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Abstract

:

We have designed new chiral smectic mesogens with the -CH2O group near the chiral center. We synthesized two unique rod-like compounds. We determined the mesomorphic properties of these mesogens and confirmed the phase identification using dielectric spectroscopy. Depending on the length of the oligomethylene spacer (i.e., the number of methylene groups) in the achiral part of the molecules, the studied materials show different phase sequences. Moreover, the temperature ranges of the observed smectic phases are different. It can be seen that as the length of the alkyl chain increases, the liquid crystalline material shows more mesophases. Additionally, its clearing (isotropization) temperature increases. The studied compounds are compared with the structurally similar smectogens previously synthesized. The helical pitch measurements were performed using the selective reflection method. These materials can be useful and effective as chiral components and dopants in smectic mixtures targeted for optoelectronics and photonics.






Keywords:


synthesis; ferroelectric; antiferroelectric; helical pitch; dielectric spectroscopy; X-ray diffraction












1. Introduction


Chiral smectic liquid crystals are of great interest due to their unique properties and potential applications in various fields of science and technology [1,2,3,4,5]. Among smectics, the compounds exhibiting ferro- and antiferroelectric properties are of the most significant practical importance [6,7,8,9,10,11,12]. The ferroelectric phase (SmC*) was predicted and then discovered by Meyer et al. in 1975 [13], and antiferroelectricity in liquid crystals was discovered by Chandani et al. in 1989 [14]. Practical applications have only liquid–crystalline mixtures [15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30] because the composition’s tuning allows us to make the optimized ferro- or antiferroelectric mixtures. It is not easy to synthesize compounds with the desired properties. Formulating mixtures (based on existing compounds) that supply favorable properties, such as a wide range of the SmC* (ferroelectric) or SmCa* (antiferroelectric) phase, low melting point, long helical pitch, required spontaneous polarization, or a switching time, is much easier. To obtain the desired properties, the structure of liquid–crystalline molecules is designed appropriately, particularly the type and shape of the molecular core, the length of the terminal chains, the type and position of substituents, and the type of chiral center(s).



Therefore, we designed mesogens with three benzene rings, without substituents on these rings, with a different number of methylene groups (n = 3 or 7), and with the chiral center: -CH2OC*H(CH3)OC2H5 (S). These mesogens are structurally like previously synthesized compounds with antiferroelectric and/or ferroelectric phases [31,32]. The chemical formulas of the designed materials are shown in Figure 1a,b. The acronym for the compounds is nPhPhCH2O.



This work aimed to synthesize and then study the mesomorphic properties of chiral smectic compounds and discuss the obtained results based on the properties of other compounds with a similar chemical structure [31,32], which were previously synthesized by the research group from the Military University of Technology. The article describes the characterizations of the mesophases obtained via polarizing optical microscopy (POM), differential scanning calorimetry (DSC), and dielectric spectroscopy. In the case of these mesogens, a rarely used –CH2O group was used in the chiral part of the molecule to check whether such a change would have a beneficial effect on the properties of these materials. Most often, the chiral fragment contains an ester bond (–COO–). These studies are also important for collecting information on the mesomorphic properties of the obtained mesogens and check whether they can be beneficial components for formulating liquid-crystalline mixtures.




2. Materials and Methods


2.1. Synthetic Method of Obtaining Mesogens


The synthesis of the studied compounds was based on a two-step reaction. The benzyloxy derivative was previously synthesized by our research group according to the method described in Ref. [33]. The first stage was the hydrogenation reaction (Scheme 1), which was carried out in acetone. An amount of 2 g of catalyst was used; the temperature increased spontaneously to 29 °C during the reaction (about a liter of hydrogen was used). The whole was then heated to the boiling point, cooled, and blown out with nitrogen, and GC analysis was performed. After the reaction, the catalyst was filtered off, and acetone was distilled. The chiral phenol was crystallized from hexane (100 mL) and ethanol (20 mL). The chemical purity was checked on a Shimadzu GCMS-QP2010S series gas chromatograph (Shimadzu Co., Kyoto, Japan), which is equipped with a quadrupole mass analyzer (MS), and was 99.8%. The yield of the hydrogenation reaction was 95%. The MS yielded the following: 196(M+), 123, 110, 93, 81, 73, 59, 45, and 28.



The second stage was the esterification reaction (Scheme 2), carried out in dry toluene using acid chloride with a twofold excess of pyridine. Oxalyl chloride and one drop of N,N-dimethylformamide were added to the suspension of the acid in dry toluene. There was a vigorous reaction. When the evolution of gases stopped, the mixture was heated to 30 °C with constant stirring for 5 h. The clear solution was then heated to reflux, and the excess oxalyl chloride was distilled off with the toluene on a Vigreux column. Then, phenol and pyridine were added to the cold solution. The mixture was stirred at 65 °C for 16 h, then cooled to room temperature, and poured into a solution prepared from 10% hydrochloric acid and water. The layers were separated and the organic layer was washed twice with water. The extract was filtered through activated carbon, then dried over anhydrous magnesium sulfate, and the solvent was evaporated to dryness. The obtained esters, after purification via column chromatography (silica gel and methylene chloride were used), were crystallized from anhydrous ethanol. The chemical purity of the final products was checked using thin-layer chromatography (TLC) and a high-performance liquid chromatograph, HPLC-PDA-MS (APCI-ESI dual source) Shimadzu LCMS 2010 EV (Shimadzu Co., Kyoto, Japan), which was equipped with a polychromatic UV–VIS detector (Shimadzu Co., Kyoto, Japan). The purity confirmed on the liquid chromatograph was over 99%. For ester 3PhPhCH2O, the MS yielded 655[M + Na]+, and for ester 7PhPhCH2O, the MS yielded 711[M + Na]+. The yield of the esterification reaction was below 50% in all cases. MS data for the final products are added to the Supplementary Materials in Figures S1–S2.



Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) spectra in CDCl3 were collected using a Bruker model AvanceIII spectrometer (Bruker, Billerica, MA, USA). All measurements were performed at room temperature. 1H NMR and 13C NMR spectra of the newly obtained mesogens are presented in Figures S3–S6 (see Supplementary Materials). NMR studies confirmed that the planned structures were obtained. The chemical shift values of the obtained compounds are given in Tables S1 and S2 in the Supplementary Materials.




2.2. Determination of the Enantiomeric Purity of Mesogens


A chiral stationary phase (CSP) based on cellulose was chosen as polysaccharide derivatives [34,35,36], which are the most successful CSPs for the enantioseparation of these types of mesogens. The acetonitrile/water 99/1 (v/v) mixture was suitable for enantioseparation of these enantiomers. Elution was performed in an isocratic mode. The compounds were dissolved in the mobile phase at a concentration of 0.6 mg·mL−1; the sample injection was 20 µL. ACN for HPLC (min. 99.9%) was purchased from POCH S.A., Gliwice, Poland. Ultrapure water was used.



Chiral separations were conducted using a Shimadzu LC-20AP HPLC system (Shimadzu Co., Kyoto, Japan) consisting of a binary solvent delivery pump, an autosampler (SIL-10AP), a communications bus module (CBM-20A), a diode array detector (SPD-M20A), and a fraction collector (FRC-10A). Data acquisition was performed using Shimadzu software. The measurements were conducted at room temperature. The mobile phase flow rate was 1.0 mL·min−1, and the detection wavelength was 254 nm. The ReproSil Chiral MIC column—cellulose tris-(3,5-dichlorophenyl-carbamate), immobilized on silica gel with a particle size of 5 μm, with dimensions of 250 mm × 4.6 mm i.d, and a pore size of 1000 Å (Dr. Maisch, Ammerbuch, Germany)—was used for the chiral separation. The enantioselective HPLC results are shown in Figure 2 and Table 1.



The developed method was successfully applied to the chiral separation of mesogens (Rs ˃ 2.0). The optical purity of mesogens is high, especially for mesogens with a longer oligomethylene spacer. Another round of crystallization could enantiomerically enrich these mesogens. The optical purity of the used chiral phenol was ee = 98.3%.





3. Results and Discussion


3.1. Transition Temperatures and Phase Behavior


The sequence of mesophases was determined via polarizing optical microscopy (POM) using an Olympus BX51 polarizing microscope (Shinjuku, Tokyo, Japan) equipped with a Linkam heating/cooling stage THMS-600 (Linkam Scientific Instruments Ltd., Tadworth, UK). A differential scanning calorimetry DSC 204 F1 Phoenix instrument (Netzsch, Selb, Germany) was used to estimate the enthalpies and temperatures of phase transitions. In both cases, observations were carried out in a heating and cooling cycle near the phase transition region at a scan rate of 2 °C·min−1. The phase transition temperatures and the phase assignments made based on these observations are given in Table 2.



Figure 3 shows the phase temperature ranges for obtained mesogens to visualize the mesomorphic behavior better. The y-axis shows the phase transition temperatures in [°C], and the x-axis shows the acronyms of the compounds (this applies to all phase diagrams).



Both studied compounds have the SmC* and SmA* phases. The ferroelectric phase exists in a very wide temperature range for the compound with the longer oligomethylene spacer (about 100 °C). For the compound 3PhPhCH2O, this phase occurs in a narrower temperature range (about 40 °C). The smectic A* phase occurs in a wide (for the compound with n = 3) or medium (for the compound with n = 7) temperature range. The antiferroelectric phase (SmCa*) occurs only for the compound 7PhPhCH2O in a very narrow (about 4 °C) temperature range in the heating cycle. Upon cooling, the range of the SmCa* phase becomes wider (about 12 °C). The compound with the shorter oligomethylene spacer has a lower clearing point and, at the same time, has a higher melting point. Microphotographs of the characteristic textures obtained under crossed polarizers in POM for mesogens are shown in Figure 4.



Figure 5 shows the formulas and acronyms of compounds that were used to compare phase temperatures with the compounds obtained in this work. We have different phase situations for the structurally similar compounds [31,32] to those described above; see Figure 6. The main differences between the compounds presented in this work and the compounds described earlier are the structure of the rigid core (PhPhCOOPh or PhCOOPhPh) and different chains creating the chiral fragment (–C6H13 or –OC2H5).



First, there are very large differences in the clearing points for the compared compounds. For the compound 3PhCH2O, only the monotropic SmCa* phase is observed in a narrow temperature range. The compound 7PhCH2O has this phase in a wide temperature range and the ferroelectric phase in a narrow range. Figure 6 shows how the change in the order of occurrence of benzene rings and different chiral centers affects the mesomorphic properties. The compounds studied in this work exhibit primarily ferroelectric properties, while those synthesized earlier have antiferroelectric properties. It can also be seen that compounds with longer terminal chains have wider ranges of these phases.



