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Abstract

:

Since the discovery of the first ferroelectric liquid crystal (FLC) in the chiral smectic C (SmC*) phase, ferroelectricity in liquid crystals has attracted much attention due to not only the fundamental interest but also the applications. This review focuses on the evolution of the design concept for ferroelectric smectic liquid crystals. It progresses from considering macroscopic phase symmetry to designing intermolecular interactions. For the purpose of understanding the molecular organization in smectic phases, we propose a dynamic model of constituent molecules in the smectic A (SmA) and SmC* phases based on 13C NMR studies. Then, we follow the structure–property relationship in ferroelectric SmC* liquid crystals for FLC displays. We reconsider de Vries-like materials that can provide defect-free alignment. We pay attention to the electro-optical switching in the chiral de Vries smectic A phase. Finally, we show several liquid crystals exhibiting polar smectic A phases and discuss how the polar order occurs in the highest symmetric smectic A phase.
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1. Introduction


A ferroelectricity in liquid crystal was firstly reported to be observed in the chiral smectic C (SmC*) phase of DOBAMBC by Meyer et al. in 1975 [1]. Five years later, the bistable in-plane switching was demonstrated in a surface-stabilized ferroelectric liquid crystal (SSFLC) by Clark and Lagerwall [2]. Ferroelectric chiral smectic liquid crystals have been one of the most attractive research fields in liquid crystal science and technology [3,4,5,6,7]. Figure 1a shows polarization (P) as a function of an applied electric field (E) in the ferroelectric SmC* phase. The two stable states exist at E = 0 (also see Figure 1b). The phenomenon is called bistability. After an electric field is removed, each state is kept. It is called as a memory effect. When applying a triangular wave voltage, the polarization reversal current between the two states shows a single peak (Figure 1c). Ferroelectric liquid crystal displays (FLCDs) do not require a thin film transistor (TFT) in each pixel due to the memory effect. The switching speed between these two states driven by spontaneous polarization (Ps) is very high, with a response time of the µs order. The dark state is obtained when one of the polarizers is set parallel to the director, and the brightest state is obtained when the director is tilted with 45 degrees from each of the crossed polarizers (see Figure 2). The in-plane switching provides a wide viewing angle. They are very attractive for display applications. Canon manufactured the first 15-inch FLC panel with 1280 × 1024 pixels in 1995. However, the FLCDs could not replace TFT-LCDs based on nematic liquid crystals due to several reasons, such as the significant reduction in the manufacturing cost of TFT-LCDs and the difficulty in producing gray levels. On the other hand, Displaytech Inc. produced a 0.3-inch FLC microdisplay with VGA resolution, utilizing sequential color on each pixel, in 1997. Now, FLCDs are used in reflective microdisplays based on liquid crystal-on-silicon technology (LCOS) [8] for applications in 3D head-mounted displays and projectors.



During the development of FLC materials, an antiferroelectric liquid crystal MHPOBC was discovered by Chandani et al. in 1989 [9]. They observed the electric field-induced transition between the antiferroelectric chiral smectic C*A (Sm C*A) phase and the ferroelectric SmC* phase. A lot of research has been performed [10,11,12]. Figure 3a,b show the P-E curve in the antiferroelectric phase and the electric field-induced transition between the Sm C*A and SmC* phases, respectively. The P-E curve shows a double-hysteresis. P = 0 at E = 0 in the antiferroelectric state. As E increase, P shows a linear increase. Above a certain threshold, the antiferroelectric state changes to a ferroelectric state (Figure 3b). Two peaks in the switching current are observed corresponding to each transition (Figure 3c). Interestingly, Inui et al. reported a three-component mixture where the antiferroelectric–ferroelectric phase transition occurs continuously, without a threshold [13]. The V-shaped switching due to thresholdless antiferroelectricity has great advantages, such as a fast switching time, low driving voltage, high contrast ratio, and wide viewing angle, as well as being free from hysteresis [12].



Chirality had been believed to be necessary for the appearance of ferro- and antiferroelectricity since the report of the first FLC. Niori et al. discovered ferroelectric switching in a tilted smectic B2 phase of the achiral bent-core molecule P-n-O-PIMB in 1996 [14], and then Sekine et al. suggested chirality in the smectic B2 phase [15]. These findings opened new avenues for the study of polar order and chiral superstructures in liquid crystals [16,17,18,19,20]. Ferroelectricity was observed in a uniaxial smectic A phase of a bent-core molecule [21]. In 2017, two compounds, DIO [22,23] and RM734 [24], were reported to exhibit ferroelectric ordering in a nematic phase at low temperatures below the conventional nematic phase. The low-temperature N phase was assigned as the ferroelectric nematic phase (NF) [25,26]. Figure 4 shows a schematic image of the NF phase. The NF phase exhibits a huge spontaneous polarization and strong non-linear optical response. The ferroelectric molecular ordering in the nematic phase coupled with fluidity has not only fundamental significance but also great potential to revolute liquid crystal technologies [27]. DOMAMBC, MHPOBC, P-8-O-PIMB, RM734, and DIO (Figure 5) changed the liquid crystal world.



The purpose of this review is to demonstrate the evolution of the design concept for ferroelectric smectic liquid crystals: from considering macroscopic phase symmetry [1] to designing intermolecular interactions [21]. We describe structure–property relationships in ferroelectric smectic liquid crystals, focusing on the ferroelectricity and/or electro-optical switching in a uniaxial smectic A phase, which is the highest symmetrical smectic phase. We present the following topics: (1) a dynamic model for the molecular organization in smectic phases, (2) an electro-optical switching in the de Vries-like SmA phase, and (3) polar order in high symmetrical smectic A phases.




