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Abstract

:

Gold(I) complexes are some of the most attractive materials for generating aggregation-induced emission (AIE), enabling the realization of novel light-emitting applications such as chemo-sensors, bio-sensors, cell imaging, and organic light-emitting diodes (OLEDs). In this study, we propose a rational design of luminescent gold complexes to achieve both high thermochemical stability and intense room temperature phosphorescence, which are desirable features in practical luminescent applications. Here, a series of gold(I) complexes with ligands of N-heterocyclic carbene (NHC) derivatives and/or acetylide were synthesized. Detailed characterization revealed that the incorporation of NHC ligands could increase the molecular thermochemical stability, as the decomposition temperature was increased to ~300 °C. We demonstrate that incorporation of both NHC and acetylide ligands enables us to generate gold(I) complexes exhibiting both high thermochemical stability and high room-temperature phosphorescence quantum yield (>40%) under ambient conditions. Furthermore, we modified the length of alkoxy chains at ligands, and succeeded in synthesizing a liquid crystalline gold(I) complex while maintaining the relatively high thermochemical stability and quantum yield.
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1. Introduction


Nanolights, consisting of organic or inorganic compounds with a size of a few nanometers, enable the emission of bright light, and are attracting growing interest in the fields of bio-imaging, sensing, energy harvesting, and displays [1]. Quantum dots as inorganic semiconductors continue to be at the forefront of nanolight development due to their commercial availability and facile fabrication to obtain a desired color [2]. However, the toxicity of the components used to prepare quantum dots (e.g., cadmium) limits their potential applications. To overcome this issue, various approaches and designs have been proposed [3,4]. One intriguing alternative is the use of organic materials, but a significant scientific challenge remains; although typical organic materials can show strong emission when dispersed, such as in solution, aggregation and condensation of the molecules quench this emission due to intramolecular interactions in a process known as aggregation-caused quenching. Pioneering research to address this challenge was performed in 2001 by the group of Tang [5,6,7], in which they proposed the concept of designing molecules with unique twisted shapes, such as tetraphenylethene, which restrict intramolecular interactions; these molecules strongly emit light in the aggregate phase. This phenomenon is referred to as aggregation-induced emission (AIE). Inspired by this pioneering research, numerous AIE materials have been investigated for applications such as chemo-sensors, bio-sensors, cell imaging, and organic light-emitting diodes (OLEDs). More recently, liquid crystalline AIE molecules have attracted much attention. Liquid crystals intrinsically have both the self-organized ordered structures and the tunability of structures by using external stimuli such as light, heat, electricity, etc. Thus, liquid crystalline AIE molecules provide us with a pathway for generating highly efficient, stimuli-responsive photoluminescent materials.



Among advanced liquid crystalline AIE molecules, light emissive metallomesogen, that is the liquid crystals containing metal centers (e.g., In, Ru, Re, Cu, Ni, Pd, Pt, Ag, Au, etc.), is a promising luminescent material [8,9,10,11,12]. This is because metallomesogens emit phosphorescence, which theoretically has the potential to yield bright light with 100% quantum yield. In particular, the d10 transition-metallomesogens, for example, containing Cu(I), Ag(I), Au(I), are an attractive choice for liquid crystalline AIE molecules since such metallomesogens hardly show any emission when dispersed but strongly emit phosphoresce in aggregates owing to metal–metal interactions. Based on this idea, we have previously synthesized a family of gold(I) complexes [13,14,15,16,17,18,19,20,21,22,23]. Gold complexes enable Au–Au (aurophilic) interactions in an aggregate state where the gold atoms approach a range of 2.8 to 3.6 Å [24]. Many researchers have reported that aurophilic interactions generate strong luminescence from aggregated complexes; thus, gold complexes are well known to be AIE active materials. Our design concept relies on the reduction of steric hindrance around the gold(I) ions to promote aurophilic interactions. For example, we have designed luminescent trinuclear gold complexes based on this concept. We reported a gold(I) complex exhibiting crystal polymorphism that we were able to reversibly tune to provide luminescence from purple to red by crystalline-to-crystalline phase transitions [20]. We also developed a mononuclear rod-like gold-acetylide complex, 1, as shown in Figure 1, which displayed extremely intense phosphorescence (i.e., the quantum yield (Φ) was 0.5) from crystals at room temperature, and possessed liquid crystallinity [23].



