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Electronic and optical properties of -conjugated materials are determined by their molecular structures and their supramolecular architectures. Discotic liquid crystals consist of -conjugated aromatic cores surrounded by various connected peripheral alkyl chains, which then self-organize into two-dimensional discotic columnar mesophases. They are of particular interest as they can be applied as charge carrier transport channels for optical and electronic thin-film devices. Order and dynamics are two unique features of discotic liquid crystalline semiconductors. Three star-shaped phenylene-bridged 1,3,5-triazine-triphenylene discotic liquid crystals TPPTn (n = 6, 8, 12) were synthesized by Suzuki-Miyaura cross-coupling reaction and characterized by 1 H and 13 C NMR, HRMS and EA. These TPPTn show good thermal stability by thermogravimetric analysis (TGA), with decomposition temperatures higher than 350 °C. UV-vis absorption and fluorescence measurements show that they possess outstanding fluorescence emission in solution, thin films and in solid state, and that the length of the alkoxy chains affects the fluorescence properties in films or solid state, due to slight changes of the molecular aggregation. TPPTn display aggregation-induced emission (AIE): the longer the alkoxy chains, the stronger the AIE; here, AIE effectively overcomes the disadvantage of aggregation caused quenching (ACQ) of -extended discotic liquid crystalline molecules. Further, TPPT6 exhibits a significant solvatochromism from blue to orange with increasing solvent polarity, due to intramolecular charge transfer (ICT), which thus provides a possibility for visual recognition of the solvent polarity. The fluorescence absolute quantum yield is up to 43%. Moreover, TPPT6 exhibits enhanced temperature-responsive fluorescence with increasing temperature in solution, which is different from the temperature quenching observed for traditional molecules; moreover, the fluorescence exhibits a reversible switching from green to blue with the increase/decrease of the temperature. Furthermore, TPPT6 has a clear acid-base stimulus-responsive fluorescence in the presence of CF3COOH/Et3N. 1 H NMR titration proves that the protonation of the triazine core is the main mechanism to acid discoloration. Based on the acid-base stimuli response phenomena, two kinds of fluorescent safety inks have been designed and demonstrated. DSC, POM and S/WAXS indicate that these starshaped molecules TPPTn have liquid crystal properties, self-organizing into columnar rectangular (Colrec) mesophase over large temperature range as wide as 278 °C. Trifluoroacetic acid (CF3COOH) modulates successfully the mesomorphic behavior of TPPTn by ionization of the triazine core. Finally, TPPT6 also displays electroluminescent properties, which can be used for the preparation of security inks and has been applied to green organic light-emitting diode (OLED), for which the luminous efficiency of the OLED reaches 7.41 lm/W. In conclusion, the star-shaped triphenylene-triazine TPPTn feature many potential applications as liquid crystalline semiconductors, fluorescent sensing, information encryption and organic light-emitting diodes.

Introduction

Just as a chameleon changes colour in response to its external environment, so too do smart synthesized stimulus-responsive luminescent materials (SRLMs) have the ability to respond to various changes in their external environment (light, electricity, heat, force, acid, concentration, etc.) [1]. SRLMs have potential applications in fluorescence anti-counterfeiting [2], chemical detection/sensing [3,4], cell imaging [5], light-emitting diodes (LEDs) [6], etc. Particularly in the context of the new coronavirus epidemic, their development and design in the biomedical field have been strongly encouraged by researchers [7,8]. In such a context, heteroatomic polycyclic aromatic sub-units [9,10] have been widely used in the design of new stimuli-responsive molecules due to specific electronic properties and coordination ability of the heteroatoms. Among the many conjugated heteroatomic molecular units available, the cyclic 1,3,5-homotriazine structure is particularly well suited, as it enables the conjugated system to be easily extended to obtain luminescent properties. Combined with the strong electronegativity of the N atoms, which determines their excellent electron accepting ability, these two features are attractive for the construction of intramolecular charge-transfer donor-acceptor (D-A) molecules that also offer fluorescence versatility [11]. The nitrogen lone electron pair of the triazine ring is also a good hydrogen-bond acceptor and a quaternizable unit, facilitating the construction of various reactive systems based on ion, acid-base and metal-ligand stimuli [12,13]. In summary, 1,3,5-triazine is an excellent unit for the construction of multi-stimuli responsive fluorescent materials. However, although the study of triazine derivatives has received some attention in the fields of optics (e.g., two-photon absorption [14], OLEDs [15], etc.), pharmacology [16] and supramolecular materials [17], reports on luminescent liquid-crystal semiconductor materials responsive to multiple stimuli are few.

