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Keywords: 

Adducts of Eu(III), Tb(III), Gd(III) and La(III) tris(β-diketonate) forming mesophases in close temperature ranges were synthesized.

The near structural features of these lanthanidomesogens render them suitable for obtaining homogeneous binary mixtures that vitrified on cooling into optically isotropic, self-organizing smectic films over a wide range ratio of the lanthanide complexes. The distribution of the components in the obtained films and their supramolecular organization were studied by polarizing optical microscopy, differential scanning calorimetry, and small-angle X-ray scattering. The mixtures behave as their homologous single components and exhibit smectic A and nematic phases above room temperature, and form anisotropic glasses at room temperature. The dependence of the luminescence on the ratio of each component in the mixtures under investigation has been established and a photoexcitation mechanism proposed. It was shown that the luminescence intensity per mole of the emitting substance in films obtained from mixtures of Eu(III) and Tb(III) complexes increases about three fold when compared with the individual Eu(III) complex. This enhancement of the luminescence was interpreted as the consequence of the very effective intermolecular energy transfer from Tb(III) to Eu(III) complexes, templated by the frozen smectic A supramolecular organization. We thus present here an efficient and facile approach for the creation of novel heteroionic lanthanide-containing high uniaxial materials with effective luminescence and controlled spectral properties.

Introduction

In recent years, interest in luminescent materials based on lanthanide-containing coordination compounds has grown significantly. This enthusiasm is due to their unique photophysical properties, such as high color uniformity (Δλ ≤ 10 nm), fixed radiation wavelength, long lifetime (~ms), and intense luminescence. Thereby, they are widely used in various fields of science and nanotechnology as sensors, biological markers, light converters, in OLED technologies, etc [START_REF] Wei | Advances in luminescent lanthanide complexes and applications[END_REF][START_REF] Aulsebrook | Lanthanide complexes for luminescence-based sensing of low molecular weight analytes[END_REF][START_REF] Ning | Near-infrared (NIR) lanthanide molecular probes for bioimaging and biosensing[END_REF][START_REF] Wang | Photovoltaic efficiency enhancement of polycrystalline silicon solar cells by a highly stable luminescent film[END_REF][START_REF] Seethalekshmi | Lanthanide complex derived white-light emitting solids: a survey on design strategies[END_REF][START_REF] Wang | Review on the electroluminescence study of lanthanide complexes[END_REF].

