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Abstract

:

Three binary systems were prepared by mixing of two different mesogenic derivatives, homologues, the first is azo/ester, namely 4-alkoxyphenylazo-4′-phenyl-4″-alkoxybenzoates (IIn+m) and the second is Schiff base/ester, namely 4-(arylideneamino)phenyl-4″-alkoxy benzoates (In+m). The two corresponding analogues from both series in the binary mixtures investigated are of the same terminal alkoxy chain length. Mesomorphic properties were investigated by differential scanning calorimetry (DSC) and phases identified by polarized optical microscope (POM). Photophysical studies were investigated by UV spectroscopy connected to a hot stage. Results were discussed based on constructed binary phase diagrams. All mixtures were found to exhibit eutectic compositions, with linear or slightly linear nematic and smectic A stability/composition dependences. Geometrical parameters were predicted applying density functional theory (DFT) calculations. Twist angle (θ), aspect ratio, dipole moment and the polarizability of the individual compounds were discussed and correlated with the experimental results to illustrate the enhanced the mesophase stability and the mesophase range of the mixture at the eutectic composition compared with those of their individual components.
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1. Introduction


Nowadays, mixtures of liquid crystalline (LC) materials are of an extensive area of interest [1,2,3,4,5,6,7,8]. For practical applications, LC materials exhibiting transition at room temperature and retain their mesomorphic character over a wide range of temperatures are preferred. Mesomorphic criteria of mesogenic cores are greatly modified upon the mixing of individual components. Many reports [9,10,11,12,13,14,15,16,17,18,19,20] have been used to investigate the mesophase behavior upon the mixing of two or more compounds. On the other hand, dimeric LCs have been studied [7,8,21,22,23,24] for the same applications. Binary or ternary mixtures may be symmetric, with the same mesogenic moieties but of different terminal groups, or nonsymmetrical, with different mesogenic units. In both types of binary mixtures, the intermolecular interactions between the two mesogenic cores lead to a significant variation in the optical activity [21,22,23,24]. In previous work [25], it was observed that the mesophase stability is enhanced by an increment of the polarity and/or polarizability of the mesogenic core of the molecule. In general, the linking groups and the terminal polar substituents play important roles in the mesophase formation, type, thermal stability, and temperature ranges of the LCs compounds [26,27,28,29,30,31,32].



Calamitic molecules are linear, with two terminals; these groups may be similar or not. Many-wing units have been designed in the generation of LCs, but the most general route [33], is to use either an alkyl/alkoxy chain or a small compact polar substituent [34,35,36,37]. The role of these groups is to act as dipolar parts to introduce anisotropy in physical characteristics. Azobenzene moiety is considered to be a good fragment to develop and design a new molecular shape of thermally stable phase transitions, often with very interesting polymorphisms [5,36,37,38,39,40,41]. Liquid crystals containing an azo group in the mesogenic core are attractive for studying their electro-optical properties [39]. Ester linkages are also commonly used, as they offer good advantages such as thermal and wide range of stability. Liquid-crystal-based Schiff base linkages have been synthesized and investigated in many interesting studies [42,43,44,45,46,47]. The development and investigation of new advanced functional thermotropic liquid crystals require the proper selection of a mesogenic core, linking group, and terminal functional substituents. [48] The photochromic phenomena for such spacers (-N=N, -N=CH-, and -COO-) are used to control the mesophase behavior and optical activities of several LCs [42,44,46,47,49,50,51,52,53,54,55,56,57,58]. The reversible trans-cis isomerization, induced by thermal and ultraviolet irradiation, brings about a molecular ordering in the trans isomer that stabilizes the mesophase structure of the LC, while the disordering of cis isomers will destroy the mesophase formation.



Our present work aims to investigate the mesomorphic and optical activity of binary mixtures made from two systems with different mesogens, the Schiff base/ester (In+m) and the azo/ester (IIn+m) compounds (Scheme 1). We also conducted a brief study of the thermal cis-trans isomerization of pure components and their binary mixtures at their eutectic compositions. We intended to measure the thermal back cis-to-trans interconversion in a pure compound using UV–Vis spectroscopy technique.




