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Two homologous series of sulfur-containing thioether-linked 4-

cyanoazobenzene-based liquid crystal (LC) dimers were developed: a 

symmetric series based on 4-cyanoazobenzene arms 

[(CN)AzoSnSAzo(CN)] and a non-symmetric series based on 4-

cyanoazobenzene and 4-cyanobiphenyl arms [(CN)AzoSnSCB]. They 

contained different flexible oligomethylene spacers (CnH2n) consisting of 

odd numbers of carbon atoms (n = 3, 5, 7, 9, and 11). The symmetric 

(CN)AzoSnSAzo(CN) dimers with n = 5, 7, 9, and 11 showed an elusive 

monotropic twist–bend nematic (NTB) phase, while all the non-symmetric 

(CN)AzoSnSCB dimers exhibited the NTB phase. Notably, the NTB phase 

observed for non-symmetric (CN)AzoS7SCB could be supercooled to room 

temperature, leading to a glassy NTB phase. (CN)AzoS9SCB showed a 

similar tendency accompanied by partial crystallization. These are the first 

reported examples of azobenzene-based LC dimers exhibiting a broad 

temperature range of NTB phases supercooled to room temperature. Such 

prominent stability of the NTB phase is due to the supercooling effect 

assisted by the synergy of molecular bend arising from thioether linkages 

and non-symmetric mesogenic arms. The phase-transition temperatures 

were overall higher for symmetric (CN)AzoSnSAzo(CN) than for non-

symmetric (CN)AzoSnSCB. It is assumed that the difference in the 

mesogenic arm structures hardly influenced their molecular geometry or 

anisotropy in terms of entropy changes. 
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Introduction 

In addition to the conventional nematic (N) phase, unknown N (Nx) phases without 

apparent layer structures are occasionally observed for polymers [1], bent dimers 

connected with odd numbers of spacers [2–4], bent-core molecules [5,6], and a tetrapod-

type molecule [7]. The twist–bend nematic (NTB) phase is an example of such an Nx phase 

with a heliconical helix, in which the local director tilts from the helical axis. This renders 

the NTB phase distinct from the conventional chiral N phase (or cholesteric phase), in 

which the local director is perpendicular to the helical axis. The theoretical possibility of 

the NTB phase was originally predicted by Meyer [8] and later extended by Dozov [9] and 

simulated by Memmer [10]. In-depth reinvestigation of an LC dimer comprising two 4-

cyanobiphenyl arms connected by a heptamethylene spacer, 1ʺ,7ʺ-bis(4-cyanobiphenyl-

4ʹ-yl)heptane (CB7CB) indicated that the Nx phase is the NTB phase [11] (here, it is to be 

noted that the Nx phase observed for the tetrapod molecule reported recently by Mandle 

et al. was distinguished from the NTB phase [7]). Thus, identification of the NTB phase 

inspired extensive study on a large number of molecules that exhibit the NTB phase, such 

as bent LC dimers [12–36], various oligomers [35,37–46], polymers [47], and bent-core 

molecules [48,49], and on related potential applications [50–54]. Electro-optical analysis 

[55], transmission electron microscopy [56,57], and soft, tender, and hard resonant X-ray 

scattering [34,58–61] confirmed that the helical pitch of the NTB phase is considerably 

short, typically the length of several molecules or 10–20 nm. On the other hand, another 

heliconical model for the Nx phase, identified as the NTB phase, was proposed, and it was 

named the polar twisted nematic (NPT) phase [62–66]. It has been suggested that the 

identification of the NTB phase to date is inadequate: the Nx phase identified as the NTB 

phase is different from the true NTB phase predicted originally by Meyer. The heliconical 



models and terms involving the NTB or NPT phase are still under debate. As of now, the 

widely prevalent term ‘NTB phase’ is used tentatively in this paper. 

With respect to both scientific viewpoints and practical applications, azobenzene 

is an important building block for LC materials owing to its ability to undergo trans–cis 

photoisomerisation [67], leading to light-induced phase transitions [68–72] and 

development of photo-mobile materials [73–75], light-induced alignment technologies 

[76–80], light-induced chiral segregation [81,82], and molecular designs for 

supramolecular functional materials [82–86]. To date, several azobenzene-containing 

twist–bend nematogenic dimers have been developed [24–26], and the light-induced 

phase transition has been verified [24,87]. However, azobenzene-based LC dimers that 

exhibit the NTB phase over a broad temperature range, including room temperature, have 

yet to be established. 

