Butterfly Mesogens Based on Carbazole, Fluorene or Fluorenone

A generic synthetic method based on the Suzuki-Scholl reactions was successfully exploited to yield new poly(hetero)aromatic hydrocarbons containing carbazole, fluorene or fluorenone moieties. These butterfly-like mesogens exhibit columnar mesophases, form fibrous gels in various solvents, emit blue to orange light in films and solutions and show outstanding photocurrent behavior with charge carrier mobility in the ∼0.03 cm 2 V -1 s -1 range.

Introduction

Conjugated polymers with carbazole, fluorene and fluorenone building blocks are important plastic electronic materials and widely studied as active layers for various electronic devices, such as organic light-emitting diodes (OLED), 1 organic photovoltaic cells (OPV) 2 and organic field-effect transistors (OFET). 3 The corresponding low-molecular weight liquid crystalline systems and oligomers based on these three building blocks also exhibit outstanding optical/electronic properties in addition to show spontaneous self-organization behavior. They have however been much less investigated than their polymeric counterparts due essentially to some chemical/thermal/photo stability, solubility or processability issues.

Particularly promising, π-conjugated polyfused (hetero)aromatic hydrocarbons (PAH) forming discotic liquid crystals (DLCs) are considered to play a crucial role in the next generation of organic semiconductors. They can indeed exhibit one-dimensional high charge carrier (electrons or holes) mobility values due to their propensity to self-organize into long-range ordered supramolecular columns, 4 and their unique structural defects self-healing capability, chemical robustness and costeffective solution-processed electronic devices fabrication represent interesting and competitive assets in the field of organic semiconductors.

Carbazole-containing liquid crystals with nematic (N) and smectic A (SmA) phases have been applied in OLED for hole transport layers 5 or light-emitting layers, 6 while their mesophase types, transition temperatures and solubility could be modulated by the alkyl chain length grafted onto the N-atom. However, the molecular engineering of carbazole derivatives for columnar mesophase did not initially succeed. First successful attempts combining triphenylene and carbazole units, connected through flexible spacers into dyads and heptamers were only recently reported. 7 Recent molecular designing strategies using carbazole as the discotic core 8 or directly sigma-bonded triphenylene-carbazole, 9 starshaped triazine-carbazole 10 were successful in the construction of columnar mesophase materials as electronic conductors. Other ordered electronic materials such as co-dendrimers made of carbazole/mesogen mixtures 11 were also reported to possess mesomorphous behavior and good electronic properties.

Structurally similar to carbazole, π-conjugated fluorene rigid building block is also capable of yielding potentially interesting opto-electronic mesogenic materials. Fluorene rod-like liquid crystals were reported to exhibit N and SmA phases, and fabricated for polarizing OLED. 12 Further, deep-blue emissive spiro-fluorene derivatives 13 were tuned to displaying columnar rectangular/hexagonal mesophases. Wong studied star-shaped hexabenzocoronene-fluorene systems 14 as discotic columnar electronic materials and investigated their performance in OPV and OFET devices. 15 Triphenylenefluorene dyads and triads, showing nematic and hexagonal columnar mesophases with high charge carrier mobility were also recently reported. 16 Similarly, fluorenone is another attractive building block, as its planar structure and functional polar ketone group are beneficial for promoting closer π-π stacking and monitoring optical/electronic properties modulation. Some mesogenic fluorenones with SmA phase exhibited hole mobility of 10 -2 cm 2 V -1 s -1 , 17 and power conversion efficiency of 0.8 % in solar cells. 18 Until now, not many examples of π-extended mesogenic electronic materials inserting carbazole, fluorene and fluorenone building blocks, such as in triindoles, 19 truxenes 20 and truxenones, 21 have been reported, despite their great potential for the further development of organic electronic materials-based devices.

In this work, we report the general synthesis of three novel families of butterfly-like molecules based on ditriphenylenes fused with carbazole, fluorene and fluorenone central cores, respectively (Figure 1). Starting from the commercially available carbazole, fluorene and fluorenone building blocks, the three series of annulated ditriphenylene compounds were obtained by the combination of two emblematic chemical reactions, namely the Pd(PPh3)4-catalyzed Suzuki-Miyaura cross-coupling 22 and the FeCl3-catalyzed Scholl 23 intramolecular oxidative cyclo-dehydrogenation. Their liquid crystalline and gel self-assemblies were investigated, and their optical and charge carrier properties were evaluated.

Figure 1. Examples of some previously and currently reported butterfly-like mesomorphous heteroarenes containing tristhiophene (DTT), 24 cyclopentan-dithiophen-4-one (CPTO), 25 carbazole (CTP), fluorenone (FTP) and fluorene (LTP) building blocks, respectively.