Recently, we developed gold complexes 2a and 2b with N-heterocyclic carbene (NHC) ligands, which have extraordinarily strong σ-donor properties that can facilitate stable metal-organic bonds. The gold(I) NHC complexes exhibited very high thermochemical stability; decomposition temperatures were higher than 280 °C [14]. In addition, complex 2a displayed mechanochromism, in which the luminescence significantly changed from orange to deep blue upon grinding due to changes in the crystal structure.



Inspired by our previous research, we wanted to investigate whether highly stable gold(I) complexes exhibiting intense room-temperature phosphorescence could be obtained by combining the molecular units of complexes 1 and 2. In this work, therefore, we designed and synthesized a series of complexes containing both acetylide and NHC ligands as complexes 3a and 3b, see Figure 1. Here, we discuss the thermodynamic behavior and photophysical properties of the new complex 3 by comparing them with the previously reported complexes 1 and 2. We found that both thermochemical stability and luminescence efficiency can be enhanced by combining acetylide and NHC ligands in gold(I) complexes 3, which is based on our earlier investigations of complexes 1 and 2. Furthermore, we found that the modification of the length of alkoxy chains at ligands greatly affected the liquid crystallinity of the resultant complexes, and succeeded in synthesizing a metallomesogenic AIE material.




2. Materials and Methods


2.1. Materials


The synthesis and purification of complexes 1 and 2 have already been reported [14,23,24,25,26]. New complexes 3 were synthesized by a facile one-step procedure from complexes 2 and 1-ethynyl-4-hexyloxybenzene, as shown in Scheme 1. All solvents and reagents were reagent grade and commercially available, and they were used without further purification unless otherwise stated. 1H NMR spectra were recorded in CDCl3 at 400 MHz using a ECS-400 spectrometer (JEOL, Tokyo, Japan). Chemical shifts are reported in parts per million (ppm) using the residual proton in the NMR solvent as an internal reference. IR spectra were obtained using the KBr disk method with an FT/IR-610 spectrometer (JASCO, Tokyo, Japan), and all spectra are reported in wavenumbers (cm–1). HRMS were recorded with a JMS-700 spectrometer (JEOL, Tokyo, Japan). Elemental analyses for C, H, and N were conducted with a MICRO CORDER JM10 analyzer (J-SCIENCE, Tokyo, Japan).




2.2. Synthesis of Au Complex 3a


Chloro(1,3-dimethylbenzimidazolin-2-ylidene)gold(I), 2a, (64 mg, 9.2 mmol), 1-ethynyl-4-hexyloxybenzene (0.10 g, 0.51 mmol), and sodium hydroxide (23 mg, 0.56 mmol) were added to CH2Cl2 (20 mL) and methanol (10 mL), and the mixture was stirred at room temperature for 20 h. The mixture was extracted with CH2Cl2, then washed with water and brine. The organic layer was dried with anhydrous sodium sulfate and was concentrated by evaporation. The crude product was purified by recrystallization from a mixed solvent system of CH2Cl2 and hexane to afford 3a as colorless needles (80%, 74 mg, 0.14 mmol). m.p.: 189 °C. 1H NMR (CDCl3, δ): 7.47–7.44 (m, 6H; 4,5,6,7-H of benzimidazole, 2,6-H in phenyl), 6.77 (dd, J = 6.8, 2.3 Hz; 2H; 3,5-H of phenyl), 4.06 (s, 6H; (NCH3)2), 3.93 (t, J = 6.6 Hz; 2H; OCH2), 1.76 (quin, J = 7.0 Hz; 2H; OCH2CH2), 1.44 (quin, J = 7.2 Hz; 2H; O(CH2)2CH2), 1.39-1.28 (m, 4H; O(CH2)3(CH2)2), 0.90 (t, J = 7.0 Hz; 3H; O(CH2)5CH3) (Figure S1 in the supplementary materials). IR (KBr, ν): 3033, 2937, 2856, 1604, 1505, 1241, 740 cm−1. HRMS (FAB) m/z: [M + Na]+ calcd. for C23H27AuN2ONa, 567.1674; found, 567.1687. Anal. calcd. for C23H27AuN2O: C, 50.74; H, 5.00; N, 5.15; O, 2.94; Au,36.17; found: C, 50.68; H, 4.73; N, 5.23; O, 3.42; ash, 35.94.




