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Abstract 

Three new bipolar star-shaped derivatives of 2,4,6-triphenyl-1,3,5-triazine containing carbazolyl 

groups were designed, synthesized and characterized. All the materials possess high thermal stability and 

high glass transition temperatures ranging 97-226 °C. Photophysical study of the dilute solutions and neat 

films of the synthesized compounds was performed. Lippert-Mataga plots revealed linear dependence of 

Stokes shifts on the orientation polarizability for all the compounds. The dilute solutions of the triazine 

derivatives exhibited high photoluminescence quantum yields reaching 0.85, while for the neat films 

photoluminescence efficiency of 0.20-0.33 was observed. Ionization potentials of the solid layers of 

carbazole-triazine adducts estimated by photoelectron spectroscopy were found to be in the range of 5.49-

5.97 eV. Hole drift mobility of the materials well exceeded the magnitude of 10-3 cm2 V-1 s-1 at an electric 

field of 6.4⋅105 V/cm. The selected compounds were tested as light emitting materials in organic light 

emitting diodes based on host-guest systems.  
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Photoluminescence; 

Solvatochromism; 

Hole mobility. 

 

Highlights 

• Three carbazolyl containing 1,3,5-triazine derivatives were synthesized. 

• The compounds exhibited superior thermal characteristics. 

• The solvatochromic behavior was demonstrated. 

• High photoluminescence quantum yields were observed for solutions and films. 

• Blue and green OLEDs were fabricated. 

 

1. Introduction 

 

Organic conjugated materials have received great attention in recent decades in optoelectronic and 

electronic applications such as organic light−emitting diodes (OLEDs), organic solar cells, organic field 

effect transistors because of their potentially low cost and possibility of easy fabrication of the devices [1–

4]. Recently, growing interest has been focused on the search of the materials with bipolar 

charge−transporting properties for the application in OLEDs [5,6]. Using bipolar materials for the 

preparation of emitting layers, enhanced performances and operational stability were demonstrated [7]. The 

utilization of bipolar materials also offers the possibility to achieve efficient and stable single−layer OLEDs, 

which are highly desirable because of simplification of the manufacturing process and reduction of the 

production costs [8]. 

The most widely adopted strategy to obtain bipolar materials is to incorporate D−A combinations into 

the same molecule, facilitating injection and transport of both holes and electrons [7,9,10]. Incorporation of 

electron−donating and electron−withdrawing moieties into a light−emitting material may promote the 

emission efficiency because of an extended π−conjugation. However, this might bring about a huge 

bathochromic effect. Therefore, one of the major challenges in developing bipolar blue emitters with D−A 
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structures is preventing the red−shift in the emission while maintaining or even increasing their 

photoluminescence quantum yield. 

Compared to other donors, carbazole is useful in the generation of short−wavelength absorption and 

emission, as it is weaker π−donor than aromatic amines [11]. Bipolar hosts with carbazole as the donor 

moiety usually possess higher triplet energy than their counterparts with triphenylamino group. The triplet 

energy of carbazole (T1 = 3.19 eV) is higher than that of triphenylamine (T1 = 3.04 eV) [12]. Moreover, 

carbazole is a fully aromatic moiety providing high thermal, chemical and environmental stability [13]. It 

can be easily substituted with a wide variety of functional groups [14–16]. 

Triazine has an electron affinity larger than those of other typical electron−deficient heteroaromatic 

compounds (e.g., pyridine, pyrimidine) [17–19]. Due to this reason, triazine has been frequently 

incorporated into the backbone of conjugated compounds to improve their electron−injection and 

electron−transportation abilities [20–22]. In addition, derivatives of triazine exhibit good thermal stability 

[19]. Rigid skeleton of 2,4,6-triphenyl-1,3,5-triazine ensures high symmetry. Compounds containing triazine 

unit as electron-accepting center and carbazolyl or diphenylamino pheripheral units linked through 

π−conjugated bridges showed aggregation induced emission and two-photon absorption properties [23]. 

In this paper we report on the synthesis of new star-shaped compounds containing both donor 

(carbazole) and acceptor (2,4,6-triphenyl-1,3,5-triazine) moieties linked through various linking bridges. We 

describe the results of optical, photophysical, electrochemical and computational studies which were carried 

out in order to study structure−properties relationship of these hybrid materials. 

2. Experimental  

 

2.1. Materials 

 

Trifluoromethanesulphonic acid, copper iodide, bis-(triphenylphosphin)-palladium(II) dichloride 

(Pd(PPh3)2Cl2), triphenylphosphine (PPh3), trimethylsilylacethylene, triethylamine (Et3N), 

tetrabutilammoniumhydrosulfate (TBAHS), 1-bromohexane, 1M tetrabutylammoniumfluoride (n-Bu4NF) 

solution in THF, 4-iodobenzonitrile, aluminium trichloride (anhydrous), 18-crown-6, copper, sodium 
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sulphate, 9H-carbazole, potassium iodide, potassium iodate, 2-chloro-2-methylpropane, acetic acid, sodium 

hydroxide, potassium carbonate were purchased from Sigma-Aldrich and used as received. Poly(N-vinyl 

carbazole) (PVK) and 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD) were also obtained 

from Aldrich. The solvents, i.e. toluene, chloroform, ethyl acetate, n-hexane, diethyl ether, methanol, 

acetone, acetonitrile, (Penta), dichloromethane (Poch), o-dichlorobenzene (Sigma−Aldrich) were dried and 

distilled according the conventional procedures [24]. 