Results and Discussion

Rational molecular design and synthesis Planar, polycyclic aromatic hydrocarbons (PAH) with multiple peripheral alkyl chains are typical discotic liquid crystals (DLCs) and can be considered as potential organic one-dimensional semiconductors due to their high propensity to self-organize into supramolecular columns and to favor the unidirectional mobility of the charges (electrons or holes). Flexibility and rigidity of the molecular conformation as well as the number and length of the irradiating aliphatic chains have been used to modulate supramolecular packing and liquid crystalline properties. Despite active research in the field of molecular electronic, the diversity of charge carrying DLCs remains however quite limited, though it is increasing steadily with the progress and implementation of original synthetic strategies and with the increasing availability of some key functional building blocks. Elementary blocks like dibenzothiophene, dithienothiophene, carbazole, furan, fluorene, spirofluorene, and fluorenone derivatives, to cite but a few of them, represent ideal functional cores in organic electronic, and can be synthetically or are commercially available now. They thus become ubiquitous for the design and synthesis of novel, low symmetry DLCs for potential uses in various organic electronic-based applications. 4 We have recently developed an efficient strategy based on a tandem of model reactions, namely the Pd(PPh3)4-catalyzed Suzuki-Miyaura cross-coupling and the FeCl3-catalyzed Scholl oxidative annulation reactions, to construct novel butterfly-like shape molecules showing mesomorphous and promising hole and electron charge carriers behaviors (DTT, CPTO, Figure 1). [24][25][26] The key of this generic methodology for the synthesis of these new ditriphenylenes (CTP, LTP, FTP) lies on the availability of specific carbazole-, fluorene-and fluorenone-containing polybromide precursors and/or corresponding boronic esters (or to a lesser extend their hydroxyl homologs), 27 not always easily accessible, as reported in Scheme 1. Numerous strategies have been developed for the synthesis of carbazole-based materials and most of them involve bromide derivatives as starting materials. Just to cite but a few, the direct bromination of carbazole results in 1,3,6,8-tetrabromocarbazole, which has been used for the synthesis of some functional 1,3,6,8-tetraarylcarbazole materials. 8,28 The synthesis of some larger fused π-systems was performed from 2,3,6,7-tetrabromocarbazole and 1,2,3,6,7,8-hexabromocarbazole, however prior required sequential brominations of 2,7dibromocarbazole (and/or of its N-alkyl derivatives) by precisely controlling bromine concentration, reaction time and temperature. 29 Here, the two novel large N-heteroarene discogenic diphenanthro [9,10-b : 9',10'-h]carbazoles, CTP12/14, were directly synthesized by Suzuki-Miyaura cross-coupling between the commercial N-octyl carbazole-2,7-diboronic ester and the alkylatedsubstituted 2-bromo-1,1'-biphenyl (Scheme S1), subsequently followed by the FeCl3-catalyzed Scholl annulation. The same strategy was followed for the alkyl-substituted fluorene-fused ditriphenylenes (LTP5/8/10/12/58/88/108), obtained from the available 9,9-dialkylfluorene-2,7-diboronic esters. The fluorenone-fused ditriphenylenes, FTP10/12, were obtained by the inverted alternative, starting with the conversion of the appropriate lipophilic 2-bromo-1,1'-biphenyl into its 1,1'-biphenyl-2-boronic ester first, followed by the subsequent reaction with the commercially available 2,7-dibromo-9-fluorenone. The oxidative Scholl annulation led to the desired pure compounds, and proceeded in rather satisfying yields (ca. ranging between 47 to 94 %), whereas for the Suzuki coupling reactions, yields were greater than 60-70 % up to quantitative, except for two of them (4 d/e, Supplementary Information), whose yields were below 50 %, due to purification processes.

All the synthesized ditriphenylene discogens CTP12/14, FTP10/12, LTP5/8/10/12 and LTP58/88/108 and precursors (4 a-k) were fully characterized by 1 H NMR and micro elemental analysis, with additional 13 C NMR and HRMS for the final target compounds (Figures S1-S43 and S45-S55 in Supporting Information). Among the synthesized discogens, the CTP and FTP compounds strongly aggregate in solution, due to their low solubility in organic solvents. Their purification was performed by silica gel column chromatography in hot toluene.

Thermal behavior, structural properties, and supramolecular organizations The chemical stability of these molecules was verified by thermal gravimetrical analysis (TGA). All the ditriphenylenes were found to show rather high thermal stability, irrespective of the heteoarenic core, chains' length or topology (linear or bifurcated). The decomposition temperatures at 1 %-, 2 %-and 5 %-weight-loss were systematically higher than 340 °C, 361 °C and 377 °C, respectively (Table S4, Figure S63). Their clearing temperatures were far lower than their thermal decomposition temperatures, so all were candidates for further investigations.