In addition to the luminescent properties, the unique star shape of 1,3,5-homotriazine can be used as a module for the design of macromolecular liquid crystal materials [18]. However, due to their twisted propeller structure, it is often difficult for these molecules to exhibit high-order columnar stacking. Common strategies to overcome this drawback include lengthening the flexible chains to obtain nematic liquid crystals [19,20], increasing the number of flexible chains and extending the -conjugated system [21][22][23][24], stabilising the twisted triazine ring while reducing the rotational degree of freedom with the help of hydrogen bonding, and microphase separation of fluoroalkyl chains to obtain stable hexagonal columnar phases [25][26][27][28][29]. Discotic liquid crystals [33][START_REF] Zhao | Normal University[END_REF][START_REF] Deng | [END_REF], with the representative triphenylene [30][31][32], have been widely investigated in the field of organic semiconductor materials and displays because of their highly ordered self-assembled intermediate phases. The formation of liquid-crystalline phases is facilitated by the linking of triazine units to triphenylene structures via flexible chains [36][37][38][39]. This study focuses on the stimulus-responsive self-assembled liquid crystalline, optical and luminescence properties of novel triphenylene-triazine derivatives, both for their academic value and for their application potential.

Typically, discotic liquid crystals exhibit strong fluorescence in dilute solution due to the flatness of the aromatic core, while in the aggregated state, the strong intermolecular -stacking consumes the energy absorbed by the stack and exhibits aggregation-caused fluorescence quenching (ACQ) [40,41]. Liquid crystal displays do not emit light directly, and the need to supplement additional light sources leads to increase the energy consumption, limiting the application of liquid crystal materials. The discovery of aggregation-induced luminescence (AIE) and the proposed mechanism makes it possible to effectively overcome the ACQ effect, which has been difficult to avoid for a long time [42,43]. In this respect, distorted molecules [44,45] can produce strong fluorescence emission by aggregation. Therefore, the design and synthesis of AIE discotic liquid crystals are very valuable [46], since such materials can be applied to light-emitting diode OLEDs [47]. Triphenylene derivatives have been reported as red and blue OLED materials (mainly blue light) [48][49][50][51][52], whilst green triphenylene materials are rare and have high turn-on voltage and low luminous efficacy [48,51].

In this manuscript, a series of mesomorphous D-A TPPTn compounds were simply and efficiently synthesised by Pd-catalyzed Suzuki-Miyaura cross-coupling reaction between 1,3,5-homotriazine as the electron-acceptor stimuli-responsive luminescent unit and triphenylene as the electron-donor liquid-crystalline matrix. The molecular design was based on the rigid linkage triphenylene-triphenyltriazine to obtain star compounds (see Route 1). This study focusses on the stimulus-responsive fluorescence and self-assembled mesomorphous properties of TPPTn, as well as exploring possible new applications in acid-base sensing, information encryption and OLED devices.

Results and Discussion

Based on the experience of our group in the design and synthesis of discotic liquid crystal molecules [53,54], three target compounds, TPPT6/8/12, were synthesised simply and efficiently by Suzuki-Miyaura cross-coupling between bromotriphenylene and triazine phenylboronic acid derivatives. The detailed synthetic methods of the intermediates and the target compounds are shown in the Appendix. Their complete characterization was carried out by nuclear magnetic resonance ( 1 H and 13 C NMR) and high-performance liquid chromatography (HPLC). High resolution mass spectrometry (HRMS) and elemental analysis (EA) were used to characterise the target compounds (Figures S1-S12). Scheme 1. Star-shaped compounds triphenylene-phenyl-triazine TPPTn: molecular structure, nomenclature, synthesis and yields.

