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Abstract

:

The study examined the chemical structure of azo-based liquid crystalline compounds that were altered to form a branch of cyclotriphosphazene. Moreover, the research explored the interplay between their mesomorphic and dielectric properties. The structures of the compounds were defined by Fourier transform infrared spectroscopy, nuclear magnetic resonance spectroscopy, and CHN elemental analysis. Only intermediates 2a–e and cyclotriphosphazene compounds 4d–e were mesogenic with smectic A (SmA) and smectic C (SmC) phases, respectively. Intermediate 2d and compound 4d were used as representative samples to determine the type of liquid crystal, which was confirmed through X-ray diffraction (XRD). The calculated d/L ratios for both compounds were 1.69 and 0.76, respectively, indicating that d was approximately equal to L (d ≈ L ≈ 1). This finding suggests that the SmA and SmC phases observed under polarized optical microscope (POM) are arranged in a monolayer. For the dielectric study, only compounds 2d–e and 4d–e were proceeded and compared for dielectric characteristics testing. The dielectric constants and dielectric loss factors of these four compounds were measured over the frequency range of 100 Hz to 0.1 MHz at room temperature. The dielectric constant trend decreased with the increasing frequency. Meanwhile, the dielectric loss showed two types of trends. The first trend was identical to the dielectric constant trend, in which the dielectric loss decreased as the frequency increased. However, in the second trend, the dielectric loss began to rise with the increase in frequency and then began to fall gradually after reaching a certain peak. Meanwhile, compounds 4d and 4e had low dielectric constants and losses due to the effect of hexasubstituted cyclotriphosphazene that had been attached as a core.
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1. Introduction


Early studies by Allcock and his coworkers on phosphazene molecules eventually led to the investigation of liquid crystalline phosphazene materials [1,2]. In 2022, Davarci and Doganci reported the chronological summary of liquid crystal phase transition of phosphazene liquid crystals and their mesomorphism [3]. Phosphazenes are cyclic or linear chains of inorganic compounds formed by bonding and repeating phosphorus and nitrogen atoms with (P=N)n bonds [4].



The liquid crystal phase is known as a mesophase. The distinct mesophases depend on the solvent content and temperature. They are highly beneficial for a variety of potential applications, which is why many researchers have studied the dielectric properties of liquid crystals in different phases such as nematic, smectic C (SmC), and smectic C* (SmC*) [5,6,7,8,9,10]. Liquid crystals are isotropic with an anisotropic dielectric nature. When dielectric anisotropy was shown to be affected by the director reorientation in an applied electric field, deepening an understanding of the dielectric response became a leading theme in the development of liquid crystal science [11].



Meanwhile, cyclotriphosphazene compounds that have been used in liquid crystals [12] also have significant potential in dielectric applications [13,14,15]. Recently, numerous studies have been reported concerning the dielectric properties of cyclotriphosphazene compounds. The evaluation of solid materials often involves an in-depth investigation of common properties such as the dielectric constant and dielectric loss [16,17,18,19]. The dielectric constant and dielectric loss’s behavior of the investigated samples have been studied as a function of frequency [20].



A dielectric material is a non-conductive substance that can store electrical charges. When exposed to an electric field, the charges within the material do not conduct; instead, they undergo slight shifts from their average equilibrium positions, resulting in dielectric polarization. Positive charges move in the direction of the field, and negative charges shift in the opposite direction, generating an internal electric field. This process reduces the overall electric field within the dielectric material [21]. This dielectric material is needed for the performance application of touch screen panels, field effect transistors, and capacitors that are often used in mobile devices or portable electrical equipment, hybrid vehicles, and microelectronics [22].



In 2016, Koran et al. synthesized cyclotriphosphazene compounds bearing oxime ether and ester as side groups. The dielectric constant and dielectric loss factors of cyclotriphosphazene compounds were measured over a frequency range of 100 Hz to 2 kHz at 25 °C and compared to each other. It was found that cyclotriphosphazene compounds with substituted ester linkage had a higher dielectric constant. This was attributed to the existence of polar carbonyl of ester groups, which increase the dielectric constant [23]. Furthermore, Koran and co-workers (2017) have reported the synthesis of 2,2,4,4-tetra(4′-oxy substituted-chalcone)-6,6-diphenylcyclotriphosphazene. Their dielectric constant and dielectric loss were examined through an impedance analyzer as a function of the frequency. The dielectric properties of compounds changed with the frequency. The dielectric constant decreased with the increasing frequency while it remained constant at high frequencies. The reason for this can be thought to be the polarization effect. Polarization occurs since the effect of the dipole increases as the frequency increases [24].



This work aimed to create new liquid crystal compounds from hexasubstituted cyclotriphosphazene as a core unit with different side arms bearing an azo linkage. These compounds were synthesized in various terminal chain lengths that can be used to expand the database in liquid crystal and cyclotriphosphazene research. Many liquid crystal syntheses and characterizations related to cyclotriphosphazene compounds have been published. However, not all liquid crystal compounds from hexasubstituted cyclotriphosphazene with azo linking units bearing different terminal chain lengths have been explored, especially regarding dielectric characteristics. In this study, the effect of the long terminal chain is not reported with the two-phenyl group attached to the azo linking unit. The synthesis and characterization of these cyclotriphosphazene liquid crystal molecules greatly advance the understanding of structure–property relationships, introducing new molecules with distinctive dielectric characteristics. Thus, these compounds with found dielectric characteristics can be used to study dielectric properties concerning the storage and dissipation of electric and magnetic energy in materials.




