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Abstract

:

Orthoconic antiferroelectric liquid crystals (OAFLCs) represent unique self-organized materials with significant potential for applications in photonic devices due to their sub-microsecond switching times and high optical contrast in electro-optical effects. However, almost all known OALFCs suffer from low chemical stability and short helical pitch values. This paper presents the synthesis and study results of two chiral AFLCs, featuring a four-ring structure in the rigid core and high chemical stability. The mesomorphic properties of these compounds were investigated using polarizing optical microscopy and differential scanning calorimetry. Spectrometry and electro-optical studies were employed to estimate the helical pitch, tilt angle, and spontaneous polarization of the synthesized compounds and the prepared mixtures. All studied compounds exhibit enantiotropic chiral smectic mesophases including the SmA*, the SmC*, and a very broad temperature range of the SmCA* phase. Doping top-modern antiferroelectric mixture with synthesized compounds offers benefits such as increased helical pitch and tilt angle values without significantly influencing spontaneous polarization. This allows the prepared mixture to be regarded as an OAFLC with high optical contrast, characterized by an almost perfect dark state. These valuable physicochemical and optical properties suggest significant potential of studied materials for practical applications.
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1. Introduction


The ferroelectric (SmC*) and antiferroelectric (SmCA*) phases of liquid crystals have attracted significant attention from scientists due to their potential in modern technology [1,2,3,4]. Since the discovery of antiferroelectric liquid crystals [5], considerable effort has been devoted to designing new compounds and improving their electro-optical properties to prepare versatile materials for future applications. In addition to display applications, liquid crystals may be useful in laser beam steering, smart windows, and spatial modulators, among others [6,7,8,9,10,11,12,13,14,15,16]. Of particular note is the orthoconic antiferroelectric liquid crystals (OAFLCs), which consist of chiral molecules characterized by an angle of inclination of the molecules in the smectic layers equal or near-equal to 45° [17]. In this phase, the conic angle between the director of adjacent layers is nearly 90°. A surface-stabilized bookshelf structure of an OAFLC (SSOAFLC) is a negative optically uniaxial medium, with its extraordinary optical axis perpendicular to the boundary surfaces. Under zero electric field, a light beam impinging normally on the SSOAFLC slab (along the optical axis) propagates as in an isotropic medium. Typical structural defects within the surface stabilized structure of smectic phases, corresponding to local disorientation of the smectic layers, can degrade the optical contrast of such structures. However, in OAFLCs at normal incidence, the birefringence induced by this local disorientation cancels out, creating a perfect dark state and producing high optical contrast [18,19,20,21]. The OAFLCs hold promise for advanced electro-optical applications [22], and many scientists are actively searching for such materials to meet market demands. To optimize the physical parameters, such as temperature range, spontaneous polarization (Ps), helical pitch (p), and tilt angle (Θ) of AFLCs, adjustments are made to certain elements within the molecular structure. The most commonly used chiral center in antiferroelectrics is based on (S)-(+)-2-octanol [17,18,21,23,24,25]. Recently, several three-ring liquid crystals with a chiral center based on (S)-(+)-3-octanol have been synthesized, and their properties have been extensively characterized [26,27,28]. These compounds have the ferroelectric and/or antiferroelectric phases, good chemical stability, long helical pitch, and high tilt angles (some are orthoconic). However, their mixtures exhibit a maximum tilt angle of 43 degrees. Therefore, we synthesized and characterized two structurally similar rod-like compounds with an additional aromatic ring in the rigid core, as illustrated in Figure 1. These new compounds are designated as rPhPh, where r = 3 or 7.



This work aims to check how the additional (fourth) aromatic ring changes the mesomorphic, physicochemical, and electrooptical properties of AFLCs. To study the properties of new compounds, we applied various experimental techniques, such as differential scanning calorimetry (DSC), polarizing optical microscopy (POM), UV-Vis spectroscopy, tilt angle, and spontaneous polarization measurements. Finally, we investigated the influence of the synthesized compounds on the properties of a top-modern antiferroelectric mixture [29]. The results demonstrate that the compounds 3PhPh and 7PhPh exhibit a unique broad temperature range of the SmCA* phase and, most importantly, increase the tilt angle of the AFLC mixture, rendering it orthoconic with a higher helical pitch compared to before doping.