How the number of benzene rings affects the mesomorphic properties is shown in Figure 7, because several two-ring compounds with the same chiral center as that of the studied mesogens, –CH2OC*H(CH3)OC2H5 (S) were also synthesized. Figure 8 shows the chemical structures of these materials.



Two-ring compounds have much lower clearing points than three-ring compounds, which are below 45 °C. One compound (with n = 4) has the ferroelectric phase, one (with n = 5) has the SmA* phase, and the two compounds (with the longest oligomethylene spacer) have both of these phases. These compounds also have very low melting points. There is a significant difference in the phase temperature ranges between compounds differing in the number of benzene rings.




3.2. Dielectric Spectroscopy and Spontaneous Polarization


Impedance spectroscopy is a useful method for characterizing the dielectric properties of liquid–crystalline materials. In our laboratory, we have an impedance analyzer from Hewlett Packard: HP 4192A. This equipment allows us to nominally perform measurements at frequencies from 5 Hz to 13 MHz. We used the measurement range from 100 Hz to 10 MHz. For measurements, we used self-made cells with gold electrodes instead of cells with ITO electrodes to avoid high-frequency parasitic effects [37]. Such cells can be used for frequencies up to 10 MHz. The thickness of the cells used was about 5 µm, and the alignment of the cells was planar (polyimide SE130). The liquid crystals were heated and placed in the measurement cell in the isotropic phase using capillary action. All measurements were performed in the cooling cycles. We performed measurements without a DC field or with a 10 V DC field.



The dielectric spectroscopy measurement confirmed the phase sequence for the studied mesogens. All measurements were performed at a low cooling rate of 0.5 °C/min.



The compound 3PhPhCH2O was cooled from the isotropic liquid (183 °C) to the molecular crystal (−20 °C). Figure 9 shows the real part of dielectric permittivity versus temperature, measured for twelve frequencies. This plot suggests that around 154 °C, the ferroelectric phase (SmC*) is created, while below 87 °C, a molecular crystal nucleates. A strong dielectric response related to the Goldstone mode confirms this phase. To find out more, we changed the scale for the vertical axis. The result is presented in Figure 10.



When we change the scale of the     ε   ⊥   ’      axis, two additional phases are visible: the SmA* phase and the second crystalline phase (Cr’). The SmA* phase nucleates from isotropic liquid at 179 °C and transforms into the SmC* phase, while the Cr’ phase nucleates from the Cr phase at 3 °C. It seems that no dispersion is detected in both crystalline phases (Cr and Cr′).



To be sure that the SmA* phase precedes the SmC* phase, an additional measurement at cooling, with a 10 V DC field, was performed. The results are shown in Figure 11. The DC field partially suppresses the Goldstone mode. At the border in the SmA*–SmC* phase transition, the weak but clear soft mode is detected. In measurements performed without a DC field, the soft mode was covered by the strong Goldstone mode. Knowing these experimental results, we can specify the observed phases with the temperatures of the phase transition at cooling: Iso 179 °C; SmA* 154 °C; SmC* 87 °C; Cr 3 °C Cr’. Additional 3D plots showing the dielectric properties of the compound 3PhPhCH2O are presented in the Supplementary Materials in Figures S7–S8.



The compound 7PhPhCH2O was cooled from the isotropic liquid (187 °C) to a molecular crystal (−30 °C). Figure 12 shows the real part of dielectric permittivity versus temperature, which is measured for twelve frequencies. This plot suggests that around 163.5 °C, the ferroelectric phase (SmC*) is created. SmC* gradually changes, reaching the SmCa* phase at 63.5 °C. This smectic phase is crystallized at 50 °C. Interestingly, the phase below SmCa* exhibits one high-frequency relaxation.



The vertical axis was changed to see more details, and new plots are seen in Figure 13. This figure shows that the SmA* phase nucleates from isotropic liquid at 182 °C. Additionally, in Figure 13, the SmA* (soft mode), SmCa*, and Cr dispersion is clearly visible.



To confirm the SmC* and SmA* phases, a measurement at cooling was performed with a 10 V DC field applied (see Figure 14). We see that the Goldstone mode is almost suppressed (as is observed for the compound 3PhPhCH2O). The soft mode is also detectable, confirming the SmA*–SmC* phase transition. Notably, a 10 V DC field is enough to suppress the dispersion in the SmCa*. The DC field unwinds the helicoidal structure in the SmCa*, and both collective modes, PL and PH, are suppressed, as was earlier found by our group [38,39]. The molecular S-mode still exists in SmCa* (it is not fully suppressed by the DC field). The DC field slightly increases the electric response of the SmCa* and Cr phases.



Knowing these experimental results, we can specify the observed phases with the temperatures of the phase transition at cooling: Iso 182 °C; SmA* 154 °C; SmC* 63.5 °C; SmCa* 50 °C Cr. Additional 3D plots showing the dielectric properties of the compound 7PhPhCH2O are presented in the Supplementary Materials in Figures S9–S10.