2. Experimental


2.1. Materials and Preparation


Compounds investigated in this study were synthesized and characterized according to supplementary methods.




2.2. Physical Characterization


Calorimetric measurements were carried out using a TA Instrument Co. Q20 differential scanning calorimeter (DSC; Waltham, MA, USA). The DSC was calibrated using the melting temperature and enthalpy of indium and lead. DSC investigations were conducted using small samples (2–3 mg) placed in aluminum pans. All measurements were made at a heating rate of 10 °C/min in an inert atmosphere of nitrogen gas (30 mL/min) and all transitions were recorded from the second heating scan.



Transition temperatures were checked and the types of the mesophases identified for all compounds. Molar ratios of both components were melted and mixed to form intimate blends, then cooled. The mixture was put between two glass plates and heated to obtain a very thin layer. The texture was observed under a polarized optical microscope POM (POM, Wild, Germany). Temperature was recorded by an attached thermocouple with a Brookfield temperature controller, England (Mettler FP82HT hot stage).




2.3. Computational Method and Calculations


The theoretical calculations were carried out by Gaussian 09 software (2009, Gaussian. Inc.: Wallingford, CT, USA) [59]. DFT/B3LYP method and a 6–31G (d,p) basis set was selected for calculations. The structures of the optimized geometries were drawn with Gauss View [60].





3. Results and Discussion


3.1. Binary Mesophase Behavior of Prepared Mixtures


Figure 1 shows the DSC heating curve of 20 mol % I6+8/II6+8 as an example. As for pure I6 and I8, the binary mixtures exhibited different endothermic peaks, crystalline (Cr)–smectic A (SmA) or smectic C (SmC)–nematic (N)–isotropic (I), Representative POM textures are depicted in Figure 2. Transition temperatures and their corresponding enthalpy of transitions for three homologues binary mixture systems (n = 6 and m= 8, 10 and 12 carbons) are tabulated in Table 1. Individual compounds were previously reported in our investigations [40,41]. The thermal transitions of the pure compounds, as well as their mixtures, are graphically illustrated in Figure 3a–c. As can be seen from the Table 1 and Figure 1, both homologues bearing similar alkoxy chain length upon mixing showed to be enantiotropic dimorphic, covering all compositions accompanied by a decrease in the melting temperatures compared with their components.



In the first system, (I6+8/II6+8), the Schiff base I6+8 was dimorphic, exhibiting SmA and nematic mesophases, whereas the azo analogue II6+8, was purely nematogenic (N). The addition of I6+8 to II6+8 resulted in a heterogeneous eutectic mixture around 40 mol% of II6+8. The eutectic mixture of this system possessed a broad mesophase temperature range, 141.6 °C. The nematic stability varied regularly with composition. This suggests that the molecular interactions between the mixed components were comparable to the interactions between pure components. On the other hand, the addition of I6+8 to II6+8 disrupted somewhat the formation of the SmA phase of the analogue I6+8. The thermal stability of the SmA decreased with increasing of the II6+8 component until it vanished at about 80 mol % (Figure 3a).



In the case of system II (I6+10/II6+10), similar behavior of the nematic phase was observed, Figure 3b. It was previously reported that the II6+10 analogue is dimorphic, exhibiting N and smectic C (SmC) phases [41]. Mixtures of the two compounds resulted in a dimorphic SmA and N phases in the whole composition range. With the addition of about 10% of the I6+10 the SmC phase of II6+10 derivative disappeared and was replaced by the SmA phase as the I6+10 content further increased. The stability of the SmA diversity increased with increasing the I6+10. The eutectic mixture appeared around 60 mol % of II6+10.



Similarly, the binary system of the higher chain length system III (I6+12/II6+12), Figure 3c, exhibited dimorphic mesophases. The concentrations of the mixture from 10% to 80% of II6+12 possessed SmA and N, but a binary mixture with a higher concentration of II6+12 (>80%) possessed SmC and N. As can be seen from Figure 3c, both the TSm-I and TN-I decreased gradually with increased content of the II6+12. Further, the eutectic mixture was observed around 60 mol % of II6+12.