The luminescence intensity of lanthanide complexes depends on the efficiency of the ligand absorption, the energy transfer from the ligand to the ion (antenna effect), and the lanthanide ion itself [START_REF] Bünzli | On the design of highly luminescent lanthanide complexes[END_REF][START_REF] Bünzli | Taking advantage of luminescent lanthanide ions[END_REF]. Furthermore, the luminescence efficiency can also be substantially increased by simply creating mixed systems of nearly identical complexes made of different lanthanide ions -energy donors, the so-called co-luminescence effect [START_REF] Li | Intramolecular energy transfer and co-luminescence effect in rare earth ions (La, Y, Gd and Tb) doped with Eu3+ β-diketone complexes[END_REF][START_REF] Leif | Increasing the luminescence of lanthanide complexes[END_REF]. In such systems, under specific conditions, a very effective intermolecular energy transfer between the different lanthanide complexes is indeed possible. Currently, several methods are being widely used to address lanthanide co-luminescence: (i) synthesis of Metal Organic Frameworks (MOF) [START_REF] Yao | Breathing Europium-Terbium co-doped luminescent MOF as a broadrange ratiometric thermometer with a contrasting temperature intensity relationship[END_REF][START_REF] Wang | Triple-wavelength-region luminescence sensing based on a color-tunable emitting lanthanide metal organic framework[END_REF][START_REF] Han | Luminescence and white-light emitting luminescent sensor of tetrafluoroterephthalate-lanthanide metal-organic frameworks[END_REF]; (ii) synthesis of binuclear complexes of lanthanides [START_REF] Xu Chen | White-light emission based on a single component Sm(III) complex and enhanced optical properties by doping methods[END_REF][START_REF] Bao | A stoichiometric terbium-europium dyad molecular thermometer: energy transfer properties[END_REF][START_REF] Sharma | Eu3+, Yb3+ and Eu3+-Yb3+ complexes with salicylic acid and 1,10phenanthroline: synthesis, photoluminescent properties and energy transfer[END_REF][START_REF] Zhou | Color tunable emission and lowtemperature luminescent sensing of europium and terbium carboxylic acid complexes[END_REF]; (iii) doping of different ionic complexes into various organic and inorganic polymer matrices [START_REF] Matsushita | Energy transfer and multicolour tunable emission of Eu,Tb(PSA)Phen composites[END_REF][START_REF] Kaur | Gd3+ sensitized enhanced green luminescence in Gd:Tb (Sal)3Phen complex in PVA[END_REF][START_REF] Kai | Intermolecular energy transfer and photostability of luminescence-tuneable multicolour PMMA films doped with lanthanide-βdiketonate complexes[END_REF][START_REF] Jiu | Fluorescence enhancement of europium complex codoped with terbium complex in a poly(methyl methacrylate) matrix[END_REF][START_REF] Sun | Spectroscopic and energy transfer properties of Dy3+-doped, Tb3+/Dy3+-codoped dense oxyfluoride borogermanate scintillating glasses[END_REF][START_REF] Sheng | Rare earth centered hybrid materials: Tb3+ covalently bonded with La3+, Gd3+, Y3+ through sulfonamide bridge and luminescence enhancement[END_REF][START_REF] Yang | Co-fluorescence effect of rare earth complexes with 4aminobenzoic acid in a silica matrix[END_REF]; (iv) simple mixing of various lanthanide compounds [START_REF] Zhang | Co-luminescence properties of terbium ions-benzoic acid-phen complexes doped with europium ions[END_REF][START_REF] Xie | Energy transfer in and fluorescence studies of the Eu-Tb doped BPA-phen system[END_REF][START_REF] Chen | Synthesis and co-luminescence properties of Tb3+-methacrylic acid-1,10-phenanthroline complexes doped with Eu3+[END_REF]. However, the main drawback of methods (i), (ii), and (iv) is the difficulty, or even the impossibility, to obtain suitable film materials based on lanthanide compounds, because of the crystallization of the various components [START_REF] Gao | Ordered and flexible lanthanide complex thin films showing up-conversion and color-tunable luminescence[END_REF][START_REF] Li | Preparation and properties of transparent ultrathin lanthanide complex films[END_REF][START_REF] Shekhah | MOF thin films: existing and future applications[END_REF]. The doping method, (iii), allows one to obtain film materials, but doping of polymer matrices is however only possible with small amounts of lanthanide complexes, due to aggregation of the latter, leading to concentration quenching and consequently to the inevitable decrease of the luminescence intensity. Usually, the maximum concentration of the complex in polymer mixtures does not exceed 20 wt % [START_REF] George | Bright red luminescence and triboluminescence from PMMA-doped polymer film materials supported by Eu3+-triphenylphosphine based β-diketonate and 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene oxide[END_REF][START_REF] Turchetti | Ratiometric thermochromism in europium-containing conjugated polymer[END_REF][START_REF] Dar | Phase controlled colour tuning of samarium and europium complexes and excellent photostability of their PVA encapsulated materials. Structural elucidation, photophysical parameters and the energy transfer mechanism in the Eu3+ complex by Sparkle/PM3 calculations[END_REF][START_REF] Liu | Red polymer light-emitting devices based on an oxadiazole-functionalized europium(III) complex[END_REF][START_REF] Zhang | Effect of doped trinuclear europium complexes on the photoluminescence of biodegradable Polybutylene succinate films[END_REF]. It is known from the literature that liquid crystalline LC materials can be used as an alternative to polymers, however, the concentration of the phosphor is also limited by its crystallization in the matrix and does not exceed 10 mol. % [START_REF] Binnemans | Luminescence of metallomesogens in the liquid crystal state[END_REF].

In this work, we propose an approach to obtain lanthanide-containing luminescent materials with a uniform ion distribution by using mixtures of lanthanidomesogens [START_REF] Piguet | Thermotropic lanthanidomesogens[END_REF] i.e. liquid-crystalline lanthanide coordination complexes having the same mesophases in a wide temperature range. We have synthesized closely structurally related lanthanide complexes exhibiting nematic and smectic A mesomorphism (N and SmA), forming glass upon cooling at room temperature with the preservation of the SmA mesophase morphology. This allows in principle preventing the crystallization processes and achieving a uniform distribution of the luminophores in the mixture at any concentration.