To confirm that observed phases are polar (ferro- or antiferroelectric), additionally, spontaneous polarization, PS, was measured (Figure 15). We used the standard reversal current method. We integrated it into the time domain of the polarization peak. The spontaneous polarization was rather low, but the polarization peak was clearly visible in our experiment for both compounds. For measurements, we used a 5 µm thick cell planarly aligned with the gold electrodes. The external field was 50 Hz and 20 Vpp. We are afraid the results for low temperatures (60–63 °C) for the compound 7PhPhCH2O are not correct because the current peak was not well defined. The temperature range of the existence of spontaneous polarization in the compound 7PhPhCH2O is shifted a little to the left in comparison with the results shown in Figure 12 and Figure 13.




3.3. X-ray Diffraction


The smectic layer spacing (Figure 16) was determined via the X-ray diffraction method [40], using the X’Pert PRO diffractometer (Malvern PANalytical, Malvern, Worcestershire, UK) with a TTK-450 temperature attachment (Anton Paar, Graz, Austria). Before the measurement, the samples were heated above the clearing temperature, and afterward, the diffraction patterns in the 2θ = 1.7–30° range (CuKα radiation, Bragg-Brentano geometry) were collected upon cooling. Data analysis was performed using WinPLOTR [41] and OriginPro.



The layer spacing in the SmA* phase is constant within uncertainties, while in the SmC* phase, it decreases with decreasing temperature. In the SmCa* phase of the compound 7PhPhCH2O, the layer spacing is slightly larger than in the SmC* phase, which enables observation of this transition. The layer shrinkage at the SmA*/SmC* transition is only ca. 3.5% for the compound 3PhPhCH2O and 2% for the compound 7PhPhCH2O. It suggests the possible presence of the SmA* phase of the de Vries type [42], where the molecules are already tilted in random directions and only the average tilt angle is equal to zero. The border layer shrinkage dividing the de Vries SmA*/SmC* and conventional SmA*/SmC* transitions is 1–5%, according to various authors [43,44,45]. Compounds with a small layer shrinkage are characterized by a smaller number of defects in alignment after the transition to the tilted smectic phase. Therefore, they are better for practical use in displays than the compounds with a more significant layer shrinkage [44,45].




3.4. Helical Pitch Measurements


The helical pitch length measurements were performed according to the detailed procedure described in Ref. [22] using a Shimadzu UV–Vis–NIR spectrophotometer (UV-3600, Shimadzu Co., Kyoto, Japan). The spectrophotometer is equipped with a temperature controller, U7 MLW, with a Peltier element. Before measurements, a thin layer of orienting surfactant was applied to the glass plate to force the required homeotropic alignment of the liquid-crystalline molecules. After baseline collection, liquid–crystalline samples were applied on the surface of the slide, and the wavelength of selectively reflected light was recorded. The measurements were performed on the cooling cycle.



For both compounds, the wavelength of selective reflection was above the measuring range of the spectrophotometer (360–3000 nm). On this basis, we can conclude that the helical pitch is exceptionally long, which has already been observed previously for the compounds with the –CH2O group near the chiral center [31].





4. Conclusions


The synthesized materials show the following phase sequence: Cr′–Cr–SmC*–SmA*–Iso or Cr–SmCa*–SmC*–SmA*–Iso depending on the length of the terminal achiral chain. The chiral center, quite rarely used with the –CH2O group, is also important for mesomorphic properties. The mesogens exhibit primarily ferroelectric properties. The antiferroelectric phase is observed for one of these compounds in a narrow temperature range. The dielectric spectroscopy used in this work fully confirms the identification of these mesophases. The smectic liquid crystals designed and studied in this work are characterized by good chemical stability, high optical purity, and appropriate physical properties. Therefore, they can be useful as chiral components in antiferroelectric and ferroelectric mixtures. The formulation of such mixtures is in progress, and their physicochemical and electro-optical properties will be presented in the next article. These types of chiral materials can be used in nonlinear optics, LC displays, LC-based smart windows, optical storage devices, light-emitting transistors, and 3D imaging technologies, among others [46,47,48,49,50,51,52,53,54,55,56].



The obtained results make a significant contribution to a better understanding of the relationship between the structure of the molecule and the occurrence of chiral smectic phases.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ma17030618/s1: Figures S1–S10; Tables S1 and S2.





Author Contributions


Conceptualization, M.U.; methodology, M.U.; software, M.U. and P.P.; validation, M.U., P.P. and M.Z.; formal analysis, M.U.; investigation, M.U., P.P., M.Z. and A.D.; resources, M.U. and P.P.; data curation, M.U. and P.P.; writing—original draft preparation, M.U., P.P. and A.D.; writing—review and editing, M.U. and P.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the University Research Grants 2024, titled “New mesogens with increased electronic polarizability of the molecular core” and “Materials, metamaterials, and structures for photonic applications”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors would like to thank Olga Strzeżysz for help with DSC and helical pitch measurements and Mateusz Mrukiewicz for help with spontaneous polarization measurements.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Kelker, H. History of liquid crystals. Mol. Cryst. Liq. Cryst. 1973, 21, 1–48. [Google Scholar] [CrossRef]

	



Kitzerow, H.-S.; Bahr, C. Chirality in Liquid Crystals; Springer: New York, NY, USA, 2001. [Google Scholar] [CrossRef]

	