2. Results


2.1. Synthesis of Compounds


The four-ring compounds were prepared using the same classical pathway by treating the chiral phenol (synthesized as shown in Figure 2) with a benzoic acid chloride in the presence of pyridine (see Figure 3). The synthesis is described in detail in Ref. [26]. The chiral liquid crystals were purified using a combination of column chromatography and recrystallization. The purity of the final compounds was checked using a Shimadzu prominence chromatograph with an SPD-M20A diode array detector. The compounds have a chemical purity higher than 99%. For ester 3PhPh MS: 786[M + Na]+ and 761[M − H]− and for ester 7PhPh MS: 842[M + Na]+ and 817[M − H]−. The MS data for these esters are presented in Figures S1 and S2 in the Supplementary Materials. The yield of the esterification reaction was below 50% in all cases. The purity of the synthesized compounds was also monitored by thin-layer chromatography (TLC). The reaction course was described using the compound 3PhPh as an example.



	
STAGE I






In a three-necked round-bottom flask (100 mL) equipped with a thermocouple and a distillation head with a receptacle and a tube with calcium chloride and a magnetic stirrer was placed 1.135 g (2.5 mmol) 4-[3-(2,2,3,3,4,4,4-heptafluorobutoxy)prop-1-oxy]biphenylcarboxylic acid, 0.3 mL (2.75 mmol) of oxalyl chloride, and a drop of DMF and toluene (~50 mL). The mixture was then heated to ~30 °C and stirred at this temperature for approximately 4 h. The clear solution was heated to 111 °C to distill off excess oxalyl chloride along with toluene, and 4-[3-(2,2,3,3,4,4,4-heptafluorobutoxy)prop-1-oxy]biphenylcarboxylic acid chloride was formed.



	
STAGE II






After cooling the reaction, the distillation head was changed to a reflux condenser equipped with a tube with calcium chloride. Then, 0.815 g (2.5 mmol) of (S)-4-hydroxy-4′-(1-ethylhexyloxycarbonyl)biphenyl and 0.4 mL (5.0 mmol) of pyridine were added. Then, it was stirred for 16 h at ~60 °C. The mixture was cooled to room temperature and poured into 12 M hydrochloric acid (1 mL) and water (100 mL). The whole was filtered through a layer of activated carbon, the phases were separated, and then the organic phase was washed twice with water and dried over anhydrous magnesium sulfate. The drying agent was filtered off, and the solvent was distilled off on a vacuum evaporator. The product was dissolved in dichloromethane, purified by silica gel column chromatography, and crystallized from anhydrous ethanol. The second ester (r = 7) was obtained in the same way.



Elemental analysis of the synthesized compounds was conducted utilizing a Vario EL Cube apparatus (Elementar) working in CHNS mode. The elemental analysis (based on the traditional Pregl-Dumas method) allows rapid and accurate assessment of organic materials’ carbon, hydrogen, nitrogen, and sulfur content (wt.%). However, fluorinated chemicals are challenging to analyze via the CHNS analysis due to the high reactivity of fluorine. To prepare the compounds for analysis, samples of 2 mg ± 10% were wrapped in silver foil with ca. 2 mg of MgO powder. Silver and magnesium oxide strongly bind fluorine, and hence, they suppress the formation of interferents (such as SiF4 and CO2F2), as well as highly reactive fluorine species (such as HF), that potentially could damage elements of the apparatus made from quartz. Each sample was analyzed twice, and the result was calculated as an average. For nitrogen- and sulfur-free compounds, the sum of fluorine and oxygen content can be estimated as O% + F% = 100% − C% − H% (assuming that the analyzed material does not contain other impurities). The elemental analysis results are provided in Table 1: the elemental analysis calculation for the compound 3PhPh − C41H41F7O6: C, 64.56; H, 5.42; F, 17.44; O, 12.59 and for the compound 7PhPh − C45H49F7O6: C, 66.00; H, 6.03; F, 16.24; O, 11.72.



Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) spectra in CDCl3 were collected using a Bruker Avance III 500 MHz spectrometer. Comparing the NMR spectra confirmed the compliance of real structures with the planned structures (see Figures S3–S6 in the Supplementary Materials). The values of chemical shifts for the synthesized esters are given in Table 2 and Table 3. Protons are marked as shown below:
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Table 2. 1H NMR chemical shift data (in ppm) for the esters in CDCl3 solution.






Table 2. 1H NMR chemical shift data (in ppm) for the esters in CDCl3 solution.





	
Protons

	
Compound 3PhPh

	
Compound 7PhPh






	
a

	
3.965 (2H, t)

	
3.944 (2H, t)




	
b

	
3.841 (2H, t)

	
3.632 (2H, t)




	
c

	
2.152 (2H, m)

	
1.529–1.877 (10H, m)




	
d

	
4.145 (2H, t)




	
a’

	




	
b’

	




	
c’

	




	
d’

	

	
3.972 (2H, t)




	
e

	
7.033 (2H, d)

	
7.026 (2H, d)




	
f

	
8.245 (2H, d)

	
8.176 (2H, d)




	
g

	
7.362 (2H, d)

	
7.359 (2H, d)




	
h

	
7.632 (2H, d)

	
7.625 (2H, d)




	
i

	
7.707 (2H, d)

	
7.691(2H, d)




	
j

	
7.724 (2H, d)

	
7.722 (2H, d)




	
k

	
8.161 (2H, d)

	
8.159 (2H, d)




	
l

	
8.301 (2H, d)

	
8.296 (2H, d)




	
m

	
5.142 (1H, m)

	
5.140 (1H, m)




	
n

	
1.351 (2H, t)

	
1.341 (2H, t)




	
o

	
1.423 (3H, d)

	
1.348 (3H, d)




	
p

	
1.337–1.780 (8H, m)

	
1.336–1.434 (8H, m)




	
q




	
r




	
s




	
t

	
0.929 (3H, t)

	
0.987 (3H, t)











 





Table 3. Values of chemical shifts for the chiral center (atoms “m”) of the esters in 1H and 13C NMR spectra.






Table 3. Values of chemical shifts for the chiral center (atoms “m”) of the esters in 1H and 13C NMR spectra.





	Compound 3PhPh
	5.142

67.770
	1H NMR [ppm]

13C NMR [ppm]



	Compound 7PhPh
	5.140

67.773
	1H NMR [ppm]

13C NMR [ppm]









2.2. Mesogenic Properties of Compounds


Transition temperatures and enthalpies of the transition for the compounds 3PhPh and 7PhPh were determined by differential scanning calorimetry (DSC) using a SETARAM 141 microcalorimeter at the heating/cooling rate of 2 °C·min−1. Mesophases were identified by observing the textures using an OLYMPUS BX51 optical microscope under crossed polarizers with a Linkam THMS-600 hot stage controlled by a TMS-93 temperature programmer. All the phases were easy to recognize from the microscopic textures. Phase transition temperatures of the synthesized compounds are presented in Table 4.



The SmCA*-SmC* transition exhibits small enthalpy values below 0.07 kJ·mol−1, whereas the transition from smectic C* to smectic A* shows higher enthalpies exceeding 1 kJ·mol−1. Both compounds exhibit relatively low melting enthalpy, which could be advantageous for their solubility with other liquid crystals in the preparation of the mixtures.



The observed phase sequence is as follows: Cr-SmCA*-SmC*-SmA*-Iso, see Figure 4. The compounds 3PhPh and 7PhPh exhibit a very broad temperature range of the SmCA* phase. The SmC* phase is observed within a very narrow temperature range, while the SmA* phase appears in a medium temperature range. The compound 3PhPh has the lowest melting point among them. Both compounds exhibit high clearing points (above 200 °C). Characteristic microscopic patterns corresponding to the observed phases are shown in Figure 5a–c.



For comparison, Figure 6 [26,27] shows phase transition temperatures for analogs of the compounds 3PhPh and 7PhPh but with three aromatic rings (the acronym used to designate this type of compound in this work is rPh). Their general formula is presented in Figure 7a.