2.2. Instrumentation 

 

Nuclear magnetic resonance spectra of deuterated chloroform solutions of the synthesized compounds 

were recorded with a “Varian Gemini−2000” (300 MHz (1H), 75.4 MHz (13C)) spectrometer. All the data 

are given as chemical shifts in δ (ppm), multiplicity, integration down field from (CH3)4Si as the internal 

standard. Mass spectra (MS) were obtained on “Waters ZQ 2000”. Elemental analysis data were obtained on 

a EuroEA Elemental Analyzer. Infrared (IR) spectra were recorded using “Perkin Elmer Spectrum GX II 

FT−IR System”. The spectra of the solid compounds were recorded in the form of KBr pellets. 

UV−Vis spectra of 10-4 M solutions of the compounds were recorded in quartz cells using Perkin 

Elmer Lambda 35 spectrometer. Photoluminescence (PL) spectra of 10-5 M solutions of the compounds were 

recorded using Edinburgh Instruments’ FLS980 Fluorescence Spectrometer. Thin solid films for recording 

of UV−VIS and PL spectra were prepared by drop casting 2 mg/ml solutions of the compounds in toluene on 

the pre−cleaned quartz substrates. Fluorescence quantum yields (η) of the solutions and of the solid films 

were estimated using the integrated sphere method [25]. An integrating sphere (Edinburgh Instruments) 

coupled to the FLS980 spectrometer was calibrated with two standards: quinine sulfate in 0.1 M H2SO4 and 

rhodamine 6G in ethanol. Each quantum yield measurement was repeated 5 times and the error corridor was 

estimated. Fluorescence decay curves of the samples were recorded using a time−correlated single photon 

counting technique utilizing the nF920 Nanosecond Flashlamp as an excitation source. The phosphorescence 

spectra were recorded at 77 K for the solid solutions of the compounds (1 wt %) in Zeonex polymer matrix 

using nanosecond gated luminescence measurements (from 400 ps to 1 s) using a high energy pulsed 

Nd:YAG laser emitting at 355 nm (EKSPLA). A model liquid nitrogen cryostat (Janis Research) was used 
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for the experiment. The blue-edge highest energy peak in the phosphorescence spectrum was taken for the 

T1
→S0 transition. 

Differential scanning calorimetry (DSC) measurements were carried out with a TA Instruments “DSC 

Q100” calorimeter. The samples were heated at a scan rate of 10 °C/min under nitrogen atmosphere. 

Thermogravimetric analysis (TGA) was performed on a “Mettler TGA/SDTA851e/LF/1100”. The samples 

were heated at a rate of 20 °C/min. 

Ionization potentials (IPEP) of the films of the synthesized compounds were measured by electron 

photoemission in air by the earlier reported procedure [26]. The materials were dissolved in chloroform and 

coated onto Al plates pre−coated with ~0.5 µm thick methylmethacrylate and methacrylic acid copolymer 

(MKM) adhesive layer. The function of MKM layer was not only to improve adhesion, but also to eliminate 

the electron photoemission from Al layer. In addition, this layer is conductive enough to avoid charge 

accumulation on it during the measurements. The measurement method was, in principle, similar to that 

described in literature [27]. The samples were illuminated with monochromatic light from the quartz 

monochromator. The negative voltage of -300 V was applied to the sample substrate. The counter−electrode 

with a slit for illumination was placed at ~5 mm distance from the sample surface. The counter−electrode 

was connected to the input of electrometer for the photocurrent measurement. The I0.5=f(hν) dependence 

was plotted. The linear part of this dependence was extrapolated to the hν axis and the value was determined 

as the photon energy at the interception point. We evaluate the ionization potential measurement error as 

0.03 eV. 

Cyclic voltammetry (CV) measurements were carried out with a glassy carbon working electrode in a 

three−electrode cell using a µ−Autolab Type III (EcoChemie, Netherlands) potentiostat. Platinum wire and 

Ag/AgNO3 (0.01 mol/l in acetonitrile) were used as counter and reference electrodes, respectively, and 

Bu4NBF6 in dichloromethane (0.1 M) was used as electrolyte. The data were collected using GPES (General 

Purpose Electrochemical System) software. Electrochemical measurements were conducted at room 

temperature at a potential rate of 100 mV/s. The reference electrode was calibrated versus 

ferrocene/ferrocenium redox couple. The solid state ionization potential energy (Ip
CV) was estimated from 

the onset oxidation potential by using the relationship Ip
CV = 4.8 + Eox, where the potential is related to that 
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of ferrocenium/ferrocene. The electron affinity (EASS) values were obtained from the reduction potential 

using the approximation EACV = 4.8 + Ered. 

Charge drift mobility measurements were performed by a xerographic time−of−flight (XTOF) method 

[28,29]. The samples for the charge mobility measurements were prepared as described earlier [30]. The 

samples for the measurements were prepared by drop−casting 10 mg/ml solutions of the compounds in 

CHCl3 onto cleaned ITO coated glass substrate. After casting the cells were heated at 70 oC for 5 minutes. 

The charge carriers were generated at the layer surface by illumination with pulses of nitrogen laser (pulse 

duration was 1 ns, wavelength 337 nm). After photo excitation of the sample with a short light impulse, the 

rate of potential discharge in the XTOF measurements has a plateau region. The transit time was determined 

from the kink point in the transient photocurrent curves. The transit time ttr with the surface potential (U0) at 

the moment of illumination indicates the passage of holes through the entire thickness of the films (d) and 

enables determination of the hole mobility as µ=d2/U0·ttr. The experimental setup consists of a delay 

generator Stanford Research DG 535 and a digital storage oscilloscope Tektronix TDS754C. 

The theoretical calculations were carried out using the Gaussian 09 quantum chemical package [31]. 