2. Ferroelectricity in Liquid Crystals


Let us describe how the ferroelectricity appears in the SmC* phase. According to Lagerwall [5], we apply Neumann’s principle to the N, SmA, SmC, and SmC* phases. Nematic LCs are described as differing from normal isotropic liquids only in the spontaneous orientation of the molecules, which are arranged with their long axes parallel to each other. Smectic A and C phases possess a layer structure, and the order inside the layer is liquid-like in these phases. In the SmA phase, though locally tilted, the average direction of the molecules is parallel to the layer normal. In the SmC phase, the molecules are tilted with respect to the layer normal, and the tilt direction is constant over considerable volume elements. In the SmC* phase, the molecules are tilted with respect to the layer normal and form a helical distribution when moving from layer to layer. The Neumann’s principle is described as follows: “the symmetry elements of an intrinsic property must include the symmetry elements in the medium”. The intrinsic property and the medium, here, are polarization and a liquid crystal phase, respectively. Figure 6 shows the phase symmetry of the N, SmA, and SmC phases. We assume that there is no distinction between the head and tail of the constituent molecule. In a nematic phase or smectic A phase, each medium is symmetrical by 180° rotation around the z-axis, corresponding to Px = −Px and Py = −Py. It is also symmetrical by 180° rotation around the y-axis, corresponding to Pz = −Pz. Therefore, Px = Py = Pz = 0; this means that the macroscopic polarization in a nematic phase or smectic A phase is zero. With respect to a smectic C phase that is a tilted biaxial phase, the medium is symmetrical by 180° rotation around the y-axis, corresponding to Px = −Px and Pz = −Pz. It has mirror symmetry about the x-z plane (Figure 7a); therefore, Py = −Py. The macroscopic polarization in a smectic C phase is zero. If the molecule is chiral, it does not overlap its mirror image (Figure 7b). The mirror symmetry does not exist. In that case, the smectic C phase transforms the chiral smectic C with a helical-layer structure. Local polarization in each layer exists; however, the helical arrangement makes the macroscopic polarization zero for the bulk state (Figure 8). A SmC* phase does not possess proper ferroelectricity.



Clark and Lagerwall demonstrated the macroscopic polarization for very thin samples of d ~1 µm [2]. Their design concept is as follows: “If the smectic layers are made perpendicular to the confining glass plates, there is no boundary condition compatible with the helical alignment. As the distance between the surfaces is shorter and shorter, the conflict between the helical order and the surface order will finally elastically unwind the helix via the surface forces. The helix cannot form below a certain sample thickness. It can be expected that the only allowed director positions will be where the surface cuts the smectic cone, because the intrinsic conical constraint and the constraint of the surface are simultaneously satisfied (Figure 9a) [5]”. The response of polarization to an applied electric field shows a characteristic ferroelectric hysteresis loop as shown in Figure 1a. They called this structure a surface-stabilized ferroelectric liquid crystal (SSFLC). The ferroelectricity in a helical SmC* phase is improper ferroelectric. The surface stabilization realizes a ferroelectric liquid crystal. The angle between the layer normal and the optical axis (n director) is defined as tilt angle θ (Figure 9b). The magnitude of polarization increases with the increase in the tilt angle. The sense of polarization is defined as shown in Figure 10. In a given compound, the sense of the helix and that of the spontaneous polarization are not necessarily related. How does the spontaneous polarization appear? The common statement for the origin of polarization is hindered rotation of a long molecular axis. However, two opposite experimental results have been reported for the rotation of the molecules around their long axis. A slowing down of the reorientation time around the long axis was detected by optical four-wave mixing experiments [28]. On the other hand, Kremer et al. reported that there is no change in the rotation at the SmA–SmC transition by using dielectric measurements [29]. On the contrary, Blinov and Beresnev noted that it is the directional bias for a lateral dipole of a molecule [30]. According to Lagerwall’s explanation [5]: “In the SmC* phase, the mirror symmetry is absent. A polar bias exists, which gives a different probability for the dipole to be directed at one side out of the tilt plane rather than in the opposite direction”.



Let us consider the design concept for the ferroelectricity in a nematic phase. Three curvature deformations, i.e., splay, twist, and bend, are allowed to exist in a nematic phase. A polarization may appear along the director in the case of splay (Figure 11a), while it may appear perpendicular to the director in the case of bend (Figure 11b). This polarization is called flexoelectric. The molecular organization is driven by the effect of the molecular shape, i.e., repulsive interactions. An appropriate molecular design is expected to induce macroscopic polarization in the nematic phase. However, it is difficult to simulate a polar nematic phase by using only repulsive interactions. Zannoni et al. developed a simple candidate structure that is non-centrosymmetric both in shape and in the attractive interactions of the two ends of the molecule for the computer simulation of a ferroelectric nematic phase [31]. They reported that a system of tapered particles endowed with a suitable directional attractive interaction can exhibit a phase sequence of isotropic liquid–apolar nematic–polar nematic phase–polar smectic. According to the simulation study, the molecular organization in the ferroelectric nematic phase is presented in Figure 12. The design concept can be applied not only to a polar nematic phase but also to a uniaxial polar smectic A phase.



The strain and stress effects on the ferroelectricity of thin films and crystals have been extensively investigated [32,33,34]. The effect of the strain on the generation of polarization has been theoretically treated in the piezoelectric phase of an FLC [5]. However, to the best of my knowledge, only a few experimental studies have been reported on the effects on ferroelectric liquid crystals [35,36]. Mathe et al. observed the first piezoelectric effects in two room-temperature ferroelectric nematic liquid crystal mixtures [36]. In my opinion, the flexoelectric polarization (Figure 11) may contribute to the effects. Further experiments are necessary to clarify the mechanism.




3. 13C NMR Studies on a Ferroelectric Liquid Crystal


In order to design smectic liquid-crystalline molecules, we have to know how the molecules organize in the smectic phases. We observed some ferroelectric and antiferroelectric liquid crystals by using solid-state 13C nuclear magnetic resonance (NMR) spectroscopy. The 13C NMR measurements give useful information on the microscopic environment and dynamics of each molecule in the liquid crystal phases. Let us introduce the NMR measurements of a ferroelectric liquid crystal MONBIC [37]. The molecular structure and phase-transition temperatures are shown in Figure 13. MONBIC exhibited a phase sequence of Iso–SmA–SmC*–Cry and showed a large spontaneous polarization value at about 100 nC cm−2 in the SmC* phase at 10 K below the SmA–SmC* transition.