Lagerwall, J.P.F.; Scalia, G. A new era for liquid crystal research: Applications of liquid crystals in soft matter nano-, bio- and microtechnology. Curr. Appl. Phys. 2012, 2, 1387–1412. [Google Scholar] [CrossRef]

	



Lagerwall, J.P.F.; Giesselmann, F. Current topics in smectic liquid crystal research. Chem. Phys. Chem. 2006, 7, 20–45. [Google Scholar] [CrossRef]

	



Clark, N.A.; Lagerwall, S.T. Submicrosecond bistable electro-optic switching in liquid crystals. Appl. Phys. Lett. 1980, 36, 899–901. [Google Scholar] [CrossRef]

	



Lagerwall, S.T. Ferroelectric and Antiferroelectric Liquid Crystals; Wiley-VCH: Weinheim, Germany, 1999. [Google Scholar] [CrossRef]

	



Yamamoto, N.; Koshoubu, N.; Mori, K.; Nakamura, K.; Yamada, Y. Full-color antiferroelectric liquid crystal display. Ferroelectrics 1993, 149, 295–304. [Google Scholar] [CrossRef]

	



Dąbrowski, R.; Zhang, H.; Pauwels, H.; Gayo, J.L.; Urruchi, V.; Quintana, X.; Otón, J.M. Characterizing Antiferroelectric Liquid Crystal Materials for Display Applications. Funct. Mater. 2000, 13, 121–126. [Google Scholar] [CrossRef]

	



Fukuda, A.; Takanishi, Y.; Isozaki, T.; Ishikawa, K.; Takezoe, H. Antiferroelectric chiral smectic liquid crystals. J. Mater. Chem. 1994, 4, 997–1016. [Google Scholar] [CrossRef]

	



Inui, S.; Iimura, N.; Suzuki, T.; Iwane, H.; Miyachi, K.; Takanishi, Y.; Fukuda, A. Thresholdless antiferroelectricity in liquid crystals and its application to displays. J. Mater. Chem. 1996, 6, 671–673. [Google Scholar] [CrossRef]

	



Žekš, B. Landau free energy expansion for chiral ferroelectric smectic liquid crystals. Mol. Cryst. Liq. Cryst. 1984, 114, 259–270. [Google Scholar] [CrossRef]

	



Pandey, M.B.; Dąbrowski, R.; Dhar, R. Antiferroelectric liquid crystals: Smart materials for future displays. Adv. Energy Mater. 2014, 10, 389–432. [Google Scholar] [CrossRef]

	



Meyer, R.B.; Liebert, L.; Strzelecki, L.; Keller, P. Ferroelectric liquid crystals. Le J. Phys. Lett. 1975, 36, 69–71. [Google Scholar] [CrossRef]

	



Chandani, A.D.L.; Górecka, E.; Ouchi, Y.; Takezoe, H.; Fukuda, A. Antiferroelectric chiral smectic phases responsible for the tristable switching in MHPOBC. Jpn. J. Appl. Phys. 1989, 28, L1265–L1268. [Google Scholar] [CrossRef]

	



Żurowska, M.; Morawiak, P.; Piecek, W.; Czerwiński, M.; Spadło, A.; Bennis, N. A new mesogenic mixture with antiferroelectric phase only at a broad temperature range. Liq. Cryst. 2016, 43, 1365–1374. [Google Scholar] [CrossRef]

	



Fitas, J.; Marzec, M.; Kurp, K.; Żurowska, M.; Tykarska, M.; Bubnov, A. Electro-optic and dielectric properties of new binary ferroelectric and antiferroelectric liquid crystalline mixtures. Liq. Cryst. 2017, 44, 1468–1476. [Google Scholar] [CrossRef]

	



Obadović, D.Ž.; Vajda, A.; Garić, M.; Bubnov, A.; Hamplová, V.; Kašpar, M.; Fodor-Csorba, K. Thermal analysis and X-ray studies of chiral ferroelectric liquid crystalline materials and their binary mixtures. J. Therm. Anal. Calorim. 2005, 82, 51–9523. [Google Scholar] [CrossRef]

	



Bubnov, A.; Tykarska, M.; Hamplová, V.; Kurp, K. Tuning the phase diagrams: The miscibility studies of multilactate liquid crystalline compounds. Phase Transit. 2016, 89, 885–893. [Google Scholar] [CrossRef]

	



Wang, J.; Bergquist, L.; Hwang, J.-I.; Kim, K.-J.; Lee, J.-H.; Hegmann, T.; Jákli, A. Wide temperature-range, multi-component, optically isotropic antiferroelectric bent-core liquid crystal mixtures for display applications. Liq. Cryst. 2018, 45, 333–340. [Google Scholar] [CrossRef]

	



Agrahari, A.; Nautiyal, V.K.; Vimal, T.; Pandey, S.; Kumar, S.; Manohar, R. Modification in different physical parameters of orthoconic antiferroelectric liquid crystal mixture via the dispersion of hexanethiol capped silver nanoparticles. J. Mol. Liq. 2021, 332, 115840. [Google Scholar] [CrossRef]

	



Debnath, A.; Mandal, P.K. A wide range room temperature antiferroelectric liquid crystal mixture with moderate spontaneous polarization and sub-millisecond switching time. Opti. Mat. 2023, 135, 113236. [Google Scholar] [CrossRef]

	