Full geometry optimizations of the compounds in their electronic ground state were performed with DFT 

using the B3LYP functional consisting of Becke’s three parameter hybrid exchange functional combined 

with the Lee–Yang–Parr correlation functional with the 6-31G(d) basis set in vacuum. The energies of the 

highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbitals were obtained from 

single point calculations in the framework of DFT B3LYP/6-311G(d,p) approach for the CH2Cl2 solution. 

Absorption spectra were simulated from the oscillator strengths of singlet transitions calculated by the TD-

DFT B3LYP/6-31G(d) method in vacuum. 

 

2.3. Synthesis 

 

2,4,6-Tris(p-iodophenyl-)1,3,5-triazine (1) was prepared by the electrophilic cyclization reaction as 

described in the literature [32]. 3,6-Di-tert-butylcarbazole (2) and 3-tert-butylcarbazole (3) were obtained by 

the Friedel−Crafts alkylation according to the literature source [33]. The usage of iodination method of 
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Tucker yielded 3-iodocarbazole (4) [34]. 3-Iodo-9-hexylcarbazole (5), 3-(trimethylsilyl)ethynyl-9-

hexylcarbazole (6) and 3-ethynyl-9-hexylcarbazole (7) were synthesized according the reported procedures 

[35]. 

 

2,4,6-Tris(4-(3-tert-butyl-carbazol-9-yl)phenyl)-1,3,5-triazine (TR1) 

 

2,4,6-Tris(p-iodophenyl)1,3,5-triazine (1) (0.20 g, 0.29 mmol), 3-tert-buthylcarbazole (3) (0.39 g, 1.75 

mmol) and 18-crown-6 (0.02 g, 0.03 mmol) were dissolved in o-dichlorobenzene (10 mL) and the resulting 

solution was heated to reflux under nitrogen atmosphere. Then, K2CO3 (0.41 g, 0.99 mmol) and Cu (0.11 g, 

0.58 mmol) were added. After being stirred for 24 h (TLC control), the reaction mixture was cooled down to 

the room temperature and filtered. The residue was carefully washed with chloroform and the solvent was 

evaporated under vacuum. The product was purified by silica gel column chromatography, using the mixture 

of hexane and dichloromethane in the volume ratio of 4:1 as an eluent, and recrystallized from the eluent 

mixture of solvents to afford the yellowish crystals (0.24 g, 43% yield). m.p. = 346−348 oC (DSC 344 oC). 

IR (KBr), ν/cm-1: 3042, 2955, 2901, 2864, 1604, 1588, 1572, 1508, 1487, 1455, 1412, 1367, 1327, 1294, 

1256, 1229, 1172, 1150, 1015, 813, 767, 744, 730, 636, 517. 1H NMR (300 MHz, CDCl3, δ ppm): 9.13 (d, 

6H, J = 8.63 Hz, Ar); 8.25 (d, 3H, J = 4.17 Hz, Ar); 8.24 (d, 3H, J = 1.37 Hz, Ar); 7.92 (d, 6H, J = 8.64 Hz, 

Ar); 7.66 (d, 3H, J = 8.13 Hz, Ar); 7.60 (d, 6H, J = 1.04 Hz, Ar); 7.50 (td, 3H, J = 7.17 Hz, J = 1.17 Hz, Ar); 

7.38 (td, 3H, J = 7.95 Hz, J = 0.86 Hz, Ar); 1.54 (s, 27H, CH3-). 
13C NMR (75.5 MHz, CDCl3, δ ppm): 

171.4, 143.9, 142.4, 140.8, 138.7, 134.6, 130.9, 126.7, 126.3, 124.4, 123.8, 120.6, 116.8, 110.2, 109.7, 35.1, 

32.2. Elemental analysis found: C, 85.18; H, 6.20; N, 8.62%; molecular formula C69H60N6 requires: C, 

85.15; H, 6.21; C, 8.63%. MS (APCI+, 20 V), found: [M+H]+ m/z: 974; molecular formula C69H60N6 

requires: M = 973.29 g/mol.  

 

2,4,6-Tris(4-(3,6-di-tert-butyl-carbazol-9-yl)phenyl)-1,3,5-triazine (TR2) 
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TR2 was prepared by the Ullmann coupling reaction from 1 (0.38 g, 0.55 mmol) and 2 (0.93 g, 3.32 

mmol) using the same procedure as for the synthesis of TR1. The product was purified by silica gel column 

chromatography, using the mixture of hexane and dichloromethane in the volume ratio of 6:1 as an eluent, 

and recrystallized from the eluent mixture of solvents to afford the yellowish crystals (0.31 g, 49% yield). 

m.p. = 451−452 oC (DSC 448 oC). IR (KBr), ν/cm-1: 3048, 2960, 2903, 2866, 1604, 1590, 1570, 1509, 1489, 

1471, 1410, 1367, 1324, 1297, 1261, 1232, 1175, 1150, 1035, 1016, 878, 841, 810, 612. 1H NMR (300 

MHz, CDCl3, δ ppm): 9.11 (d, 6H, J = 8.71 Hz, Ar); 8.21 (dd, 6H, J = 1.64 Hz, J = 0.85 Hz, Ar); 7.89 (d, 

6H, J = 8.72 Hz, Ar); 7.60 (d, 1H, J = 0.74 Hz, Ar); 7.57 (dd, 10H, J = 1.86 Hz, J = 1.09 Hz, Ar); 7.53 (d, 

1H, J = 1.75 Hz, Ar); 1.52 (s, 54H, CH3-). 
13C NMR (75.5 MHz, CDCl3, δ ppm): 171.4, 143.7, 142.6, 140.7, 

138.9, 134.38, 130.9, 126.5, 124.1, 124.0, 120.6, 116.6, 109.7, 35.1, 32.3. Elemental analysis found: C, 