Figure 14 shows the temperature dependence of the tilt angle determined by polarized optical microscopy (POM) or X-ray diffraction (XRD) measurements. The tilt angle determined by POM observation reflects the tilt of the core part with the delocalized electrons of the molecule. The layer spacings in the SmA and SmC phases were determined by XRD. A tilt angle is estimated by Equation (1),


cosθ = lC/lA



(1)




where lA is a layer spacing in the SmA phase, and lC is that in the SmC phase. The tilt angle determined by XRD reflects the average tilt of the molecule. The former shows larger tilt angles than the latter, indicating that the constituted molecules form a zigzag shape in the SmC* phase.



Figure 15 shows the 13C NMR spectra of MONBIC upon cooling from the isotropic liquid without sample-spinning. The 13C chemical shifts of the keto carbon (C23), the ester carbon (C18), and the aromatic carbons (C17, C16, and C20) increase markedly, but those of the other aliphatic carbons (C24, C9, and C1) decrease from the isotropic liquid to the SmA phase. These changes in the chemical shifts indicate that both of the core and the tails of the molecule tend to orient parallel to the magnetic field in the SmA phase. Upon cooling to the SmC* phase, those of the keto, ester, and aromatic carbons decrease on the contrary; furthermore, the marked line-broadening can be seen for those carbons. Those of the other aliphatic carbons also decrease slightly. These results provide useful information on the microscopic behavior of a single molecule in the smectic phases. The angle, with respect to the magnetic field of the core, increases in the SmC* phase as the temperature decreases, while that of the tail decreases slightly in the SmA and SmC* phases, as shown in Figure 16. The line-broadening for the core carbons is caused by the chemical shift anisotropy, which depends on the helicoidal structure in the SmC* phase. The core unit forms a helical structure (Figure 16).



We observed 13C spin–lattice relaxation times in the laboratory frame (T1) of MONBIC to know the dynamic behavior in the Iso, SmA, and SmC* phases. The molecular motions in the range from 10−12 to 10−8 s are effective in 13C T1. The temperature-dependent values for the tail carbon (C2), the asymmetric carbon (C24), and the core carbon (C12) are shown in Figure 17a. The continuous decrease in the T1 values reveals that the rotation around the long axis in the SmA and SmC* phases is almost the same as that in the isotropic liquid. The molecular motion of MONBIC in the smectic phases is liquid-like. It should be noted that the hindered rotation, which is often thought to be the origin of spontaneous polarization, was not detected in the SmC* phase. Figure 17b shows 13C spin–lattice relaxation times in the rotating frame (T1ρ) of an aromatic carbon (C21). The motions in the range from 10−6 to 10−4 s are effective in 13C T1ρ. 13C T1ρ values of the tail carbons were not detected. 13C T1ρ values of the core carbon (C21) are independent of temperature in each phase and show the discontinuous decrease at the SmA–SmC* transition, indicating that the cooperative molecular motion for the core part contributes to the layer ordering in each smectic phase, and the motion mode changes discontinuously at the SmA–SmC* transition. The collective motion in the SmA phase corresponds to the tilt fluctuations, and that in the SmC* phase corresponds to the molecular fluctuations around the cone.



Let us consider what happens at the phase transition. Figure 18 shows the temperature dependence of some protonated aromatic carbons. 13C T1 values of C12 decrease continuously at the SmA–SmC* transition, whereas 13C T1 values of C20 and C21 exhibit marked jump. Furthermore, 13C T1 values of unprotonated core and carbonyl carbons (C18 and C19) also show a significant jump at the transition. The analysis of those 13C T1 values reveals that the molecular deformation, such as a twist or bend for the core part, occurs at the transition (Figure 19).



The NMR studies reveal the dynamic behavior of molecules in the smectic phases: (1) cooperative motion detected for the core parts is responsible for the orientational order of the molecules in each layer; (2) interlayer permeation of tails causes the correlation between cores’ adjacent layers; and (3) conformation change occurs near the smectic A–chiral smectic C (or smectic C) transition. An illustration of the model is shown in Figure 20. The correlation of molecular motion between neighboring molecules considerably affects the long-range order in the smectic phases. Introducing a polar group into the core unit improves the Ps-driven switching speed. The design of the core–core interactions and the interlayer permeation produce various molecular organizations in the smectic phases.




4. Materials for Ferroelectric Liquid Crystal Displays


4.1. FLCs Exhibiting Large Spontaneous Polarization


Practical FLC mixtures consist of a host smectic C liquid crystal doped with a small amount of a chiral compound with large spontaneous polarization. The effects of the molecular structure on the magnitude of spontaneous polarization have been studied [38,39,40]. Lots of chiral smectic liquid crystals have been prepared and their physical properties investigated [41]. Some chiral dopants are presented in Figure 21.



Let us introduce some FLCs possessing a 2-methyalkanoyl group or a 2-fluro-2-methyalkanolyoxy group developed in Nippon Mining Co., Ltd., Tokyo, Japan. (later Japan Energy Corporation). Those chiral groups were derived from (R)-(+)-1,2-epoxyalkane. Figure 22 shows MOPBIC with a (S)-2methyloctanoly group [45]. The compound showed both ferroelectric and antiferroelectric phases. Its phase-transition temperatures were Iso 157 °C SmA 138 °C SmC* 81 °C SmC*A 64 °C unidentified smectic phase [46]. The spontaneous polarization was 112 nC cm−2 at TAC* −10 °C. For a perfectly ordered system, the magnitude of normalized polarization P0 (=Ps/sinθ) can be approximated by Equation (2),


P0~NA·(V·d/M)(1/V)·µ⊥ = NA·d·µ⊥/M



(2)




where NA is Avogadro constant, d is density, M is a molecular weight, µ⊥ is a dipole moment perpendicular to the long axis, and V is a unit volume. The dipole moment of the functional group adjacent to the asymmetric carbon contributes to the magnitude of Ps in the SmC* phase [39]. The perpendicular dipole moment (µ⊥) of the keto group is calculated to be 1.99 D. Assuming a density of 0.8 g/cm3 for MOPBIC in the SmC* phase, the magnitude of P0 is estimated to be about 600 nC cm−2 at the first approximation. The magnitude of P0 calculated from that of Ps for MOPBIC is 313 nC cm−2 at TAC* −10 °C. Favorable dipole orientation in the SmC* phase is achieved.