Results and Discussion

The liquid crystalline adducts of La(III), Eu(III), Gd(III) and Tb(III) tris(β-diketonate) with 5.5′diheptadecyl-2,2′-bipyridine (bpy17-17) were obtained according to scheme (Scheme 1). Both 1-phenyl-

3-[4-(4-propylcyclohexyl)phenyl]propane-1,3-dione (CPDk3-Ph) or 1-[4-(4- propylcyclohexyl)phenyl]octane-1,3-dione (CPDk3-5)
were used as β-diketones. The composition and structure of the complexes were confirmed by elemental analysis, mass spectrometry, and luminescence spectra.

The four synthesized Eu(CPDk3-Ph)3bpy17-17, Gd(CPDk3-Ph)3bpy17-17, Tb(CPDk3-5)3bpy17-17, La(CPDk3-5)3bpy17-17 complexes are polymorphic and exhibit smectic A (Sm A) and nematic (N) mesomorphism, as deduced from polarizing optical microscopy (POM). Thus, these compounds are further rare examples of lanthanidomesogens that exhibit nematic mesomorphism [START_REF] Piguet | Thermotropic lanthanidomesogens[END_REF][START_REF] Cardinaels | Design of high coordination number metallomesogens by decoupling of the complex-forming and mesogenic groups: nematic and lamella-columnar mesophases[END_REF][START_REF] Galyametdinov | Polarized Luminescence from aligned samples of nematogenic lanthanide complexes[END_REF][START_REF] Goossens | Nematogenic tetracatenar lanthanidomesogens[END_REF][START_REF] Knyazev | Influence of Lewis bases on the mesogenic and luminescent properties of homogeneous films of europium(III) tris(β-diketonate) adducts[END_REF][START_REF] Pucci | Metal-containing liquid crystals[END_REF]. Representative characteristic optical textures of the liquid crystalline mesophases observed with a polarizing microscope are shown in Fig. 1. The complexes further vitrified with the retention of the packing of the molecules formed in the mesophase when cooling down to ambient temperature. Due to these unique properties, two liquid crystalline mixtures i.e. Eu (III):Tb(III) and Eu(III):La(III) respectively, were obtained after several heat/cool cycles to ensure ideal mixing of both components. These LC mixtures were prepared with various ratios of the components. On cooling, the mesophase is frozen in a glassy state, which retains the mesophase ordering. Films of mixtures were obtained by fast cooling from the melt between quartz glasses. To control the cell thickness polystyrene microspheres with a diameter of 6.1 μm were used as spacers. The synthesized complexes and corresponding LC mixtures are in an amorphous or partially crystallized state at room temperature, and it was therefore not possible to determine accurately the transition temperatures to the smectic A mesophase during heating by polarized optical microscopy (POM) only. The phase transitions temperatures could only be determined for the SmA-to-N and N-to-Iso transitions. The dependence of the phase transitions temperatures of the LC mixtures as the function of the mixing ratio is presented in Fig. 2 for both systems. Due to the similarity of their molecular structures and their good mutual miscibility, the complexes uniformly distribute in the mesophases at all ratios (Fig. 2). POM observations are in a good agreement with differential scanning calorimetry measurements (DSC, Fig. 3). During the first heating, three endothermic peaks are present in the DSC traces, corresponding respectively to transitions from the partially crystalized/amorphous state to the smectic phase, from the smectic to the nematic phase and upon further heating to the transformation into the isotropic liquid. Upon cooling (10 °C/min), no crystallization peak on the DSC curves was detected, which indicates a gradual vitrification of the mixture freezing the smectic phase. During the second heating of the vitrified mixture, "cold crystallization" occurred, a commonly observed phenomenon. Upon repeated thermal cycles, the mixtures systematically vitrified on cooling, as noticed during POM examination. The freezing of the smectic structure in the solid state is further demonstrated for the mixture with 60 wt % of the Eu(III) complex by small-angle X-ray scattering (SAXS) (Fig. 4). Specifically, the fluid mesophase and solid state give same X-ray pattern profiles, typical of a smectic A phase. The patterns are composed of fundamental and higher order reflections (00l) of the lamellar periodicity and of a broad wide-angle scattering maximum around 4.5 Å from lateral distances between molten chains (hch) and between promesogenic segments (hpmes). The lamellar periodicity of the neat complexes and mixtures is equivalent to analogous thienyl-substituted diketonate complexes [START_REF] Knyazev | Controlled polarized luminescence of smectic lanthanide complexes[END_REF] considering the slightly less voluminous substituents. The geometrical mesophase parameters are gathered in Table 1. The ligand environment of the Eu(III) and Tb(III) complexes was selected according to the Jablonski diagram [START_REF] Fedorenko | Luminescence of solvate of boron difluoride dibenzoylmethanate with benzene: aggregates formation[END_REF]46] and ensured efficient energy transfer to emitting ions (Fig. 5). As a result, luminescence of ligands in the spectra of vitrified films of complexes was absent (Fig. 6). Films of the Eu(III) and Tb(III) complexes mixtures almost completely absorb UV radiations. The light transmission rate increases with increasing of wavelength and depends on the components (Fig. 7). It should be noted that the light transmission of the Eu(CPDk3-Ph)3bpy17-17 complex is significantly lower than that of the Tb(CPDk3-5)3bpy17-17 complex (up to 95%, in visible and near infrared ranges). As can be seen from the analysis of the X-ray data recorded in the mesophases, the differences in the ligand environment of both Eu(III) and Tb(III) complexes lead to slightly different molecular packings (molecular separation, periodicity of the SmA) in the mesophases, which are retained after the transition to the glass state. Therefore, light scattering, refraction and interference processes that affect the light transmission of films are also expected to be different. Fig. 8 shows the excitation spectra of the Eu(III) and Tb(III) complexes in the smectic films. The luminescence excitation spectrum of the Eu(CPDk3-Ph)3bpy17-17 film obtained by monitoring the emission at 613 nm at room temperature consists of two broad bands. The band with a maximum at 325 nm corresponds to the β-diketonate ligand-centered singlet-singlet transitions. Another band with a maximum at 406 nm was attributed to the formation of aggregates [START_REF] Fedorenko | Luminescence of solvate of boron difluoride dibenzoylmethanate with benzene: aggregates formation[END_REF]. The hypothesis of a bathochromic shift was confirmed by the absorption and excitation spectra of Eu(III) complex solutions at different concentrations (Figure SI2 and Figure SI3). From which it is seen that with an increase in the concentration of the complex in the solution, the spectra are shifted to the long-wavelength region.