Generally, the mesophase behavior of rod-like mesogen was affected by many parameters such as the polarizability, dipole moment, aspect ratio, and the competitive interaction between the lateral and terminal aggregation. Moreover, the molecular shape that was affected by stereo and/or mesomeric configurations also affected molecular-molecular interactions. In the present study, the molecular aggregations of calamitic molecules played a principal role in mesophase stability due to the lateral attraction of planar molecules will reinforced by longer alkoxy-chains (n). Another factor that also contributed to mesophase stability was end-to-end aggregation of terminal alkoxy chains that differed according to mesomeric effects. These factors, with different ratios, affect the stability (Tc), range, and type of the mesophase for pure components as well as their binary mixtures.




3.2. DFT Calculations


Theoretical DFT calculations for the individual compounds I6+8 and II6+8 were performed in the gas phase by DFT/B3LYP method at 6−311G basis set. All optimum compounds proved to be stable, due to the absence of the imaginary frequency. The results of the theoretical DFT calculations of the investigated compounds I6+8 and II6+8 before mixing showed a planar geometry with little bent shape. The three phenyl rings of the individual analogues were completely planar, regardless of the type of the mesogenic core. The planarity of the liquid crystalline compounds before mixing impacted their observed mesophase. Recently, it was reported [33,47,52,54,61] that the planar structures permit a strong lateral interaction in addition to the end to end aggregation of the alkoxy chains. The strong terminal interaction enhanced the nematic stability while the lateral aggregation enhances the smectic phase as observed for all mixture compositions, Figure 4.



The coplanarity of the aromatic rings of such types of compounds was investigated from dihedral angles, due to the presence of the twist angle (θ) between the rings A, B, and C. The twist angle between the aromatic rings of the Schiff base derivatives was lower than that of the azo ones. The twist angles (θ) were found to be 21.5, 37.0, and 16.2° between A-B, B-C, and A-C, respectively, for compound I6+8, however, the twist angle θ = 8.0, 0.8 and 8.8° for compound II6+8. The dihedral angle showed a higher degree of twisting of the rings A and B in compound I. The azo derivative, II6+8, showed a slightly higher twisting angle between rings B and C. The incorporation of non-coplanar compound I in the high-backed more coplanar azo derivative II, improved the mesomorphic properties of both mixed compounds. Such a mixture between two compounds of different degrees of coplanarity may enhance a certain type of interaction (perhaps π-π stacking interaction) that cannot appear in the components, and consequently may improve mesophase stability and its ranges.



The estimated DFT calculations for dipole moment and the polarizability of the individual compounds are summarized in Table 2. The polarizability of the compounds was highly affected by the dimension, as well as the electronic nature of the mesogenic core. The length and the width of both compounds under investigation were almost the same, aspect ratio = 8.45 for both. The equal aspect ratios of both compounds may be explained in terms of different coplanarity of these compounds as previously mentioned. The little difference of the polarizability of the azo compound (α = 487 Bohr3) compared to that of the Schiff base (α = 470 Bohr3) may be explained in terms of the higher polarity of imine group, compared to the azo group. The dipole moment of the Schiff base/ester I6+8 was higher than that of the azo ester II6+8. However, the high dipole moment of the individual compounds may permit a high degree of specific interactions (perhaps quadrupolar) and π-π stacking interactions in the mixture that enhance mesophase stabilities and their temperature ranges of the mixture concerning their components.