Figure 23 shows a synthetic scheme of an FLC MFPYP possessing a 2-fluoro-2-methylheptanoyloxy group [47]. 2-Methylheptene was converted to (R)-2-methyl-1,2-epoxyheptane by using Norcardia corallina B-276. The epoxide was treated with hydrogen fluorine to give (S)-2-fluoro-2-methylheptanol. Then, it was oxidized with potassium manganate to the corresponding carboxylic acid. (S)-2-fluoro-2-methylheptanoic acid was treated with 2-(4-hexylpoxyphenyl)-5-(4-hydroxyphenyl)pyrimidine in the presence of N,N′-dicyclohexylcarbodiimide to give the target compound MFPYP. The compound showed a direct phase transition from the isotropic liquid to the SmC* phase at 130 °C. The magnitude of Ps at TAC* −2 °C was 250 nC cm−2. The compound shows favorable miscibility with a host smectic liquid crystal mixture consisting of phenylpyrimidine derivatives.



How is the polar order induced in an achiral host smectic LC by a chiral dopant? Lemuieux explained the chirality transfer in terms of chiral molecular recognition [40,48]. The collective effect of core–core interactions between a dopant with an axially chiral core and a host LC can propagate the chiral perturbations (Figure 24).




4.2. Host SmC Materials


Achiral smectic liquid crystals for the ferroelectric host mixture have been developed [49]. For manufacturing FLCDs, materials have to satisfy many important parameters, such as phase sequence, SmC* temperature range, spontaneous polarization, tilt angle, birefringence, dielectric anisotropy, rotational viscosity, elastic constant, N* pitch, and SmC* pitch. Their temperature dependence is also critical. For example, response time (τ) is expressed by Equation (3),


τ~η/(Ps·E)



(3)




where Ps is spontaneous polarization, E is an electric field, and η is rotational viscosity.



In order to obtain a high switching speed, we have to decrease the rotational viscosity and increase spontaneous polarization. However, a compound with large Ps increases the rotational viscosity in its mixture. On the other hand, an SmC host LC is required to show a phase sequence of Iso–N–SmA–SmC to obtain a favorable molecular alignment. Phenylpyrimidine derivatives are used for the preparation of host SmC mixtures. They show an SmC phase with a relatively low viscosity. Figure 25 shows typical 2-ring and 3-ring phenylpyrimidine LCs.



A smectic C compound with a wide SmC temperature range and low viscosity is necessary for developing practical FLC mixtures. We designed 6-alkyl-2-(4-alkyloxyphenyl)quinoline (PQm,n) as a base SmC liquid crystal [50]. Compound PQm,n was prepared as shown in Figure 26. 4-Alkylaniline was converted to 6-alkylquinoline by the Skraup method [51]. It was treated with 4-methoxyphenyl lithium to give 6-alkyl-2-(methoxyphenyl)quinoline. The compound was deprotected with boron tribromide and then reacted with alkyliodide to give the target compound, PQm,n.



PQ8,6 exhibited a phase sequence of Iso 117 °C N 113 °C SmA 104 °C SmC 69 °C Cry. Compound PQ8,6 and 2-ring phenylpyrimidine derivative 8-PYP-6O shows continuous miscibility across the full composition range for the N, SmA, and SmC phases of both compounds. We prepared two FLC mixtures, i.e., mixture A (PQ8,6: 54 wt%/8-PYP-6O: 36%/chiral dopant: 10 wt%) and mixture B (8-PYP-6O: 90%/chiral dopant: 10 wt%). The chiral dopant used for the ferroelectric mixtures was (S)-4-(2-methyloctanoyl)-4′-biphenyl 3-chloro-4-octyloxybenzoate. Both mixtures showed a phase sequence of Iso-N*-SmA-SmC*. The SmA-SmC* transition temperature for mixture A was higher by 19 K than that for mixture B. Figure 27 shows the rotational viscosity, evaluated by switching studies, for mixtures A and B as a function of reciprocal temperature. The rotational viscosity for mixture A is similar to that for mixture B. PQm,n widens the SmC temperature range of a host LC consisting of 2-ring phenylpyrimidine derivatives without increasing the viscosity.



Difficult problems that are characteristic of a smectic C phase exist. A smectic layer thickness decreases as the temperature is lowered in the SmC phase due to the molecular tilt, which deforms the smectic layer structure from “a bookshelf structure” (Figure 28a) to “a chevron structure” (Figure 28b) [52,53,54]. The chevron structure reduces the effective switching angle to decrease the transmittance. If the rubbing direction is the same at both surfaces, there are two chevron structures, C1 and C2. In boundaries between the two different chevron structures, the smectic layers cannot fill the space, producing defects (Figure 28c).



Three approaches, i.e., pretilt, electric field, and materials, were performed to solve the problems [5]. We focus on the development of liquid crystals to provide a defect-free alignment. Mochizuki et al. reported naphthalene derivatives stabilizing a bookshelf-layer structure and demonstrated a defect-free prototype FLC display [55]. Janulis et al. reported a fluorinated phenylpyrimidine derivative exhibiting a weak negative layer expansion coefficient [56]. Their molecular structures are shown in Figure 29. The SmA layer spacing of the fluorinated compound increases with the increase in temperature. The layer spacing increases continuously through the SmA–SmC phase transition. Rieker and Janulis proposed a model in which steric interactions drive the antiparallel alignment of nearest neighbors in the SmA and SmC phases [57].