Thermal stability

Thermal stability is a crucial parameter for organic functional materials used in devices. Therefore, thermogravimetric analysis (TGA) of TPPT6/8/12 was first carried out under N2 atmosphere with a heating rate of 10 °C/min, and the results are shown in Figure S13 and Table S1. The onsets of the thermal decomposition (at 5% weight loss) were found at 375, 364 and 355 °C, respectively, which indicates a very high thermal stability for TPPTn compounds.

Photophysical properties and solvatochromism

Optical properties of the TPPTn were investigated in tetrahydrofuran (THF) solution and in solid and thin film (Figure 1). The two main absorption peaks of TPPT6/8/12 in THF solution are located at 278 and 364 nm, and the molar extinction coefficients of both peaks are greater than 10 4 L cm -1-mol -1 , which proves that there is intramolecular electron transition, and that the change of alkyl-chain length only causes a small change of the absorbance intensity. Fluorescence measurements of TPPT6/8/12 in solution, thin film and solid state (Figures 1b andS15) show good emission properties, and indicate a bimodal luminescence property in solution and solid state. The emission of TPPT6/8/12 is almost unchanged in solution for the three compounds, but the emission wavelength shows a certain degree of blueshift with the increase of the alkoxyl chain in both solid and thin film states, which evidences the influence of the aliphatic chain on the molecular aggregation state [55] as later confirmed by smallangle X-ray scattering (see below, SAXS, Figure S28).

Since absorption and emission spectra of the three terms of the TPPTn series in solution are not very different, the subsequent photophysical property studies were carried out on TPPT6 only. The geometrically optimized configurations of the TPPT1 molecule and the electronic density distributions of the ground and excited states were investigated at the level of theory of B3LYP/6-31G (d) by using density-functional theory (DFT). The results are shown in Figures 1d, S19 and S20. The optimal configuration of TPPT1 molecule is a twisted propeller-like molecule, and from the frontier molecular orbital (FMO) energy levels, it is clear that TPPT molecule is a typical D-A molecule.

For the HOMO, the electron density is mainly distributed on the electron donor triphenylene unit with high electron cloud density, while for the LUMO, the electron density distribution is significantly shifted due to the strong electron absorption of the electron acceptor triazine ring, which is mainly distributed on the central triazine ring and its attached phenyl groups, with the participation of triphenylene. It can be seen that TPPT molecule has an obvious ground state -excited state intramolecular charge transfer (ICT), which is the main reason why TPPT molecule has a strong electronwithdrawing ability, which affects the fluorescence emission of TPPT molecule.

In order to investigate the effect of the solvent polarity on the photophysical properties of TPPT6, UV-visible absorption and fluorescence emission were measured in six solvents, including cyclohexane (CHX), toluene and ethyl acetate (EA). The results are summarised in Figure 2, and Tables 1 Table S2 (see Supporting Information). The absorption band near 365 nm was slightly red-shifted with the increase of solvent polarity, and the fluorescence emission wavelength was red-shifted by 70 nm. The fluorescence intensity gradually decreases, and the fluorescence colour changes from blue to green and finally to dark orange-yellow. The Lippert-Mataga curve (see Appendix 8 for the formula) shows a straight line with an upward slope (slope = 9947). This indicates that the dipole moment of the excited state is larger than that of the ground state (i.e., the polarity of the excited state is larger than that of the ground state) [56]. Therefore, the greater the solvent polarity, the greater the difference between the dipole moment of the excited state and the dipole moment of the ground state. i.e. the more polar excited state is stabilized in the more polar solvent, the HOMO-LUMO energy gaps are reduced, and the luminescence wavelength is redshifted. At the same time, in a polar solvent, the dipole-dipole interaction in the solution increases, and the non-radiative decay is strengthened, the radiative channels are weakened or even closed, resulting in a decrease in fluorescence intensity [57]. The results show that TPPT6 has a strong solvatochromic behaviour and is the most important in the more polar solvents. This provides conditions for the visual recognition of solvent polarity, and TPPT6 has also been developed as a solvatochromic fluorescent light probe [58]. 