In this study, we devised two homologous series of thioether-linked azobenzene-

based LC dimers: symmetric dimers based on 4-cyanoazobenzene arms 

[(CN)AzoSnSAzo(CN)], and non-symmetric dimers based on 4-cyanoazobenzene and 4-

cyanobiphenyl arms [(CN)AzoSnSCB]. Different flexible oligomethylene spacers 

(CnH2n) with carbon numbers of n = 3, 5, 7, 9, and 11 were used. CN, Azo, S, and CB 

refer to the cyano groups, azobenzene arms, thioether linkages, and 4-cyanobiphenyl arms, 

respectively (Figure 1). Previously, we reported that a symmetric (CN)AzoS7SAzo(CN) 

with a heptamethylene spacer exhibits the monotropic NTB phase [35]. However, the 

development of homologues is needed to ascertain the effect of the spacer length on the 

NTB phase. In addition, the combination of non-symmetric mesogenic arms and thioether 

linkages has a highly beneficial effect in inducing and broadening the NTB phase [36]. 

Aligned with this strategy, the asymmetric series of (CN)AzoSnSCB with a 4-



cyanobiphenyl arm was designed. We investigated the phase-transition behaviour of the 

dimers and conducted phase identification using polarising light optical microscopy 

(POM), differential scanning calorimetry (DSC), and X-ray diffraction (XRD) 

measurements. 

 

 

Figure 1. Synthetic pathways to prepare symmetric (CN)AzoSnSAzo(CN) and non-

symmetric (CN)AzoSnSCB. 

 



Experimental Methods 

Methods and instruments 

All chemicals were commercially available and used as received. The synthetic pathways 

are shown in Figure 1. The symmetric (CN)AzoSnSAzo(CN) dimers were synthesised 

according to the previously reported procedures for (CN)AzoS7SAzo(CN) [35], and the 

asymmetric (CN)AzoSnSCB dimers were synthesised according to the procedures for 

(CN)AzoS7SCB, which are described in the following section. The molecular structures 

were characterised using 1H and 13C nuclear magnetic resonance (NMR) spectroscopy 

(see the Supporting Information), recorded on a JNM-ECX500 (500 MHz for 1H NMR 

and 126 MHz for 13C NMR) instrument (JEOL Ltd., Tokyo, Japan), and high-

performance liquid chromatography/high resolution mass spectrometry (HPLC/HRMS) 

with Agilent 1200 HPLC-Chip and 6520 Accurate-Mass Q-TOF. The characterisation 

details of intermediates and final compounds are described in the Supporting Information. 

The phase-transition behaviour was studied using POM with an Olympus polarised 

optical microscope (BX50, Tokyo, Japan) and a Linkam (Surrey, UK) temperature 

controller LK-600PM, and DSC with a Shimadzu DSC 60 (Kyoto, Japan) at a rate of 

10 °C min⁻1 under a nitrogen gas flow of 50 mL min⁻1. The reproducibility of the DSC 

measurements was confirmed by repeating the measurements on a few specimens for each 

compound. The POM images and DSC results of all compounds are either shown in the 

main text or the Supporting Information. XRD measurements were conducted using a 

Bruker D8 DISCOVER diffractometer (Cu Kα radiation) equipped with a Vantec-500 

detector. The specimens, kept in capillary glass tubes of 1.5 mm diameter (purchased 

from WJM-Glass Müller GmbH), were aligned under a magnetic field (B = 300 mT). 