“De Vries-like” liquid-crystal materials are characterized by a maximum layer contraction of 1% upon transition from the SmA phase to the SmC phase [58]. De Vries proposed some diffuse cone models that describe the SmA phase in which mesogens have a tilted orientation and a random azimuthal distribution [59,60,61]. The de Vries SmA to SmC phase transition is described as an ordering of the azimuthal distribution; therefore, there is no change in the layer spacing at the phase transition. In de Vries I, the molecules are tilted in the same direction in each layer, while the azimuthal angle is disordered from layer to layer. In de Vries II, the molecules are tilted, but the azimuthal angle is disordered even in a single layer. According to the de Vries scenario, the layer spacing is kept constant, while the in-layer director tilts with respect to the layer normal from the SmA to SmC phase transition. The chiral version of this phase, termed de Vries SmA*, has attracted particular attention because of the absence of the zigzag defects as a consequence of associated minimal layer shrinkage across the SmA*–SmC* transition. Most of reported de Vries compounds consist of rod-like molecules with polysiloxane and polysilane terminal chains [62,63]. Recently, Kaur et al. reported unsymmetric bent-core molecules possessing de Vries-like properties [64]. Some typical compounds exhibiting de Vries-like properties are presented in Figure 30. The development of compounds exhibiting de Vries-like characteristics for improving FLCDs has to satisfy the following requirements: (1) good miscibility with a host SmC material and (2) no influence on the other physical properties of the FLC mixture.





5. Electro-Optical Switching in the De Vries Smectic A Phase


We reported an amphiphilic compound exhibiting the SmA–SmC phase transition without layer contraction [65]. The compound possesses a semiperfluorinated chain and a 2,3-difluoro-1,4-diphenylbenzene core (SFDPB), as shown in Figure 31. Figure 32 shows the layer spacings of SFDPB in the SmA and SmC phases as a function of the reduced temperature, T–TAC. The layer spacing slightly increases as the temperature decreases, without layer contraction at the SmA–SmC transition, indicating that the SmA phase possesses a de Vries-like character. The de Vries SmA* phase has been reported to show an electro-optic response [58,62,66,67,68,69,70,71]. Compound SFDPB doped with 20 wt% of a ferroelectric liquid crystal, FLC-1 (see Figure 31), showed a phase sequence of Iso 159 °C Iso + chiral smectic A (SmA*) 145 °C SmA* 66 °C Cry and exhibited the electro-optical switching in the SmA* phase. The response times in the SmA* at 91 °C and 71 °C with an AC field of ±20 V cm−1 at a frequency of 10 Hz were 10 µs and 14 µs, respectively.



An external electric field induces a molecular tilt due to an electroclinic effect in an SmA* phase near the SmA*–SmC* transition. Garoff and Meyer found the electroclinic effect in which applying an electric field parallel to the layers of an SmA* phase induces a tilt with respect to the layer normal (Figure 33) [72]. The electric-induced tilt angle is described by Equation (4) [73],


θ = cE/{α(T − TC)}



(4)




where c is the electroclinic coupling constant between θ and Ps, α is a nonchiral parameter known as the tilt-susceptibility coefficient, and TC is the Curie point corresponding to the second-order transition from the SmC* phase to the SmA* phase. As the temperature approaches TC, the tilt angle has a large value. The induced tilt angle is proportional to the strength of the applied electric field. Therefore, the resulting gray levels can be adjusted continuously.



We explain the SmA phase of SFDPB in terms of de Vries cone model. Figure 34 shows a model for the molecular organization in the SmA phase. The layer spacing at T–TAC = −40 K was 44.47 Å. The extended molecular length of the amphiphilic compound is estimated to be 42 Å. The SmA phase might have a partially bilayered structure in which the molecules are tilted with respect to the layer normal. The observed electro-optical switching indicates that the SmA phase has an SmC-like ordering in each layer. The repulsion between the fluorinated chains in the interlayer regions decreases the correlation of the azimuthal distribution between adjacent layers. We surmise that SFDPB forms the SmA phase as the de Vries model I.



Karpernaum et al. reported a large electroclinic effect in the whole SmA* phase of a ferroelectric liquid crystal possessing a de Vries character [69]. Prasad et al. proposed an antiferroelectric-like ordering to explain the double-peak polarization current in the de Vries SmA* phase of systems in which a molecule contains siloxane and hydrocarbon chains [70]. Ghosh et al. supported the antiferroelectric-like model based on their observation of the double-peak current in the de Vries SmA* phase of a fluorinated antiferroelectric liquid crystal [71].



Figure 35 shows an illustration of the electro-optical switching in the de Vries-like SmA* phase of SFDPB doped with FLC-1. When E = 0, the molecules tilt in the same direction in each layer, while the azimuthal angle is disordered from layer to layer (de Vries I). The director is parallel to the layer normal. When applying an electric field, all the molecules reoriented along the direction of the electric field. This produces electro-optical switching between black and bright states.



According to the NMR studies, we surmise that increasing the core–core interactions and decreasing the interlayer interactions produce a de Vries I-type phase. We designed a chiral liquid-crystal trimer, MOHBC (Figure 36), and found that it exhibits an optically uniaxial smectic phase with a double-peak polarization [74]. The chiral trimer, MOHBC, exhibited two SmA* phases, i.e., the high-temperature SmA* (SmA*-H) phase and the low-temperature SmA* (SmA*-L) phase, and showed a phase sequence of Iso–SmA*-H–SmA*-L–SmC*–Cry upon cooling. Figure 37 presents optical textures in the SmA*-L phase of MOHBC with or without an electric field. The extinction direction was rotated counterclockwise with +E, but it was rotated clockwise with −E. Applying an electric field causes a distinct change in the interference color from yellow to red, related to the increasing birefringence. The increase in birefringence reveals that the orientation of the molecules without E is more disordered than that with E, suggesting that the SmA*-L phase has a de Vries-like character. Figure 38 shows the temperature dependence of the electrical response in the switching current under triangular waves. No switching current was detected in the SmA*-H phase (Figure 38a). The double-peak polarization current per half-period of the switching voltage appeared at T–TIA* = −4.5 K in the SmA*-L phase, and it became larger with the decreasing temperature (Figure 38b,c). After further cooling, in addition to the double peaks, a single sharp peak characteristic of ferroelectric switching appeared in the SmA*-L close to the SmA*-L–SmC* transition (Figure 38d). Therefore, the SmA*-H phase is a chiral version of a conventional paraelectric SmA phase, whereas the SmA*-L phase exhibits antiferroelectric-like switching.