The liquid crystalline properties of the targeted ditriphenylene discogens were studied by polarized optical microscopy (POM, Figure 2 and Figure S62) and differential scanning calorimetry (DSC, Figure 3 and Figure S64, Table S5). As first revealed by POM, the carbazole-, fluorenone-and some of the fluorene-based butterflies are mesomorphous and, as anticipated from other structurally related systems, [24][25][26] they self-organize into columnar mesophases. POM photographs (Figure 2 and Figure S62) of CTP12/14 and FTP10/12 display the characteristic fan-shaped textures of hexagonal columnar mesophases. When the samples were slowly cooled from the isotropic liquid to the anisotropic state, the compounds held between two glass plates showed birefringent textures with strong tendency for face-on orientation. This typical optical texture originates likely from the strong anisotropy of the supramolecular columns resulting from efficient π-π face-to-face stacking, while the straight defectlines implied long-range stacking ordering within the columns. The presence of large homeotropic zones in some cases conveys to uniaxial columns orthogonally arranged in hexagonal arrays. An important increase of the mesophase stability by ca. 100 °C is observed on changing from the carbazole-containing compounds (CTP) to the fluorenone (FTP) derivatives (Figure 3). The carbazole compounds show clearing points of ca. 200 °C and columnar mesophase ranges are about 100 °C large. The fluorenone derivatives display higher clearing temperatures, around ca. 280-300 °C, and mesophases with twice wider ranges, of ca. 210-240 °C, respectively. These observations seem to be in agreement with their respective molecular structures. On the one hand, the presence of the polar ketone group in the π-conjugating core of the fluorenones favors strong antiparallel dipole-dipole interactions in the columnar stacks, whereas the octyl chain irradiating from the carbazole unit, on the other hand, also promoting this antiparallel arrangement, must somehow interfere with the stacking. For the dimethyl fluorene-based derivatives, LTP5/8/10/12, POM analysis reveals the absence of mesomorphic behavior for LTP5, exhibiting highly colored mosaic texture and straight-line defects, typical of a crystalline phase (Figure S62). However, the other LTP8/10/12 compounds with longer linear chains, all exhibit broken fan-shaped, small domains and homeotropic zones in the high temperature mesophase, strongly pointing to the occurrence of a Colhex mesophase as for the carbazole and fluorenone derivatives. On further cooling, the textures change to mosaic-like texture for LTP8 and needle-like textures for LTP10 and LTP12, indicating the transition to another mesophase of lower symmetry. However, by this technique only, the nature of the mesophases could not be unequivocally confirmed. The optical textures persist down to low temperatures, particularly for LTP8, well below the phase' transition, but signs of crystallization could eventually be observed. The maximum mesophase extension is observed for the decyl homolog, 142 °C for LTP10, concomitantly with the decrease of both clearing and melting temperatures (Figure 3). The presence of the two methylene groups lying perpendicularly to the molecular plane must certainly optimize the efficiency of the molecular stacking by locking the antiparallel stacking of the molecules, thus promoting the formation of highly cohesive supramolecular columns organized in mesophases. The substitution of the methylene groups by the two long octyl chains in the LTP58/88/108 congeners, although contributing largely to the depression of the melting temperatures by ca. 100 °C, appears however detrimental to the emergence of mesomorphism (Figure S62). The bulky protruding chains lying perpendicularly to the molecular plane in this case likely thwart the efficiency of the molecular stacking, and impact on the phase stability. Of interest, the behavior of these annulated π-extended fluorene molecules is very different from that of recently reported triads made of a fluorene-bridged sigma-bonded with two triphenylene, displaying nematic/columnar mesophases, resulting from the more flexible molecular conformation. 16 The transition temperatures were duly confirmed by DSC (Figure S64, Table S5). DSC thermograms also revealed the polymorphic nature of CTP and LTP compounds. In general, the thermal behavior of all the compounds were found to be fully reversible and reproducible after several heating/cooling cycles, confirming their excellent thermal stability. Notice that another transition was also detected by DSC on cooling only for the LTP10 homolog, suggesting the induction of a monotropic phase, see below (Figure 3). The nature of the mesophases and supramolecular organizations of these various butterfly-shaped ditriphenylenes were studied by small-and wide-angle X-ray scattering (S/WAXS, Figure S65, Table S6) and the main geometrical data are summarized in Table 1. The S/WAXS patterns indistinctly possess the characteristic features of liquid-crystalline phases with sharp, small-angle reflections emerging from the nanosegregated structure formed by the antagonistic aromatic and aliphatic segments, along with the scattering signals in the wide-angle region, hch and hπ, emerging respectively from liquid-like lateral distances between molten chains (hch∼4.50-4.80 Å) and from the stacking between the juxtaposed mesogenic cores (hπ∼3.40-3.90 Å); let us remark that this latter signal is present for almost all compounds, though rather weak for some of them, and systematically decreases until its complete collapsing at or near the clearing temperature (Figure S65).