2.3. Synthesis of Au Complex 3b


Using the same procedure as described for 3a, complex 3b was obtained from the corresponding complex (2b) as colorless needles in 86% yield. m.p.: 207 °C. 1H NMR (CDCl3, δ): 7.44 (dd, J = 6.8, 2.3 Hz; 2H; 2,6-H of phenyl), 6.85 (s, 2H; 4,7-H of benzimidazole), 6.77 (dd, J = 6.8, 2.3 Hz; 2H; 3,5-H of phenyl), 4.03 (t, J = 6.6 Hz; 4H; benzimidazole-(OCH2)2), 3.98 (s, 6H; (NCH3)2), 3.93 (t, J = 6.6 Hz; 2H; phenyl-OCH2), 1.87 (quin, J = 7.0 Hz; 4H; benzimidazole-(OCH2CH2)2), 1.76 (quin, J = 7.0 Hz; 2H; phenyl-OCH2CH2), 1.51 (quin, J = 7.4 Hz; 4H; benzimidazole-(O(CH2)2CH2)2), 1.44 (m, 2H; phenyl-O(CH2)2CH2), 1.39–1.29 (m, 12H; benzimidazole-(O(CH2)3(CH2)2)2, phenyl-O(CH2)3(CH2)2), 0.91 (m, 9H; benzimidazole-(O(CH2)5CH3)2, phenyl-O(CH2)5CH3) (Figure S2). IR (KBr, ν): 3053, 2927, 2869, 1603, 1504, 1462, 1264 cm−1. HRMS (FAB) m/z: [M]+ calcd. for C35H51AuN2O3, 744.3572; found, 744.3565. Anal. calcd. for C35H51AuN2O3: C, 56.44; H, 6.90; N, 3.76; O, 6.44; Au, 26.46; found: C, 54.52; H, 6.42; N, 3.74; O, 6.77; ash, 28.55.




2.4. Single Crystal X-ray Structure Analysis


Single crystals of gold(I) complexes 3 were obtained by slow evaporation from a mixed solvent system (1:1 hexane/dichloromethane (v/v)). Each crystal was mounted on a glass fiber and the omega scanning technique was used to collect the reflection data using a Bruker D8 goniometer with monochromatic Mo Kα radiation (λ = 0.71075 Å). To investigate the actual crystal structure of in-use materials, the measurements were performed at ambient temperature (296 K). The initial structure of each unit cell was determined using a direct method in APEX3. The structural models were refined using a full-matrix least squares method in SHELXL-2014/6 [27,28]. All calculations were performed using SHELXL programs. The crystal data for complexes 3a and 3b are summarized in Table S1, see Supporting Information, and have been deposited in the Cambridge Crystallographic Data Centre (CCDC) database (CCDC: 1876552 for complex 3a, 1876306 for complex 3b).




