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Highlight: 1. New mesomorphous phenylbenzothiophene derivatives were synthesized in two steps from a cheap and abundant precursor; 2. They display photoluminescence in mid-to-high quantum yields; 3. They exhibit smectic mesophase; 4. Charge transports measured by time-of-flight technique are in the 10 -3 cm 2 V -1 s -1 range.

Introduction

The benzo [b]thiophene core exhibits a wide range of biological and pharmacological activities thanks to structural similarities with many natural and synthetic molecules in drug design. [1] For instance, the 2-phenylbenzo[b]thiophene motif is the main parent structure of cancer drugs like raloxifene and arzoxifene, [2] and it is also used in the treatment of Alzheimer's disease. [3] Benzothiophene and its derivatives have now became indispensable building blocks for chemistry and for the development of the drug industry as it has been found to possess many more biological activities. [1] Therefore, as important pharmaceutical intermediate, it is produced in large scale, and thus is abundant, cheap and widely commercially available. However, despite this economical advantage, its natural rod-like shape, easy synthetic derivatization and appealing electronic structure, 2phenylbenzo[b]thiophene has not yet been considered in the design of liquid crystalline materials with potentially interesting semiconducting behaviour.

Thiophene-containing liquid crystalline (LC) semiconductors (Figure 1) perform a high degree of πdelocalization and optical tunability due to the combination of their intermolecular well-ordered morphology and unique electronic structure, which is an essential requirement for applications involving optoelectronic and photonic devices. [4][5][6][7][8][9] In addition, such materials usually show good charge carrier mobility, which depends strongly on the degree of ordering of the self-organized mesophases and on the orientation of the LC molecules, indicating the promising prospects of thiophene-based organic semiconductors for realizing cheap, flexible and printed electronics applications. [10][11][12][13][14] Among the promising thiophene-based candidates for OFETs are the benzothienobenzothiophene (BTBT) derivatives (Figure 1), [15][16][17][18] which present good solubility in organic solvents as well as forming well-ordered crystalline thin films, resulting in high carrier mobility. [19][20][21][22] Recently, our group has reported BTBT based semiconductors containing disk and calamitic LC molecules, which exhibit bipolar carrier mobility in the range of 10 -3 cm 2 V -1 s -1 in the columnar mesophase, and carrier mobility of hole approaching 0.07 cm 2 V -1 s -1 in the smectic phase, as measured by TOF technique. [23,24] Today, a large range of new thiophene-containing semiconductors of various shapes and structures are being investigated and their semiconducting performances evaluated in ordered mesophases (Figure 1). Charge mobilities higher than 10 cm 2 V -1 s - 1 , [25][26][27][28] have been achieved with various thiophene-based LC materials, even in solution process, [29,30] proving that they are expected to be promising materials to display good OTFTs device performances.

However, some economic constraints and environmental drawbacks need to be tackled and considered in this active field of research. First, from a synthetic view point, the chemistry of such organic semiconducting molecules is usually not straightforward, and often requires metal-catalysed coupling methods for connecting the different active parts through polluting, expensive, timeconsuming and sometimes low-yields synthetic procedures. [31] Thus, the easy access to an abundant precursor resource is always beneficial and cost-and time-saving in materials science, especially to carry out systematic studies on structure-property relationships. Secondly, the other fundamental prerequisite that drives the good functioning of the organic devices, and which has been extensively investigated in LC materials, is the ability to prepare high quality organic thin crystalline films (defectfree), with good molecular orientation, either as-deposited or after thermal annealing of the liquid crystal phase, leading to effective charge carrier transport in organic field-effect transistors (OFETs). [32][33][34][35][36][37][38] Thus, since they combine features of both crystalline and amorphous materials, the molecular design of novel LC semiconductors, supported by time-saving and efficient synthetic strategies, is highly desirable (self-organization, fluidity, and self-healing abilities, high control of the molecular orientation, one-or two-dimensional charge transport properties) for the discovery of new materials and the modulation of their physical properties. Yet, few works of LC materials consisting of a very simple benzothiophene system have been described in patents and literature, though it has already been proved versatile in the design of various mesogens. [39][40][41] Figure 1. Representative thiophene-based LC semiconductors reported in the literature.