Synthesis of 1′′-(4-cyanobiphenyl-4′-ylthio)-7′′-{4′-[(E)-2-(4-

cyanophenyl)diazenyl]phenylthio}heptane [(CN)AzoS7SCB] 

1′-Bromo-7′-(4-bromophenylthio)heptane 

This compound was synthesised referring to procedures in the literature [36]. 4-

Bromobenzenethiol (1.00 g, 5.29 mmol), 1,7-dibromoheptane (2.04 g, 7.91 mmol), 

K2CO3 (2.18 g, 15.8 mmol), and acetonitrile (60 mL) were added into a flask and the 

mixture was stirred at ambient temperature for 12 h. The reacted mixture was extracted 

with dichloromethane (DCM) and washed with water and brine. The organic phase was 

dried over MgSO4 and the volatiles were removed under reduced pressure. The residue 

was purified by column chromatography on silica gel with an eluent of DCM/hexane = 

1/25 (v/v). The NMR spectral data were similar to those described in Ref. 36.  

1′-(4-Aminophenylthio)-7′-(4-bromophenylthio)heptane 

1′-Bromo-7′-(4-bromophenylthio)heptane (0.700 g, 1.91 mmol), 4-aminobenzenethiol 

(0.251 g, 2.01 mmol), K2CO3 (0.833 g, 6.03 mmol), and acetone (15 mL) were added into 

a 50 mL flask and the mixture was stirred at ambient temperature for 5 h. The reaction 

mixture was extracted with DCM and washed with water and brine. The organic phase 

was dried over MgSO4 and the volatiles were removed under reduced pressure. The 

residue was purified by column chromatography on silica gel with an eluent of 

DCM/hexane = 3/1 (v/v). Yield: 92%. 1H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 8.5 Hz, 

Ar–H, 2H), 7.22 (d, J = 8.5 Hz, Ar–H, 2H), 7.16 (d, J = 8.5 Hz, Ar–H, 2H), 6.61 (d, J = 

8.5 Hz, Ar–H, 2H), 3.68 (s, Ar–NH2, 2H), 2.87 (t, J = 7.5 Hz, S–CH2, 2H), 2.75 (t, J = 

7.5 Hz, S–CH2, 2H), 1.61 (tt, J = 7.5 and 7.8 Hz, S–CH2–CH2, 2H), 1.55 (tt, J = 7.3 and 

7.5 Hz, S–CH2–CH2, 2H), 1.43–1.33 (m, S–(CH2)2–CH2, 4H), 1.32–1.23 (m, S–(CH2)3–



CH2, 2H) ppm. 13C NMR (126 MHz, CDCl3) δ 145.7, 136.2, 133.7, 133.7, 131.8, 131.8, 

130.3, 130.3, 123.7, 119.3, 115.5, 115.5, 36.3, 33.5, 29.2, 28.8, 28.62, 28.56, 28.4 ppm. 

1′′-(4-Bromophenylthio)-7′′-{4′-[(E)-2-(4-

cyanophenyl)diazenyl]phenylthio}heptane 

This compound was synthesised referring to procedures in the literature [35]. A solution 

of Oxone® (0.375 g, 22.0 mmol) in distilled water (8 mL) was added to a solution of 4-

aminobenzonitrile (0.144 g, 1.22 mmol) dissolved in DCM (2 mL) in a 50 mL two-necked 

flask, which was stirred at room temperature under an argon atmosphere. After 9 h, the 

reaction mixture was extracted with DCM, and the organic phase was washed with 1 M 

HCl aq. and brine, and then the volatiles were removed under reduced pressure. The 

product (4-nitrosobenzonitrile) was used for the next step without further purification. 1′-

(4-Aminophenylthio)-7′-(4-bromophenylthio)heptane (0.250 g, 0.609 mmol) and acetic 

acid (10 mL) were added into a 50 mL two-necked flask with all amount of the obtained 

4-nitrosobenzonitrile, and the mixture was stirred at room temperature for 12 h under an 

argon atmosphere. The reaction mixture was then extracted with DCM, the organic phase 

was washed with water and brine and dried over MgSO4, and the volatiles were 

evaporated under reduced pressure. The residue was purified by column chromatography 

on silica gel with an eluent of DCM/hexane = 2/1 (v/v) and recrystallised in a mixed 

solvent of methanol/DCM. Yield: 87%. 1H NMR (500 MHz, CDCl3) δ 7.96 (d, J = 8.5 

Hz, Ar–H, 2H), 7.87 (d, J = 8.5 Hz, Ar–H, 2H), 7.80 (d, J = 9.0 Hz, Ar–H, 2H), 7.38 (d, 