Aggregation induction effect

As seen above, TPPT6 is soluble in most organic solvents, but not in H2O. Therefore, the aggregation-inducing effect of TPPT6 was investigated using a mixture of tetrahydrofuran (THF) and H2O, and the results are shown in Figure 3.

The UV absorption spectra (Figure 3a) shows that the absorption wavelength is redshifted and the band broadened with increasing water content. 3a). This is the result of the increase of effective -conjugation due to the intermolecular accumulation of molecular aggregates, the higher the water content, the aggregation degree increases.

Variable concentration NMR (see Supporting Information, Figure S21) reveals that the chemical shifts of the hydrogen atoms of the aromatic nuclei shift to higher fields as the solution concentration increases. This is the result of the increased of intermolecular face-to-face - interactions between the molecules and the shielding of aromatic hydrogen atoms by the aromatic ring electron flow, which proves the existence of molecular aggregation phenomenon with increasing concentration [58][59]. Fluorescence spectra in pure THF shows that the fluorescence emission wavelength of TPPT6 is at 490 nm i.e. with lime green fluorescence. At 10% water content (v/v), the fluorescence intensity is halved and the emission wavelength is redshifted to 515 nm with yellow-green fluorescence. This is because water is a polar solvent, the degree of molecular aggregation is very small at this time, and it is mainly affected by the solvation of the polar solvent. The energy absorbed by the shift is consumed by the dipole-dipole interaction between the polar solvents and the free torsion of covalent single bonds. The fluorescence intensity increases from 10% to 90% of water content, and the solution with 90% of water content shows a bright greenish fluorescence, an unbiguous proof of the AIE effect. This is because TPPT6 is a three-bladed propeller twisted molecule. During water content increase, the molecular aggregation gradually blocks intramolecular rotations, suppressing the nonradiative decay. The non-radiative decay then is inhibited, the radiative channel is strengthened, and the energy of the excited state is released in the form of radiation, resulting in strong fluorescence [41][42][43]. It is noteworthy that a fluorescence burst occurrs at 10% water content, and the fluorescence spectra measured with a narrowing gradient in the interval of less than 10% water content (Figure 3d). The R2 = 0.986, indicates that TPPT6 has the potential to be used in the detection of micro-amounts of water.

In addition, the comparison of the AIE fluorescence spectra of TPPT6/8/12 (see Supporting Information, Figure S16) reveals that the alkyl chain-length has a significant effect on the AIE phenomenom, with a fluorescence enhancement of 1.8-fold for TPPT8 and 2.5-fold for TPPT12, which is attributed to the increase of the hydrophobicity of the TPPT molecules, as well as the free twisting of the single molecule state, resulting in relatively stronger aggregation and more pronounced fluorescence in high water content solutions [55]. The increase in temperature also increases the hydrophobicity of the solvent, thus facilitating the transition of the TPPT6 molecules from distorted to planar molecules. The conformations of TPPT molecules at 300 K and 350 K were calculated by MMPF94 force field separately (Figure 4d). The conformation at 350 K is more planar. The bridge (phenyl) connecting the electron donor and the acceptor parts shows obvious planarisation, which is conducive to intramolecular charge transfer and fluorescence emission, and thus fluorescence enhancement. This phenomenon is consistent with the thermochromic behaviour of triphenylamine D-A derivatives in solution reported in the literature [60]. In addition, the face-to-face stacking between the target molecules in dilute solution is strong during cooling, and the energy transfer between the excited high-energy and the low-energy ground states consumes energy, whereas heating increases the intermolecular gap and decreases the intermolecular interactions leading to the fluorescence enhancement. The linear relationship between fluorescence intensity and temperature was observed in the range of 25-75 °C (R2 = 0.98). TPPT6 also shows similar temperature stimulation responses in trichloromethane, THF, and other solvents. Therefore, TPPT6 has potential applications in temperature sensors and thermometers.