85.21; H, 7.44; N, 7.35%; molecular formula C81H84N6 requires: C, 85.22; H, 7.42; N, 7.36%. MS (APCI+, 

20 V), found: [M+H]+ m/z: 1142; molecular formula C81H84N6 requires: M = 1141.61 g/mol. 

 

2,4,6-Tris(4-((9-hexyl-carbazol-3-yl)ethynyl)phenyl)-1,3,5-triazine (TR3) 

 

Compound 1 (0.80 g, 1.16 mmol) was suspended in Et3N (20 mL) in a dry 100 mL two−necked flask 

and the resulting mixture was heated to reflux under nitrogen atmosphere. Then, bis-(triphenylphosphin)-

palladium (II) dichloride (0.05 g, 0.07 mmol), CuI (8.00 mg, 0.04 mmol) and 3-ethynyl-9-hexylcarbazole (7) 

(1.44 g, 5.24 mmol) were added. The reaction mixture was stirred for 24 hours at 90 oC. Then the solvent 

was evaporated under vacuum and the residue was extracted with chloroform. The organic phase was dried 

over anhydrous Na2SO4. After evaporation of the solvents under reduced pressure the product was purified 

by silica gel column chromatography, using the mixture of hexane and chloroform in the volume ratio of 9:1 

as an eluent, and precipitated into methanol to afford the yellowish solid (0.44 g, 34% yield). IR (KBr, cm-

1): ν = 3048, 2924, 2853, 2203, 1595, 1568, 1505, 1477, 1369, 1352, 1175, 1124, 813, 744, 726. 1H NMR 

(300 MHz, CDCl3, δ ppm): 8.77 (d, 6H, J = 8.53 Hz, Ar); 8.38 (d, 3H, J = 1.35 Hz, Ar); 8.14 (d, 3H, J = 

7.55 Hz, Ar); 7.79 (d, 6H, J = 8.55 Hz, Ar); 7.73 (dd, 3H, J = 8.48 Hz, J = 1.56 Hz,  Ar); 7.53 (t, 3H, J = 

7.04 Hz, Ar); 7.44 (d, 3H, J = 8.20 Hz, Ar); 7.39 (d, 3H, J = 8.62 Hz, Ar) 7.30 (t, 3H, J = 7.02 Hz, Ar); 4.29 
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(t, 6H, J = 7.08 Hz, -N-CH2-); 1.89 (quin, 6H, J = 6.23 Hz, -CH2-); 1.29-1.45 (m, 18H, -CH2-); 0.92 (t, 9H, J 

= 6.86 Hz, -CH3). 
13C NMR (75.5 MHz, CDCl3, δ ppm): 171.2, 141.1, 140.5, 135.4, 131.8, 129.7, 129.1, 

128.5, 126.4, 124.5, 123.1, 122.7, 120.8, 119.6, 113.1, 109.2, 109.0, 94.4 (-C≡C-), 88.1 (-C≡C-), 43.4 (-N-

C-), 31.8, 29.2, 27.2, 22.8, 14.3. Elemental analysis found: C, 86.14; H, 6.41; N, 7.45%; molecular formula 

C81H72N6 requires: C, 86.13; H, 6.43; N, 7.44%. MS (APCI+, 20 V), found: [M+H]+ m/z: 1130; molecular 

formula C81H72N6 requires: M = 1129.52 g/mol. 

2.4. Device fabrication 

 

Electroluminescent devices were with the following configuration were fabricated: ITO/ poly 3,4-

ethylenedioxythiophene:polystyrenesulfonate (PEDOT:PSS)/PVK:PBD (40 wt %): TR2 (3 wt %)/LiF/Al 

(device I), ITO/PEDOT:PSS/PVK:PBD (40 wt %):TR3(3 wt %)/LiF/Al (device II). PEDOT:PSS was used 

for hole transport layer (HTL) (Fig. S14). The ITO−coated− glass substrates were cleaned by ultrasonic 

treatment in the de−ionized water, acetone and isopropanol step by step during the 15 min for each solution. 

The layer of PEDOT:PSS was obtained on the glass substrate with ITO sublayer by spin coating of the 1:2 

solution with methanol at the speed of substrate rotation of ca. 2000 rpm. The fabricated layer of 

PEDOT:PSS was dried at 200 oC for 10 min. The active light emitting layers PVK:PBD (60/40 wt %) doped 

by 3% of TR2 or TR3 with the thickness of 70 nm were spin coated from chlorobenzene solution on the top 

of PEDOT:PSS . The speed of substrate rotation was 2000 rpm and after 10 s was increased to 3000 for 10 s. 

After drying active the layers at 90oC for 30 min, the top electrode LiF/Al was deposited through the shadow 

mask by means of thermal vacuum evaporation at the pressure of ca. 10-5 Torr. The thicknesses of the layers 

were measured by profilometer (Dektak XT, Brucker). 

The current density−voltage characteristics of the fabricated OLEDs were recorded by Keithley 2400 

Source Meter. The luminance and color of the light emission of the fabricated devices were measured with 

the Minolta CS−200 camera. The electroluminescence spectra were recorded by MicroHR spectrometer and 

a CCD camera 3500 (Horriba Jobin Yvon). Photoluminescence spectra (PL) of the active layers containing 

TR2 and TR3 and without them were recovered by FLS980 fluorescence spectrometer with TMS300 

monochromators and a red cooled detector (Hamamatsu R928P). The standard light source for measuring of 
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PL spectra was a 450 W xenon arc lamp. The absorption (UV) spectra of the films PVK:PBD, 

PVK:PBD:TR2, PVK:PBD:TR3 were recorded with the Cary 5000 UV−Vis−NIR spectrophotometer. All 

the measurements were carried out at the room temperature. 