J = 8.5 Hz, Ar–H, 2H), 7.38 (d, J = 8.5 Hz, Ar–H, 2H), 7.17 (d, J = 9.0 Hz, Ar–H, 2H), 

3.01 (t, J = 7.5 Hz, S–CH2, 2H), 2.89 (t, J = 7.5 Hz, S–CH2, 2H), 1.72 (tt, J = 7.5 and 7.5 

Hz, S–CH2–CH2, 2H), 1.64 (tt, J = 7.3 and 7.5 Hz, S–CH2–CH2, 2H), 1.52–1.39 (m, S–



(CH2)2–CH2, 4H), 1.39–1.31 (m, S–(CH2)3–CH2, 2H) ppm. 13C NMR (126 MHz, CDCl3) 

δ 154.6, 149.8, 143.9, 136.1, 133.2, 133.2, 131.8, 131.8, 130.3, 130.3, 127.1, 127.1, 123.8, 

123.8, 123.2, 123.2, 119.4, 118.5, 113.6, 33.6, 32.2, 28.8, 28.7, 28.6, 28.6, 28.5 ppm. 

1′′-(4-Cyanobiphenyl-4′-ylthio)-7′′-{4′-[(E)-2-(4-

cyanophenyl)diazenyl]phenylthio}heptane [(CN)AzoS7SCB] 

1′′-(4-Bromophenylthio)-7′′-{4′-[(E)-2-(4-cyanophenyl)diazenyl]phenylthio}heptane 

(0.257 g, 0.490 mmol), 4-cyanophenylboronic acid pinacol ester (0.135 g, 0.588 mmol), 

Cs2CO3 (0.384 g, 1.18 mmol), and Pd(PPh3)4 (67.9 mg, 58.8 μmol) were put in a 50 mL 

two-necked flask, and then degassed tetrahydrofuran (THF) (7 mL) (degassed by 

bubbling argon gas) was added into the flask. The solution was stirred at reflux 

temperature under an argon atmosphere. After 18 h, the reaction mixture was cooled to 

ambient temperature, extracted with DCM, and washed with water and brine. The organic 

phase was dried over MgSO4 and the volatiles were evaporated under reduced pressure. 

The residue was purified by column chromatography on silica gel with an eluent of 

DCM/hexane = 2/1 (v/v) and recrystallisation in a mixed solvent of DCM/hexane. Yield: 

77%. 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 8.5 Hz, Ar–H, 2H), 7.87 (d, J = 9.0 Hz, 

Ar–H, 2H), 7.80 (d, J = 8.5 Hz, Ar–H, 2H), 7.70 (d, J = 9.0 Hz, Ar–H, 2H), 7.65 (d, J = 

8.5 Hz, Ar–H, 2H), 7.50 (d, J = 8.5 Hz, Ar–H, 2H), 7.38 (d, J = 8.5 Hz, Ar–H, 2H), 7.37 

(d, J = 8.5 Hz, Ar–H, 2H), 3.02 (t, J = 7.3 Hz, S–CH2, 2H), 2.97 (t, J = 7.3 Hz, S–CH2, 

2H), 1.73 (tt, J = 7.3 and 7.5 Hz, S–CH2–CH2, 2H), 1.70 (tt, J = 7.3 and 7.5 Hz, S–CH2–

CH2, 2H), 1.54–1.43 (m, S–(CH2)2–CH2, 4H), 1.42–1.33 (m, S–(CH2)3–CH2, 2H) ppm. 

13C NMR (126 MHz, CDCl3) δ 154.6, 149.8, 144.8, 143.9, 138.4, 136.1, 133.2, 133.2, 

132.6, 132.6, 128.6, 128.6, 127.5, 127.5, 127.3, 127.3, 127.1, 127.1, 123.8, 123.8, 123.2, 



123.2, 118.9, 118.5, 113.6, 110.7, 33.0, 32.2, 28.8, 28.7, 28.63, 28.60, 28.58 ppm. HRMS 

(ESI, m/z): [M+Na]+ calcd. for C33H30N4NaS2, 569.1804; found, 569.1782. 