2. Materials and Methods


2.1. List of Chemicals


The chemicals and solvents employed in this study include 4-nitroaniline (Sigma Aldrich, Steinheim, Germany), methanol (HmbG Chemicals, Kuala Lumpur, Malaysia), hydrochloric acid (Merck, Darmstadt, Germany), sodium nitrite (HmbG Chemicals), phenol (Bendosen, Kuala Lumpur, Malaysia), sodium acetate hydrate (HmbG Chemicals), N,N-Dimethylformamide (DMF) (Merck), 1-bromopentane (Sigma Aldrich), 1-bromononane (Sigma Aldrich), 1-bromodecane (Sigma Aldrich), 1-bromododecane (Sigma Aldrich), 1-bromotetradecane (Sigma Aldrich), potassium carbonate (Systerm, Selangor, Malaysia), potassium iodide (Systerm), sodium sulfide hydrate (Chemiz, Selangor, Malaysia), ethanol (HmbG Chemicals), phosphonitrilic chloride trimer (Sigma Aldrich), triethylamine (HmbG Chemicals), and acetone (HmbG Chemicals). All the chemicals and solvents were utilized without undergoing purification.




2.2. Characterization Methods


The progression of synthesizing intermediates and final compounds was consistently monitored through thin-layer chromatography (TLC). Functional groups were characterized using Fourier transform infrared spectroscopy (FTIR) (PerkinElmer, Waltham, MA, USA) and subsequently confirmed through nuclear magnetic resonance spectroscopy (NMR) (Bruker, Coventry, UK) and CHN elemental analysis (PerkinElmer, Waltham, MA, USA). Polarized optical microscopy (POM) (Linkam, London, UK), a technique utilizing polarized light, was employed to detect liquid crystal mesophases. To validate the observed mesophase transition under POM, a differential scanning calorimetry (DSC) (PerkinElmer, Waltham, MA, USA) experiment was conducted. Additionally, the dielectric properties of mesogenic compounds were assessed using an impedance analyzer with a frequency response analyzer (FRA) method. The impedance analyzer used in this characterization was a Metrohm Autolab Potentiostat (Utrecht, Netherlands). The applied frequency ranged from 100 Hz to 0.1 MHz at room temperature. The samples were sandwiched using a two-electrode system. Figure 1 shows the research framework for these studies.




2.3. Synthesis Method


The synthesis methodology underwent several modifications. The investigation initiated with a diazotization reaction, producing 4-((4-nitrophenyl)diazenyl)phenol, 1. Subsequently, intermediate 1 underwent an alkylation reaction with alkylated bromides of pentyl, nonyl, decyl, dodecyl, and tetradecyl, resulting in a series of nitro intermediates, 2a–e. Intermediates 2a–e were further reduced to yield corresponding amines, 3a–e. The detailed procedures for synthesizing intermediates 1, 2a–e, and 3a–e can be found in [25].



Finally, intermediates 3a–e were reacted with hexachlorocyclotriphosphazene (HCCP) in the presence of triethylamine as a catalyst, leading to the formation of new compounds, 4a–e, attached to azo linking units with different terminal alkyl chains. The comprehensive synthesis pathway for hexasubstituted cyclotriphosphazene with azo linkage, featuring different alkyl chains at the side arms, is illustrated in Scheme 1.



Synthesis of Hexakis(4-((4(substituted)phenyl)diazenyl)phenamino)triazaphosphazene


Intermediate 3a (0.08 mol) and triethylamine (0.1 mol) were dissolved in 150 mL of acetone. The resulting solution was cooled to 0 °C in an ice bath and stirred for 30 min. Subsequently, a solution of hexachlorocyclotriphosphazene (0.01 mol) in 50 mL of acetone was added dropwise to the mixture. The reaction mixture was continuously stirred at 0 °C in an ice bath for 2 h, after which the temperature was allowed to rise to room temperature, and the reaction was refluxed for 94 h while monitoring the progress using TLC. Upon completion, the reaction mixture was poured into 250 mL of cold water and left overnight in the refrigerator. The precipitate that formed was then filtered, washed with water, and dried.



Hexakis(4-((4(pentyloxy)phenyl)diazenyl)phenamino)triazaphosphazene, 4a



Yield: 0.61 g (75%), mp: 123–127 °C, red-orange powder. FTIR (cm−1): 1191 (P=N stretching), 3338 (N-H stretching), 2936 and 2868 (Csp3-H stretching), 1622 (aromatic C=C stretching), 1433 (N=N stretching), 1239 (C-O stretching), 1191 (P=N stretching), 1144 (C-N stretching). 1H-NMR (500 MHz, DMSO-d6), ppm: 7.89 (d, J = 5.0 Hz, 2H), 7.34 (d, J = 5.0 Hz, 2H), 7.00 (d, J = 5.0 Hz, 2H), 6.54 (d, J = 10.0 Hz, 2H), 4.87 (s, 1H), 4.03 (t, J = 5.0 Hz, 2H), 1.75–3.50 (m, 2H), 1.39–1.73 (m, 2H), 1.31–1.39 (m, 2H), 0.88 (t, J = 10.0 Hz, 3H). 13C-NMR (125 MHz, DMSO-d6), ppm: 164.6, 161.5, 145.5, 129.7, 128.8, 122.7, 114.7, 114.4, 68.3, 31.7, 25.9, 22.5, 14.4. CHN elemental analysis calculated for C102H120N21O6P3: C: 66.98%, H:6.61%, N: 16.08%. Found: C: 66.80%, H: 6.50%, N: 15.85%.