The assignment of the Colhex mesophase made by POM for CTP12/14, FTP10/12 and LTP10/12 was unambiguously confirmed by S/WAXS. The presence of one very sharp and intense first-order reflection (10), along one or two weaker, additional higher-order reflections, indexed as ( 11) and ( 20), respectively, according to the sequence of spacing ratios 1 : √3 : √4 (Figure 4), confirms the long-range ordering of a two-dimensional hexagonal lattice. The high-temperature mesophase of LTP8 could only be identified by POM (i. e. Colhex, Figure S62) due to its limited temperature range preventing conclusive S/WAXS acquisition. Whereas only one mesophase is formed for both CTP and FTP compounds, additional mesophases below the Colhex mesophases were detected for the mesomorphous LTP homologs. The S/WAXS patterns recorded at these temperatures exhibit a multitude of sharp peaks in the small-angle range (>12, Figure S65 for LTP8/10/12), characterizing the formation of mesophases of lower symmetry. In the wide-angle range, the same features as for the Colhex phases discussed above were found, except for the considerable enhancement of the core-core stacking peak's intensity in most cases (hπ∼3.53-3.64 Å, correlation length ζ∼100 for LTP8 and ζ∼115-130 for LTP12), evidencing higher overlapping of the extended fluorene cores and the extension of the columnar stacking. The solutions provided by the peaks' indexation (Table S6) convey to 2D rectangular lattices and to the assignment of rectangular columnar mesophases made of two supramolecular columns per lattice. The numerous sharp, small-angle diffraction peaks systematically observed for these compounds along with the peaks' intensity distribution, reveal the long-range two-dimensional correlated lattices and well defined interfaces, characterized by the efficient segregation between the non-miscible parts, i. e. the supramolecular columns, resulting from the regular stacking of the mesogenic cores localized at the nodes of the lattice, and the molten aliphatic infinite continuum between the columns. Detailed peaks' analysis (Table 1 andTable S6) further indicated two different planar symmetries for the Colrec mesophases i. e. c2 mm and p2gg, corresponding respectively to the specific orientations of the elliptical columnar cross-sections within the rectangular lattices, the long elliptical axis lying along the a-axis for the centrosymmetric c2 mm lattice, or alternating its orientation with respect to the same a-axis (Figure 4) to form a ribbon-like arrangement for the p2gg one. 30 As shown by DFT calculations (Figure S57), and similarly to other structurally related compounds, [24][25][26] all these new butterfly-like molecules are planar irrespective of the nature of the central core, suggesting an easy stacking along the columnar axis. Furthermore, these calculations also reveal that their rigid aromatic core adopt an elliptical shape, with a core aspect ratio of almost 2 (i. e. as roughly estimated by the quotient Dell/D'ell, diameter at equator/diameter at the poles, Table 1). The emergence of the hexagonal symmetry implies that the columns must exhibit a time-averaged circular cross-section which allows a homogeneous distribution of the aliphatic chains in the periphery. And indeed, the shape of the core/chain interface of the columns can take the shape of a cylinder by the continuous orientational change of the pseudo-elliptical mesogens along the stacking direction, with, if necessary, some tilt of the cores with respect to the lattice plane. 31 In all the Colhex mesophases, the area needed by the peripheral chains is highly compatible with the interface area offered by the stacked mesogens, since the ratio qcyl (Table 1) does not deviate much from unity (<10 % for CTP and FTP compounds). 32 The chains are therefore stretched and densely packed, allowing for facile orientational changes between neighboring molecules within and, obviously, between columns, resulting in the homogeneous distribution of the aliphatic chains at the periphery of the columns. The values of the molecular slices' thicknesses, hmol, deduced from the ratio between the molecular volume and the columnar area, are almost similar to those of hπ (hmol being slightly greater than hπ, Table 1) for CTP and FTP derivatives or identical to the stacking distance (hmol≈hπ, ψ≈0) for the LTP compounds, equivalent to a non-tilted stacking of the cores along the columnar axis for the latter. In order to manage the even distribution of the central protruding chain in the CTP compounds or the carbonyl fragment in the FTP ones, the molecules must therefore stack into columns with some small tilts (ψ≈20-30 for CTP and 30-40 for FTP, Table 1). These models (Figure 4) are in agreement with the high mesophase stability observed in these series of compounds.

The induction of the rectangular phase for the LTP systems is not in contradiction with the above, and the respective orientational changes between juxtaposed molecules must be somehow hindered by the presence of the two diverging methyl group that likely lock the molecules in a specific antiparallel arrangement. These features hamper the easy orientational changes along the piles of the π-stacked mesogens as the temperature is decreased and thus naturally lead to columns with an elliptical crosssection that arrange in a columnar phases of lower symmetry. The ratios between the molecular volume versus the area of the cell (Z=2) provide values for hmol that do not diverge from hπ, consistent with orthogonal stacking (ψ≈0). The area needed by the peripheral chains is also perfectly compatible with the interface area offered by the stacked mesogens, since the ratio qell (Table 1) is almost equal to unity for an elliptical columnar cross-section of aspect ratio 2. The variation of this ratio as a function of the grand elliptical diameter Dell, comprised between ca. 11 and 24 nm, is comprised between.0.9-1.05, highly compatible with the dimensions of the fluorene core (Table 1, Figure S66). The transition between Colrec and Colhex mesophases in these LTP compounds is thus due to both orientational and translational changes of the stacked mesogenic parts along the columnar axis.

Optical physical property Carbazole, fluorene and fluorenone are ubiquitous building blocks in electronic materials used for OLEDs, OPVs, and OFETs [2][3][4] and the optical properties materials containing these active units determine their future performances in optoelectronic devices.