Figure 39 shows a binary phase diagram for mixtures of MOHBC with its enantiomer. The SmA*-L phase is replaced with the SmC* phase with decreasing optical purity, suggesting that the SmA*-L phase has an SmC-like layer structure. The double-peak polarization in the SmA*-L phase results from the electric field-induced antiferroelectric–ferroelectric transition. The SmA*-L phase structure is not antiferroelectric molecular ordering but the de Vries model I-like layer structure, as shown in Figure 40. The strong dipole moment due to the two ester units exists along the long axis, and the dipole–dipole interaction can cause the antiparallel alignment of adjacent molecules within each layer. The terminal cores have an in-layer anticlinic orientation, which disturbs an effective interlayer interaction. Furthermore, the chirality destabilizes the formation of the helical SmC* phase, as shown in Figure 39. Therefore, the chirality disturbs the interlayer twist interaction. Chirality and the hockey stick-like oligomeric structure induce the randomization of the azimuthal angle from layer to layer. Applying an electric field to the SmA*-L phase transforms it from the de Vries-like state to the ferroelectric state. These findings indicate that the origin of the electro-optical switching in the SmA phase of SFDPB doped with FLC-1 is explained in terms of the molecular reorientation around the core.



Design of de Vries chiral smectic liquid crystals for device applications has been performed [75,76]. The electro-optical switching in de Vries SmA* phase has great potential for applications of display: (1) it has a fast switching speed, (2) it shows an in-plane switching with wide viewing angle, (3) it produces gray levels continuously, and (4) it provides a defect-free alignment. The randomization of the azimuthal distribution in the de Vries phase can decrease the threshold voltage. Furthermore, the experience in FLC development can be utilized to optimize the physical properties of de Vries SmA* materials.




6. Polar Order in an Optically Uniaxial Smectic A Phase


The molecular design for a polar liquid crystal has attracted considerable interest. The macroscopic polarization density, characteristic of ferroelectric phases, is stabilized by dipolar interactions. These interactions are weakened as phases become more fluid and have higher symmetry, which limits the ferroelectricity of the biaxial smectic liquid crystals. Since the discovery of DOBAMBC, lots of chiral ferroelectric liquid crystals have been prepared. Achiral bent-core liquid crystals exhibit ferro- and antiferroelectricity in their biaxial B phases [16,17]. The molecular tilt of bent-core molecules with respect to the layer normal induces chirality [77]. According to the phase symmetry rule (Section 2), the macroscopic polarization in a smectic A phase that is the highest smectic phase is zero. Recently, the hypothesis stated above was overturned. We show some examples of polar uniaxial smectic A phases and discuss how the polar order occurs.



Reddy et al. reported an achiral bent-core compound W586 exhibiting a ferroelectric property in the SmA phase [21]. The molecular structure and phase-transition temperatures are shown in Figure 41a. The compound showed two uniaxial SmA phases with a partially intercalated layer structure (SmAd). Bistable ferroelectric switching was observed in the low-temperature SmA phase (SmAdPF) below the paraelectric SmA phase (SmAd). The hysteresis loop characteristic to ferroelectricity and the temperature-dependent Ps are shown in Figure 42 [78]. The ferroelectricity was also confirmed by optical second-harmonic generation activity. Figure 41b shows a model for the molecular organization in the SmAdPF in which an electric field larger than the threshold electric field (Eth) is applied [78]. The polar order is attributed to a weakened interlayer coupling due to the formation of carbosilane sublayers, allowing for the parallel order of dipole moments of bent-core molecules in the neighboring group.



In the SmA phase of W586, the direction of the polarization is perpendicular to the layer normal. According to Zannoni’s prediction (see Section 2), we designed a taper-shaped trimer (DFPYCB) possessing dipole moments at the head and tail positions [79]. The trimer DFPYCB has a longitudinal dipole, which has a possibility to produce a polar order along the director in a uniaxial phase. Figure 43 shows the molecular structure and phase-transition temperatures of DFPYCB.



The trimer DFPYCB shows an enantiotropic SmA phase. The layer spacing in the SmA phase and the molecular length are 27.1 Å and 61 Å, respectively. This indicates that it is an intercalated SmA phase. When applying an AC field of 15 V cm−1 perpendicular on the sample in a homogeneously aligned cell, the texture was completely dark (Figure 44), revealing that the molecules were aligned perpendicular to the substrate. The switching polarization peaks appeared in the SmA phase and the isotropic liquid. Figure 45 shows the electric-field dependence of the electric response in the SmA phase and the isotropic liquid. The switched polarization appears when the applied electric field is larger than a certain value and it saturates. According to Francescangeil et al. [80] and Weissflog et al. [81], the switching behavior is explained as follows. The molecules form clusters. Although a polar order exists in each cluster, the orientations of the polar clusters are randomly distributed in the space. Therefore, the macroscopic polarization averages to zero. When an electric field above the threshold is applied, the polar clusters are reoriented so that the polar vector of each cluster is parallel to the electric field. The direction of the induced polarization is parallel to the layer normal. On the other hand, the taper-shaped DFPYCB is expected to exhibit the flexoelectric polarization (see Figure 11a). Therefore, we cannot exclude the possibility that it is a ferroelectric SmA phase.



Figure 46 shows a molecular organization model for the polar cluster in the SmA phase of DFPYCB. The taper-shaped molecules are packed in the intercalated form in which head-to-tail recognition is induced by intermolecular phenylpyrimidine–cyanobiphenyl interactions. Furthermore, a 1,4-diphenyl-2,3-difluorobenzene unit prevents rotation around the short axis necessary for the antiparallel alignment. The coupling of a taper-shaped structure and head-to-tail recognition produces the polar ordering parallel to the layer normal in the SmA phase.



Khan and Mukherjee described the Iso–SmA phase transition in the trimer DFPYCB using the Landau theory [82]. They demonstrated the qualitative agreement between theoretical and experimental results. Furthermore, they noted that the electro-optical switching in the isotropic phase can be explained in terms of pretransitional effects.