Hexakis(4-((4(nonyloxy)phenyl)diazenyl)phenamino)triazaphosphazene, 4b



Yield: 0.47 g (71%), mp: 121–125 °C, light orange powder. FTIR (cm−1): 1191 (P=N stretching), 3332 (N-H stretching), 2847 and 2918 (Csp3-H stretching), 1621 (aromatic C=C stretching), 1468 (N=N stretching), 1241 (C-O stretching), 1180 (P=N stretching), 1143 (C-N stretching). 1H-NMR (125 MHz, DMSO-d6), ppm: 7.89 (d, J = 5.0 Hz, 2H), 7.34 (d, J = 10.0 Hz, 2H), 7.00 (d, J = 10.0 Hz, 2H), 6.54 (d, J = 10.0 Hz, 2H), 4.87 (s, 1H), 4.03 (t, J = 5.0 Hz, 2H), 1.74–2.50 (m, 2H), 1.43–1.73 (m, 2H), 1.26–1.42 (m, 10H), 0.86 (t, J = 5.0 Hz, 3H). 13C-NMR (125 MHz, DMSO-d6), ppm: 164.6, 161.5, 145.5, 129.7, 128.8, 122.8, 114.4, 114.2, 68.2, 31.7, 29.4, 29.2, 29.1, 29.0, 25.9, 22.5, 14.4. CHN elemental analysis calculated for C126H168N21O6P3: C: 69.88%, H: 7.82%, N: 13.58%. Found: C: 69.77%, H: 7.78%, N: 13.51%.



Hexakis(4-((4(decyloxy)phenyl)diazenyl)phenamino)triazaphosphazene, 4c



Yield: 0.48 g (75%), mp: 120–123 °C, red orange powder. FTIR (cm−1): 1182 (P=N stretching), 3351 (N-H stretching), 2917 and 2848 (Csp3-H stretching), 1621 (aromatic C=C stretching), 1468 (N=N stretching), 1246 (C-O stretching), 1182 (P=N stretching), 1143 (C-N stretching). 1H-NMR (500 MHz, DMSO-d6), ppm: 7.90 (d, J = 10.0 Hz, 2H), 7.35 (d, J = 10.0 Hz, 2H), 7.01 (d, J = 10.0 Hz, 2H), 6.54 (d, J = 10.0 Hz, 2H), 4.87 (s, 1H), 4.04 (t, J = 5.0 Hz, 3H), 1.75–2.50 (m, 2H), 1.43–1.72 (m, 2H), 1.25–1.41 (m, 12H), 0.87 (t, J = 5.0 Hz, 3H). 13C-NMR (125 MHz, DMSO-d6), ppm: 164.6, 161.5, 145.5, 129.7, 128.8, 122.7, 114.1, 68.2, 31.8, 29.5, 29.4, 29.2, 29.2, 29.1, 25.9, 22.6, 14.4. CHN elemental analysis calculated for C132H180N21O6P3: C: 70.47%, H: 8.06%, N: 13.07%. Found: C: 70.35%, H: 8.02%, N: 12.98%.



Hexakis(4-((4(dodecyloxy)phenyl)diazenyl)phenamino)triazaphosphazene, 4d



Yield: 0.98 g (83%), mp: 118–122 °C, orange powder. FTIR (cm−1): 3321 (N-H stretching), 2920 and 2851 (Csp3-H stretching), 1599 (aromatic C=C stretching), 1473 (N=N stretching), 1247 (C-O stretching), 1181 (P=N stretching), 1148 (C-N stretching). 1H-NMR (500 MHz, DMSO-d6), ppm: 7.90 (d, J = 10.0 Hz, 2H), 7.35 (d, J = 10.0 Hz, 2H), 7.00 (d, J = 5.0 Hz, 2H), 6.54 (d, J = 10.0 Hz, 2H), 4.87 (s, 1H), 4.04 (t, J = 10.0 Hz, 2H), 1.75–2.50 (m, 2H), 1.44–1.72 (m, 2H), 1.24–1.42 (m, 16H), 0.86 (t, J = 5.0 Hz, 3H). 13C-NMR (125 MHz, DMSO-d6), ppm: 164.6, 161.5, 145.5, 129.7, 128.8, 122.7, 114.4, 114.2, 68.1, 31.8, 29.5, 29.5, 29.4, 29.4, 29.2, 29.1, 29.0, 25.9, 22.6, 14.4. CHN elemental analysis calculated for C144H204N21O6P3: C: 71.52%, H: 8.50%, N: 12.16%. Found: C: 71.48%, H: 8.44%, N: 12.15%.



Hexakis(4-((4(tetradecyloxy)phenyl)diazenyl)phenamino)triazaphosphazene, 4e



Yield: 0.49 g (89%), mp: 117–120 °C, brown-orange powder. FTIR (cm−1): 3321 (N-H stretching), 2918 and 2850 (Csp3-H stretching), 1601 (aromatic C=C stretching), 1467 (N=N stretching), 1249 (C-O stretching), 1183 (P=N stretching), 1148 (C-N stretching). 1H-NMR (500 MHz, DMSO-d6), ppm: 7.89 (d, J = 10.0 Hz, 2H), 7.35 (d, J = 10.0 Hz, 2H), 6.98 (d, J = 5.0 Hz, 2H), 6.59 (d, J = 5.0 Hz, 2H), 4.87 (s, 1H), 4.08 (t, J = 10.0 Hz, 2H), 1.77–2.50 (m, 2H), 1.46–1.76 (m, 2H), 1.28–1.45 (m, 20H), 0.89 (t, J = 10.0 Hz, 3H). 13C-NMR (125 MHz, DMSO-d6), ppm: 164.9, 161.7, 145.3, 131.7, 122.9, 114.6, 129.6, 114.7, 68.6, 31.6, 29.3, 29.3, 29.3, 29.3, 29.2, 29.2, 29.1, 29.1, 29.0, 25.9, 22.3, 14.0. CHN elemental analysis calculated for C156H228N21O6P3: C: 72.44%, H: 8.88%, N: 11.37%. Found: C: 72.38%, H: 8.50%, N: 11.31%.






3. Results and Discussion


3.1. FTIR Spectral Discussion


The FTIR spectrum of intermediate 1 showed a band at 3281 cm−1 for the O-H stretching. The aromatic C=C stretching was observed at absorption band 1502 cm−1 for the aromatic ring. The successful formation of intermediate 1 was indicated by the appearance of N=N stretching at 1455 cm−1.