2.5. Thermochemical and Photoluminescence Properties


The thermochemical stabilities of Au complexes were analyzed with a thermogravimetric/differential thermal analyzer (TG/DTA; DTG-60AH, Shimadzu, Kyoto, Japan) at a heating rate of 5.0 °C min−1. The phase transition properties of Au complexes were observed with a polarized optical microscope (POM; BX51, Olympus, Tokyo, Japan) equipped with a heating/cooling stage (HCS302, Instec). The thermodynamic parameters were determined using differential scanning calorimetry (DSC) (X-DSC7000, SII) at heating and cooling rates of 5.0 °C min−1 for complexes 1, 2a, and 3a, and 2.0 °C min−1 for complexes 2b and 3b. UV-vis absorption spectra were recorded using a V-500 spectrophotometer (JASCO, Tokyo, Japan). Steady-state photoluminescence spectra were obtained using a F-7000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan). Photoluminescence quantum yields were measured using a calibrated integrating sphere system (Hitachi). Photoluminescence lifetimes were determined using a Nd:YAG laser (Continuum, Minilite II; λ = 355 nm, FWHM = 4 ns, repetition rate = 10 Hz) as the excitation source, with decay profiles recorded using a streak camera (C7700, Hamamatsu Photonics, Hamamatsu, Japan).





3. Results and Discussion


3.1. Synthesis and Structural Characterization of Complexes


Au complexes 3 were synthesized by referring to previous reports [14,23]. Complex 2a was prepared from commercially available 1,2-diaminobenzene derivative in two steps; complex 2b was also obtained similarly from the corresponding 1,2-diaminobenzene derivative, which was synthesized according to the previous report [14] in two steps. The complexes 2 were then treated with 1-ethynyl-4-hexyloxybenzene to yield the desired complexes 3 as crystals after recrystallization. The synthesis and characterization of complexes 1 and 2 have already been reported [14,23]; the same spectral data were obtained here. New complexes 3 were fully characterized by 1H NMR spectroscopy, IR spectroscopy, HRMS, elemental analysis, and X-ray crystallography. The analytical data for new complexes 3 are given in Section 2.2 and Section 2.3. The data confirm that the desired complexes were obtained at considerably high purity.



Single crystals of all complexes were obtained by slow evaporation from a mixed solvent system (1:1 hexane/dichloromethane (v/v)). The molecular structures and crystal structures of the complexes obtained using single-crystal X-ray structural analysis are shown in Figure 2 and Figure S3 and the crystallographic data are listed in Table S1. To analyze structure–property relationships, the interatomic distances between neighboring Au atoms and Au–CNHC bond lengths are summarized in Table 1. The sum of the van der Waals radii of two Au atoms is 3.6 Å [24,29]. Any intermolecular Au–Au distance ≤3.6 Å indicates the existence of aurophilic interactions; thus it can be concluded that aurophilic interactions occur for acetylide-containing complex 1 and NHC-containing complexes without alkoxy substituents on the phenyl ring of the benzimidazole, viz. 2a and 3a. Incorporation of two flexible chains on the NHC ligand increases steric hindrance around the Au atoms, and, therefore, 2b and 3b do not exhibit aurophilic interactions [30].




3.2. Thermal Properties


To assess the thermochemical stability of the gold complexes, we carried out TG/DTA measurements from 25 to 600 °C at a heating rate of 5.0 °C min−1 in air. Here, the thermal decomposition temperature (Tdec) is defined as the temperature at which 5% loss of mass occurs during heating. The TG/DTA thermograms obtained for complexes 3 are shown in Figure 3, and Tdec for each complex is listed in Table 1. The Tdec for complexes 3a and 3b were found to be 278 and 291 °C, respectively; these data confirm that both complexes 3 have nearly the same Tdec as 2, and that they are more thermally resistant than complex 1.