The UV-vis absorption and photoluminescence of the different butterfly-like mesogens were measured in solution and films. For all, the π-extension increases the UV-vis absorption spectra to 400 nm, and for FTP to almost 500 nm, resulting from π-π*, and intramolecular charge transfer (ICT) absorption (Table S1, Figure 5 and Figure S56), independently of the chains' length. All these ditriphenylene compounds also emit in both solution and in thin films. The CTP compounds dissolved in THF emit blue light in 430-550 nm with quantum yield (QY) of 26-27 %, and the emission is slightly red-shifted (ca. 10 nm) in the film. All the LTP compounds show photoluminescence of blue light in the 360-520 nm range, with outstanding QY of 70 %, while the film fluorescence red-shifts by ca. 62 nm. On the other hand, FTP compounds photo-luminesce with orange-yellow light between 480 and720 nm in THF, with absolute QY around 21-28 %, the fluorescence of the film being red-shifted by 61 nm compared with the emission in solution. The topology of the chain affects the film luminescence profile and λem (Table 2, Figure S56). Usually polycyclic aromatic hydrocarbons (PAHs) exhibit diminished fluorescent efficiency due to extended π-conjugation and aggregation in solution. However, the annulated ditriphenylene derivatives LTP show very high QY of 70 % due to the lateral substituted dimethyl/dioctyl of fluorene core, which have potential application as fluorescent sensor and OLED materials. The blue-colored photoluminescence of CTP and LTP in solution and thin-film implied that these materials can be used in blue-light emitting OLED, as well as in electron-transport materials. 5,6 Molecular engineering of this semiconducting butterfly-shape coplanar ditripheylene DLCs effectively modulates the absorption and emission properties, HOMO/LUMO energy levels and energy gaps. The ground-state molecule geometries and the frontier molecular orbitals were calculated for these three compounds by density functional theory (DFT) at the level of B3LYP-D3/6-311 ++G (d,p) (Figure 6). The calculated HOMO/LUMO levels are -5.31 eV/-1.86 eV, -5.73 eV/-2.75 eV and -5.54 eV/-1.83 eV for CTP, FTP and LTP, respectively. These theoretical results agreed well with the experimental UV-Vis absorption and luminescence spectroscopies. As expected, FTP showed downshifted HOMO/LUMO levels and narrower energy gap than CTP and LTP derivatives, resulting from the introduction of electron-withdrawing ketone unit in the central part. Furthermore, the FTP's HOMO shows the electron density localized mainly on the two tetraalkoxy-triphenylene cores whereas for the LUMO, the electrons are distributed on the central fluorenone core. The more obvious intramolecular charge transfer (ICT) absorption of FTP was demonstrated by the contrast HOMO/LUMO wavefunction distribution in theory, and the red-colored sample (organogel) and red-shifted solution/aggregation emission in experiments. Gelling properties Organic gelators possessing very strong intermolecular interactions, such as π-π, dipole-dipole, or hydrogen bond can lock enough solvent molecules to form organic gels. Supramolecular gelators further tend to self-assemble into intricate 3D-networks made of nano-to micro-fibers, rods, tubes or bands. 33 The present fused ditriphenylenes are extended π-conjugated aromatics with long peripheral alkyl chains, and are thus expected to also aggregate in organic solvents and thus to be good candidates as π-gelators. To test their gelling abilities, a fixed amount of the sample was dissolved in different solvents by heating until complete dissolution and then were slowly cooled down. The formation of the organogels was confirmed by the "stable to inversion of the test tube" method (Figure 7 and Figure S59). The gel-forming of CTP12 and LTP10 compounds are summarized in Table 3. We found that indeed the CTP and FTP mesogens aggregate in organic solvents and show good gelling properties. In contrast, the fluorene derivatives LTP do not aggregate in solution as evidenced from the invariance of the 1 H NMR spectra aromatic signals with increasing concentration (Figure S44), and as result do not form gels. The presence of the chains at the tip of the fluorene core radiating out of the molecular plane (Figure S57), may disturb efficient π-π intermolecular interactions in solution and be responsible for the increase solubility in the solvents, consequently reducing its gelforming tendency. CTP12 can form organogel in nonpolar organic solvents such as hexane or cyclohexane, in concentration of 3.0 mg mL -1 (Figure 7). It also dissolves in hot polar solvents such as CH2Cl2 and CHCl3, but precipitates on cooling without forming gels. These gels emit blue-light under UV irradiation. FTP10 displays stronger ability than CTP12, locking both nonpolar solvents (hexane, cyclohexane, toluene) and polar solvents (CH2Cl2, CHCl3, THF) at much lower concentrations, of 2.5 mg mL -1 (Figure 7 and Figure S59). They emit strong yellow light under UV irradiation. As revealed by SEM, the morphology of the xerogel formed by CTP12 in apolar solvents showed densely packed 3D networks, composed of entangled nanofibrous structures with lengths of more than several micrometers and width of a few tens of micrometers (Figure 8a and Figure S60). For FTP10, both 3D networks of interwoven nanofibres and long helicoidal fibers are formed (Figure 8b and Figure S60), though the fibers appear much thinner than those in CTP12 xerogels, irrespective of the solvents. Interestingly, in mixed solvents, containing "good" (toluene) and "poor" (ethanol) solvents, it was found that each representative compound, including LTP10 (using dichloromethane instead of toluene) aggregates, and exhibits stable, complex networks of intermingled long fibers (Figure 8c-e and Figure S61).