The alkylation of intermediate 1 led to the formation of 2a–e, resulting in the disappearance of the band at 3281 cm−1 and the emergence of two bands indicative of Csp3-H stretching at 2849 and 2919 cm−1. The band at 1604 cm−1 was assigned to aromatic C=C stretching, while the bands at 1465, 1140, and 1252 cm−1 were attributed to N=N, C-N, and C-O stretching, respectively.



The reduction of 2a–e to form 3a–e was accomplished, marked by the presence of two peaks corresponding to N-H stretching at 3319 and 3429 cm−1. The absorption bands of intermediates 1, 2a–e, and 3a–e remained consistent with the provided spectral data. The bands at 2851 and 2920 cm−1 were attributed Csp3-H stretching. The absorption bands for aromatic C=C, N=N, C-O, and C-N stretching appeared at 1599, 1473, 1249, and 1148 cm−1, respectively.



Intermediates 3a–e were then reacted with HCCP to form compounds 4a–e. The substitution reaction of HCCP with intermediates 3a–e in a basic solution yielded hexasubstituted cyclotriphosphazene bearing azo group compounds in the side arms. According to the overlay FTIR spectra of compounds 4a–e (Figure 2), the N=N stretching was assigned to 1473 cm−1. The appearance of P=N stretching between 1150–1191 cm−1 in 4a–e confirmed the existence of HCCP compounds combining with the intermediates 3a–e. The alkoxy chains in these compounds gave the absorptions at 2851 and 2920 cm−1 for the symmetrical and asymmetrical Csp3-H stretching. All the compounds also showed absorption at 3321 cm−1 (N-H stretching), 1599 cm−1 (C=C stretching), 1247 cm−1 (C-O stretching), and 1143 cm−1 (C-N stretching). The summarized FTIR vibrational stretching (cm−1) for 1, 2a–e, 3a–e, and 4a–e is tabulated in Table 1.




3.2. NMR Spectral Discussion


The 1H-NMR spectrum of intermediate 1 revealed a small broad singlet at δ 10.70 ppm, assigned to the hydroxyl proton. Additionally, four doublets in the aromatic region (δ 6.89–8.37 ppm) were identified, corresponding to four distinct aromatic protons.



Next, compound d was used as a representative for the NMR spectral discussion. Intermediate 2d underwent an alkylation reaction by the presence of upfield signals in the region of   δ   0.84–4.05 ppm in the 1H-NMR spectrum. This was also supported by the 13C-NMR spectra, in which the signals were also present in the upfield region at   δ   14.11–68.56 ppm. Aside from that, four doublets in the aromatic region of   δ   6.99–8.34 ppm were attributed to four distinct aromatic protons in 2d. The reduction of 2d to 3d was successful, as evidenced by the appearance of a singlet at δ 5.86 ppm in the 1H-NMR spectrum, corresponding to the N-H of the amine group. In the meantime, the chemical structure of 3d was still consistent with the NMR spectral data aside from the conversion of NH2 from NO2.



For the confirmation of the structure in this series, compound 4d was employed as the representative. Figure 3 displays the structure of compound 4d with comprehensive numbering.



The 1H-NMR spectrum of compound 4d (Figure 4) showed ten different signals. Four different sets of doublets were observed at   δ   7.90, 7.35, 7.00, and 6.54 ppm and assigned to the aromatic protons H4, H7, H8, and H3, respectively.



As the azo linking unit functions as a potent electron-withdrawing group, resulting in a pronounced deshielding effect, H4 exhibited greater deshielding compared to other protons. Similar considerations applied to H7, which experienced a more pronounced deshielding effect than H3. The deshielding effect on H8 was more significant than that on H3 due to the stronger electronegativity of the oxygen atom compared to the nitrogen atom. The singlet at δ 4.87 was assigned to the N-H signal (H1). Meanwhile, a triplet at δ 4.04 ppm was attributed to the protons H10, while all remaining protons H11-H21 were observed in the region of δ 0.84–1.75 ppm.



Examining the 13C-NMR spectrum of compound 4d (Figure 5a), revealed a total of 20 carbon signals, including quaternary, methine, aromatic, oxymethylene, methylene, and methyl carbons. DEPT experiments were employed to validate the assignment of these carbons. DEPT 90 provided information on methine carbon (CH), while DEPT 135 supplied information on both methine (CH) and methyl (CH3) carbons, manifesting as positive signals. In contrast, methylene carbon exhibited a negative signal.



Four quaternary carbons at   δ   128.77, 161.45, 145.47, and 164.62 ppm were identified, which were assigned to C2, C5, C6, and C9, respectively. These carbon signals disappeared in DEPT spectra, confirming their assignment as quaternary carbons. C9 experienced more deshielding effect compared to other carbons because this carbon is attached to oxymethylene. C5 was deshielded compared to other carbons due to the azo linkages. The peaks at   δ   114.15, 129.72, 122.74, and 114.37 ppm corresponded to aromatic carbons C3, C4, C7, and C8, respectively. Based on the DEPT 90 spectrum (Figure 5b), these four carbons were assigned to methine carbon (CH). On the other hand, oxymethylene carbon (C10) was located at   δ   68.14 and methylene carbons (C11–C20) in the region of   δ   22.55–29.48 ppm. Eleven carbons of the dodecyl chains (C10–C20) showed negative signals in the DEPT 135 spectrum (Figure 5c). Lastly, the methyl carbon C21 was located at   δ   14.41 ppm in the most upfield region, as this signal disappeared in the DEPT 90 spectrum but showed a positive signal in the DEPT 135 spectrum.



The determination of proton (1H-1H) correlations, specifically the connections between a proton and its adjacent proton, was solidified through the implementation of a COSY NMR experiment. The COSY (1H-1H) spectrum of H1 did not show any connection with other protons, confirming the presence of amine (N-H) protons (Figure 6). There was a link between the aromatic protons H3 and H4, and H7 and H8. H10 was found to correlate with H11, while the other dodecyl chains could be observed between H11 and H12, H12 and H13, and H13–H21.