Comparing the TGA thermograms of all the complexes provides useful information about the thermal decomposition behavior (Figure 3 and Figure S4). As reported previously, complex 1, having both isocyanide and acetylide ligands, showed 18% mass loss at its Tdec (159 °C), which corresponds to the mass percentage of the isocyanide ligand (20%); therefore, it was concluded that bond cleavage between the isocyanide ligand and Au atom is the first step of thermal decomposition for complex 1 [23]. At 380 °C, the second mass loss of complex 1 occurred gradually until the residual mass reached 41%, which corresponds to the mass percentage of the Au atom, suggesting that the acetylide ligand was cleaved at this temperature as the second thermal decomposition process and that metallic Au(0) finally remains. On the other hand, complex 2a exhibits a 40% mass loss at its Tdec, (298 °C), which corresponds to the mass percentage of the NHC ligand, and then the gradual second mass loss occurs until the residual mass is that of Au [14]. The same behavior was observed for 2b. The results obtained from complexes 1 and 2 suggest that both the NHC ligand and phenyl acetylide ligand form a stable bond with the Au(I) ion, and that those bonds are cleaved at ~300 °C or higher.



In the case of 3a, the Tdec was observed at 278 °C with the drastic mass loss of 33% and remained until ~380 °C, whereby the loss at this first decomposition stage roughly matches the mass percentage of the NHC ligand (27%). The second mass loss of 30% took place gradually from 380 °C until the residual mass reached 38% at 600 °C. The final residual weight effectively matched with the mass percentage of Au atom (36%). Similar thermochemical behavior was observed for 3b. By analogy with complexes 1 and 2, it can be concluded that the first mass loss at ~290 °C is attributable to elimination of the NHC ligand from the complex, and the second mass loss process is assigned to the liberation of the acetylide ligand. Namely, substitution of the isocyanide ligand in complex 1 by the NHC ligands enhances the thermochemical stability of Au(I) complexes.



From the aforementioned discussion, the general relationship between the chemical structure and thermochemical stability of NHC Au(I) complexes can be identified. The thermal decomposition of the complexes containing NHC ligands is initiated from the cleavage of the Au–CNHC bond; thus, we can hypothesize that the thermochemical stability of those complexes is affected by the Au–CNHC bond strength. In Table 1, the Au–CNHC bond lengths are summarized and juxtaposed against Tdec. Comparing the data of complexes 2 and 3, it can be seen that there is a relationship between the bond length and thermochemical stability. In general, the shorter the bond length, the higher the stability, and, therefore, the larger the bond dissociation energy is. Accordingly, it can be concluded that the Au–CNHC bond length determines the thermochemical stability of the NHC Au(I) complexes of this type.



The thermodynamic properties of the Au complexes were studied using differential scanning calorimetry (DSC) and polarized optical microscopy (POM). The phase transition behaviors are summarized in Table 2. The liquid crystal (LC) phase was identified as nematic (N) or smectic (Sm) by POM, based on the optical textures observed, see Figure 4. Complex 1 exhibited an enantiotropic N phase [23]; however, complexes 2 did not show any LC phases at any temperature. Generally, rod-like molecules with a high aspect ratio tend to exhibit the LC phase. We reported that molecules of complex 1 formed dimers oriented anti-parallel via the Au–Au interaction, and that these act as unit mesogens possessing a high aspect ratio [23]. In the case of complex 2b, no LC phase was observed due to the wider benzimidazole moiety relative to the phenylacetylene moiety of complex 1, which results in an aspect ratio of the mesogenic core that is insufficient to form LC phases in both its monomeric and dimeric forms.



Complex 3b, in which the phenyl acetylide ligand was introduced to complex 2 to enlarge the aspect ratio of the mesogenic core, exhibited a monotropic Sm phase. Conversely, 3a did not show liquid crystallinity. This indicates that incorporation of two hexyloxy chains in the benzimidazole unit is important to decrease the crystallinity in order to obtain liquid crystallinity. The exothermic peak corresponding to the phase transition from an isotropic (I) phase to Sm phase was not observed for 3b in the DSC thermogram; moreover, the characteristic X-ray diffraction of the Sm phase could not be observed. As shown in Figure 4c, the endo- and exothermic peaks for Sm-to-I phase transitions are broad for this complex. In addition, the temperature range of the Sm phase is narrow. Therefore, signals indicating the existence of the Sm phase could not be observed with DSC and X-ray diffraction measurements. However, batonnet texture, which is typical for SmA or SmC phases, was observed at 200 °C with POM (Figure 4b and Figure S5), and the material exhibited fluidity upon application of shear stress at this temperature. In addition, we identified the Sm phase by investigating the extinction angle: The POM image shows a dark area or line where mesogenic molecules align parallel to the polarizers of POM. As a result, the POM image of the batonnet texture with the growth direction parallel to the direction of polarizers became dark. When the batonnet growth direction is parallel to the normal direction of smectic layers, the molecular alignment in each layer is along the normal direction of smectic layers. This clearly means that complex 3a possesses a SmA LC phase. From the above arguments, we conclude that both liquid crystallinity and high thermal stability can be achieved by introducing both NHC and acetylide ligands to the Au(I) complexes.