Compounds with three aromatic rings show significantly lower clearing points (below 100 °C) and a two times shorter range of the antiferroelectric phase compared to studied four-ring compounds. The SmA* phase appears for the compound with a longer oligomethylene spacer. No ferroelectric phase was observed for any three-ring compound. Additionally, two-ring compounds were synthesized (Figure 7b); however, they did not exhibit liquid crystalline properties, highlighting the significant influence of the number of aromatic rings on the occurrence of mesomorphic phases.




2.3. Electro-Optical and Physicochemical Properties of Mixtures


The electro-optical method was used to measure the tilt angle of the director [30,31]. The measurements were made using the PZO 02198 polarizing microscope with a Linkam HFS 91 heating stage and a Linkam TMS 93 temperature controller, a digital oscilloscope (R&S HM0724), and a photodetector (THORLABS PDA100A-EC) with a silicon diode.



The triangular wave method was used to measure the spontaneous polarization of studied materials [32] in a setup similar to that for tilt angle measurements. The used cells for the above electro-optical measurements were 1.6 μm thick with homogeneous alignment. This surface was achieved by spin-coating Nylon 6.6 on the indium tin oxide-coated glass, followed by curing and rubbing steps. All measurements were conducted upon cooling. The measurements were carried out in the temperature range from 98 °C to 30 °C, decreasing the temperature by 2 °C to 70 °C and then by 5 °C.



Due to the phase transition to the isotropic phase occurring at temperatures higher than 200 °C, filling the electro-optical cell with the studied compounds was impossible. Therefore, the electro-optical properties were measured for two mixtures prepared by adding 20 wt% of either compound 3PhPh or 7PhPh to the eutectic mixture W-450 (base mixture), as shown in Table 5 and Table 6. The composition of the eutectic mixture was calculated from equations given by Le Chatelier, Schröder, and van Laar. These equations combine component concentrations in the individual phases from temperature and parameters of the pure compounds (temperature and enthalpy of the phase transformations), assuming that the system is in the isobaric conditions, as well as constant of the thermal capacity of components in the phases being in the phase equilibrium, and lack of chemical reaction of components in the system [33,34,35,36]. Furthermore, the design of new single-molecule materials does not always result in the desired mesomorphic and electro-optic properties. Therefore, preparing multicomponent mixtures is a highly effective strategy, particularly for achieving FLC and AFLC behaviors [37,38,39,40,41,42,43,44,45,46,47].



A comparison of phase transition temperatures for the base mixture and its modification with the compounds 3PhPh and 7PhPh is shown in Figure 8.



The addition of the compound 3PhPh or the compound 7PhPh extends the temperature range of the antiferroelectric phase in the new mixtures. The mixtures W-450A and W-450B also exhibit a short range of the SmC* and the SmA* phases. All mixtures have very low melting points (below 0 °C) and clearing points below 105 °C. To confirm the antiferroelectric behavior of the studied mixtures, the quasistatic electro-optical characteristics were recorded with triangular driving voltage pulses at a frequency of f = 0.1 Hz. Each mixture exhibits typical for the SmCA* phase double hysteresis (see example characteristics in Figure S7 in the Supplementary Materials).



Figure 9 and Figure 10 compare the temperature dependencies of the director’s spontaneous polarization and tilt angle for the mixtures W-450A and W-450B with the base mixture W-450, respectively.



The temperature dependence of spontaneous polarization (PS) for all studied mixtures is typical for AFLCs, showing an increase in PS upon cooling. The spontaneous polarization values of the mixtures do not differ significantly and range from 390 to 420 nC/cm2 at 30 °C.



The mixtures doped with the compounds 3PhPh and 7PhPh exhibit slightly higher tilt angles compared to the base mixture W-450. The maximum tilt angle observed is 44° for the mixture W-450A, while the mixture W-450B has a tilt angle that is 0.5 degrees lower. It is important to note that even a slight increase in the tilt angle above 43 degrees leads to a significant rise in contrast for SSAFLCs [17]. In this context, the mixture W-450A can be considered nearly orthoconic or orthoconic. To confirm this behavior, we captured POM images of the electro-optic cell filled with the mixture W-450A and aligned in a bookshelf geometry achieved through surface stabilization (Figure 11). Rotating the cell between crossed polarizers shows no change in the dark state of the cell’s active surface. The same experiment with the mixture W-450B gives similar results. This behavior is characteristic of an optically isotropic material, such as OAFLCs [19,20,21].