3. Results and discussion 

3.1. Synthesis 

Star−shaped derivatives of 2,4,6-triphenyl-1,3,5-triazine and carbazole were synthesized by the 

synthetic routes shown in Scheme 1. TR1 and TR2 were obtained by the three−step synthesis. At the first 

step, 4-iodobenzonitrile was subjected to cyclization with the help of trifluoromethansulphonic acid to 

furnish 2,4,6-tris(p-iodophenyl-)1,3,5-triazine (1). At the second step alkylation of carbazole in the presence 

of 2-chloro-2-methylpropane and AlCl3 was carried out. The alkylation products, 3,6-di-tert-butylcarbazole 

(2) and 3-tert-butylcarbazole (3), were isolated. At the final step, compound 1 and carbazole derivatives 2 

and 3 were subjected to Ullmann coupling [36] to obtain the target compounds TR1 and TR2. The synthetic 

route to compound TR3 included five stages. Compound 7 was synthesized following the established routes 

and finally it was coupled with 1 by Hagihara−Sonogashira cross−coupling reaction [37] to afford the target 

product. 

The chemical structures of the target compounds were identified by mass spectrometry, as well as IR 

and NMR spectroscopies and elemental analysis. The data were found to be in good agreement with the 

proposed structures. All the compounds exhibited characteristic signals at 171.2-171.4 ppm in 13C NMR 

spectra which can be attributed to the carbon atoms of the triazine heterocycle. For compounds TR1 and 

TR2 the characteristic singlet signal corresponding to the protons of methyl group of the tert-butyl moiety 

was found at 1.54-1.55 ppm in 1H NMR spectra. Meanwhile, the carbon atoms of the ethynyl bridge linking 

the chromophores of TR3 were characterized by the signals at 94.38 and 88.04 ppm in the 13C NMR 

spectrum and by absorption band at 2203 cm-1 in the IR spectrum. Compounds TR2 and TR3 were found to 

be well soluble in common organic solvents, such as chloroform, THF, methylene chloride, while TR1 was 

moderately soluble in the above mentioned solvents. 
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3.2. Thermal properties 

The temperature of the onset of thermal degradation and glass transition temperature (Tg) are important 

parameters of glass−forming organic semiconductors, since they provide information on the thermal and 

morphological stabilities of the active layers of the optoelectronic devices. The thermal properties of the 

synthesized star−shaped derivatives were investigated by the combination of DSC and TGA. All the target 

compounds exhibited very high thermal stability with the 5% weight loss temperatures exceeding 460 oC 

(see Fig. S1). Compounds TR1 and TR2 in which carbazole moiety contains branched tert-butyl groups 

exhibited superior thermal stability (Td TR1 = 528 oC and Td TR2 = 514 oC) with respect of compound TR3 in 

which carbazole moiety contains long, linear hexyl group at N-9 position (Td TR3 = 467 oC). The values of 

the glass transition temperatures (Tg), melting temperatures (Tm), crystallization temperatures (Tcr) and the 

temperatures, at which initial loss of mass (5%) was observed (Td) are summarized in Table 1. 

DSC scans of TR1-TR3 are presented in Figs. S2-S4. It was observed by DSC that both TR1 and 

TR2, having one and two tert-butyl groups per carbazole moiety, respectively, can be transformed into the 

glassy state by cooling from the melt. They showed melting in the first heating scans but did not crystallize 

upon cooling. Compounds TR1 and TR2 exhibited glass transitions in the second DSC heating scans at 190 

and 226 oC, respectively. Compound TR3 was isolated after the synthesis as an amorphous substance. It did 

not show any melting or crystallization during the DSC experiment and exhibited only glass transition at 97 

oC. 

 

3.3. Optical and photophysical properties 

UV−Vis absorption and fluorescence spectra of the dilute hexane solutions, as well as the spectra of 

the thin films of compounds TR1-TR3 are presented in Fig. 1. The details of the optical and photophysical 

properties of the compounds are summarized in Table 2. The shape of absorption spectra of compounds 

TR1 and TR2 are similar, however the low−energy absorption maximum and the absorption edge of TR2 

exhibit small bathochromic shift with respect to those of TR1. This observation can apparently be explained 

by the larger amount of electron−donor tert-butyl groups in TR2. UV spectra of compounds TR1 and TR2 

contain two well−expressed bands, while the spectra of compound TR3 reflect three well−pronounced 
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transitions. A notable difference in the absorption spectra of TR3 compared to those of TR1 and TR2 is that 

the oscillator strength of the low−energy absorption band of TR3 is larger than those of TR1 and TR2 (see 

chapter 3.6.). The larger oscillator strength suggests that there is a higher probability for the So→
1CT 

transition in TR3. The highest−energy absorption bands of the studied derivatives can be associated with 

π→π* transitions. For compounds TR1 and TR2 absorption shoulders located at 261 and 262 nm, 

respectively, correspond to the absorption of triphenyltriazine moiety [38]. For TR3 this shoulder was 

observed only in the theoretical spectrum (Fig. S18). Absorption bands located in the range of 280–300 nm 

in the UV spectra of the investigated compounds can be attributed to a local excitation of the carbazole 

moiety [39]. The lowest−energy absorption bands located in the region of 340-430 nm can be assigned to the 

intramolecular charge transfer (ICT) complex transition So→
1CT. The similar tendencies were observed for 

the UV spectra of thin solid films. The shape of the absorption bands of the solid films of the derivatives 

was found to be similar to those of the solutions. However, the red shifts (up to 8 nm) and negligible 

broadening of the bands were observed indicating enhanced intermolecular interactions in the solid state. 