3.3. Photophysical Properties


UV-vis absorption and photoluminescence spectra of Au complexes in solution (CH2Cl2) are shown in Figure 5. All complexes exhibit an absorption band in the UV region, but no bands appear in the visible region, confirming complete transparency, which is a favorable property for luminescent materials. The molar extinction coefficients of all complexes at the absorption maxima (λmaxabs) were ~104 L mol–1 cm–1. This absorption band can be attributed to a ligand-based π–π* transition.



Complexes 2a and 2b displayed different λmaxabs (λmaxabs = 288 nm for 2a and 306 nm for 2b) and band shapes. The red shift of λmaxabs for 2b may be due to electron donation from the hexyloxy groups introduced to the phenyl ring of the benzimidazole unit. The absorption spectrum of 3a appears to be the sum of the spectra for complexes 1 and 2a. Two absorption bands are observed for 3b at ~300 nm and ~320 nm; both absorption bands correspond with those of 1 and 2b, respectively.



Next, we investigated the photoluminescence properties of complexes in dilute solutions (10-6 mol L-1). New complexes 3a and 3b exhibit the same luminescence band at ~340 nm, which is the same wavelength observed for complex 1. Complexes 2a and 2b both displayed the same luminescence at longer wavelength (~360 nm), which indicates that introduction of the long alkoxy tails on the phenyl ring of 2b does not affect the electronic structure of its luminescent-excited state. The emissions observed for all complexes in the UV region in dilute solution are likely from metal-to-ligand charge transfer (MLCT) or ligand-based π–π* transitions of the monomer (i.e., emission from the isolated molecule and not aggregates) [31,32]. Furthermore, comparison of the luminescence spectra of complexes 1 and 3 indicate that the luminescent-excited state of complexes 3a and 3b are localized on the phenylacetylene moiety.



Figure 6a shows the photoluminescence spectra of the complexes as crystals. The gold(I) complexes exhibited intense photoluminescence in the solid state, see Figure 6b; complex 1 in particular possesses a very large quantum yield [23]. The luminescence bands from the crystals were significantly red-shifted compared with those of dilute solutions, suggesting that luminescence arises from a lower energy level excited state, such as the triplet state, when in the solid state. The luminescence spectra from crystals of complexes 1, 3a, and 3b were nearly the same, with a band appearing around 450 nm with a vibronic structure.



Complexes 2a and 2b showed luminescence bands at different wavelength from those of the other complexes in the solid state. As we previously reported, although the luminescence behavior of complexes 2a and 2b was nearly the same in dilute solution, significant differences were observed in the luminescence spectra of the crystals [14]. The complex 2a crystals produce two luminescent bands at 430 nm and ~600 nm; by contrast, crystals of 2b exhibit only one luminescence band at a shorter wavelength. Consequently, crystals of 2a and 2b showed distinct luminescence colors; orange and blue photoluminescence could be observed with the naked eye upon UV irradiation of the 2a and 2b crystals at 365 nm, respectively, see Figure 6b. Moreover, only the crystals of 2b exhibited a very small luminescence band in the UV region at 350 nm. The spectral shape and wavelengths of the luminescence bands in the UV region observed from crystals of 2b were identical to those observed in dilute solution, and thus, we can assign this small luminescence band at 350 nm to fluorescence emitted from the monomeric-excited state [14]. As we reported, the luminescence band at 600 nm observed only for 2a is due to the intermolecular Au–Au interaction, and are assigned to a metal–metal-to-ligand charge transfer (MMLCT) band [14].