The temperature dependence of the switching ON time (τon) was measured by using a special driving waveform I [48,49] for evaluation of dynamic electro-optical characteristics and is presented in Figure 12. A slight increase in τon is observed for the doped mixtures compared to the base mixture W-450 across the entire temperature range of the SmCA* phase. This is most likely due to the higher viscosity of the mixtures containing compounds with four benzene rings in the rigid core. However, the switching time for each mixture remains below 300 µs, which is a significant advantage over any known nematic liquid crystals.




2.4. Helical Pitch of Compounds and Mixtures


The helical pitch measurements were performed based on the selective light reflection phenomenon [42,50,51]. Before measurements, a thin layer of orienting surfactant was applied on the glass plate to force the liquid crystal molecules’ required homeotropic alignment (perpendicular to the surface). Such slides were used to register a baseline on a UV-Vis-NIR spectrophotometer (SHIMADZU 3600) in the 360–3000 nm wavelength range. After baseline collection, the studied materials were applied on the surface of the slide and the spectra were recorded. The measurements were performed in a cooling cycle. The spectrophotometer was equipped with a U7 MLW temperature controller. The pitch p was calculated for the antiferroelectric phase from the dependence,


λmax = n·p



(1)




and for the ferroelectric phase from the dependence,


λmax = 2n·p



(2)




where n is the average refractive index. The value n = 1.5 was taken into calculation [52].



It was impossible to measure the helical pitch for compound 7PhPh because the results were above the measuring range of the used spectrophotometer; the same situation was observed for the compound with three aromatic rings—7Ph [27].



The results of the helical pitch measurements for compound 3PhPh and all mixtures are presented in Figure 13.



In the ferroelectric phase, the helical pitch observed for the mixtures W-450A and W-450B is very short (below 200 nm). In the antiferroelectric phase, the helical pitch increases with temperature. The highest observed value of the helical pitch for compound 3PhPh is 576 nm at 107 °C. The compound 3Ph has a slightly shorter helical pitch in the antiferroelectric phase (the maximum value is 520 nm at 74 °C) [26]. A longer pitch is observed for the doped mixtures than for the base mixture. The longest pitch is observed for the mixture W-450A (above 1300 nm) at higher temperatures. On the other hand, the mixture W-450B exhibits the highest values of the helical pitch at lower temperatures. The mixture W-450A has helical pitch values in the SmCA* phase similar to those of the base mixture W-450. When AFLC is used, it is important to control the dependence of the helical structure on temperature because, in the SmCA* phase, the helical structure of the molecules depends strongly on temperature, as shown in Figure 13, unlike the SmC* phase, where this dependence is usually independent of temperature [53].





3. Conclusions


In this work, we synthesized and studied chiral liquid crystalline esters containing four aromatic rings. We modified previously studied structures [26,27] and introduced an additional aromatic ring. These compounds show a broad temperature range of the antiferroelectric phase, two times wider than three-ring analogs. The synthesized materials also exhibit the paraelectric orthogonal and tilted ferroelectric phases.



Additionally, synthesized compounds were used as dopants for the top-modern high-tilted antiferroelectric mixture W-450. The prepared mixtures W-450A and W-450B show the antiferroelectric (SmCA*) phase in a broader temperature range and higher tilt angle (above 43° at low temperatures) compared to the base mixture W-450. The values of spontaneous polarization are similar for all studied mixtures. The mixtures’ helical pitch in the SmCA* phase is relatively long. Two doped mixtures have a longer pitch than the base mixture W-450. Moreover, we have proven the orthoconic nature of the prepared mixtures with the synthesized compounds.



The obtained results show the strong influence of the number of aromatic rings on the compounds’ mesomorphic and electro-optical properties.