UV and photoluminescence (PL) spectra of the dilute solutions of the studied compounds at room 

temperature revealed their solvent−dependant absorption and emission properties. In order to investigate 

solvatochromic effect UV and PL spectra of  the dilute solutions of the compounds in the solvents of 

different polarity, i.e. hexane (ε = 1.88), toluene (ε = 2.3), chloroform (ε = 4.81), tetrahydrofuran (ε = 7.6), 

dichloromethane (ε = 8.93), acetone (ε = 20.7) and acetonitrile (ε = 37.5), were recorded. The measurements 

performed for the solutions in the solvents of different polarity revealed small hypsochromic shifts of the 

lowest−energy absorption bands with the increase of solvent polarity for all the compounds investigated (see 

Fig. S5). We attribute these observations in the absorption spectra to the changes in the solvent refractive 

index n and the solute dipole moment [40]. 

Phosphorescence spectra of the solid solutions of compounds TR1-TR3 in Zeonex polymer matrices 

were recorded at 77 K temperature (Fig. 1). All the phosphorescence spectra possess well-defined vibronic 

structures and are located in blue-green and green spectral regions. Since tert-butyl moiety is relatively weak 

donor, no significant differences between phosphorescence spectra of TR1 and TR2 were observed. The 

phosphorescence spectrum of TR3 was found to be red-shifted, as compared to those of TR1 and TR2. The 
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estimated values of triplet energy of TR1-TR3 are presented in Table 2. They were found to be comparable 

for TR1 and TR2 (2.65-2.68 eV) and lower for TR3 (2.38 eV). 

Fig. 2 presents PL spectra of the solutions of TR1 in various solvents (results for other compounds are 

given in Fig. S6). PL spectra of the solutions of all the compounds in hexane exhibited vibronic structures, 

consisting of two well−expressed maxima, which disappeared in the spectra of the solutions in more polar 

solvents. Disappearance of vibronic structure in polar solvents indicates that the photoexcited intramolecular 

charge transfer (ICT) from carbazolyl− to triazine moiety was enhanced when the polar solvents were used. 

Solvatochromism is caused by the differential solvation of the ground state and the first excited state of 

the radiation−absorbing molecules [41]. With the increase of solvent polarity, the PL emission spectra of the 

studied compounds became broader and exhibited bathochromic shifts of 36-182 nm. This observation 

indicates that the dipole moments of all the compounds investigated are larger in the excited state than in the 

ground state (i.e. µe > µg). The differential solvation of the two states by solvents of varying polarity gives 

rise to an increase in the Stokes shift with increasing solvent polarity [42]. All the compounds exhibited 

positive solvatochromism. More precisely, the solvent relaxation process of the ICT fluorophore can be 

described by the Lippert–Mataga equation (1) [43,44]: 

∆� =
���

�∙�	�
−

����

�∙�	�
  (1), 

where ∆f is defined as orientation polarizability, ε stands for a solvent dielectric constant, n corresponds to 

the refractive index of a solvent. The gap between the maximum of the first absorption band and the 

maximum of the corresponding fluorescence band is called the Stokes shift, and is usually expressed in 

wavenumbers as ∆ṽ = ṽa − ṽf. Fig. 3b shows linear relationship of Stokes shift of compound TR1 on the 

orientation polarizability, ∆f. This linearity indicates that the general solvent effects are dominant in the 

spectral shifts for all the compounds. All the studied compounds showed linear Stokes shift dependance on 

∆f, suggesting that they all are strong ICT fluorophores with highly localized excited state charge separation. 

In the case of TR1 and TR3, the Stokes shift increased from 578 cm-1 and 377 cm-1 for the solutions in 

hexane to 8776 cm-1 and 8925 cm-1 for the solutions in in acetonitrile, respectively. The largest Stokes shift 

was exhibited by TR2, varying  from 616 cm-1 for the solution in hexane to 9843 cm-1 for the solution in 
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acetonitrile. This observation provides the further evidence of the larger excited−state dipole moment of 

TR2 compared to those of TR1 and TR3. These results are in agreement with those reported for the other 

bipolar triazine−based compounds [45–47]. 

Commission internationale de l'éclairage (CIE 1931) color coordinates (x, y) were calculated for the 

emission of the solutions and thin films of TR1−TR3. It was found that the solutions of all the studied 

compounds in non−polar hexane emit deep blue light (Table 2, Figs. S9−S11). With the increase of the 

polarity of solvents the emission of the solutions of the compounds shifts from deep blue through green up 

to yellow color. Estimation of chromaticity coordinates of the neat films of compounds TR1−TR3 revealed 

that the emission of TR1 and TR2 remained blue, while the emission of TR3 appeared in the green region. 

The different shift of the emission band of the film of TR3, as compared to those of TR1 and TR2, can be 

explained by the different molecular packing in films. Compounds TR1 and TR2 contain bulky tert-butyl 

moieties, which provide high sterical hinderance, and thus more chaotic packing in the films. Meanwhile, all 

the aromatic part of TR3 lies in one plane (see Fig. S17), which can result in more favourable molecular 

packing in the layer, leading to the stronger interaction (π−π stacking) between the molecules, which results 

in more pronounced bathochromic shift of the emission color. 