Semiconducting Properties Self-organized columnar nanostructures consisting of two π-extended polycyclic aromatic hydrocarbons connected with carbazole, fluorene, and fluorenone moieties can be imagined as potentially microscopic supramolecular cables for charge carrier hopping pathways. Transient photocurrent time-of-flight (TOF) technique is a unique, accurate, direct and relatively simple method to measure charge carrier mobility of organic semiconductors with a very long charge hopping pathway through a distance of 15 to 20 μm along the π-π overlapping columns stacked by thousands of columnar molecules, very similar to their situations in electronic devices (from a few μm to 50 μm). We have investigated the photoconductive properties of four synthesized columnar mesogens with carbazole, fluorene, and fluorenone as central linking cores, respectively, by using the above mentioned TOF method, and the results are showed in Figure 9, and in more detail in supplementary information (Figures S67-S76 and Tables S7-S13). The transient photocurrent decay curves are all in good shape and non-dispersive, demonstrating the high purity of these molecular semiconductors and thermal stability and excellent homeotropic alignment behavior in ITO cells. CTP12 with carbazole linkage shows a hole mobility of ca. 1.3×10 -3 cm -2 V -1 s -1 at 190 °C in the Colhex phase, which substantially decreases to 4.2×10 -4 cm -2 V -1 s -1 on cooling, within the same range of 10 -4 -10 -3 cm -2 V -1 s -1 exhibited by the well-known triphenylene discogens, 34 reflecting the formation of fairly ordered 1D π-stacked nanostructures in the Colhex phase. The photoconductive mobility of CTP12 was fully reversible in successive heating and cooling runs, demonstrating that this carbazole-connected triphenylenes core is a good semiconducting columnar mesogen. On the contrary, FTP10 with a fluorenone linkage which has less alkyl chain in the core part shows higher hole mobility rate than CTP12, with a value of ca. 7.3×10 -3 cm -2 V -1 s -1 over the entire mesomorphic range (Colhex) in the cooling cycle, decreasing down to 4.3×10 -3 cm -2 V -1 s -1 at the transition to the crystalline phase. Both LTP10 and LTP12 compounds, with fluorene linkage, show low hole mobility values of ca. (4.4-5.6)×10 -4 cm -2 V -1 s -1 and (2.9-4.0)×10 -4 cm -2 V -1 s -1 , respectively, in the high temperature Colhex phase. However, on cooling in the Colrec phases, the hole mobilities rise and reach 2.6×10 -2 cm -2 V -1 s -1 and 6.5×10 -3 cm -2 V -1 s -1 at 110 °C and 100 °C, respectively. On subsequent cooling LTP10 and LTP12 in the lower temperature Mrec and Colrec' phases, the hole mobilities decrease to 9.8×10 -3 cm -2 V -1 s -1 and 2.9×10 -3 cm -2 V -1 s -1 , respectively, probably due to the charge trapping at grain boundary in poly domains of the highly ordered columnar mesophase.

In summary, these novel ditriphenylene columnar mesogens from carbazole, fluorenone, and fluorene show outstanding charge carrier transport properties mainly due to their larger π-electron systems especially for those fused with fluorenone and fluorene. The other factors contributing to the outstanding high TOF positive charge carrier mobility of LTP10/12 compared with other discotic mesogens 35,[START_REF] Bushby | Liquid crystalline semiconductors. Materials, properties and applications[END_REF] may include their higher ordered rectangular columnar (Colrec) mesophase (demonstrated by S/WAXS and POM results), as well as the decreased intracolumnar molecular dynamics by the lateral substitution of dimethyl groups on the fluorene core.

Conclusions

Several butterfly-shaped columnar liquid crystals featuring two triphenylenes fused with a central carbazole, fluorenone, and fluorene molecular moiety, respectively, have been synthesized. Their facile and straightforward synthetic strategy was accomplished by the Suzuki-Miyaura cross-coupling and Scholl oxidative cyclodehydrogenation tandem reactions. The polar CTP and FTP series display a single and broad mesophase, Colhex, with very high clearing temperatures. The dimethyl terms of the LTP series show a rich self-organizational behavior including both rectangular (Colrec) and hexagonal (Colhex) columnar mesophases. CTP and LTP in solution exhibit blue-light photoluminescence with absolute quantum yield of 27 % and 70 % respectively; while FTP solution emits yellow-light due to the intramolecular charge transfer (ICT), with absolute quantum efficiency of 28 %. CTP forms organogel in non-polar solvents; while polar mesogens FTP strongly gelate both polar and non-polar organic solvents; however, LTP cannot form organo-gel in in single solvent, but entangled fibrous networks emerged in mixture of good/poor solvents. Photocurrent time-of-flight results show that all compounds display hole mobility. In particular, LTP compounds show a hole mobility jump from (4.4-5.6)×10 -4 cm 2 V -1 s -1 , in the Colhex, up to almost 0.03 cm 2 V -1 s -1 (LTP10) in the lower temperature higher ordered phase, due to large π-π overlaps.