The photoluminescence lifetime (τ) of the crystals was measured for each complex. The decay profiles are shown in Figure S7, and the results are summarized in Table 3. The decay profiles were fitted with a single-exponential function. Single-exponential decays were observed for new complexes 3a and 3b with a time scale longer than 30 µs; additionally, those for the remaining complexes are also on the order of the µs timescale. These results indicate that the observed photoluminescence from the crystals is phosphorescence.



As displayed in Table 3, all complexes exhibited phosphorescence with considerably high quantum yield (Φ = 0.12–0.50) at room temperature under ambient conditions. This strong room temperature phosphorescence in air is explained by the combination of the following three points: (1) crystallization-induced phosphorescence, as previously reported by Tang et al., occurs when densely packed crystals prevent penetration of molecular oxygen from quenching the triplet excited state [33]; (2) the heavy atom, Au, exists in the densely packed lattice, which induces both internal and external heavy atom effects simultaneously, and enhances the rate of both the spin-forbidden singlet-triplet intersystem crossing and triplet-singlet radiative transition; and (3) internal motions such as vibration and rotation of molecules, which result in non-radiative deactivation of excited states, is effectively restricted by intermolecular interactions in the densely packed crystals.



Compared with complexes 2, complexes 3 showed larger Φ for room temperature phosphorescence. As mentioned above, the excited state for luminescence in complexes 3 mainly involves the phenylacetylide ligand in dilute solutions. Furthermore, complexes 3 exhibited luminescence bands with the same vibronic structure and at the same wavelength as complex 1, suggesting that the luminescent-excited state of 3 still involves the phenylacetylide ligand; complex 1 displayed high room-temperature phosphorescence Φ, even for the crystals in the solid state. This suggests that the room temperature phosphorescence Φ could be improved by introducing a phenylacetylide ligand. As summarized in Table 3, except for the band at 440 nm in complex 2a, all complexes possess almost the same rate constant for the radiative transition, kr, for the crystals: ~1 × 104 s−1. However, the rate constants for non-radiative deactivation, knr, are significantly larger for complexes 2a and 2b (~8 × 104 to 3 × 106 s−1) compared with those of the other complexes (~1 × 104 to 2 × 104 s−1); ratios of both rate constants, knr/kr, are 8–20 for complexes 2 and 1–2 for the others. Namely, the excited state involving the NHC ligand follows a fast non-radiative deactivation pathway. By introducing the phenylacetylide ligand, the luminescent-excited state is localized on the phenylacetylide ligand. As a result, the non-radiative deactivation process could be suppressed, leading to improved room temperature phosphorescence.