PL quantum yield (η) gives the information on the efficiency of the emission process. It is defined as 

the ratio of the number of photons emitted to the number of photons absorbed [48]. PL quantum yields of the 

solutions of the investigated compounds in the solvents of the different polarity as well as of thin solid films 

were estimated using integrating sphere. Fig. 3b represents fluorescence quantum yield versus ∆f  plot for 

TR1 (the plots for TR2  and TR3 are given in Figs. S7b and S8b). Generally, the η of the solutions of 

triazine derivatives TR1−TR3 decreased with the increase of the solvent polarity. The PL quantum yields of 

TR1 demonstrated linear dependance on orientation polarizability. PL quantum yield of 83% was observed 

for the solution in non−polar hexane, the lowest value of 23%  was recorded for the solution in acetonitrile. 

Compounds TR2 and TR3 demonstrated the highest values of η of 80% and 85% in toluene solutions, while 

for the solutions in acetonitrile the values of η of 18% and 11%  respectively were observed. With the 

increase of the solvent orientation polarizability (∆f),  more time for a typical ICT fluorophore is required to 

reach its relaxed excited state, which enhances the non−radiative processess and leads to higher energy 
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losses. Therefore, the PL quantum yield is expected to decrease. PL efficiency of the solid films of TR1 and 

TR2 were found to be 33% and 29%, respectively, while that of the film of TR3 was 20%. The details of the 

photophysical properties of the solutions of TR1 in different solvents are summarized in Table 3 (the data 

for the solutions of TR2 and TR3 are given in Tables S1 and S2). 

For more information on the dynamics of the 1CT→So emission, the PL decay curves of the dilute 

solutions of compounds TR1−TR3 in the solvents of different polarity were recorded. The PL decays of the 

dilute solutions of all the compounds studied could be well described by single−exponential fits (except the 

solution of TR3 in acetonitrile). The accuracy of the fits was characterized by χ2 values of 1.00−1.08. With 

the increase of the solvent polarity from hexane to dichloromethane the solutions of all the compounds 

showed increasing values of fluorescence lifetime (τ), while τ of the solutions in acetone and acetonitrile 

were found to be 1−3 ns shorter, compared to those observed for the solutions in dichloromethane. τ of the 

solutions of TR3 was found to be 2.7−3.5 times shorter than those of TR1 and TR2. The shorter 

fluorescence lifetimes and higher PL quantum yields of the solutions of TR3 as compared to those of  the 

solutions of TR1 and TR2 shows that the S1→S0 transition is dominant in TR3. This is in agreement with 

the significantly higher (by 2.7−3.0 times) oscillator strength of the transition S0→S1 observed in the UV 

spectrum of the solution of TR3 as compared with those of the solutions of TR1 and TR2. 

To evaluate the contributions of radiative and nonradiative decay processes in the solutions of the 

studied compounds, radiative and nonradiative decay rates, Γ and kNR, respectively, were estimated [49]. Γ 

decreased exponentially with the increase of solvent polarity for the solutions of all the compounds (for TR1 

see Fig. 3a, for TR2 and TR3 see Figs. S7a and S8a). For the solutions of TR3 the values of Γ were found 

to be by ca. 3 times higher than those of the solutions TR1 and TR2. This observation is consistent with 

larger oscillator strength of the S0→S1 transition in the UV spectrum of TR3. The rate of kNR increased with 

the increase of the solvent polarity, indicating the enhancement of the non−radiative processess. This 

observation is consistent with the decrease of PL quantum yields with the increase of the solvent polarity. 

Fluorescence decays of the neat films exhibited nonexponential behavior, pointing out several different 

origins of the radiative transitions (Fig. 4). PL decays of the compounds investigated in the solid state were 

best described by biexponential fits (see Table 2). The emission of the film of TR1 had dominant τ of 1.05 
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ns (67%) and also exhibited fluorescence of long-lived excited state species with a τ of 4.70 ns. The neat 

films of TR2 and TR3 demonstrated almost equal contribution of short-lived 1.29 ns and 1.38 ns for TR2 

and TR3, respectively, and of long-lived excited state species with τ of 5.27 ns and 4.56 ns, respectively. To 

our mind, the large difference between the dominant PL lifetimes of the all the compounds in solution and 

solid state suggests complications due to intermolecular interactions or morphology, or can be a 

consequence of different CT species in different solid-state conformations. 

 

3.4. Electrochemical properties 

Electrochemical properties of TR1−TR3 were studied by CV in order to elucidate the electronic 

energy levels which determine the energy and electron transfer processes and reversibility of redox 

processes. Figure 5 illustrates the CV graphs of compounds TR1−TR3. Only TR2 showed reversible 

oxidation at 1.10 V during CV experiment. Since compounds TR1 and TR3 contain unsubstituted active 

C−6 positions of carbazole moieties, they showed irreversible oxidation processes at 0.89 V for TR1 and at 

0.77 V for TR3. The similar observations were reported earlier [50,51]. For such compounds growing peak 

of current during the CV experiment and the resulting formation and growth of thin films on the working 

electrode demonstrate the occurrence of oxidation induced electropolymerization [52,53]. Compounds TR1 

and TR2, in which the carbazole moiety is linked to triazine core through N−9 position of carbazole moiety, 

demonstrated reversible reduction at -1.74 V and -1.77 V respectively. This observation shows that in these 

conditions a stable radical anion is formed on the triphenyltriazine moiety [54]. TR3 did not exhibit any 

notable reduction peak during the CV experiments. 