As previously proven, liquid crystalline materials with four aromatic rings generally exhibit very high phase transition temperatures [38,54,55,56,57,58,59,60,61], making most applications impossible. Nevertheless, these compounds work great as components or dopants in multicomponent mixtures. The synthesized compounds are suitable as dopants for AFLC mixtures, enhancing their performance properties, thereby making them suitable materials for constructing electro-optic transducers with fast response times and high optical contrast, even though these are structures with four aromatic rings and high clearing points.
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Figure 1. The general formula of the studied four-ring compounds (r = 3 and 7). 
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Figure 2. Synthetic route of chiral phenol. 
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Figure 3. Synthetic route of four-ring chiral esters (r = 3 and 7). 
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Figure 4. Comparison of phase transition temperatures for the compounds 3PhPh and 7PhPh. 
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Figure 5. The photos of the microscopic pattern for the compound 3PhPh obtained during the cooling cycle: (a) in the SmA* phase at 203.3 °C, (b) in the SmC* phase at 189.8 °C, and (c) in the SmCA* phase at 43.7 °C; a width of all the microphotographs is about 600 μm. 
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Figure 6. Comparison of phase transition temperatures for the chiral analogs of the compounds 3PhPh and 7PhPh but with three aromatic rings. 
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Figure 7. The general formulas of the two- (b) and three-ring (a) compounds (r = 3 and 7). 
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Figure 8. Comparison of phase transition temperatures for the mixtures W-450, W-450A, and W-450B. 
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Figure 9. The temperature dependence of the spontaneous polarization for the mixtures W-450, W-450A, and W-450B. 
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Figure 10. The temperature dependence of the director’s tilt angle for the mixtures W-450, W-450A, and W-450B. 
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Figure 11. Microphotographs of the electro-optical cell filled with the mixture W-450A between crossed polarizers in the dark state without electric field in surface-stabilized geometry for the angle between polarizer and layer normal: (a) 0°, (b) 45°, and (c) 90°. 
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Figure 12. The switching ON time (τon) as a function of temperature for the studied mixtures. 
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Figure 13. The helical pitch dependence on temperature for the compound 3PhPh and the mixtures W-450A, W-450A, and W-450B. 
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Table 1. The elemental analysis of the synthesized compounds.
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	Chemical Formula (and Acronym) of the Compound
	C [%]
	H [%]
	O + F [%]





	C41H41F7O6 (3PhPh)
	64.21
	4.935
	30.855



	C45H49F7O6 (7PhPh)
	67.48
	5.948
	26.572










 





Table 4. Phase transition temperatures [°C] and enthalpies (italics) for the compounds 3PhPh and 7PhPh.
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	Acronym
	Cr
	
	SmCA*
	
	SmC*
	
	SmA*
	
	Iso





	
	
	-
	
	176.0–177.7
	
	195.3–196.6
	
	209.8–211.7
	



	
	
	90.2
	
	181.7
	
	187.7
	
	204.2
	



	3PhPh
	•
	41.8
	•
	177.3
	•
	186.1
	•
	205.5
	•



	
	
	16.82
	
	0.06
	
	1.15
	
	1.82
	



	
	
	-
	
	186.7–187.5
	
	194.0–195.5
	
	215.0–217.8
	



	
	
	72.7
	
	182.6
	
	189.1
	
	210.4
	



	7PhPh
	•
	-
	•
	179.6
	•
	188.9
	•
	209.8
	•



	
	
	14.78
	
	0.04
	
	1.04
	
	2.13
	







The first row is temperatures from microscopic observations obtained in the heating cycle; the second row is temperatures from differential scanning calorimetry obtained in the heating cycle; the third row is temperatures from differential scanning calorimetry obtained in the cooling cycle; the fourth row is enthalpy, ΔH in the kJ·mol−1 obtained in the heating cycle.













 





Table 5. The composition of the base mixture W-450.
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	No.
	Compounds
	Concentration [wt%]





	1.
	[image: Molecules 29 03134 i002]

[26]
	13.0



	2.
	[image: Molecules 29 03134 i003]

[26]
	45.0



	3.
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[28]
	42.0










 





Table 6. The compositions of the prepared mixtures.
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	Acronym of the Mixture
	Mixture W-450

Concentration [wt%]
	Dopant and

Concentration [wt%]





	W-450A
	80.0
	3PhPh; 20.0



	W-450B
	80.0
	7PhPh; 20.0
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