Acid-base stimulus response (acid-induced discolouration)

The nitrogen atom in the triazine ring of the TPPT6 molecule has a lone pair of electrons that acts as a Lewis base accepting protons for protonation. Based on this, the effects of TPPT6 in chloroform were investigated in trifluoroacetic acid (TFA) and triethylamine (TEA) to study the acid/base stimulation response, and the results are shown in Figure 5.

UV shows that the absorption at 360 nm is weakened upon addition of TFA, and a new broad absorption band appears at 430 nm, with an obvious red shift, indicating that TFA interacts with TPPT6 to form a new ionic compound. The fluorescence is quenched after the addition of TFA, and the colour of the solution changes from light yellow to dark red in the visible, and green in UV light, and the quantum yield decreases from 22% to almost 0.

Subsequently Et3N/CF3COOH was added to the solution alternately, and the fluorescence changes reversibly. What is interesting here is that this reversible discolouration behaviour does not only occur in solution, but also in solid and thin film states (Figures 5e,5f). A concentrated chloroform solution of TPPT6 was dropped onto filter paper or quartz glass, which dried naturally and showed a yellow colour and a strong greenish fluorescence under UV light. The filter paper was fumigated with TFA vapour, and the filter paper/film gradually turned orange-red, and the UV light showed a strong greenish fluorescence. The red colour faded and the fluorescence was restored by fumigation with TEA vapour. The fluorescence spectrum (Figure 5d) shows that the emission peak at 450 nm is greatly reduced after TFA fumigation and a new weak emission peak appears around 620 nm. This reversible change by acid/alkaline gas stimulation is attributed to the acid-base stimulus response. Experimental findings with TPPT6 showed the same discolouration phenomenon with HBr, TFA and trifluoromethanesulfonic acid (see Supporting Information, Figure S25).

The addition of TFA to the deuterated solution caused a high field shift of most of the aryl hydrogens ( 1 H NMR titration experiments, see Supporting Information, Figures S22-S24), suggesting a chemical reaction, and when TEA was added to the acidified mixture, the chemical shift was restored proving that the reversibility between protonation and deprotonation. The nature of the response to acid-base stimuli is demonstrated to be the result of reversible protonation and deprotonation reactions. Therefore, the mechanism of fluorescence extinction in solution and film by TFA and TPPT6 is mainly due to triazine ring ionisation. 

Mesomorphism

The mesomorphous behaviour of TPPT6/8/12 and TPPT6-H, a red solid compound formed by the fumigation of TPPT6 with trifluoroacetic acid, was investigated by polarized optical microscopy (POM) and differential scanning calorimetry (DSC), and the results are presented in Table 2, and Figures 6, S14 and S26 (see Supporting Information). TPPT12 and the ionic compounds exhibit optical dark fields caused by neatly aligned supramolecular columns orientated perpendicularly to the glass substrate, whereas the shorter-chain compounds exhibit focal conical texture. Differential scanning calorimetry show that TPPT6/8, TPPT6-H have only one heat endothermic peak during the second heating. The phase transition is identified by POM as the transition from a liquid crystal intermediate phase to isotropic liquid. TPPT12 undergoes two phase transitions, corresponding to solid-to-liquid crystal and liquid crystal-to-isotropic liquid, respectively. Comparison of TPPT6/8/12 reveals that the lengthening of the peripheral flexible chains leads to a significant decrease in the clearing point, and to the narrowing of the mesophase range.