Results and discussion 

Table 1 summarises the thermal phase sequences and phase-transition data, including the 

temperatures of crystallisation (TCr), glass transition (Tg), N–NTB transition (TNNTB), and 

isotropic (Iso)–N transition (TIN); as well as the entropy changes (ΔS) scaled by the gas 

constant (R) at the Iso–N phase transition (ΔSIN/R) upon cooling at a rate of 10 °C min⁻1. 

The phase transitions that occurred during the first heating are presented in the Supporting 

Information. 

 

Table 1. Phase-transition summary determined by POM and DSC at a cooling rate of 

10 °C min⁻1 for (CN)AzoSnSAzo(CN) and (CN)AzoSnSCB. 

(CN)AzoSnSAzo(CN)   
Tg 

(°C) 
  

TCr (°C)  

(ΔH, kJ mol-1)  
 

  
TNNTB (°C)  

(ΔH, kJ mol-1) 
  

TIN (°C)  

(ΔH, kJ mol-1) 
  ΔSIN/R 

n = 3 - - Cr 205.9 (54.5) - - - - Iso - 

   5 - - Cr 173.6 (49.3) NTB 120 a - - Iso - 

   7 - - Cr 125.4 (45.4) NTB  121 a N  169.7 (1.60) Iso 0.43 

   9 - - Cr 110.2 (52.9) NTB 115.9 N 163.4 (2.34) Iso 0.65 

  11 - - Cr 142.0 (74.2) NTB 114 a N 156.9 (3.20) Iso 0.89 

(CN)AzoSnSCB   
Tg 

(°C) 
  

TCr (°C)  

(ΔH, kJ mol-1)  
  

TNNTB (°C)  

(ΔH, kJ mol-1) 
  

TIN (°C)  

(ΔH, kJ mol-1) 
  ΔSIN/R 

n = 3 - - Cr 83.8 (24.0) NTB  70 a N  115.9 (0.50) Iso 0.15 

   5 - - Cr 82.3 (18.4) NTB 98.2 N 137.0 (0.94) Iso 0.28 

   7 G 15.7 - - (-) NTB 101.4 N 140.5 (1.64) Iso 0.48 

   9 G 16.0 Cr 57.2 (6.7) NTB 101.1 N 138.2 (2.43) Iso 0.71 

  11 - - Cr 107.0 (50.8) NTB  98 a N  134.2 (3.41) Iso 1.01 

a Determined by POM. 

 



The phase-transition behaviour of the symmetric homologous series, 

(CN)AzoSnSAzo(CN), is described first. Using POM and DSC, symmetric homologues 

with n = 5, 7, 9, and 11 revealed mesophases. (CN)AzoS7SAzo(CN), which exhibits an 

enantiotropic N phase and a monotropic NTB phase, has been reported previously [35]. 

The dimer with the shortest spacer, (CN)AzoS3SAzo(CN), was not mesogenic. 

(CN)AzoS5SAzo(CN) exhibited the monotropic N phase transition at approximately 

171 °C upon cooling using POM, which could not be detected with DSC due to 

crystallisation at 173.6 °C. While the N phase gradually underwent crystallisation in the 

course of cooling, the small supercooled N textures were observed to transform into a 

blocky texture at approximately 120 °C using POM, as shown in the Figure S3, indicating 

the elusive NTB formation. Meanwhile, the homologues with n = 9 and 11 displayed the 

enantiotropic N phase and the monotropic NTB phase. The POM images of 

(CN)AzoS9SAzo(CN) are shown in Figure 2, representing a blocky texture typical of the 

NTB phase. The NTB temperature range from 115.9 to 110.2 °C of (CN)AzoS9SAzo(CN) 

was marginally broader than that of (CN)AzoS7SAzo(CN). As presented in the Figure 

S12, the N–NTB transition at 115.9 °C was captured on the DSC curve, and was similar 

to the typical second-order N–NTB phase transition characteristic of LC dimers. On the 

other hand, POM observation of the NTB phase at approximately 114 °C for 

(CN)AzoS11SAzo(CN) was challenging, since it could only be done in a considerably 

small supercooled N domain due to crystallisation at 142 °C, as shown in the Figure S4. 



 

Figure 2. POM images of (a) N phase at 120 °C and (b) NTB phase at 115 °C for 

(CN)AzoS9SAzo(CN) with a non-treated glass cell. 