In order to confirm the course of the aggregation processes, the hydrodynamic radius of the aggregates of the Eu(III) complex in a hexane solution were investigated by dynamic light scattering. Solutions with a concentration of 10 -5 М showed sizes on the order of 10 nm, which are characteristic of individual solvated molecules of the complex. While more concentrated solutions with a concentration of 10 -4 М and 10 -3 М showed the formation of aggregates with a hydrodynamic radius of ~342 nm and 482 nm, respectively (Figure SI4). The nearly equimolar composition of the mixture conjugated to the average six first-neighboring complexes in the plane of the layers imply that nearly all complexes have at least one complex of different nature in the first neighboring layer. Consequently, the distance between Eu(III) and Tb(III) ions coincides with the mean average distance between complexes, 〈hmol〉 (Table 1). This distance is close to the low limit of the ~10-100 Å range, in which intermolecular energy transfer between ions effective for fluorescence resonance energy transfer is expected [START_REF] Selvin | Lanthanide-based resonance energy transfer[END_REF][START_REF] Forster | Zwischenmolekulare energiewanderung und fluoreszenz[END_REF]. Therefore, the possibility of intermolecular energy transfer in vitrified films of LC mixtures was studied. Fig. 9 shows the luminescence spectra of LC mixtures upon excitation at 325 nm. With a decrease of the Eu(CPDk3-Ph)3bpy17-17 content in the mixture, the luminescence intensity of Eu(III) changes nonlinearly and the luminescence lifetime of Eu(III) ions slightly increases (Table 2) that can be associated with intermolecular energy transfer from Tb(III) to Eu(III) [START_REF] Song | Mixed lanthanide coordination polymers for temperature sensing and enhanced NdIII NIR luminescence[END_REF].

In order to prove the effect of energy transfer from the Tb(III) complex to the Eu(III) complex on the luminescence, mixtures based on the Eu(III) and La(III) complexes were studied. The choice of the La(III) ion was determined by the absence of radiative transitions due to the 4f orbital unfilled by electrons.