Comparison of TPPT6 and TPPT6-H shows that TPPT6-H has a lower clearing point temperature of 43 °C and a more ordered stacking structure in POM, which is due to the formation of ionic bonds between the protonated triazine nitrogen atoms and the CF3COO-anion of TFA. The space-filling effect of the CF3COO-anion is responsible for the formation of a columnar phase of the "three-bladed propeller" molecule, which is more conducive to the orderly stacking of the molecules. This is also illustrated by the acid NMR titration of TPPT6. With the addition of TFA, the aryl hydrogens on the triphenylene unit show high-field displacement. The liquid crystal phases of the target compounds were investigated by smallangle/wide-angle X-ray scattering (S/WAXS, Figures 7 and8, and Table 3). After cooling from the isotropic liquid to the liquid crystal state, TPPT6/8/12 show broad and strong X-ray scattering peaks around 0.35-0.40 nm in the wide-angle region, which is the characteristic scattering peak of - stacking of aromatic nuclei in supramolecular columns, and the wide and strong dispersion peaks around 0.43-0.45 nm, which are the characteristic scattering peaks of alkyl chains in the liquid molten state. The rigid nuclei of the liquid crystal molecules show orderly stacked supramolecular columns while the flexible chains are in the liquid state. The structural analysis of the complex small-angle scattering patterns in combination with the geometrical size of the molecules suggest that the two-dimensional arrangement of the molecules in the liquid crystalline state is related to a supramolecular arrangement in a superlattice. The small-angle region of TPPT6 is dominated by two strong sharp peaks (2.35 nm, 1.59 nm) and two relatively weak scattering peaks (1.32 nm, 0.96 nm), which can be indexed according to Miller indices 21, 12, 32, 62, respectively, which are characteristic of a rectangular columnar phase. Measured and the theoretical values match perfectly. Similarly, in the small-angle region of the X-ray patterns of TPPT8 and TPPT12, strong and sharp features characteristic rectangular columnar phases corresponding to Miller indices 21, 40, 12 can be found. The strong and sharp scattering peaks in the small-angle region, 2θ<5°, are attributed to the orderly stacking of the electron-rich rigid units of triphenylene and phenyltriazine in a rectangular superlattice too.

For TPPT6/8/12, the lattice parameters a and b gradually increase with the elongation of the alkoxy chains (a = 7.104~9.868 nm, b = 3.321~3.885 nm); the corresponding cell areas (A) were 23.5924, 30.2308, and 38.3372 nm 2 . The results showed that TPPT6/8/12 self-assemble to form ordered rectangular columnar intermediate phase.

Considering the molecular geometry and size of the "three-bladed propeller", as well as the X-ray diffraction profile and data, the proposed supramolecular model for the columnar rectangular phases is represented in Figure 8. Security Information Technology (SIT) is an important technology for information processing. Based on the TPPT6 acid-base stimulus response, two security inks were designed (see Figure 9).

3 mg TPPT6 was dissolved in a 10 mL chloroform solution and diluted to 10 -5 mol/L to obtain ink 1. "ZKX" was written on a filter paper with a skimmed cotton pad dipped in the ink, the writing disappeared after drying. The message was initially encrypted, and the green colour of the writing was clearly visible under UV light. The filter paper was then fumigated with trifluoroacetic acid (TFA) vapour, TPPT6 was protonated into TPPT6-H, and the red letters "ZKX" appear in daylight, and the message is decrypted.

Then steam fumigate with triethylamine (TEA), TPPT6-H is deprotonated, and the red writing disappears, and the message encrypted again. Under UV light the letters are seen again (green fluorescence). Followed by alternating fumigation with TFA and TEA, repeated encryption and decryption of information is possible. TFA was added to ink 1 until the solution changes its colour to reddish-orange to yield ink 2, which was different from ink 1 in that it could write directly in red. Then, the information was repeatidly encrypted and decrypted by alternating fumigation with TEA and TFA vapour, respectively. In addition, the fluorescence spectra of TPPT6 in chloroform solution with different levels of TFA (see Supporting Information, Figure S18) showed that the fluorescence was gradually extinguished with the increase of TFA gradient, and the fluorescence intensity changed in a good logarithmic relationship with the concentration of TFA (R2 = 0.987), which proved that TPPT6 has the potential application value in acid sensing and information encryption.