Czerwiński, M.; Tykarska, M. Helix parameters in bi- and multicomponent mixtures composed of orthoconic antiferroelectric liquid crystals with three ring molecular core. Liq. Cryst. 2014, 41, 850–860. [Google Scholar] [CrossRef]

	



Verma, R.; Dabrowski, R.; Dhar, R. Thermodynamic, electrical and electro-optical features of the racemic mixture of an antiferroelectric liquid crystal suitable for displays. Liq. Cryst. 2015, 42, 1785–1797. [Google Scholar] [CrossRef]

	



Knapkiewicz, M.; Robakowska, M.; Rachocki, A. Thermal stabilization of the smectic-Cα* phase by doping with photo-active reactive mesogen. J. Mol. Liq. 2022, 361, 119552. [Google Scholar] [CrossRef]

	



Tomczyk, W.; Marzec, M.; Juszyńska-Gałązka, E.; Węgłowska, D. Mesomorphic and physicochemical properties of liquid crystal mixture composed of chiral molecules with perfluorinated terminal chains. J. Mol. Struct. 2017, 1130, 503–510. [Google Scholar] [CrossRef]

	



Czerwiński, M.; Tykarska, M.; Kula, P. New ferroelectric liquid crystalline materials with properties suitable for surface stabilized and deformed helix effects. Liq. Cryst. Appl. 2021, 21, 6173. [Google Scholar] [CrossRef]

	



Urbańska, M.; Szala, M. Synthesis, Mesomorphic Properties and Application of (R,S)-1-Methylpentyl 4’-Hydroxybiphenyl-4-carboxylate Derivatives. Crystals 2022, 12, 1710. [Google Scholar] [CrossRef]

	



Nepal, S.; Das, B.; Das, M.K.; Das Sarkar, M.; Urbańska, M.; Czerwiński, M. Static permittivity and electro-optical properties of bi-component orthoconic antiferroelectric liquid crystalline mixtures targeted for polymer stabilized sensing systems. Polymers 2022, 14, 956. [Google Scholar] [CrossRef]

	



Debnath, A.; Mandal, P.K. Effect of fluorination on the phase sequence, dielectric and electro-optical properties of ferroelectric and antiferroelectric mixtures. Liq. Cryst. 2017, 44, 2192–2202. [Google Scholar] [CrossRef]

	



Czerwiński, M.; de Blas, M.G.; Bennis, N.; Herman, J.; Dmochowska, E.; Otón, J.M. Polymer stabilized highly tilted antiferroelectric liquid crystals—The influence of monomer structure and phase sequence of base mixtures. J. Mol. Liq. 2020, 327, 114869. [Google Scholar] [CrossRef]

	



Urbańska, M.; Perkowski, P.; Szala, M. Synthesis and properties of antiferroelectric and/or ferroelectric compounds with the -CH2O group close to chirality centre. Liq. Cryst. 2019, 46, 2245–2255. [Google Scholar] [CrossRef]

	



Fitas, J.; Dłubacz, A.; Fryń, P.; Marzec, M.; Jaworska-Gołąb, T.; Deptuch, A.; Kurp, K.; Tykarska, M.; Żurowska, M. New ferroelectric and antiferroelectric liquid crystals studied by complementary methods. Liq. Cryst. 2017, 44, 566–576. [Google Scholar] [CrossRef]

	



Drzewiński, W.; Dąbrowski, R.; Czupryński, K. Orthoconic antiferroelectrics. Synthesis and mesomorphic properties of optically active (S)-(+)-4-(1-methylheptyloxycarbonyl)phenyl 4′-(fluoroalkanoyloxyalkoxy)biphenyl-4-carboxylates and 4′-(alkanoyloxyalkoxy)biphenyl-4-carboxylates. Pol. J. Chem. 2002, 76, 273–284. [Google Scholar] [CrossRef]

	



Chen, X.; Yamamoto, C.; Okamoto, Y. Polysaccharide derivatives as useful chiral stationary phases in high-performance liquid chromatography. Pure Appl. Chem. 2007, 79, 1561–1573. [Google Scholar] [CrossRef]

	



Kazusaki, M.; Kawabata, H.; Matsukura, H. Comparative study of amylose and cellulose derivatized chiral stationary phases in the reversed-phase mode. J. Liq. Chrom. Rel. Techn. 2000, 23, 2819–2828. [Google Scholar] [CrossRef]

	



Chankvetadze, B. Recent trends in preparation, investigation and application of polysaccharide-based chiral stationary phases for separation of enantiomers in high-performance liquid chromatography. TrAC 2020, 122, 115709. [Google Scholar] [CrossRef]

	



Perkowski, P. The parasitic effects in high-frequency dielectric spectroscopy of liquid crystals—The review. Liq. Cryst. 2021, 48, 767–793. [Google Scholar] [CrossRef]

	



Perkowski, P.; Mrukiewicz, M.; Herman, J.; Kula, P.; Jaroszewicz, L. Dielectric investigation of the liquid crystal compound with the direct SmA*-SmCA* phase transition. Liq. Cryst. 2016, 43, 654–663. [Google Scholar] [CrossRef]

	



Perkowski, P.; Ogrodnik, K.; Piecek, W.; Żurowska, M.; Raszewski, Z.; Dąbrowski, R.; Jaroszewicz, L. Influence of the bias field on dielectric properties of the SmCA* in the vicinity of the SmC*-SmCA* phase transition. Liq. Cryst. 2011, 38, 1159–1167. [Google Scholar] [CrossRef]

