, unidentified interdigitated ordered smectic 1, interdigitated ordered smectic 2, and metastable interdigitated ordered smectic phases, respectively.
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Table 2. Spectroscopic properties of (R)-1, (R)-2, and (R)-3 in a dilute THF solution (10 μM).
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	Compound
	λabs/nm

(Molar Absorption Coefficient/L mol −1 cm−1)
	λem/nm
	Stokes Shift/eV





	(R)-1
	393 (4.0 × 104)
	451, 478 (a)
	0.406



	(R)-2
	397 (4.7 × 104)
	458, 483 (b)
	0.416



	(R)-3
	390 (5.5 × 104)
	445, 471 (c)
	0.393







(a) Excitation wavelength of 393 nm. (b) Excitation wavelength: 397 nm. (c) The excitation wavelength was 390 nm.
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