Electroluminescence and Organic Light-Emitting Diodes (OLEDs)

Based on the good luminescence properties of TPPT6 in the solid state and the better charge transfer semiconductor properties of discotic liquid crystals, we explored the electroluminescence (EL) performance and application in solid-state organic light-emitting diodes (OLEDs). The device preparation was carried out according to the literature method [12,61]: Firstly, 5 g of silica gel was mixed with 20 mg of TPPT6 and then degassed in vacuum. The resulting mixture was cured with InGaN blue chips for 1 h to produce the OLED optics. The optical properties and chromaticity were measured and the results are shown in Figure 10 and Table S4 (see Supporting Information).

Through the electroluminescence optical spectrum of TPPT6, the OLED optics at 3.6 V turn-on voltage shows an emission peak at 502 nm. The OLED device shows good electroluminescence performance in a dark environment with a lime green light.

Combined with CIE1931 colour chart, the colour coordinates of OLED x = 0.2493, y = 0.4622, present a greenish light, with a colour temperature Tc = 7838 K, which is a cool colour light (Tc > 5000). times higher than that of the triphenylene-containing OLEDs reported by Kim et al. in 2013 [50] at the same current density/voltage and 3.5 times higher than that of the four triphenylene derivatives reported by Togashi et al. in 2012 [49], and than of the CTpCN OLEDs reported by Chantanop et al. [51] in 2022. The fluorescence efficiency is 1.59%, and does not change much under a wide current range from 175 to 275 mA, which indicates that the stability of the device is good in this range, which is favourable for potential application. The luminous efficacy (estimated by Ф=I-Sr, Sr is the sphericity, I is the luminosity) is also very good increasing linearly up to 8494 cd/m 2 .

In addition, the colour rendering index of OLEDs does not change significantly with the change of forward current, indicating that the device has good chromaticity stability. Therefore, TPPT6 has a good potential for application as OLEDs, which provides a good opportunity for the design, synthesis and preparation of all-organic green OLEDs.

Conclusion

Star-type triazine-triphenylene-containing functional molecules TPPT6/8/12 for photovoltaic applications were synthesised by Suzuki-Miyaura coupling reaction and properly characterised. All the molecules show good aggregation-induced luminescence, effectively overcoming the disadvantage of aggregation-induced fluorescence quenching observed in most discotic molecules.

TPPT6 exhibits obvious solvation discolouration by intra-substrate charge transfer in the D-A structure, which is definitely the most important factor in the development of the D-A structure. TPPT6 shows significant solvatochromism affected by the intrafraction charge transfer of D-A structure, and the absolute quantum yield could reach up to 43%; TPPT6 shows thermochromism with fluorescence enhancement with temperature increase in organic solution; TPPT6 shows acidic discolouration by protonation with TFA. TPPT6 exhibits acidic discolouration; TPPT6/8/12 have wide rectangular columnar (Colrec) liquid crystal intermediate phases, the widest of which reaches 278 °C. TFA can regulate the mesocrystalline behaviour through protonation/ionisation. TPPT6 has good electroluminescent properties and can be used for the preparation of OLEDs, with a maximum luminous efficacy of 7.41 lm/W. The triphenylene-triazine propeller compounds have potential applications in the fields of liquid crystal semiconductor materials, information encryption, and OLED lightemitting materials.

Figure 1 .

 1 Figure 1. UV-Vis absorption spectra of TPPT6/8/12 in THF (a); fluorescent emission spectra (b); fluorescence photos of TPPTn in various states (c); electron distribution in frontier molecular orbitals of TPPT1 (d).

Figure 2 .

 2 Figure 2. UV-Vis absorption spectra (a); fluorescence emission spectra (b) and Lippert-Mataga curve (c) of TPPT6 in different solvents, and inserted image is fluorescence photos (polarity increases from left to right).

Figure 3 .

 3 Figure 3. UV-Vis absorption spectra (a), PL emission spectra (b) and fluorescence intensity change map (c) of TPPT6 in THF/H2O with different water fraction. (d) for the water fraction between 0~10% of the fluorescence spectra, inserted picture for the fluorescence quenching fitting curve.