	



Vertogen, G.; de Jeu, W.H. Thermotropic Liquid Crystals: Fundamentals; Springer: Berlin/Heidelberg, Germany, 1988. [Google Scholar] [CrossRef]

	



Roisnel, T.; Rodriguez-Carvajal, J. WinPLOTR: A Windows Tool for Powder Diffraction Pattern Analysis. Mater. Sci. Forum 2001, 378–381, 118–123. [Google Scholar] [CrossRef]

	



de Vries, A.; Ekachai, A.; Spielberg, N. Why the Molecules are Tilted in all Smectic A Phases, and How the Layer Thickness Can be Used to Measure Orientational Disorder. Mol. Cryst. Liq. Cryst. 1979, 49, 143–152. [Google Scholar] [CrossRef]

	



Chruściel, J.; Rudzki, A.; Ossowska-Chruściel, M.D.; Zalewski, S. Studies of de Vries SmA* type phase in chiral thiobenzoates. Phase Trans. 2023, 96, 157–165. [Google Scholar] [CrossRef]

	



Mulligan, K.M.; Bogner, A.; Song, Q.; Schubert, C.P.J.; Giesselmann, F.; Lemieux, R.P. Design of liquid crystals with ‘de Vries-like’ properties: The effect of carbosilane nanosegregation in 5-phenyl-1,3,4-thiadiazole mesogens. J. Mater. Chem. C 2014, 2, 8270–8276. [Google Scholar] [CrossRef]

	



Podoliak, N.; Novotná, V.; Glogarová, M.; Hamplová, V.; Kašpar, M.; Bubnov, A.; Kapernaum, N.; Giesselmann, F. Study of de Vries behaviour of the smectic A*–smectic C* phase transition. Phase Trans. 2010, 83, 1026–1036. [Google Scholar] [CrossRef]

	



San Jose, B.A.; Yan, J.; Akagi, K. Dynamic Switching of the Circularly Polarized Luminescence of Disubstituted Polyacetylene by Selective Transmission through a Thermotropic Chiral Nematic Liquid Crystal. Angew. Chem. Int. Ed. 2014, 53, 10641–10644. [Google Scholar] [CrossRef]

	



Liu, J.; Song, Z.-P.; Sun, L.-Y.; Li, B.-X.; Lu, Y.-Q.; Li, Q. Circularly polarized luminescence in chiral orientationally ordered soft matter systems. Resp. Mat. 2023, 1, e20230005. [Google Scholar] [CrossRef]

	



Lin, S.; Sun, H.; Qiao, J.; Ding, X.; Guo, J. Phototuning Energy Transfer in Self-Organized Luminescent Helical Superstructures for Photonic Applications. Adv. Optical Mater. 2020, 8, 2000107. [Google Scholar] [CrossRef]

	



Suzuki, S.; Kaneko, K.; Hanasaki, T.; Shizuma, M.; Imai, Y. Circularly Polarized Luminescence Switching of Chiral Perylene Diimide-Doped Nematic Liquid Crystal Using DC Electric Field. ChemPhotoChem. 2023, e202300224. [Google Scholar] [CrossRef]

	



Gong, W.; Zhou, M.; Xiao, L.; Fan, C.; Yuan, Y.; Gong, Y.; Zhang, H. Multicolor-Tunable and Time-Dependent Circularly Polarized Room-Temperature Phosphorescence from Liquid Crystal Copolymers. Adv. Opt. Mater. 2023, 2301922. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, Q. Light-Driven Chiral Molecular Switches or Motors in Liquid Crystals. Adv. Mater. 2012, 24, 1926–1945. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Xu, Y.; Valenzuela, C.; Zhang, X.; Wang, L.; Feng, W.; Li, Q. Liquid crystal-templated chiral nanomaterials: From chiral plasmonics to circularly polarized luminescence. Light Sci. Appl. 2022, 11, 223. [Google Scholar] [CrossRef]

	



Gong, W.; Huang, G.; Yuan, Y.; Zhang, H. Strong and Multicolor-Tunable Pure Organic Circularly Polarized Room-Temperature Phosphorescence from Cholesteric Liquid Crystal. Adv. Opt. Mater. 2023, 11, 2300745. [Google Scholar] [CrossRef]

	



Shen, W.; Li, G. Recent Progress in Liquid Crystal-Based Smart Windows: Materials, Structures, and Design. Laser Photonics Rev. 2023, 17, 2200207. [Google Scholar] [CrossRef]

	



Bisoyi, H.K.; Li, Q. Light-Directing Chiral Liquid Crystal Nanostructures: From 1D to 3D. Acc. Chem. Res. 2014, 47, 3184–3195. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.-L.; Li, C.-Y.; Pan, J.-T.; Ji, Y.-E.; Jiang, C.; Zheng, R.; Wang, Z.-Y.; Wang, Y.; Li, B.-X.; Lu, Y.-Q. Self-assembled liquid crystal architectures for soft matter photonics. Light Sci. Appl. 2022, 11, 270. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 17 00618 g001] 