In La(III) complexes, non-radiative recombination of the excitation energy occurs, therefore energy transfer to the europium complex is impossible. When comparing the photophysical properties of both systems (Fig. 10a), the luminescence intensity of the Eu(III):Tb(III) mixture films is higher than that of the Eu(III):La(III) films. Furthermore, per 1 mol of emitting substance in the films of the Eu(III) and Tb(III) complexes mixtures, the luminescence intensity is increased three-fold in comparison with the individual Eu(III) complex (Fig. 10b). Therefore, the energy absorbed by the Tb(III) complex is capable of being transferred to the Eu(III) ion by intermolecular transfer. The prevalence of an increase in the energy transfer efficiency over the effect of concentration quenching is observed in the film with content of Eu(III) complex up to 40%; therefore, a further increase in the concentration of the Eu(III) complex in the mixture was beside the purpose.

At the next stage, the luminescence lifetime of LC mixtures with different component ratios at 545 nm was measured and the energy transfer efficiency (ηET) was calculated using the following formula [START_REF] Hasegawa | Thermo-sensitive luminescence of lanthanide complexes, clusters, coordination polymers and metal-organic frameworks with organic photosensitizers[END_REF]:

ηET = 1 -(τTb-Ln)/τTb
where τTb and τTb-Ln -lifetime of the 5 D4 emitting level of the Tb(III) ion in the presence and absence of the Eu(III) or Gd(III) ion. The measurement results are presented in Table 2. Fig. 11a shows the normalized luminescence decay curves at λEm = 545 nm for LC mixtures of the Tb(III) and Eu(III) complexes. The spectra show a significant decrease in the lifetime of the 5 D4 level of the Tb(III) ion with an increase in the concentration of the Eu(III) complex from 0 to 20 mol. % in the mixture. At the same time, the efficiency of intermolecular transfer increases to 82%. It was not possible to measure the luminescence lifetime of the 5 D4 level of the Tb(III) ion at a higher content of the Eu(III) complex in the mixture because of the increased effect of the luminescence of Eu(III) complex, 5 D1→ 7 F1 transition. For a more detailed study of the mechanism of the intermolecular energy transfer, LC systems based on the Tb(CPDk3-5)3bpy17-17 and Gd(CPDk3-Ph)3bpy17-17 complexes were additionally investigated. It should be noted that the trivalent Gd(III) ion does not emit, since the first excited level ( 6 P7/2) has an energy of 32000 cm -1 , which is much higher than the triplet state of β-diketones and the corresponding Lewis base [START_REF] Lapaev | UV laser-induced enhancement of photoluminescence intensity in vitrified terbium (III) β-diketonate complex film in air[END_REF]. As a result, only ligand phosphorescence is observed for the Gd(III) complex. Fig. 11b shows the normalized luminescence decay curves at λEm = 545 nm for LC mixtures of the Tb(III) and Gd(III) complexes. It was found that with an increase in the concentration of the Gd(III) complex in the mixture, the lifetime of the 5 D4 emitting level of the Tb(III) ion decreases. The efficiency of the intermolecular energy transfer also increases and reaches a maximum value ηET = 27.5% at content 50 mol. % of Gd(CPDk3-Ph)3bpy17-17 in the mixture. This thus indicates the transfer of energy from the 5 D4 level of the Tb(III) ion to the triplet level of the CPDk3-Ph ligand of the Gd(III) complex. Moreover, the efficiency of energy transfer in mixtures containing the Gd(III) complex is significantly lower than in systems containing the Eu(III) complex. This indicates a greater part of the energy transfer process from the 5 D4 level of the Tb(III) ion to the lower level of the Eu(III) ion and agrees with the literature data obtained for similar systems [START_REF] Kai | Intermolecular energy transfer and photostability of luminescence-tuneable multicolour PMMA films doped with lanthanide-β-diketonate complexes[END_REF]. Thus, the mechanism of intermolecular energy transfer consists of two components (Fig. 12): 1) sequential energy transfer from the T1 level of CPDk3-5 to the 5 D4 emitting level of the Tb(III) ion and the lower level of the Eu(III) ion; 2) sequential energy transfer from the T1 level of CPDk3-5 to the T1 level of CPDk3-Ph and the subsequent level of the Eu(III) ion.