In this work, a series of 2-phenylbenzo[b]thiophene (nPBT) mesogenic derivatives was synthesized in two easy steps and in good yields from abundant available starting material, i.e. 6-methoxy-2-(4methoxyphenyl)benzo[b]thiophene, which already possesses a natural rod-like and -conjugated core, prerequisite of LC phase formation and semiconducting behaviour. Further stepwise chemical oxidation of the benzothiophene moiety resulted in two additional sets of functional derivatives, namely the corresponding sulfoxide homologues (nPBTO) and one sulfone derivative (10PBTO2), which were also found to be mesomorphous. The liquid crystalline properties, photo-physical behaviour and charge transport properties were influenced greatly by adjusting the length of terminal alkyl chain and by the degree of oxidation of the benzothiophene moiety. All nPBT showed a SmA phase in addition to a low-temperature, high-ordered smectic phase, while only a SmA phase was observed for the oxidized derivatives nPBTO and 10PBTO2. The photo-physical properties, highly depending on the oxidation degree, displayed strong UV/Vis absorption and intense yellowish green luminescence, with high quantum yields, in the range of 38 ~ 62%. The charge transport carrier of three PBT compounds was also precisely measured in various mesophases as a function of chain-length by photocurrent TOF technique, and found to exhibit hole mobility rate of about 4.2  10 -3 cm 2 V -1 s -1 , in the low temperature ordered mesophase.

Results and discussion

Synthesis and characterization

The synthesis of the benzo[b]thiophene derivatives was straightforward, and is shown in Scheme 1. The dihydroxy compound 2 was prepared by demethylation of the readily available precursory 1 with pyridine hydrochloride at 190°C, and obtained as a white solid in almost quantitative yield (87%). Then, Williamson etherification of 2 with n-alkylbromide at both ends gave the desired nPBT derivatives (white crystalline solids) in 80-92% yields. The synthesis of the nPBTO derivatives was based on the general procedure described in literature, consisting of the oxidation of nPBT by addition of trifluoroacetic acid and a 30% aqueous solution of H2O2 at 0°C. [42] The sulfoxide compounds were obtained as yellow-green powders in yields ranging between 50 and 73%. The sulfone derivative 10PBTO2 could be directly obtained from 10PBT in 70% yield, by simply increasing the amount of trifluoroacetic acid and extending the reaction time. It is worth noting that as the alkyl chain-length was increased, the solubility of nPBT compounds deteriorated in chloroform, whereas compounds nPBTO and 10PBTO2 showed almost the same good solubility. The structures of all synthesized compounds were characterized by means of 1 H and 13 

Mesmorphic properties

The mesomorphic behaviour of all compounds was investigated by polarized optical microscopy (POM, Figure S1) and differential scanning calorimetry (DSC, Figure S2, Table S1). From POM observations, all the phenylbenzothiophenes and the oxidized derivatives are liquid crystalline and solely show smectic phases consistent with their calamitic shape. The nPBT compounds exhibit all a high temperature smectic A (SmA), which was unequivocally recognized by the formation of smooth, focal conic, typical fan-shaped textures, as observed for all of them on slow cooling from the isotropic liquid (Figures 2 andS1). For two short homologues of this series, an additional phase was also detected by POM and DSC (Figures S1 andS2, Table S1), monotropic for 5PBT and enantiotropic for 6PBT, assigned as SmB by POM. On further cooling, another less fluid, higher-ordered smectic-like phase was detected, prior to crystallization, by an abrupt textural change with the transformation of the fans and focal conics to a spherulitic texture (Figures 2 andS2), which is reminiscent of a higher molecular re-organization within the layers. [43] Both nPBTO and 10PBTO2 showed a single SmA phase (Figure 2) recognized by the characteristic fan-shaped optical textures. All the transition temperatures were confirmed by DSC (Figure S2).