The connection between these carbons and the corresponding protons was confirmed using the HSQC (1H-13C) NMR experiment (Figure 7). The hydrogen atoms H3, H4, H7, and H8 showed correlations with the carbon atoms   δ   114.15 (C3), 129.72 (C4), 122.74 (C7), and 114.37 (C8) ppm, respectively. The HSQC spectrum revealed the connectivity between dodecyl protons (H16–H20) and their respective carbons (C15–C20). Additionally, a triplet at δ 0.84 ppm, assigned to H21 for the methyl protons, exhibited connectivity with its corresponding methyl carbon (C21) at δ 14.41 ppm in the most upfield region. A comprehensive summary of all the data obtained from the COSY (1H-1H) and HSQC (1H-13C) spectra is provided in Table 2.



The 31P-NMR spectrum of HCCP was evident at δ 20.00 ppm (Figure 8a). This phenomenon was attributed to the hexa-functionality of the chlorine atom in HCCP. The phosphorus atom experienced a greater deshielding effect compared to compound 4d, as the chlorine atom reduced the electron density of the molecule. Upon introducing the azo linking units into the HCCP system, a distinct singlet was observed at δ 8.19 ppm (Figure 8b), signifying the successful reaction between intermediate 3d and HCCP to yield compound 4d.




3.3. Determination of Mesophase Behavior Using POM


An Olympus system model bx53 linksys was used in the polarized optical microscope (POM) approach in order to identify liquid crystal mesophases. Under the microscope, the sample was set up on the hot stage between two glasses. The changes in the sample’s phase during heating and cooling cycles could be observed, controlled, and recorded. Compounds exhibiting liquid crystal behavior are termed mesogenic, while non-mesogenic molecules lack any mesophase texture.



In this study, intermediates 2a–e, featuring a nitro substituent and an alkoxy terminal chain, exhibited the smectic A (SmA) phase consistently throughout both heating and cooling cycles. The optical photomicrographs of these intermediates have been reported in [25]. On the other hand, the final compounds 4d and 4e, each incorporating cyclotriphosphazene as the central unit linked to distinct terminal alkoxy chains, were identified as mesogenic, displaying smectic C (SmC) phases. Intermediates 3a–e and compounds 4a–c did not show any liquid crystal texture; therefore, these compounds were classified as non-mesogenic. The phase transitions of compounds 4d–e are illustrated in Figure 9. The tendency towards smectic C (SmC) phase formation increased as the number of aliphatic chains grew. The SmC phase, marked by tilted layers similar to the smectic A (SmA) phase but with varying tilt angles across different compounds, demonstrated liquidlike characteristics [26].




3.4. Determination of Thermal Transitions Using DSC


The DSC experiment was performed to validate the phase transitions observed through POM. The existence of the SmC phase in 4d–e was verified using DSC with the heating and cooling rate of 10 °C/min. Table 3 shows a summary of all the information obtained from the DSC thermograms of compounds 4d–e.



The DSC thermograms of compounds 4d and 4e showed two curves for the transition of crystal to SmC and SmC to isotropic phases. These two compounds showed high melting and clearing temperatures in the heating cycle compared to 2d and 2e. The melting temperature of compounds 4d and 4e were 123.11 and 120.55 °C, respectively. Figure 10 shows the DSC thermogram of compound 4d. The DSC thermogram demonstrates a decrease in both the melting and clearing temperatures as the number of alkyl chains increases. This aligns with the findings from Moriya et al.’s previous research in 2006, indicating that the melting and clearing temperatures decrease with an increase in alkyl chains [27]. This trend is associated with the high molecular weight of hexasubstituted cyclotriphosphazene compounds, influenced by their energy, hydrogen bonding, and van der Waals forces [28].




3.5. Determination of Liquid Crystal Behavior Using XRD


The confirmations of the smectic phase observed under POM were carried out using XRD analysis. Intermediate 2d and compound 4d are used as a representative to other homologues for further discussion. The XRD data of these compounds are summarized in Table 4.



The XRD diffractogram of intermediate 2d and compound 4d is shown in Figure 11. The XRD diffractogram of 2d and 4d showed a single sharp peak at 2θ = 1.97° and 2.03°, respectively. A broad peak with a wide angle was also observed in the XRD data for both compounds at 2θ = 14–20°, indicating that the molecules favored the smectic layered arrangement [29]. The compound predominantly displayed a lamellar structure in the smectic liquid crystalline phase, featuring a broad peak associated with lateral packing around 2θ ≈ 20° and a sharp intense peak at a low angle (1° < 2θ < 4°) in the XRD curve. The sharp peak was attributed to the organized arrangement in spaced layers, whereas the broad peak indicated the disordered packing of alkyl chains [30].



According to the XRD data, the d-layer spacing obtained from the molecular calculation of 2d and 4d was found to be 44.78 and 43.52 Å, respectively. Meanwhile, the molecular length (L) of 2d and 4d was calculated as 26.44 and 57.07 Å, respectively. Both compounds showed that the calculated d/L was 1.69 and 0.76, respectively, which is (d ≈ L) approximately one. This observation indicates that the SmA and SmC phases identified through POM represent a monolayer arrangement [31]. The thermotropic arrangement was adopted in both compounds. Moreover, compound 4d with a cyclotriphosphazene ring exhibited homeotropic alignment, in which the side arms were arranged three up and three down. This characteristic led to the alignment of all side arms perpendicular to the cyclotriphosphazene ring, a configuration that is highly conducive to the smectic arrangement [32].




3.6. Structure–Properties Relationship in Liquid Crystal Study


The molecular framework significantly impacts the liquid crystal properties of a molecule. For a compound to display a liquid crystal mesophase, it must meet specific criteria. The physical characteristics of even the most basic liquid crystal compound are notably exceptional, attributed to the self-assembly of molecules in an organized yet fluid liquid crystal mesophase [33]. The POM observation of compounds 2a–e, 3a–e, and 4a–e were summarized in Table 5.