 

Next, the phase-transition behaviour of the non-symmetric homologous series, 

(CN)AzoSnSCB, is explained. It is worth noting that all the non-symmetric 

(CN)AzoSnSCB dimers (n = 3, 5, 7, 9, and 11) revealed the monotropic NTB phase in 

contrast to the symmetric (CN)AzoSnSAzo(CN) dimers, where only n = 5, 7, 9, and 11 

showed the NTB phase. The NTB phases of the dimers with the shortest and longest spacers, 

(CN)AzoS3SCB and (CN)AzoS11SCB, respectively, were only observed in small 

supercooled N domains after crystallisation, as shown in the Figures S5 and S9, 

respectively. The DSC curves of (CN)AzoS5SCB are shown in Figure 3. (CN)AzoS5SCB 

exhibited the N–NTB transition at 98 °C upon cooling. It is interesting to note that 

(CN)AzoS5SCB showed unique monotropic and enantiotropic mesophase behaviours 

due to crystal polymorphs depending on the thermal courses, as shown in Figure 3. Upon 

first heating for a recrystallised pristine sample, only one Tm at 144.6 °C or no mesophase 

was observed. Upon reheating after cooling to 0 °C, the Cr′–Cr transition occurred at 

93.6 °C, giving a Tm at 143 °C and monotropic tendency similar to the first heating. 

However, upon reheating after cooling to 75 °C, the Cr′–Cr transition was not observed, 

and a hidden N phase emerged between 123.8 and 139.0 °C, indicating the existence of 



an enantiotropic N mesophase. The POM images for (CN)AzoS5SCB are shown in the 

Figures S6–S8. Notably, (CN)AzoSnSCB with n = 7 and 9 exhibited the NTB phase over 

considerably broader temperature ranges than the rest of the homologues. Figure 4 shows 

representative POM images of (CN)AzoS7SCB with a non-treated glass cell. The N 

schlieren texture transformed into a blocky texture just below the N phase, and then 

polygonal, rope-like and focal conic textures appeared at lower temperatures, which are 

characteristic of the NTB phase. The N–NTB phase transition detected at 101.4 °C in the 

DSC curve was observed at ~103 °C using POM; this temperature corresponds to the 

onset of the transition in the DSC curve (Figure 5). The NTB textures of (CN)AzoS7SCB 

were preserved without crystallisation by cooling below room temperature. As evidenced 

by DSC (see Figure 5), the NTB phase was cooled to room temperature and vitrified at 

approximately 16 °C. (CN)AzoS7SCB vitrified without crystallisation, whereas 

(CN)AzoS9SCB underwent partial crystallisation at 57 °C after the N–NTB transition at 

101.1 °C, as detected with DSC at a rate of 10 °C min⁻1 (see Figure S16). The discernible 

Tg at approximately 16 °C is ascribed to the supercooled partial NTB phase that did not 

crystallise, which is consistent with the POM observations (Figure 6). These are the first 

reported examples of azobenzene-based LC dimers exhibiting the NTB phase at room 

temperature. 



 

Figure 3. DSC curves of (CN)AzoS5SCB (a) upon first heating and first cooling and (b) 

reheating after cooling to 0 °C and 75 °C at a rate of 10 °C min⁻1. 

 

 

Figure 4. POM images of (a) N phase at 110 °C and NTB phase at (b) 100 °C and (c) 

32 °C for (CN)AzoS7SCB with a non-treated cell. 

 



 

Figure 5. DSC curves of (CN)AzoS7SCB upon first cooling and second heating at a rate 

of 10 °C min−1. 

 

 

Figure 6. POM images of the NTB phase at (a) 70 °C and (b) 50 °C for (CN)AzoS9SCB 

with a non-treated glass cell. 