Figure 1. Chemical structures of new compounds with n = 3 (a) and n = 7 (b). (*) - means that the compounds are chiral. 
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Scheme 1. The hydrogenation reaction. (*) - means that the compounds are chiral. 
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Scheme 2. The esterification reaction. (*) - means that the compounds are chiral. 
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Figure 2. HPLC chromatograms of the enantioseparation of mesogens with labeled enantiomers. (a) 3PhPhCH2O; (b) 7PhPhCH2O. 
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Figure 3. Phase diagram for new mesogens (DSC measurements in the heating and the cooling cycles). 
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Figure 4. Microphotographs of the characteristic POM textures obtained for different mesophases for the compound 3PhPhCH2O, including (a) SmA* at T = 165.7 °C, (b) SmC* at T = 136.3 °C, and (c) the Cr phase at T = 69.7 °C, and for the compound 7PhPhCH2O: (d) SmC* at T = 68.5 °C; (e) SmCa* at T = 56.6 °C; (f) the Cr phase at T = 40.5 °C. All textures were observed during the cooling cycle. 






Figure 4. Microphotographs of the characteristic POM textures obtained for different mesophases for the compound 3PhPhCH2O, including (a) SmA* at T = 165.7 °C, (b) SmC* at T = 136.3 °C, and (c) the Cr phase at T = 69.7 °C, and for the compound 7PhPhCH2O: (d) SmC* at T = 68.5 °C; (e) SmCa* at T = 56.6 °C; (f) the Cr phase at T = 40.5 °C. All textures were observed during the cooling cycle.
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Figure 5. Chemical structures of previously synthesized compounds with n = 3 (a) and n = 7 (b). (*) - means that the compounds are chiral. 
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Figure 6. Phase transition temperatures for the compounds with the acronyms 3PhCH2O, 7PhCH2O, 3PhPhCH2O, and 7PhPhCH2O observed in the cooling cycle. 
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Figure 7. Phase transition temperatures for two-ring compounds observed in the cooling cycle. 
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Figure 8. Chemical structures of two-ring compounds with different numbers of oligomethylene spacers. (a) 4HPhHCH2O; (b) 5HPhHCH2O; (c) 6FPhFCH2O; (d) 7HPhHCH2O. (*) - means that the compounds are chiral. 
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Figure 9. The real part,     ε   ⊥   ’    , of dielectric permittivity for the compound 3PhPhCH2O versus temperature at twelve frequencies, measured at cooling without a DC field. 
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Figure 10. The real part,     ε   ⊥   ’    , of dielectric permittivity for the compound 3PhPhCH2O versus temperature at twelve frequencies, measured at cooling without a DC field. 
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Figure 11. The real part,     ε   ⊥   ’    , of dielectric permittivity for the compound 3PhPhCH2O versus temperature for twelve frequencies, measured at cooling with the 10 V DC field. 
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Figure 12. The real part,     ε   ⊥   ’    , of dielectric permittivity for the compound 7PhPhCH2O versus temperature for twelve frequencies measured at cooling without a DC field. 
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Figure 13. The real part,     ε   ⊥   ’    , of dielectric permittivity for the compound 7PhPhCH2O versus temperature for twelve frequencies measured at cooling without a DC field. 
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Figure 14. The real part,     ε   ⊥   ’    , of dielectric permittivity for the compound 7PhPhCH2O versus temperature for twelve frequencies, measured at cooling with a 10 V DC field. 
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Figure 15. The spontaneous polarization versus temperature for the compounds 3PhPhCH2O (a) and 7PhPhCH2O (b). 
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Figure 16. Smectic layer spacing of the compounds nPhPhCH2O (n = 3, 7) as a function of temperature. 
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Table 1. Relative peak areas and resolution of chiral mesogens obtained from chiral HPLC analysis and corresponding enantiomeric excess values of the enantiomers.
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	Peak Area (%)
	3PhPhCH2O
	7PhPhCH2O





	(S)
	99.246
	99.640



	(R)
	0.754
	0.360



	% ee
	98.5
	99.3



	Rs
	2.24
	2.03










 





Table 2. Thermal properties of mesogens.






Table 2. Thermal properties of mesogens.





	
Acronym

	
Phase Transition Behavior a






	
7PhPhCH2O

	
Cr

	
51.6–58.6

	
SmCa*

	
60.7–63.1

	
SmC*

	
158.2–162.8

	
SmA*

	
179.1–183.6

	
Iso




	
44.2–45.8

	
57.3–59.4

	
152.1–159.3

	
175.1–182.4




	
57.5

	
61.4

	
160.1

	
180.7




	
45.7

	
58.3

	
159.0

	
180.1




	
22.4

	
0.05

	
0.18

	
6.7




	
3PhPhCH2O

	
Cr

	
90.4–93.5

	
-

	

	
SmC*

	
149.5–152.5

	
SmA*

	
168.3–175.9

	
Iso




	
74.7–77.6

	

	
143.4–148.6

	
168.2–171.1




	
90.4; 94.9

	

	
129.8

	
169.0




	
80.5; 85.0

	

	
131.1

	
168.2




	
15.1; 1.7

	

	
0.30

	
4.6








a The first row contains POM measurements in the heating cycle (°C); the second row contains POM measurements in the cooling cycle (°C); the third row contains DSC measurements in the heating cycle (°C); the fourth row contains DSC measurements in the cooling cycle (°C); the fifth row contains enthalpies (kJ·mol−1). (*) - means that the compounds are chiral.
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