Based on Table 5, some of the compounds were mesogenic, while the others did not exhibit any liquid crystal properties. Therefore, the selection of suitable rigid cores, linking units, and terminal groups is a crucial consideration in molecular modification, influencing the ordering abilities of mesogenic molecules [34].



In this study, the aromatic ring cores were connected directly or through a linking unit, which was an azo linking unit, and it was very useful in providing rigidity to the molecule. The ring system plays a role in influencing the stability of liquid crystals and other physical properties, enabling a linear configuration [35]. This linking unit serves the purpose of imparting diverse functions to the structures of mesomorphic materials, in which azobenzene derivatives have been known as among the first recognized groups of liquid crystalline molecules which usually give rise to stable mesophases and are thermally very stable [36,37,38]. This was proven in this study where many compounds that were based on azo resulted in a mesogenic texture. In addition to producing mesophases, the azo linking units in this study also served as linkage bridges between aromatic rings or disrupted the conjugation between rings. When substituents are selected to encompass a broad spectrum of steric and electronic properties, they contribute to conjugated interactions with the central group through intervening benzene rings [39].



The type of terminal substituents or end groups in the mesogenic molecule significantly impacts the compound’s liquid crystal characteristics. Liquid crystal molecules employ an array of terminal groups, ranging from small polar substituents to longer chains [40]. The selection of a terminal group is crucial for inducing the anticipated liquid crystal mesophase in a molecule. Most molecules comprise a single terminal alkyl chain, showcasing liquid crystal behavior. This was evident when all intermediates 2a–e, featuring alkoxy chains at the terminal end, exhibited the smectic A phase in both cooling and heating cycles. These intermediates 2a–e with rodlike molecules had aliphatic chains and nitro terminal groups.



Once intermediates 2a–e underwent a reduction process to create intermediates 3a–e with an amino substituent at the periphery, the SmA phase disappeared. This behavior was attributed to the strong interaction between the NH2 substituent’s electron-donating group and the nearby aromatic ring, which hindered molecules’ ability to adopt any liquid crystal phase. The length of the alkoxy side chain strongly influences the mesophase formation [41]. Prolonged alkoxy chains induce liquid crystal behavior, leading to broader temperature ranges and lowered melting temperatures, Tm [42]. Furthermore, the elongated alkyl chain provides flexibility to the rigid core and amplifies the molecular interactions necessary for the formation of the liquid crystal mesophase [43]. This can be seen in the fact that only compounds 4d and 4e had a mesogenic texture while 4a–c exhibited a non-mesogenic texture.



Compounds 4d and 4e had the same general structure as discotic LC/disklike molecules if observed by structure. Nonetheless, the results showed that 4d and 4e exhibited a smectic C phase. This is because the alkyl chain favors lamellar packing [44]. The long axes of the molecules in the smectic phase tend to be orthogonal to the layer planes as they form layers. The molecules’ cores are tightly packed in layers and aligned, but they are free to move about inside each layer. The layers have the appearance of a liquid. The layers themselves are free to slide over one another and for molecules to move freely from one layer to another [45]. As a result, the arrangement of side arms, three up and three down, favored a thermotropic arrangement, which is a smectic C phase.




3.7. Determination of Dielectric Properties


In this study, only synthesized compounds with liquid crystals in all reaction phases were examined to see their dielectric characteristics. There were ten compounds examined, five compounds for each phase. However, only compounds 4d and 4e were found to be mesogenic. Because of that, only intermediates 2d and 2e and compounds 4d and 4e were submitted to dielectric characteristic testing for a better comparison and understanding.



The dielectric constant and dielectric loss factors of each compound were measured over the frequency range of 100 Hz to 0.1 MHz at room temperature. The graphs of the dielectric constant versus frequency of compounds 2d and 4d and compounds 2e and 4e were matched and compared. This comparison aimed to show how that phase developed differently in dielectric properties after being combined with the substituted cyclotriphosphazene, which had already been altered in terms of the linearity of this azo-based compound.



Figure 12 shows the frequency dependence of the dielectric constant of 2d and 4d. According to the obtained results, the graph of the dielectric constant of 2d and 4d shows the dielectric constant was reduced against the increasing frequency. In particular, decreases in the dielectric constant were obvious between 100 and 1000 Hz. However, the difference between 2d and 4d was the value of the highest dielectric constant. 2d showed a high value of the dielectric constant compared to 4d. In 2d, the dielectric constant reached 20,000, whereas in 4d, the dielectric constant only reached 20–25. This also applied to the comparison between 2e and 4e (Figure 13), where 2e showed a high dielectric constant value that reached 1600 compared to 4e, whose value was only 35.



The result of the dielectric loss for compound 2d had a different behavior from compound 4d (Figure 14). The dielectric loss for compound 2d started to increase at the frequency of 100 Hz. However, after a certain climb value, the dielectric loss of 2d started to decrease gradually towards the 0.1 MHz frequency. While compound 4d’s dielectric loss followed the same pattern as the dielectric constant graph, the value of dielectric loss increasing with the decreasing frequency. For 2e and 4e, the dielectric loss showed the same pattern as the dielectric loss in 2d and 4d but was much lower in terms of value (Figure 15).




3.8. Structure–Properties Relationship in Dielectric Study


Liquid crystals’ distinct chemical structure, which differs from typical polymers, should be taken into consideration while analyzing the dielectric behavior of liquid crystals [46]. Each of the dielectric characteristics of the intermediates, 2d–e, and final compounds containing hexasubstituted cyclotriphosphazene, 4d–e, must be related to their structure properties. The trend graph for the dielectric constant in both comparisons 2d and 4d and 2e and 4e showed the dielectric constant was reduced against the increasing frequency. This result follows the studies reported in the literature, in which the dielectric constant decreases with the increasing frequency.