With the increase of the alkyl chain-length, the clearing temperature of the nPBT terms is decreased (Figure 3). The range of the SmA phase however expands gradually to ca. 25°C (maximum SmA range for 10PBT). Meanwhile, the interval of the low-temperature phase (referred to as SmX, see below) decreased at the expense of the expansion of the crystalline phase (Cr). This highly ordered phase has completely disappeared in the longest homolog 14PBT. The thermal behaviour of the next series is simpler, with the rapid enlargement of the SmA range with the increase of the alkyl chain length to reach a 40°C range for the longer homologues (maximum SmA range for 10PBTO), due essentially to a smooth decrease of the clearing temperatures (for n ≥ 8) and an average melting between 110-110°C. The isotropization temperatures of nPBTO are higher than of their corresponding nPBT homologs (n ≥ 8), and likely dependent on the stronger dipolar interactions in the latter. [44,45] The reason for the appearance of the highly ordered phase (SmX) in PBT series may be attributed to the presence of the aromatic-rich -electron system and a strong permanent dipole on the sulfur atom in the thiophene ring, which endows molecules with high anisotropic polarizability and occurrence of spontaneous polarization. [46][47][48] The electron-withdrawing ability of the sulfur atom in sulfoxide nPBTO is stronger than in nPBT resulting in the increase of the isotropization temperature. Further oxidation is detrimental to mesophase stability, which, when compared to the two other decyl derivatives, 10PBT and 10PBTO, is reduced down to 10°C only for 10PBTO2, between ca. 110-120°C. The smectic nature of the mesophases of all benzo[b]thiophene derivatives was confirmed by smallangle X-ray scattering (Figures 4 andS3, Table S2). On cooling from the isotropic liquid, in the upper temperature phase, most compounds show a single, intense fundamental reflection (001) along a few higher order peaks (002, 003, …), in the ratio 1:2:3:…, characterizing the lamellar arrangement of the molecules, along a diffuse scattering at high Bragg angles, corresponding to the molten chains (Figure 4, hch). The SAXS patterns of the nPBTO terms, of lesser quality (less peaks and of lower intensity) than those of the nPBT series and that of 10PBTO2, but still are in agreement with the formation of a smectic phase. Combined with POM, the mesophase can be readily assigned to as SmA in all cases. As expected, the d-spacings in the SmA increase almost linearly with the alkyl chain length (Figure 4) for both series nPBT and nPBTO, respectively, whereas the molecular area, obtained from the ratio between the molecular volume (Vmol) and the smectic periodicity (Table S2), do not greatly vary with n, but logically increase upon oxidation of the thiophene ring along the sequence nPBT (A  27.5-30Å 2 )  nPBTO (A  32.5-35Å 2 )  nPBTO2 (A  34.5Å 2 ). Upon further cooling, the SAXS patterns of the PBT terms revealed numerous sharp and equidistant (00l) reflections over the whole angular range (up to 13 for 14PBT, Figure S3) confirming the resilience of the long-range lamellar layering, with very sharp interfaces, which persists even in the lower temperature crystalline phase (Cr). The scattering halo corresponding to the molten chains is no more detectable on the SAXS patterns, suggesting that the chains are in a crystalized or pseudo crystalized state, and thus that the phase is not a true liquid crystalline phase. The supramolecular organizations within the SmX (standing for crystalline phase with a highly welldefined smectic structure) and crystalline (Cr) phases appear very similar to each other (similar spacing) and close to the SmA phase. 

Photophysical Properties -UV/Vis Absorption and Photluminescence properties

The impact of the oxidation of the thiophene ring on the photophysical properties was evaluated in dilute THF solutions (10 -5 molL -1 ), and in thin films for all benzo[b]thiophene derivatives, nPBT, nPBTO and 10PBTO2. The absorption spectra recorded for solutions of nPBT exhibit two main absorption maxima at 240 and 320 nm, while for those of nPBTO and 10PBTO2 showed three strong absorption maxima centred at 235, 305 and 375 nm, and at 252, 312 and 373 nm, respectively (Figures 5 andS4). Solutions of nPBT showed a maximum emission at 365 nm with two shoulder peaks at 350 and 382 nm, and a double maximum emission in thin film, at ca. 372 and 393 nm. Emission spectra for the solutions of nPBTO exhibited one broad emission maximum at 477 nm while centred at 480 nm in thin film, whereas 10PBTO2 showed a similar emission maximum slightly shifted at 459 nm in THF solution and at 476 nm in thin film. It is worth noting that nPBTO showed yellowgreen light emission in THF and thin film under the illumination of UV light of 365 nm (Figure S4). Quantum yields calculated for nPBT were around 50%, slightly lower for nPBTO, at around 40%; 10PBTO2 exhibited the highest quantum yield with a value of 62% (Tables 1 andS3). The length of the alkyl chains has almost no influence on the absorption and emission spectra which are fully superimposable.