The charge distribution map for the Schiff base/ester I6+8 and the azo ester II6+8 was calculated under the same basis sets according to molecular electrostatic potential (MEP) (Figure 5). The red region (negatively charged atomic sites) was distributed on the aromatic moiety and the maximum was carbonyl oxygen of the H-bonded carboxylic group, while alkoxy chains showed the least negatively charged atomic sites (blue regions). As shown in Figure 5, there was no significant effect of the mesogenic core on the mapping of the charge distribution. Thus, we can conclude that an excellent choice of compounds for mixtures to modify the mesomorphic behavior. Moreover, the similar charge distribution explains the enhancement of the mesophase stability and the mesophase range of the mixture at the eutectic ratios. Recently, we also reported [33,47,52,54,56,61] that mesophase temperature range is highly affected by competitive interactions between end-to-end and side-to-side interactions by increasing chain length, and that these factors are highly impacted by the map of the charge distribution.




3.3. Photophysical Study


The study of individual pure I6+8 and II6+8 derivatives, as well as their binary mixtures at their eutectic compositions, nearly around 40%, in DMF (C = 1.8 × 10−6 mol/L) at temperature range 298–398 K was carried out by measuring UV-visible spectra. Figure 6, Figure 7 and Figure 8 display the influence of temperature on the shape and the intensity of the absorption bands for I6+8, II6+8 and their eutectic mixture I6+8/II6+8, respectively. As shown from these figures, all the compounds investigated exhibited an absorption maximum in the range 335–356 nm and weak absorption band at 445 nm, which were related to π–π* and n–π* transitions of the azobenzene trans–cis configuration, respectively [62,63,64]. The Schiff base derivative I6+8 showed a maximum absorption band at ~335 nm, and that absorbance slightly increased with increasing the temperature. A highly delocalized electronic system was observed and π–π*, as well as transitions, due to the presence of conjugated imine linking parts and high molar absorption. The UV spectra of the corresponding azo compound II6+8 displayed a maximum absorption band at ~356 nm in which the intensity of absorption increased with the rise of temperature (Figure 6). The binary eutectic mixture of azo and Schiff base components, Figure 8, showed that this mixture’s absorption maximum band of the π–π* was at ~350 nm. This shift from ~356 nm to ~350 nm was attributed to the electronic transitions from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). As an example, the weak absorption maximum at 445 nm is presented for the eutectic mixture in the inset in Figure 8.





4. Conclusions


The present study was undertaken to investigate how the mixing of LC molecules with different mesogenic cores and variable terminal alkoxy chain lengths affect the mesomorphic and photophysical properties of the resulted mixtures. The first group of compounds was 4-alkoxyphenylazo-4′-phenyl 4″-alkoxybenzoates (In+m), and the second group was a Schiff base/ester, 4-(arylideneamino) phenyl 4″-alkoxy benzoates (IIn+m). The two groups of compounds investigated differ in their mesogenic cores, azo/ester, and Schiff/ester. The length of the two terminal alkoxy chains was chosen as examples. Theoretical calculations for individual components were carried out by DFT. The study revealed that:




	
The constructed diagrams showed enantiotropic mesomorphic behavior for all compositions.



	
All systems showed nearly linear nematic-to-isotropic composition dependencies.



	
The binary phase diagrams exhibited eutectic composition with high mesophase stability.



	
The polarizability was highly affected by the dimensions and the type of the mesogenic core.



	
The dipole moment of the Schiff base ester I6+8 was higher than that of the azo ester II6+8.



	
The π-π stacking interactions in mixture enhanced the mesophase stabilities as well as their temperature ranges.