Conclusions

A new approach for the fabrication of luminescence films based on uniformly organized heterogenic lanthanide ions complexes with liquid crystalline properties has been proposed. The anisometric structure of the complexes and the presence of liquid crystal properties make it possible to obtain films with a high ordered distribution of components practically without crystal defects and to provide increase in critical quenching concentration. It was shown that in films of mixtures of the Eu(III) and Tb(III) complexes the luminescence intensity per mole of the emitting substance increases three fold when compared with the indi vidual Eu(III) complex due to effective intermolecular energy transfer. The SAXS patterns were obtained with a transmission Guinier-like geometry. A linear focalized monochromatic Cu Kα1 beam (λ = 1.5405 Å) was obtained using a sealed-tube generator (600 W) equipped with a bent quartz monochromator. In all cases, samples were filled in homemade sealed cells of 1 mm path. The patterns were recorded with a curved Inel CPS120 counter gas-filled detector linked to a data acquisition computer (periodicities up to 90 Å) and on image plates scanned by Amersham Typhoon IP with 25 μm resolution (periodicities up to 120 Å). The sample temperature was controlled within ±0.01 •C, and exposure times were varied from 2 to 6 h. General Procedure for Ln(CPDk3-R)3bpy17-17 Complexes: An alcoholic solution of LnCl3 × 6H2O (Ln = Tb, Eu, Gd or La) (0.04 mmol) was slowly added dropwise to a stirred hot alcoholic solution containing the β-diketone (CPDk3-Ph or CPDk3-5) (0.12 mmol), 5,5′-diheptadecyl-2,2′-bipyridine (0.04 mmol), and KOH (0.125 mmol). The light yellow precipitate formed was isolated by hot filtration, washed with hot alcohol, and dried under vacuum. Further, the product was dissolved in toluene, the obtained solution was filtered, and the solvent was evaporated under vacuum.
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Scheme 1 .

 1 Scheme 1. Synthesis of tris(β-diketonate) Ln(III) adducts.

Fig. 1 .

 1 Fig. 1. Representative optical textures of the a) smectic A (SmA) and b) nematic (N) phases of Eu(CPDk3-Ph)3bpy17-17 complex (POM at 500 × magnification).

Fig. 2 .

 2 Fig. 2. Dependence of the phase transition temperatures on the ratio of com plexes in LC mixtures a) Eu(III):Tb(III), and b) Eu(III):La (III).

Fig. 3 .

 3 Fig. 3. DSC thermograms of the LC Eu(III):Tb(III) mixture containing 60 wt% of the Eu(CPDk3-Ph)3bpy17-17 complex: a) first heating, and b) second heating. Abbreviations: Cr, crystalline phase; SmA, smectic A phase; N, nematic phase; I, isotropic liquid.

Fig. 4 .

 4 Fig. 4. SAXS patterns of the 60 wt % of the Eu(CPDk3-Ph)3bpy17-17 complex in the fluid smectic A phase at 85°C (red) and in the solid state at 20°C (black). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.).

Fig. 5 .

 5 Fig. 5. Schematic diagram of energy levels and energy transfer processes for the Eu(CPDk3-Ph)3bpy17-17 and Tb(CPDk3-5)3bpy17-17 complexes, respectively. S1 represents the first excited singlet state and T1 represents the first excited triplet state.

Fig. 6 .

 6 Fig. 6. Luminescence spectra of films of Eu(CPDk3-Ph)3bpy17-17 and Tb(CPDk3-5)3bpy17-17 complexes, respectively.

Fig. 7 .

 7 Fig. 7. Light transmittance spectra of Eu(CPDk3-Ph)3bpy17-17 and Tb(CPDk3-5)3bpy17-17 complexes and mixture films.

Fig. 8 .

 8 Fig. 8. Excitation spectra of films of Eu(CPDk3-Ph)3bpy17-17 at λEm = 613 nm (solid line) and Tb(CPDk3-5)3bpy17-17 at λEm = 545 nm (dashed line) complexes.

Fig. 9 .

 9 Fig. 9. Luminescence spectra for films of the LC mixture as a function of the content of Eu(CPDk3-Ph)3bpy17-17 at λex = 325 nm.

Fig. 10 .

 10 Fig. 10. Dependence of the luminescence intensity of Eu(III) (at λem = 613 nm) of films of the mixtures obtained with La(III) (solid line) and Tb(III) (dashed line) complexes a) on the concentration of Eu(III) complex, and b) for 1 mol of Eu(III) complex.