Table 1. Photo-physical properties of the three decyl representative benzo[b]thiophene derivatives. Quantum yields (QY) were measured with solution concentration of 510 -5 in THF excited at 310 nm (10PBT), at 365 nm (10PBTO) and at 350 nm (10PBTO2). The data for the other compounds are in Table S3.

Mesogens λabs (nm)

ε × 10 

Charge transport properties

Time-of-flight (TOF) technique was used to investigate the charge carrier mobility of the various liquid crystalline materials. For this study, both the hole and negative charge mobilities of three presentative benzothiophene derivatives, nPBT with n = 6, 8, 10, were studied as a function of chain-length. The transient photocurrent decay curves obtained at different temperatures from the isotropic down to the crystalline phase showed reasonable shapes of decay. The textures of the three samples sandwiched in ITO cells, filled by capillary attraction from the isotropic liquid phase, were observed by POM of at various temperatures (Figures S6, S8 and S10). All of compounds exhibited a typical fanshaped texture in the SmA/B phase(s) as well as a spherulitic texture in the SmX phase. When the temperature was decreased from the isotropic to the crystalline phase, the POM images showed spherulitic texture with the presence of grain boundary on the substrate, which indicated that the molecules still retained the layer structure of the SmX phase in the crystalline phase. The charge carrier mobility was performed by TOF technique for the representative samples in a sandwich type ITO cell. The transient photocurrent measurements were performed on cooling at a very slow rate from the isotropic liquid to crystalline phase, at different temperatures with an applied electric field strength of 20000 ~ 50000 V cm -1 . The double-logarithm plot of positive transport decay curves for 6PBT, 8PBT and 10PBT, respectively, showed in Figure 6, enable the accurate read out of the transit time of charge carriers at various electric field, thus proving that the transient photocurrent curves of three mesogens are non-dispersive. With the order degree of mesophase raised on cooling, the transit time of charge carriers decreased for all samples (Figures S5, S7 and S9). The positive charge carrier mobility of three mesogens is shown in the cooling process without electric field dependence (Figure 6), while electron mobility was not observed. The hole transport of 6PBT

shows mobilities in the order of 2  10 -4 cm 2 V -1 s -1 in the isotropic liquid. In the SmA/SmB phase (150 o C) the mobility rate increases to 5.5  10 -4 cm 2 V -1 s -1 , followed by a second sharp increase up to 4.2  10 -3 cm 2 V -1 s -1 at the transition to SmX phase (142 o C). Meanwhile, the corresponding hole mobility values exhibited a slight temperature dependence both in the isotropic and smectic phases, it decreases very smoothly with the temperature falling. The charge carrier mobility in crystalline phase was not observed owing to cracks at domain boundaries. Similarly to 6PBT, the positive charge mobilities of 8PBT and 10PBT display lower values in the SmA phase than in the higher ordered SmX phase. The charge mobility of holes shows a slight dependence on the alkyl chain length, decreasing slowly with increasing length. These results are similar to several literature reported, [49] both in discotic and calamitic molecules. In contrast, TOF measurements for the sulfoxide (PBTO) and sulfone (PBTO2) derivatives did not yield any transit photo current.

The presence of this more ordered, low-temperature mesophase in the phase sequence, thus results in a significant improvement of the charge transport properties thanks to the pre-organizing templating effect of the SmA mesophase above, favoured by slow cooling.