	
Finally, the similar charge distribution observed in both series rationalized the enhanced mesophase stability and the mesophase range of the mixture at its eutectic compositions.
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Scheme 1. Investigated Schiff base/ester (In+m) and azo/ester (IIn+m) compounds. 
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Figure 1. Differential scanning calorimetry (DSC) curves obtained during heating/cooling scans of 20 mol % I6+8 in the I6+8/II6+8 binary system with heating rate 10 °C/min. 
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Figure 2. Polarized optical microscope (POM) textures upon heating of 40 mol % of the I6+12 in the binary mixture II6+12/I6+12: (a) N phase at 120.0 °C; (b) SmA phase at 190.0 °C. 
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Figure 3. Binary phase diagrams for (a) system I (I6+8/II6+8); (b) system II (I6+10/II6+10); and (c) system III (I6+12/II6+12). 
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Figure 4. Optimized geometrical structures of analogues I6+8 and II6+8. 
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Figure 5. Molecular Electrostatic potentials (MEP) of I6+8 and II6+8. 
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Figure 6. UV absorption spectrum of I6+8 in DMF (C = 1.8 × 10−6 mol/L) at temperature range 298–398 K. 
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Figure 7. UV absorption spectrum of II6+8 in DMF (C = 1.8 × 10−6 mol/L) at temperature range 298–398 K. 
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Figure 8. UV absorption spectrum of binary eutectic mixture of II6+8/I6+8 in DMF (C = 1.8 × 10−6 mol/L) at temperature range 298–398 K. 
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Table 1. Phase transition temperatures (°C), (enthalpy of transition ΔH, kJ/g), for binary mixtures/In+m.
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	% of Component IIn+m
	TCr-SmC
	TCr-SmA
	TCr-N
	TSmC-N
	TSmA-N
	TN-I





	0% II6+8
	
	77.5 (28.94)
	
	
	159.0 (2.24)
	218.8 (1.72)



	20% II6+8
	
	90.3 (73.08)
	
	
	144.9 (3.19)
	217.6 (4.63)



	40% II6+8
	
	75.9 (51.21)
	
	
	132.8 (2.83)
	217.5 (4.84)



	60% II6+8
	
	102.3 (49.22)
	
	
	124.2 (2.59)
	217.1 (2.70)



	80% II6+8
	
	107.5 (58.54)
	
	
	107.8 (1.87)
	215.6 (4.38)



	100% II6+8
	
	
	113.6 (56.20)
	
	
	214.8 (2.75)



	0% II6+10
	
	93.7 (51.22)
	
	
	172.1 (1.93)
	204.7 (1.92)



	20% II6+10
	
	90.9 (101.50)
	
	
	158.2 (2.77)
	202.7 (3.90)



	40% II6+10
	
	91.4 (110.0)
	
	
	154.4 (2.94)
	201.3 (4.11)



	60% II6+10
	
	85.3 (112.5)
	
	
	146.6 (2.83)
	201.3 (4.65)



	80% II6+10
	
	92.7 (83.56)
	
	
	133.8 (1.98)
	200.0 (3.94)



	100% II6+10
	103.5 (51.31)
	
	
	120.2 (0.93)
	
	195.9 (2.05)



	0% II6+12
	
	92.3 (54.06)
	
	
	174.9 (2.39)
	201.9 (2.18)



	20% II6+12
	
	90.9 (104.40)
	
	
	166.9 (3.36)
	199.9 (4.18)



	40% II6+12
	
	88.7 (101.2)
	
	
	156.1 (2.84)
	198.2 (4.22)



	60% II6+12
	
	75.4 (86.21)
	
	
	151.7 (2.68)
	197.2 (3.73)



	80% II6+12
	
	97.8 (102.08)
	
	
	140.9 (1.96)
	196.1 (5.32)



	100% II6+12
	102.4 (62.71)
	
	
	122.1 (3.66)
	
	186.0 (2.38)







Cr-SmC denotes transition from solid to the SmC mesophase; Cr-SmA denotes transition from solid to the SmA mesophase; Cr-N denotes transition from solid to the N phase; SmC-N denotes transition from SmC to the N mesophase; SmA-N denotes transition from SmA to the N mesophase; N-I denotes transition from Nematic to the isotropic phase.
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Table 2. Parameters (Hartree/Particle) and dipole moment (Debye) of I6+8 and II6+8.
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Parameter

	
I6+8

	
II6+8






	
Polarizability α

	
470.78

	
487.25




	
Dipole Moment

	
X

	
−0.4716

	
−0.8958




	
Y

	
−3.4170

	
−2.3915




	
Z

	
0.3869

	
0.1388




	
Total

	
3.4710

	
2.5576




	
Dimensions

Å

	
Width (D)

	
4.74

	
4.71




	
Length (L)

	
40.07

	
39.79




	
Aspect ratio (L/D)

	
8.45

	
8.45
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