We believe that this generic synthetic strategy can be applied to other suitable electronically active molecular blocks in order to ease the construction and expand further the growing variety of more complex annulated π-extended optoelectronic materials with potential applications in various electronic film devices.

Experimental Section

All solvents and commercial reagents were used without further purification. The synthesis of the precursors (1 a-e, 2 a-e, 3 a-b, and 4 a-k, Scheme 1 and Scheme S1) and characterization (NMR, Figures S1-S43, HRMS, Figures S45-S55) are shown in the supplementary information.

(CTP12) 10-Octyl-2,3,6,7,13,14,17,18-octakis(dodecyloxy)-10H-diphenanthro[9,10-b : 9′,10′h]carbazole. To a 100 mL round bottom flask, 4 a (0.18 g, 0.09 mmol), then FeCl3 (0.09 g, 0.52 mmol) in dichloromethane (60 mL) and nitromethane (5 mL) were added, and stirred at room temperature. The reaction was tracked every 15 minutes. When the reaction was finished, the mixture was quenched by addition of cold methanol. Then, it was extracted with dichloromethane, dried over MgSO4, filtered and solvent removed by rotary evaporation. Purification with silica gel column chromatography (toluene/petroleum ether=1 : 1 v/v) and recrystallization with ethanol and ethyl acetate gave a yellow-green solid, CTP12 (0.09 g, 50 %). 1 H NMR (CDCl3, TMS, 400 MHz) δ (ppm): 9.34 (s, 2H, ArH), 8.33 (s, 2H, ArH), 8.29 (s, 2H, ArH), 8.15 (s, 2H, ArH), 7.88 (s, 4H, ArH), 4.58-4.61 (m, 2H, NCH2), 4.37-4.42 (m, 4H, OCH2), 4.25-4.33 (m, 12H, OCH2), 1.96-2.14 (m, 18H, CH2), 1.62-1.67 (m, 12H, CH2), 1.25-1.45 (m, 142H, CH2),0.87 (t, J=8.0 Hz, 27H, CH3). 13 C NMR (CDCl3, TMS, 100 MHz) δ (ppm): 149.72, 149.21, 148.87, 148.78, 141.75, 128.59, 125.06, 127.71, 124.10, 123.19, 123.09, 122.33, 114.59, 108.49, 108.14, 107.63, 107.29, 100.31, 70.17, 70.02, 69.78, 69.58, 31.94, 31.82, 29.80, 29.76, 29.73, 29.71, 29.67, 29.63, 29.62, 29.59, 29.50, 29.44, 29.40, 29.31, 28.63, 27.52, 26.30, 26.26, 22.70, 22.63, 14.12, 14.04. HRMS m/s (MALDI): [M] +. Calcd. for C140H229NO8: 2053.7577;Found: 2053.7578. Elemental analysis: Calcd. for C140H229NO8: C 81.85 %, H 11.24 %, N 0.68 %; Found: C 81.94 %, H 11.30 %, N, 0.30 %.

(CTP14) 10-Octyl-2,3,6,7,13,14,17,18-octakis(tetradecyloxy)-10H-diphenanthro [9,10-b : 9',10'h]carbazole. As above. (4 b) (0.21 g, 0.09 mmol), FeCl3 (0.09 g, 0.55 mmol) in dichloromethane (60 mL) and nitromethane (5 mL). Purification by silica gel column chromatography (toluene/petroleum ether=1 : 1 v/v) and recrystallization with ethanol and ethyl acetate resulted in a yellow-green solid CTP14 (0.1 g, yield 47 %). 1 H NMR (CDCl3, TMS, 400 MHz) δ (ppm): 9.32 (s, 2H, ArH), 8.32 (s, 2H, ArH), 8.27 (s, 2H, ArH), 8.13 (s, 2H, ArH), 7.87 (s, 4H, ArH), 4.55-4.58 (m, 2H, NCH2), 4.42 (t, J=8 Hz, 4H, OCH2), 4.25-4.31 (m, 12H, OCH2), 2.10-2.13 (m, 2H, CH2), 1.98-2.03 (m, 16H, CH2), 1.69-1.67 (m, 18H, CH2), 1.25-1.46 (m, 168H, CH2), 0.87 (t, J=8 Hz, 27H, CH3). 13 C NMR (CDCl3, TMS, 100 MHz) δ (ppm): 149. 77, 149.26, 148.91, 148.33, 141.77, 128.62, 125.09, 124.75, 124.15, 123.21, 123.13, 122.36, 114.60, 108.60, 108.24, 107.73, 107.39, 100.33, 70.20, 70.06, 69.82, 69.62, 31.92, 31.81, 29.79, 29.77, 29.74, 29.72, 29.70, 29.68, 29.65, 29.61, 29.60, 29.58, 29.51, 29.43, 29.37, 29.29, 28.62, 27.51, 26.29, 26.25 22.68, 22.61, 14.09, 14.01. HRMS m/s (MALDI): [M] +. Calcd. for C156H261NO8: 2278.0081; Found: 2278.0078. Elemental analysis: Calcd. for C156H261NO8: C 82. 22 %, H 11.55 %, N 0.61 %; Found: C 81.98 %, 11.22 %, N, 0.30 %. (FTP10) 2,3,6,7,12,13,16,17-Octakis(decyloxy)-20H-cyclopenta[1,2-b : 3,4-b']ditriphenylen-20-one. As above. 4 c (0.11 g, 0.07 mmol), FeCl3 (0.06 g, 0.39 mmol), in chloroform (60 mL) and nitromethane (5 mL). Silica gel column chromatography (toluene/petroleum ether=1 : 2 v/v). Recrystallization toluene and petroleum ether gave an orange-yellow solid FTP10 (0.09 g, 80 %). 1 H NMR (CDCl3, TMS, 400 MHz) δ (ppm): 8.35 (s, 2H, ArH), 8.18 (s, 2H, ArH), 7.91 (s, 2H, ArH), 7.56 (s, 2H, ArH), 7.43 (s, 2H, ArH), 7.41 (s, 2H, ArH), 4.36 (t, J=8.0 Hz, 4H, OCH2), 4.10 (t, J=4.0 Hz, 12H, OCH2), 1.92-2.07 (m, 16H, CH2), 1.62-