As is known, the alkyl group is non-polar. The existence of polar groups increases the dielectric constant, while non-polar groups does the reverse [23]. Because of that, compounds 2d and 2e showed the highest value in the dielectric constant compared to 4d and 4e. This was caused by 2d and 2e having only one alkyl group each, whereas 4d and 4e had six alkyl groups on the side arms. Moreover, 2d and 2e had NO2 in the compound, which is known as a polar group, while in 4d and 4e’s phases, NO2 had already been reduced to NH2 in intermediate 3a–e before being attached to hexasubstituted cyclotriphosphazene as NH. To sum up, compounds 2d and 2e had high dielectric constant values but low dielectric loss values, while compounds 4d and 4e had low values for both dielectric constant and loss.



After that, when all the values of the dielectric constant reading had been collected and the mean of the dielectric constant against samples were compared, it could be seen that the values of the mean dielectric constant for 2d were significantly higher and far from each other, compared to 4d (Figure S1). The mean dielectric constant values for 4d were very close to each other. This showed that the dielectric constant value of compound 4d was much more stable and had consistent readings when being measured. The phenomenon might be due to the polarization effect, which causes the dipole to increase as the frequency increases [24]. The mean dielectric constant against the sample for compounds 2e and 4e yielded the same results (Figure S2).



In the meantime, for the dielectric loss, when the mean dielectric loss against samples 2d and 4d was compared (Figure S3), and 2d also showed a high mean value compared to 4d’s mean dielectric loss. The mean dielectric loss readings for 4d were not far from each other, indicating that this 4d compound had a consistent reading in which the differences between the data points were not far from each other. However, the mean dielectric loss for 2d and 4d differed slightly from the result for 2e and 4e. The mean dielectric loss against samples for 2e and 4e (Figure S4) was almost the same if seen in terms of distance between readings. Nevertheless, the value of the mean dielectric loss for 2e was higher than that of 4e. We concluded that the low polarity and large molar volume of compounds 4d and 4e caused them to exhibit a low dielectric loss [47].



This implied that the dielectric properties of these mesogenic compounds were distinct from one another. Intermediates 2d and 2e had a high dielectric constant with a low dielectric loss, which is highly desired for advanced electrical applications such as film capacitors [48,49,50,51], artificial muscles [52,53,54,55], gate dielectric, and electrocaloric cooling [56,57]. Compounds 4d and 4e had low dielectric constants and losses and thus have greater potential for application in high-frequency signal transmission, mobile phone antennas, and other fields [58].





4. Conclusions


All the intermediates and final compounds with cyclotriphosphazene core system and side arms of azo-based compounds attached to different terminal lengths ere successfully synthesized and characterized. Only intermediates 2a–e having nitro and alkoxy substituents as terminal groups were mesogenic, showing a smectic A phase. On the other hand, for the final compounds, only two compounds, 4d and 4e, were mesogenic and showed a smectic C phase. For the dielectric study, only 2d–e and 4d–e were submitted to dielectric testing. Two comparisons of 2d and 4d and 2e and 4e were performed, and the results showed that 2d and 2e had high dielectric constant values but low dielectric losses. On the other hand, for compounds 4d and 4e, the hexasubstituted cyclotriphosphazene effect lowered both the dielectric constant and the dielectric loss. This implied that the dielectric properties of these mesogenic compounds were distinct from one another. Intermediates 2d and 2e had a high dielectric constant with a low dielectric loss, which is highly desired for advanced electrical applications such as film capacitors, artificial muscles, gate dielectric, and electrocaloric cooling. Compounds 4d and 4e had low dielectric constants and losses and thus have greater potential for application in high-frequency signal transmission, mobile phone antennas, and other fields.
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Figure 1. Research framework. 
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Scheme 1. Formation of intermediates 1, 2a–e, 3a–e, and final compounds 4a–e. 
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Figure 2. Overlay FTIR spectra of compounds 4a–e. 
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Figure 3. Chemical structure of compound 4d with complete atomic numbering. 
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Figure 4. 1H-NMR spectrum (500 MHz, DMSO-d6) of compound 4d. 
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Figure 5. (a) 13C NMR, (b) DEPT 90, and (c) DEPT 135 spectra (125 MHz, DMSO-d6) of compound 4d. 
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Figure 6. COSY (1H-1H) NMR spectrum of compound 4d. 
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Figure 7. HSQC (1H-13C) NMR spectrum of compound 4d. 
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Figure 8. 31P NMR spectra (500 MHz, DMSO-d6) of (a) HCCP and (b) compound 4d. 
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Figure 9. The optical photomicrographs of compounds 4d–e in the cooling cycle showing the broken fans of the SmC phase, (a) 4d at 137.71 °C and (b) 4e at 134.45 °C (magnification of 20 × 0.50, cooling rate: 5 °C/min). 
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Figure 10. DSC thermogram of compound 4d. 
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Figure 11. XRD diffractogram of 2d and 4d. 
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Figure 12. Frequency dependence of the dielectric constant of 2d and 4d. 






Figure 12. Frequency dependence of the dielectric constant of 2d and 4d.



[image: Chemengineering 08 00071 g012]







[image: Chemengineering 08 00071 g013] 





Figure 13. Frequency dependence of the dielectric constant of 2e and 4e. 
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Figure 14. Frequency dependence of the dielectric loss of 2d and 4d. 
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Figure 15. Frequency dependence of the dielectric loss of 2e and 4e. 
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Table 1. FTIR vibrational stretching (cm−1) for 1, 2a–e, 3a–e, and 4a–e.






Table 1. FTIR vibrational stretching (cm−1) for 1, 2a–e, 3a–e, and 4a–e.