Fig. 11 .

 11 Fig. 11. Luminescence decay curves (λEm = 545 nm) of LC mixtures Tb(CPDk3-5)3bpy17-17 and Ln(CPDk3-Ph)3bpy17-17, where Ln = Eu(III), (а), and Gd(III), (b).

Fig. 12 .

 12 Fig. 12. Energy transfer diagram for LC mixtures based on Eu(III) and Tb(III) complexes.

Ligands 1 -

 1 phenyl-3-[4-(4-propylcyclohexyl)phenyl]propane-1,3-dione (CPDk3-Ph),1-[4-(4propylcyclohexyl)phenyl]octane-1,3-dione (CPDk3-5) and 5,5′-diheptadecyl-2,2′-bipyridine (bpy17-17) were prepared according to modified literature procedures[START_REF] Knyazev | New nematogenic β-diketones for synthesis of lanthanidomesogens[END_REF][START_REF] Knyazev | Liquid-crystalline complex of EuIII β-diketonate with 5,5"-di(heptadecyl)-2,2"-bipyridine[END_REF]. The complexes were synthesized according to literature procedures[START_REF] Knyazev | Controlled polarized luminescence of smectic lanthanide complexes[END_REF]. 1-Phenyl-3-[4-(4-propylcyclohexyl)phenyl]propane-1,3-dione (CPDk3-Ph). Yield 53.5%. m.p.: 103 •C. m/z: 347 (M+). 1 Н NMR spectrum, δ, ppm: 0.91-0.96 m (3H, CH3), 1.06-1.56 m (9H, CH2), 1.88-1.95 m (4H, С6H10), 2.51-2.60 m (1H, CHC6H4), 4.62 s (0.1H, keto = CH2), 6.86 s (0.9H, enol = CH), 7.33 d (1H, С6H5, J = 8.1 Hz), 7.47-7.59 m (3H, OCC6H5), 7.92 d (2H, С6H5, J = 8.4 Hz), 7.99 d (2H, С6H5, J = 9.0 Hz), 16.95 s (0.8H, enol OH; keto:enol = 1:9). Found, %: C 82.64; H 8.15. C24H28O2. Calculated, %: C 82.72; H 8.10. 1-[4-(4-Propylcyclohexyl)phenyl]octane-1,3-dione (CPDk3-5). Yield 63%. m.p.: 90 •C. m/z: 342 (M+). 1 Н NMR spectrum, δ, ppm: 0.92 m (6H, CH3), 1.29-1.69 m (15Н, СН2, C6H10), 1.89 m (4H, C6H10), 2.42 m (3H, СH3), 2.57 m (1H, C6H10), 4.06 s (0.2H, keto = CH2), 6.15 s (0.8 H, enol = CH), 7.28 d (2H, C6H4, J = 6.0 Hz) 7.83 d (2H, C6H4, J = 6.0 Hz) 16.26 s (1H, OH, enol). Found, %: C 79.86; H 10.18. C23H34O2. Calculated, %: C 80.65; H 10.01. 5,5′-Diheptadecyl-2,2′ -bipyridine (bpy17-17): Yield 52.5%, m.p.: 81.5•C. m/z: 634 (M+). 1 H NMR spectrum, δ, ppm: 0.84-0.91 m (6H, CH3), 1.15-1.36 m (56H, CH2), 1.60-1.70 m (4H, CH2CH2), 2.66 t (4H, CH2, J = 7.3 Hz), 7.61 d (2H, H, J = 2.0, 1.9 Hz), 8.26 d (2H, H, J = 8.2 Hz), 8.47-8.52 m (2H, 6-H). Found, %: C 83.15; H 12.12; N 4.42. C20H28O2. Calculated, %: C 83.48; H 12.10; N 4.42.

Table 1 .

 1 Geometrical mesophase parameters of the LC Eu(III):Tb(III) mixture and pure complexes: T, temperature of the measurement; Vmol, calculated molecular volume; ρ, molecular density; d, lamellar periodicity; Amol = Vmol/d, molecular area; ⟨hmol⟩ = 0.9763√Amol, mean average distance between neighboring complexes in the lamellar plane[START_REF] Marcos | Dendromesogens: liquid crystal organizations of poly(amidoamine) dendrimers versus starburst structures[END_REF].