 

XRD measurements of (CN)AzoS7SCB were also conducted to further 

characterise the observed mesophases. One-dimensional (1D) XRD patterns of the N and 

NTB phase are shown in Figure 7. In both phases, broadened diffraction peaks were 

detected in the wide-angle regions, corresponding to d-spacings of 4.61 and 4.51 Å in the 

N (at 110 °C) and NTB (at 90 °C) phases, respectively. These are associated with liquid 

correlations along the molecular transverse axes. On the other hand, no apparent small-



angle diffractions were observed, indicating no apparent electron density modulation by 

layered structures or positional order. This is apparently different from the structurally 

NTB-related smectic phases [18,28] of bent dimers and heliconical smectic phases 

observed for bent-core molecules [88,89], which exhibit clear XRD peaks due to electron 

density modulation derived from layered structures in the small-angle region. Hence, the 

XRD results also underpin the NTB phase of the molecules. In addition, no extra 

diffractions were observed even at 30 °C, indicating a glassy NTB state without 

crystallisation. Nevertheless, we can see very weak small-angle diffractions at 2θ = 5.9° 

in both the N and NTB phases, which are ascribed to the pseudo-layer nature due to 

molecular clusters in the fluid mesophases. The d-spacing of 15 Å corresponds to almost 

half the dimer length, implying the presence of the so-called intercalated pseudo-layer 

structures between the aromatic mesogenic arm and the aliphatic spacer. The small-angle 

diffraction positions were almost unchanged in both the N and NTB phases, but became 

weaker after entering the NTB phase, which is typical of the NTB phase. 

 

 

Figure 7. 1D-XRD profiles of N phase at 110 °C and NTB phase at 90 and 30 °C for 

(CN)AzoS7SCB. 



Next, the phase-transition behaviours of both homologous series were compared 

in terms of TNNTB, TIN, and ΔSIN/R, which are plotted in Figure 8 as a function of n. Overall, 

the TNNTB and TIN values for the symmetric (CN)AzoSnSAzo(CN) dimers were higher 

than those for the non-symmetric (CN)AzoSnSCB dimers, because the former series 

contains two 4-cyanoazobenzene arms, with larger intermolecular interaction than that of 

the counter 4-cyanobiphenyl arm of the latter series. It is noteworthy that ΔSIN/R of both 

series were very similar at the same n. This indicates that the different mesogenic arm 

structures (4-cyanoazobenzene or 4-cyanobiphenyl) do not significantly change the 

molecular anisotropy or geometries at the Iso–N phase transition. These results are 

consistent with previous results, which reported the molecular geometries at the Iso–N 

phase transition to be largely influenced by the linkage bonds rather than the mesogenic 

arms [20,36]. 



 

Figure 8. (a) TNNTB, (b) TIN, and (c) ΔSIN/R values as a function of n for symmetric 

(CN)AzoSnSAzo(CN) (black squares) and non-symmetric (CN)AzoSnSCB (red circles). 

 



Conclusions 

Two homologous series of thioether-linked 4-cyanoazobenzene-based LC dimers were 

prepared: a symmetric (CN)AzoSnSAzo(CN) series and a non-symmetric 

(CN)AzoSnSCB series with a counter 4-cyanobiphenyl arm. The phase-transition 

behaviour was investigated. The symmetric (CN)AzoSnSAzo(CN) dimers with n = 5, 7, 

9 and 11 formed elusive monotropic NTB phases. On the other hand, the asymmetric 

(CN)AzoSnSCB dimers all exhibited the NTB phase. Notably, (CN)AzoSnSCB (n = 7 and 

9) formed NTB phases with a broad temperature range; they could even be cooled to room 

temperature and vitrified. These are the first reported examples of azobenzene-based LC 

dimers exhibiting the NTB phase over a broad temperature range and a glassy NTB phase 

below room temperature. This significant stability of the NTB phase was attributed to a 

supercooling effect assisted by the combination of molecular bend resulting from 

thioether linkages and non-symmetric mesogenic arm structures. Overall, the phase-

transition temperatures were higher for symmetric (CN)AzoSnSAzo(CN) than for 

asymmetric (CN)AzoSnSCB, whereas the difference in mesogenic arm structures or 

symmetry hardly impacted the molecular structural biaxiality or anisotropy at the Iso–N 

phase transitions. The present study adds new molecular structural insights with respect 

to azobenzene-based LC dimers exhibiting an extended range of NTB phase to room 

temperature. The sulfur-containing materials presented here are useful for investigations 

related to light-induced photoisomerisation and the resulting helical nano-structural 

variation of the NTB phase using tender resonant X-ray scattering at the sulfur K edge, 

which is discussed in another report [90]. 
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