	
Compound

	
Vibrational Stretching (cm−1)




	
N–H

	
NH2

	
OH

	
Csp3–H

	
C=C

	
N=N

	
C–O

	
P=N

	
C–N






	
1

	
-

	
-

	
3281

	
-

	
1502

	
1455

	
1340

	
-

	
1163




	
2a

	
-

	
-

	
-

	
2857, 2943

	
1602

	
1469

	
1253

	
-

	
1158




	
2b

	
-

	
-

	
-

	
2850, 2924

	
1602

	
1467

	
1250

	
-

	
1142




	
2c

	
-

	
-

	
-

	
2849, 2918

	
1601

	
1499

	
1250

	
-

	
1137




	
2d

	
-

	
-

	
-

	
2849, 2919

	
1604

	
1465

	
1252

	
-

	
1140




	
2e

	
-

	
-

	
-

	
2848, 2916

	
1602

	
1466

	
1248

	
-

	
1141




	
3a

	
-

	
3338, 3471

	
-

	
2868, 2936

	
1621

	
1470

	
1240

	
-

	
1143




	
3b

	
-

	
3334,

3464

	
-

	
2847, 2917

	
1621

	
1467

	
1240

	
-

	
1143




	
3c

	
-

	
3351, 3476

	
-

	
2849,

2918

	
1621

	
1468

	
1247

	
-

	
1143




	
3d

	
-

	
3319, 3429

	
-

	
2851, 2920

	
1599

	
1473

	
1249

	
-

	
1148




	
3e

	
-

	
3316, 3430

	
-

	
2850, 2918

	
1600

	
1467

	
1249

	
-

	
1147




	
4a

	
3338

	
-

	
-

	
2868, 2916

	
1622

	
1433

	
1239

	
1191

	
1144




	
4b

	
3332

	
-

	
-

	
2847, 2918

	
1621

	
1468

	
1241

	
1180

	
1143




	
4c

	
3351

	
-

	
-

	
2848, 2917

	
1621

	
1468

	
1246

	
1182

	
1143




	
4d

	
3321

	
-

	
-

	
2851, 2920

	
1599

	
1473

	
1247

	
1181

	
1143




	
4e

	
3321

	
-

	
-

	
2850, 2918

	
1601

	
1467

	
1249

	
1183

	
1148











 





Table 2. 1H, COSY, and HSQC NMR data of compound 4d.






Table 2. 1H, COSY, and HSQC NMR data of compound 4d.





	
Proton

	
1H [δ (ppm), Multiplicity, Coupling Constant (Hz)]

	
COSY

(1H–1H)

Correlation

	
HSQC

(1H–13C)

Correlation (ppm)






	
H3

	
6.54 (d, J = 10.0 Hz)

	
H4

	
C3 (114.15)




	
H4

	
7.90 (d, J = 10.0 Hz)

	
H3

	
C4 (129.72)




	
H7

	
7.35 (d, J = 10.0 Hz)

	
H8

	
C7 (122.74)




	
H8

	
7.00 (d, J = 5.0 Hz)

	
H7

	
C8 (114.37)




	
H10

	
4.04 (t, J = 10.00 Hz)

	
H11

	
C10 (68.14)




	
H11

	
1.75–2.50 (m)

	
H10, H12

	
C11 (31.75)




	
H12–H20

	
1.24–1.72 (m)

	
H11–H21

	
C12 (29.48),




	
C13 (29.46),




	
C14 (29.44)




	
C15 (29.43)




	
C16 (29.19)




	
C17 (29.16)




	
C18 (29.04)




	
C19 (25.92)




	
C20 (22.55)




	
H21

	
0.86 (t, J = 5.00 Hz)

	
H20

	
C21 (14.41)











 





Table 3. Phase transitional properties of compounds 4d–e upon heating and cooling cycles.






Table 3. Phase transitional properties of compounds 4d–e upon heating and cooling cycles.





	
Compounds

	
Mode

	
Transition Temperature (°C)

Enthalpy, ΔH (kJ/mol)






	
4d

	
Heating

	
Cr

	

	
SmC

	

	
I




	

	
•

	
123.11

344.64

	
•

	
150.01

21.22

	
•




	
Cooling

	
I

	

	
SmC

	

	
Cr




	

	
•

	
148.75

−232.36

	
•

	
120.58

19.03

	
•




	
4e

	
Heating

	
Cr

	

	
SmC

	

	
I




	

	
•

	
120.55

252.50

	
•

	
144.56

21.68

	
•




	
Cooling

	
I

	

	
SmC

	

	
Cr




	

	
•

	
142.60

−254.34

	
•

	
118.42

19.10

	
•








Note: Cr = crystal, SmC = smectic C, I = isotropic, Italic number = Enthalpy, ΔH (kJ/mol).













 





Table 4. The XRD data of intermediate 2d and compound 4d.






Table 4. The XRD data of intermediate 2d and compound 4d.





	
XRD Data Analysis

	
Intermediate 2d

	
Compound 4d




	
Value

	
Value






	
2 theta

	
1.45

	
2.03




	
d-Layer spacing

	
29.86

	
43.52




	
Molecular length (L)

	
26.44

	
57.07




	
Calculated d/L

	
1.13

	
0.76




	
Arrangement of smectic phase

	
Monolayer

	
Monolayer











 





Table 5. POM observation of compounds 2a–e, 3a–e, and 4a–e.






Table 5. POM observation of compounds 2a–e, 3a–e, and 4a–e.





	Cpd
	POM Observation
	Cpd
	POM Observation
	Cpd
	POM Observation





	2a
	Smectic A
	3a
	Non-mesogenic
	4a
	Non-mesogenic



	2b
	Smectic A
	3b
	Non-mesogenic
	4b
	Non-mesogenic



	2c
	Smectic A
	3c
	Non-mesogenic
	4c
	Non-mesogenic



	2d
	Smectic A
	3d
	Non-mesogenic
	4d
	Smectic C



	2e
	Smectic A
	3e
	Non-mesogenic
	4e
	Smectic C







Note: Cpd = compound.
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