Figure 4 .

 4 Figure 4. UV-Vis absorption and fluorescence spectra of TPPT6 in lower and higher temperature in CH3COOEt (a); fluorescence wavelength variation with alternating heating-cooling (b); fluorescence spectra at 25~75 °C (c), insert, picture for the linear fitting of temperature and I/I0; (d) the TPPT molecular conformations at 300 K and 350 K.

Figure 5 .

 5 Figure 5. Photophysical properties of TPPT6 by acid-base (CF3COOH/Et3N) stimulation. UV-Vis absorption spectra (a); fluorescence periodic cycle diagram (b); emission spectra (c); solid sample fluorescence spectra before and after acid-base stimulation (d); sunlight/fluorescence images of solid samples (e); fluorescence images of thin films (f).

Figure 6 .

 6 Figure 6. POM photo micrographs of TPPT6/8/12 and TPPT6-H.

  Col rec : columnar rectangular mesophase; I, isotropic liquid; Cr: crystalline phase.[b] enthalpy change.

Figure 7 .

 7 Figure 7. Representative SAXS/WAXS patterns of TPPTn compounds at one temperature (left column) and with different temperatures (right column).

Figure 8 .

 8 Figure 8. Two-dimensional supramolecular packing model of TPPTn rectangular columnar liquid crystal phase (Colrec), a rectangular superlattice containing two molecules. (a) parallel and (b) antiparallel arrangements of the trimers.

Figure 9 .

 9 Figure 9. TPPT6 application as safety ink. Ink 1: diluted solution of TPPT6 in CHCl3; Ink 2: ink 1 and CF3COOH.

Figure 10 .

 10 Figure 10. Electroluminescence spectra of TPPT6 (a), CIE 1931 chromaticity diagram (b), forward current versus luminous efficiency at constant voltage, light intensity relationship diagram (c), photos of OLED devices with and without electricity (d). Varying the forward current at a constant voltage (3.6 V), the luminescence efficacy shows an inverted U-shaped curve in the forward current range of 25-350 mA, and reaches a maximum luminous efficacy of 7.41 lm/W at IF = 225 mA, which is nearly 35

  

  

Table 1 .

 1 Photophysical property parameters of TPPT6

	Compound	Solvent	λa	ε (×10 4 )	λe	QY	Δν
		CHX	360	19.62	449	43.02	5506
		toluene	362	21.27	454	42.20	5597
	TPPT6	EA THF	364 364	9.41 24.89	478 490	22.02 18.44	6552 7064
		EtOH	367	21.31	519	9.59	7980
		DMF	368	22.16	548	0.96	8925

[a] longueur d'onde d'absorption UV (nm); [ε] coefficient d'absorption molaire (L mol -1 cm -1 ); [e] longueur d'onde d'émission (nm); [QY] rendement quantique de fluorescence (%); [Δ] valeur du décalage de Stokes (cm -1 ).

Table 2 .

 2 Phase

transition temperatures and enthalpy changes of TPPT6/8/12 and TPPT6-H

[a] 

Table 3 .

 3 Mesophase's parameters of the star-shaped triphenylene-triazine TPPTn

	TPPT6	TPPT8	TPPT12
	Colrec	Colrec	Colrec
	a=7.104 nm, b=3.321 nm	a=8.692 nm, b=3.478 nm	a=9.868 nm, b=3.885 nm
	A=23.5924 nm 2	A=30.2308 nm 2	A=38.3372 nm 2
	Vmol=4.645 nm 3	Vmol=5.450 nm 3	Vmol=7.255 nm 3
	hmol=0.394 nm, Nmol=2	hmol=0.360 nm, Nmol=2	hmol=0.378 nm, Nmol=2

Lattice parameters: a, b; lattice area: A; molecular volume: V mol ; average molecular thickness, h mol ; number of molecules per lattice, N mol , deduced from N mol .V mol = A.h mol .
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