Recently, two ferroelectric liquid crystal materials, RM734 and DIO, were reported independently and simultaneously in 2017 by Mandle et al. (RM734) [22,23] and Nishikawa et al. (DIO) [24]. These remarkable ferroelectric properties of the NF phase, coupled with nematic fluidity, provide not only fundamental significance but also huge potentiality for liquid crystal-based technologies, for example, capacitors, memories, sensors, optical devices, actuators, and energy conversion devices. A lot of research is now in progress to clarify the origin of the ferroelectric properties and to understand the structure–property relationships. However, the orientation of the director in the NF phase exhibits spontaneous distortion, which cancels the spontaneous polarization in the system. The large polar domain in a single direction in the equilibrium state is difficult to maintain due to the fluidity without an external field [83,84]. A polar system with high symmetry and suitable fluidity, such as the polar smectic A phase, is favorable for its practical use. Recently, ferroelectric SmA and antiferroelectric SmZ phases were observed for ferroelectric nematic materials [85,86,87]. Kikuchi et al. reported two ferroelectric smectic A liquid crystals exhibiting longitudinal ferroelectricity [85]. The layered structure maintains a large-size polar domain in the absence of an external field. Figure 47 shows one of the reported compounds. The molecular structure is a modification of DIO, and the compound exhibits enantiotropic SmAF and SmAF’ phases.



Figure 48 presents POM textures, 2D small-angle X-ray diffractions, and electric displacement–electric field (D–E) hysteresis curves in the N and SmAF phases of the compound. An angular mosaic-like texture is seen in the SmAF phase (Figure 48a). The compound showed clear diffraction spots along the equatorial line parallel to the rubbing direction (Figure 48b). The SAXD measurements reveal that the SmAF phase has a monolayer structure. The compound showed the D–E hysteresis characteristic along the director direction (Figure 48c) and the SHG activity. On the other hand, the N phase did not show the ferroelectric properties. In the SmAF’ phase, the D–E hysteresis was also observed. The SHG intensity increased continuously in the SmAF` and SmAF phases as the temperature decreased. The relationship between the observed magnitude of Ps (3–4 µC cm−2) and the calculated molecular dipole moment, µ (8.69 D), indicates that the dipole moment in the SmAF phase is oriented almost perfectly along the long axis of the molecule. The authors identified that both phases are of the ferroelectric smectic A phase, exhibiting longitudinal ferroelectricity. Furthermore, the expected memory effects were confirmed in those phases. The high-temperature phase differs in regard to liquid-crystalline properties, such as POM textures and XRD patterns, from the low-temperature phase. Therefore, the authors denoted the high-temperature phase as SmAF’. The orientation in the NF phase of DIO relaxed under the zero electric field. On the other hand, the macroscopically poled orientation was maintained in the SmAF and SmAF’ phases. This is because Ps-induced distortions are suppressed by the layer structure. The authors concluded that the ferroelectric smectic A phases uniquely possesses high symmetry, fluidity, and memory ability.




7. Concluding Remarks


We showed the evolution of the design concept for the ferroelectricity in smectic liquid crystals, considering how the macroscopic phase symmetry gave the ferroelectricity in the SmC* phase of DOBAMBC. We presented some ferroelectric SmA liquid crystals. Understanding the dynamic behavior of liquid-crystalline molecules enables us to design intermolecular interactions for the appearance of polar order in the highest symmetry smectic phase. We briefly reviewed ferroelectric SmC* materials for display applications, particularly compounds possessing de Vries-like characteristic form a defect-free alignment, reducing the manufacturing cost of FLCDs to expand their applications. We emphasize that the electro-optical switching in the de Vries SmA* phase has great potential for applications of display. The switching is due to the electric field-induced transition from the de Vries-like disordered state to the ferroelectric state. The randomization of the azimuthal distribution in the de Vries phase can realize the thresholdless switching. The development of polar SmA and de Vries-like SmA materials produces a new LC-based function.
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Figure 1. (a) P-E curve in ferroelectrics. (b) Ferroelectric switching in the SmC* phase. (c) Electrical response in the switching current when applying a triangular wave voltage. 
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Figure 2. Dark and bright states of FLCDs. The director is a unit vector showing the average direction of the molecular long axis. 






Figure 2. Dark and bright states of FLCDs. The director is a unit vector showing the average direction of the molecular long axis.



[image: Crystals 14 00350 g002]







[image: Crystals 14 00350 g003] 





Figure 3. (a) P-E curve in antiferroelectric. (b) Electric field-induced transition between Sm C*A and SmC* phases. (c) Electrical response in the switching current when applying a triangular-wave voltage. 
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Figure 4. Schematic image of the NF phase. The arrow shows a dipole moment. 
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Figure 5. Molecular structures of DOBAMBC, MHPOBC, P-8-O-PIMB, RM734, and DIO. 
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Figure 6. Phase symmetry of N, SmA, and SmC phases. 






Figure 6. Phase symmetry of N, SmA, and SmC phases.



[image: Crystals 14 00350 g006]







[image: Crystals 14 00350 g007] 