4. Conclusions


In conclusion, we synthesized gold(I) complexes 3a and 3b that exhibited both high thermochemical stabilities and intense room temperature phosphorescence (Φ = 0.43 for 3a, 0.33 for 3b) as crystals under ambient conditions, merely by the incorporation of NHC and acetylide ligands. We experimentally demonstrated that the NHC ligand was essential for increasing the thermochemical stabilities, and that the excited state localized on the NHC ligand produces fast non-radiative decay. On the other hand, incorporation of both NHC and phenylacetylide ligands could suppress the non-radiative decay process. This indicates that the electron distribution in the excited state is localized not on the NHC ligand, but on the phenylacetylide ligand. Therefore, complexes containing phenylacetylide ligands exhibited higher Φ. Of particular interest here are the results that provide us with guidelines toward the design of luminescent gold(I) complexes. Namely, we can design molecular functionalities with properties such as thermochemical stability and high phosphorescence quantum yield separately, and then incorporate these different rationally designed ligands in gold(I) complexes. Furthermore, we found that the modification of the length of alkoxy chains at each ligand enables us to generate liquid crystallinity while maintaining both the thermochemical stability and the phosphorescence quantum yield. We believe that the rational design of each ligand could allow for the desired properties of materials on demand, opening up the development of luminescent materials for next-generation photonic applications.
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Figure 1. Molecular structure of gold complexes used in this study. 
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Scheme 1. Synthetic route to gold complexes 3a and 3b. 
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Figure 2. Crystal structure of gold complexes. Color legend: gray, C; red, O; purple, N; green, Cl; orange, Au. Intermolecular Au–Au interactions are indicated with a red line. 
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Figure 3. Thermogravimetric/differential thermal analyzer (TG/DTA) thermograms of complexes 3 in air (heating rate = 5.0 °C min–1): (a) 3a and (b) 3b. 
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Figure 4. Polarizing optical micrographs of Au complexes 1 and 3b under crossed polarizers: (a) 1 at 78 °C in the 1st cooling process (N phase); (b) 3b at 200 °C in the 2nd cooling process (SmA phase). White arrows show the direction of polarizers. (c) Differential scanning calorimetry (DSC) thermograms of complexes 3b. Scanning rate: 2.0 °C min–1. 
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Figure 5. Photophysical properties of Au complexes in dilute CH2Cl2 solutions: solid line, absorption spectra; dashed line, photoluminescence spectra. (a) Complexes 1 and 2 and (b) complexes 3. UV-vis absorption concentrations: [1] = 2.7 × 10−5 mol L−1, [2a] = 4.5 × 10−5 mol L−1, [2b] = 4.0 × 10−5 mol L−1, [3a] = 2.0 × 10−5 mol L−1, [3b] = 2.0 × 10−5 mol L−1. Luminescence concentrations: [1] = 2.7 × 10−6 mol L−1, [2a] = 4.5 × 10−6 mol L−1, [2b] = 4.0 × 10−6 mol L−1, [3a] = 2.0 × 10−6 mol L−1, [3b] = 2.0 × 10−6 mol L−1. The excitation wavelength of the luminescence spectra (λex) was 280 nm. 
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Figure 6. Photoluminescence spectra of Au complexes as crystals at room temperature in air. (a), luminescence spectra (black: 1, λex = 290 nm; red: 2a, λex = 266 nm; orange: 2b, λex = 274 nm; blue: 3a, λex = 328 nm; green: 3b, λex = 335 nm). (b), Photographs of crystals taken under UV irradiation at 365 nm. 
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Table 1. Intermolecular distance between neighboring Au atoms in the crystal and thermal decomposition temperature (Tdec) of Au complexes.
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	Complex
	Intermolecular Au–Au Distance (Å)
	Bond Length of Au−CNHC (Å)
	Tdec (°C)





	1
	3.55
	–
	159



	2a
	3.17
	1.98
	298



	2b
	4.82
	2.00
	282



	3a
	3.49
	2.10
	278



	3b
	6.23
	2.01
	291
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Table 2. Phase transition behavior of Au complexes.
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Complex

	
Phase Sequences T (°C) [ΔH (kJ mol−1)]






	
1

	
heating

	
Cr 89 [7] N 93 [0.2] I




	
cooling

	
Cr 70 [−6] N 94 [−0.3] I




	
2a

	
heating

	
Cr 293 I




	
cooling

	
Cr 277 I




	
2b

	
heating

	
Cr1 78 [1] Cr2 132 [3.4] Cr3 135 [18] I




	
cooling

	
Cr1 78 [−1.2] Cr2 117 [−23] I




	
3a

	
heating

	
Cr1 70 [5.6] Cr2 187 [3.8] Cr3 189 [5.6] I




	
cooling

	
Cr1 40 [−5.2] Cr2 182 [−17] I




	
3b

	
heating

	
Cr1 91 [4.7] Cr2 207 [29] I




	
cooling

	
Cr1 82 [−2.9] Cr2 190 SmA 203 [−23] I








Abbreviations: Cr, crystalline; SmA, smectic A; N, nematic; I, isotropic.
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