	Eu (mol.%) T (°C)	Vmol (Å 3 )	ρ (g/cm 3 )	d (Å)	Amol (Å 2 )	⟨hmol⟩ (Å)
	0	20	2940	1.03	30.8	96	9.6
	0	85	3070	0.98	29.6	104	9.9
	60	20	2920	1.04	31.1	94	9.5
	60	85	3040	1.00	30.4	100	9.8
	100	20	2900	1.05	31.3	93	9.4
	100	85	3020	1.01	31.1	97	9.6

Table 2 .

 2 Luminescence lifetime (τ) of Tb(III) ion 5 D4 emitting level and energy transfer efficiency in mixtures with various lanthanide ions (Ln = Eu(III) or Gd(III)).

		Eu(III)		Gd(III)	
	Ln(III), %	τ( 5 D4), μs	ηET, %	τ( 5 D4), μs	ηET, %
	0	40	0	40	0
	10	13	67.5	36.6	10
	20	7	82	34	15
	50	-	-	29.3	27.5
	90	-	-	32	20

  Sigma Aldrich.1 H NMR spectra were recorded with Bruker Avance 300 spectrometer. CHN elemental microanalysis was performed on a CE Instruments EA-1110. Europium elemental microanalysis was performed on an X-ray Fluorescence Bruker S8 TIGER. Optical textures and temperatures of the phase transitions were determined with an Olympus BX-51 polarizing microscope equipped with a Linkam high-precision heating system. DSC measurements were performed with a NETZSCHDSC 204 F1 Phoenix in a heating-cooling mode at a scan rate of 10 K/min. Thin films of hybrid liquid crystal systems based on Eu(III), Tb(III), Gd(III) and La(III) complexes were obtained between quartz glass[START_REF] Knyazev | Photostable Anisometric lanthanide complexes as promising materials for optical applications[END_REF]. Polystyrene-based microspheres with a diameter of 6.1 μm controlled the thickness of the cell. The 20 × 20 mm quartz glass was used as a substrate for the films. Absorption and transmission spectra were measured with a Perkin-Elmer Lambda-35 UV/Vis spectrophotometer. Excitation and luminescence spectra were measured with a Varian Cary Eclipse spectrofluorimeter. The luminescence decay curves were recorded on an optical spectrometer based on an MDR-23 grating monochromator (LOMO, Saint Petersburg, Russia) coupled to an FEU-100 photomultiplier tube. The luminescence was excited by an LGI-21 pulsed nitrogen laser (337 nm wavelength, 2.1 mW average output power, 10 ns pulse duration, 100 Hz repetition rate).

	Europium(III) chloride hexahydrate (EuCl3⋅6H2O), toluene, poly (methyl methacrylate) (Mw = 120000)
	were purchased from
	Andrey A. Knyazev: Investigation, Conceptualization, Methodology, Writing -original draft, Funding
	acquisition. Maksim E. Karyakin: Investigation, Conceptualization, Methodology, Writing -original
	draft, Funding acquisition. Benoît Heinrich: Investigation. Bertrand Donnio: Investigation, Writing -
	review & editing. Yuriy G. Galyametdinov: Investigation, Conceptualization, Methodology, Writing -
	original draft, Writing -review & editing, Supervision, Funding acquisition.

  ): calcd. C 75.00, H 9.75, N 1.55, Eu 8.40; Found С 74.67, H 10.02, N 1.52, Eu 8.50. Tb(CPDk3-5)3bpy17-17 Yield: 72% (0.108 g). C113H175N2O6Tb. (1816): calcd. C 74.71, H 9.71, N 1.54, Tb 8.75; Found C 74.51, H 9.94, N 1.51, Tb 8.72. La(CPDk3-5)3bpy17-17 Yield: 75% (0.112 g). C113H175LaN2O6. (1795): calcd. C 75.55, H 9.82, N 1.56, La 7.73; Found C 75.22, H 10.14, N 1.52, La 8.00. Gd(CPDk3-Ph)3bpy17-17 Yield: Yield: 65% (0.98 g). C116H157GdN2O6. (1832): calcd. C 76.02, H 8.63, N 1.53, Gd 8.58; Found С 75.57, H 9.08, N 1.49, Gd 8.50.
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Appendix A. Supplementary data

Experimental Section

Instruments and chemicals