Figure 7. Relationship between a molecule and its mirror image. The arrow shows a dipole moment. (a) An achiral molecule overlaps its mirror image. (b) A chiral molecule cannot overlap its mirror image. 
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Figure 8. Helical structure of a chiral smectic C phase. 
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Figure 9. (a) Surface-stabilized bistable states. (b) The definition of tilt angle. 
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Figure 10. Sense of polarization. 
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Figure 11. (a) Flexoelectric polarization in the splay deformation and (b) that in the bend deformation. 
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Figure 12. Schematic illustration of molecular organization of tapered molecules in a nematic phase with polar order. 
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Figure 13. Molecular structure and phase-transition temperatures of MONBIC. The carbon atoms of MONBIC are numbered as shown in the figure. 
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Figure 14. The temperature dependence of the tilt angle, as determined by POM and XRD measurements. TAC* is the SmA–SmC* phase-transition temperature. The picture was taken from [37]. Copyright (1995) Taylor & Francis Ltd. 
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Figure 15. 13C NMR spectra of MONBIC in the isotropic liquid, SmA, and SmC* without sample-spinning. The numbers are carbon numbers indicated in Figure 13. The picture was taken from [37]. Copyright (1995) Taylor & Francis Ltd. 
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Figure 16. Microscopic behavior of MONBIC in the SmA and SmC* phases. 
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Figure 17. (a) Temperature dependence of 13C T1 values of C2, C12, and C24 of MONBIC in the Iso, SmA, and SmC*. (b) That of 13C T1ρ values of C21 of MONBIC in the SmA and SmC*. The carbon numbers (C2, C12, and C24) are indicated in Figure 13. 
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Figure 18. Temperature dependence of 13C T1 values of C12, C20, and C21 of MONBIC in the SmA and SmC* phases. The carbon numbers (C12, C20, and C21) are indicated in Figure 13. 
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Figure 19. Molecular deformation for the core part. The estimated long axis is shown. The picture was taken from [37]. Copyright (1995) Taylor & Francis Ltd. 
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Figure 20. Model for molecular organization near the SmA–SmC* transition. 
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Figure 21. Molecular structure of chiral dopants, CD-1 [42], CD-2 [43], CD-3 [38], and CD-4 [44]. The carbon indicated by asterisk is an asymmetric carbon. 
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Figure 22. Molecular structure of MOPBIC. 
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Figure 23. Synthetic scheme of MFPYP. 
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Figure 24. Model for core–core chirality transfer. Reprinted with permission from [40]. Copyright (2001) American Chemical Society. 
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Figure 25. Molecular structures of the 2-ring and 3-ring phenylpyrimidine derivatives. 
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Figure 26. Synthetic scheme of PQm,n. 
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Figure 27. Rotational viscosity for mixtures A and B as a function of reciprocal temperature. The rotational viscosity was obtained from the following equation, η = τ·Ps·E/(1.75sin2θ). The picture was taken from [50]. Copyright (1993) Taylor & Francis Ltd. 
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Figure 28. (a) Bookshelf-layer structure. (b) Chevron-layer structure. (c) Defects in boundaries between the two different chevron-layer structures. 
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Figure 29. Molecular structures of materials stabilizing a bookshelf-layer structure in the SmC phase. The carbon indicated by asterisk is an asymmetric carbon. 
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Figure 30. Typical molecules possessing de Vries-like properties, TSiKN65 [62], QL5-n [63], QL6-n [63], and BC-n [64]. 
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Figure 31. Molecular structures and physical properties of the amphiphilic compound (SFDPB) and the ferroelectric liquid crystal (FLC-1). 
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Figure 32. Layer spacing of SFDPB in the SmA and SmC phases as a function of reduced temperature. The picture was taken from [65]. Copyright (2011) The Japan Society of Applied Physics. 
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Figure 33. Electroclinic switching in an SmA* phase. 
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Figure 34. Model for the molecular organization in the SmA phase of SFDPB. The picture was taken from [65]. Copyright (2011) The Japan Society of Applied Physics. 
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Figure 35. Schematic illustration of electro-optical switching in the de Vries A phase of SFDPB doped with FLC-1. 
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Figure 36. Molecular structure of the chiral trimer, MOHBC. 
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Figure 37. Optical textures of MOHBC between homogeneously aligned glass plates in the SmA*-L phase with ±8 V μm−1 or without an electric field. The picture was taken from [74]. Copyright (2012) American Chemical Society. 
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Figure 38. Electrical response in the switching current of MOHBC (a) at T–TIA* = −3 K in the SmA*-H phase, (b) T–TIA* = −7 K in the SmA*-L phase, (c) T–TIA* = −0 K in the SmA*-L phase, and (d) T–TIA* = −4.5 K in the SmA*-L phase near the SmA*-L–SmC* phase transition upon application with a triangle-wave switching field of ±8 V µm−1 at a frequency of 15 Hz. The picture was taken from [74]. Copyright (2012) American Chemical Society. 






Figure 38. Electrical response in the switching current of MOHBC (a) at T–TIA* = −3 K in the SmA*-H phase, (b) T–TIA* = −7 K in the SmA*-L phase, (c) T–TIA* = −0 K in the SmA*-L phase, and (d) T–TIA* = −4.5 K in the SmA*-L phase near the SmA*-L–SmC* phase transition upon application with a triangle-wave switching field of ±8 V µm−1 at a frequency of 15 Hz. The picture was taken from [74]. Copyright (2012) American Chemical Society.
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Figure 39. Binary phase diagram for mixtures of MOHBC with its enantiomer. The picture was taken from [74]. Copyright (2012) American Chemical Society. 






Figure 39. Binary phase diagram for mixtures of MOHBC with its enantiomer. The picture was taken from [74]. Copyright (2012) American Chemical Society.
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Figure 40. Model for the double-peak polarization. The picture was taken from [74]. Copyright (2012) American Chemical Society. 
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Figure 41. (a) Molecular structure and phase-transition temperatures of W586. (b) Model for the molecular organization of W586 in the SmAdPF phase with E > Eth. 
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Figure 42. Spontaneous polarization as a function of temperature. The hysteresis loop recorded at 125 °C is shown in the inset. Reprinted with permission from [78]. Copyright (2011) American Physical Society. 
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Figure 43. Molecular structure and phase-transition temperatures of DFPYCB. 
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Figure 44. (a) An optical texture of a sample in a 2 μm homogeneously aligned cell at 120 °C in the SmA phase and (b) that on application with a triangle wave switching field of 15 V μm−1 at a frequency of 1 Hz. The picture was taken from [79]. Copyright (2018) Royal Society of Chemistry. 
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Figure 45. Switched polarization in the SmA phase at 118 °C and that in the isotropic liquid at 150 °C as a function of the electric field at a frequency of 1 Hz. The picture was taken from [79]. Copyright (2018) Royal Society of Chemistry. 
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Figure 46. Molecular organization model for the polar ordering of DFPYCB in the SmA phase. The picture was taken from [79]. Copyright (2018) Royal Society of Chemistry. 
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Figure 47. Molecular structure of the ferroelectric SmA compound. 
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Figure 48. POM textures, 2D small-angle X-ray diffraction patterns, electric displacement–electric field (D–E) hysteresis curves in the N and SmAF phases of the compound. (a) Polarized optical textures observed at 135 °C (SmAF) and 160 °C (N). (b) 2D SAXD patterns at 135 °C (SmAF) and 160 °C (N). (c) D–E curves at 130 °C (SmAF) and 160 °C (N). This picture was taken from [85]. 
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