Scheme 1 .

 1 Scheme 1. Synthesis and chart of CTP, FTP and LTP butterflies and precursors. Reaction conditions: Suzuki coupling, Pd(PPh3)4, K2CO3, H2O/THF, 65 °C; Scholl annulation, FeCl3, MeNO2/CH2Cl2. R=CnH2n+1, with n=5, 8, 10,12 and 14. Chemical procedures are detailed in the supporting information.

Figure 2 .

 2 Figure 2. Representative POM images textures of CTP12 (120 °C), CTP14 (145 °C), FTP10 (260 °C), FTP12 (220 °C), LTP10 (185 °C) and LTP12 (180 °C), obtained on slowly cooling from the isotropic liquid. Additional POM images can be found in the Supplementary file (Figure S63).

Figure 3 .

 3 Figure 3. Phase diagram of the fused ditriphenylenes CTP12/14, FTP10/12, LTP5/8/10/12 and LTP58/88/108 (R=CnH2n+1). Second heating run shown. Cr: crystalline phase; Colhex: hexagonal columnar phase; Colrec and Colrec': rectangular columnar phases; Mrec: monotropic phase with a rectangular 2D symmetry (see S/WAXS analysis for mesophase identification).

Figure 4 .

 4 Figure 4. a) Small-and wide-angle X-ray scattering (S/WAXS) patterns of the three mesophases of LTP12 compound (chosen as a representative example) recorded on cooling at various temperatures. b) Evolution of the lattices' symmetry of the various mesophases of LTP12 as a function of temperature. Supramolecular organization in the Colrec and Colhex phases: the elongated shape of the aromatic core roughly approximates an ellipse of aspect ratio close to 2 with an interface area per peripheral chain sell; the ellipses adopt alternated orientations with respect to a-axis (p2gg) or are collinear to a-axis (c2 mm); the random orientational changes of the stacked cores, distribute the space-demanding radiating alkyl chains over the whole stack periphery and design average cylindrical columns of reduced statistical interface area scyl; elliptical and cylindrical columns arranging in rectangular and hexagonal lattices, respectively of parameter a and with molecular slice thickness hmol compared to π-stacking distance, hπ.

Figure 5 .

 5 Figure 5. (a) and (b) UV-Vis absorption and fluorescent spectra, measured in THF solutions at a concentration of 1×10 -5 mol/L with excitation of 365 nm for CTP, and 370 nm for FTP; at a concentration of 1×10 -6 mol/L with excitation of 300 nm for LTP; (c) photoluminescence of thin-films, measured at 25 °C.

Figure 6 .

 6 Figure 6. Calculated molecular frontier orbitals and energy levels for CTP, FTP and LTP homologs with methoxy radicals (More detailed diagrams of the HOMO-LUMO frontier orbitals can be found in Supporting Information).

Figure 7 .

 7 Figure 7. Gelation of CTP12 and FTP10 in various organic solvents: CTP12 in hexane (a) and cyclohexane (b); FTP10 in CH2Cl2 (c) and THF (d). Pictures of the gels in day light, 1-a/d, and the corresponding images under UV light (365 nm) 2-a/d.

Figure 8 .

 8 Figure 8. SEM images of xerogels of: (a) CTP12 in cyclohexane; (b) FTP-10 in hexane; (c) CTP12 in toluene/EtOH ("good"/"poor" solvent); (d) FTP10 in toluene/EtOH ("good"/"poor" solvent); (e) LTP10 in CH2Cl2/EtOH ("good"/"poor" solvent). Other SEM images are shown in Figures S60-S61.

Figure 9 .

 9 Figure 9. (Top) Samples of transient photocurrent decay curves of hole on cooling run in the Colhex phases for CTP12, at 160 °C, and for LTP10, at 190 °C; the insets show log-log plot, and the transit time at various electric field (2-5×10 4 Vcm -1 ) was labeled. (Bottom) Temperature dependence of charge carrier mobility for CTP12, FTP10, LTP10, and LTP12 on cooling (open circle) and heating (close circle).
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