[43]

Conclusion

We have successfully synthesized a series of benzothiophene-based liquid crystalline semiconductors and further oxidized derivatives from an abundant commercially available pharmaceutical precursor intermediate. The facile grafting of linear alkyl chains was indeed sufficient to promote the formation of smectic mesophases, showing the strong mesogenic character of this molecular species. The length of the alkyl chain and the degree of oxidation of the benzothiophene moiety were found to greatly influence the phase transition temperatures and thermal behaviour. Furthermore, the optical properties, emitting blue or yellow light with high quantum yields in the range of 38-62%, also are dramatically affected by the oxidation of the sulfur atom of the thiophene moiety. The charge carrier mobility of compound 6PBT measured by the photocurrent TOF technique revealed highest mobility range (about 4.2  10 -3 cm 2 V -1 s -1 ) in the SmX phase, depending strongly on the order degree of the mesophase. Therefore, the utilization of this available pharmaceutical intermediate to design organic semiconducting and luminescent functional materials shows high promising applicative potentials, providing some additional structural molecular adjustments. For instance, PBT compounds have potential applications in the field of organic field-effect transistors (OFETs), as the TOF mobility results have been demonstrated, while PBTO and PBTO2 derivatives can be used in fluorescent and lightemitting applications, as they emit blue and blue to green light, with mid-to-high quantum yields. The design of new mesogens based on 2-phenylbenzo[b]thiophene maybe be strongly improved by straightforward molecular derivatization, for example, through the substitution of the aromatic core by electron-donotaing or accepting groups, or by the extension of the molecular anisotropy and consequently enhanced  conjugation to boost the electronic properties. Moreover, the inclusion of such moieties into larger oligomeric, dendritic and polymeric structures would further facilitate their processing and incorporation into corresponding field-effect transistors and fluorescent sensors.
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  C NMR (Figures S11), elemental analysis, and high resolution mass spectroscopy (HRMS, Figures S12).Details on the synthesis are given in the Supplementary Information.

Scheme 1 .

 1 Scheme 1. Synthesis yields and nomenclature of the benzo[b]thiophene derivatives (nPBT) and corresponding oxidized homologues (nPBTO and 10PBTO2). Reagents and conditions: (i) pyridine hydrochloride, reflux, 1 h, 190 o C (87%). (ii) n-Bromoalkane, K2CO3, 2-butanone, 24 h, 100 o C, (80-92%). (iii) Trifluoroacetic acid, anhydrous CH2Cl2, 30% H2O2, 2-6 h, 0 o C (50-73%). (iv) Excess of trifluoroacetic acid, anhydrous CH2Cl2, 30% H2O2, 8 h, 0 o C (70%).

Figure 2 .

 2 Figure 2. Representative POM images, observed on cooling from the isotropic liquid: clockwise from top left: 10PBT at 120 o C in SmA; 10PBT at 114 o C in SmX; 10PBTO at 145 o C in SmA; (d) 10PBTO2 at 77 o C in SmA.

Figure 3 .

 3 Figure 3. Bar graph summarizing the thermal behaviour of nPBT, nPBTO and 10PBTO2 derivatives (2nd heating).

Figure 4 .

 4 Figure 4. Two representative SAXS patterns (6PBT, top, and 10PBTO2, middle). Variation of the lamellar periodicity, d, and molecular area, A, with the alkyl chain length, n, for nPBT, nPBTO and 10PBTO2 derivatives (bottom).

Figure 5 .

 5 Figure 5. (a) Normalized absorption (straight lines) and emission spectra (dotted lines) in micromolar THF solution obtained for 10PBT, 10PBTO and 10PBTO2 (chosen as representative compounds); (b) Normalized emission spectra of thin films of compounds 10PBT, 10PBTO and 10PBTO2. (c) Images of the micromolar THF solutions (top panel) and thin films (bottom panel) of nPBTO (n = 4-14) under UV light (365 nm).

Figure 6 .

 6 Figure 6. Representative charge carrier mobility measured by the TOF technique. (Left) Electric field dependency of positive photocurrent decay curves (normal plot; Inset double-logarithm plot) at 120 o C (6PBT, with cell thickness is 17.7 m), 100 o C (8PBT, with cell thickness is 17.7 m) and 100 o C (10PBT, with cell thickness is 18.2 m), from top to bottom. (Right) Temperature dependence of hole mobility (positive charge carrier transports), measured in the different phases on cooling for 6PBT (cell thickness is 17.7 m), 8PBT (cell thickness is 17.7 m) and 10PBT (cell thickness is 18.2 m).
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						QY [%]
	10PBT	238	1.28	350	374	50.8
		321	1.95	366	393	
				382		
	10PBTO	244	1.83	478	483	41.9
		313	160			
		379	1.07			
	10PBTO2	252	2.00	459	476	62.6
		312	1.61			
		373	1.44			
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