Solid−state ionization potential is a useful parameter for organic semiconducting materials for the use 

in optoelectronic applications. Solid state ionization potential (IPCV) and electron affinity (EACV) values of 

the synthesized compounds were estimated using ferrocene/ferrocenium as the standard redox system. The 

half wave potentials and IPCV and EACV values are summarized in Table 4. Compound TR2 was found to 

possess the highest IPCV value of 5.70 eV, while compound TR3 demonstrated the highest electron donating 

ability showing the value of IPCV of 5.37 eV. 
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3.5. Photoelectric properties 

The ionization potentials (IPEP) of the solid samples of TR1−TR3 were also measured by the electron 

photoemission in air method. The electron photoemission spectra of the layers of TR1−TR3 are shown in 

Fig. S12. The values of IPEP are presented in Table 4. The IPEP values were found to be by 0.12 – 0.46 eV 

higher than the IPCV values of the corresponding compounds. However both the methods revealed the same 

trend. The lowest IP values were recorded for TR3 while the highest values were observed for TR2. The 

small differences between the values of IP obtained by electron photoemission spectrometry and by 

electrochemical studies are apparently due to the difference in molecular interactions and molecular 

arrangements in the solid layers and in dilute solutions of the derivatives. 

 

3.6. Theoretical calculations 

The DFT approach [55] was applied for the interpretation of the structure−property relationship of 

TR1−TR3. DFT calculations were performed using the Gaussian suite of programs (Gaussian 09W) [31]. 

The geometries were optimized in the ground state using basic restricted DFT B3LYP 6-31G(d) basis set in 

vacuum. Our calculations show that the optimal neutral electronic ground state geometries are not planar for 

the molecules of TR1 and TR2. The B3LYP ground state geometry shows a torsional angle of ca. 48° 

between carbazole and phenylene fragments. The presence of ethynyl linker in the molecule of TR3 forbids 

rotations around it. Therefore mutual orientation of lateral fragments with respect to the ethynyl linker is of 

ca. 0.23°. The analysis of the optimized bond lengths in the electronic ground state obtained at the B3LYP 

theoretical level for all three molecules revealed the similar bond lengths, with the smallest values observed 

for TR3. The geometry optimizations for the molecules of TR1−TR3 can be found in Figure S17. 

In order to estimate the role of 1,3,5-triazine−based star−shaped structure on the optical transitions, the 

occupied and the unoccupied molecular orbitals contributing to the lowest energy electronic transitions were 

studied using time−dependent version of DFT method (TD−DFT) [56]. Absorption spectra were simulated 

from the oscillator strengths of singlet transitions calculated by the TD−DFT B3LYP/6-31G(d) method in 

vacuum. Two dominant transitions are observed in the absorption spectra of compounds TR1 and TR2 (Fig. 

S17), which can be attributed to the transition S0→S1, with the oscillator strengths of 0.55 for TR1 and of 
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0.60 for TR2, and π→π* transitions with the oscillator strengths of 0.43 for TR1 and of 0.48 for TR2. The 

theoretical simulation of the vertical transitions of TR3 revealed that there is larger contribution of π→π* 

transitions during the excitation of this compound, as compared to the other two compounds. The highest 

intensity absorption band appears from the S0→S1 transition with the oscillator strength of 1.65. 

Figure 6 shows the frontier orbitals of the investigated molecules. In the case of TR1 and TR2, the 

HOMO orbitals are delocalized over all three phenylene−carbazole fragments and the lobes are 

perpendicularly oriented to C-N bonds linked to these chromophores. The similar tendencies were observed 

for TR3. The HOMO orbitals of TR3 are also delocalized over all three carbazole−acetylene−phenylene 

fragments. In all three molecules the LUMO orbitals are localized mostly over the central triphenyltriazine 

part. The lobes of these orbitals show the inter−ring bonding character. The HOMO orbitals also indicate 

that the electron distraction from the molecule will be connected with the electronic structure changes on the 

terminal carbazole fragments. On the other hand, the electron reduction, affects mostly the 2,4,6-triphenyl-

1,3,5-triazine moiety. 

 

3.7. Charge−transporting properties 

Xerographic time−of−flight measurements were used to characterize the charge−transporting 

properties of the synthesized compounds. Investigations were carried out for the layers of TR1−TR3 coated 

on aluminum plated glasses by solution processing technique. The photogeneration quantum efficiency of 

holes was estimated from the magnitude of extracted charge in XTOF experiment after excitation of samples 

with short nitrogen laser light pulse (λ = 337 nm, duration – 1 ns). Figure 7 shows the electric field 

dependencies of photogeneration quantum efficiency holes for the layers of investigated compounds. For all 

the compounds photogeneration quantum efficiency is strongly field dependent. These dependencies may be 

approximated by a power law function η ~ En, where factor n = 3.2 or 3.1 for TR1 and TR2, and n = 2.1 for 

TR3. Such dependence can be explained by Onsager photogeneration mechanisms, and big values of factor 

n indicate that thermalization distance in photogeneration process is less than the Onsager radius [57]. 

Compound TR3 is distinguished with the smallest factor n and the highest values of quantum efficiency, 

with reaches 0.36 at strong electric field. 
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Dispersive hole−transport was observed in the layers of TR1−TR3 coated by solution processing 

technique (Fig 8a). The hole−transit times (tt) needed for the estimation of hole mobilities were established 

from the intersection points of two asymptotes of the double−logarithmic plots. The representative electric 

field dependency of hole−drift mobility for the neat film of TR2 is shown in Fig. 8b and is Poolee−Frenkel 

type characteristic. Such dependence is commonly observed for organic charge transporting materials in 

amorphous state due to a disorder. The data of the hole mobility of the neat films of compounds TR1−TR3 

are presented in Table 5. The highest hole mobility value is observed for the compound TR2. It approached 

the magnitude of 10-2 cm2 V-1 s-1 at high electric fields. 

3.8. Electroluminescent properties 

Compounds TR2 and TR3 were tested as light emitting materials in the OLED structures based on 

host−guest system. The blend of poly N-vinyl carbazole (PVK) and 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-

1,3,4-oxadiazole (PBD) (Fig. S13) was used as host, and TR2 and TR3 were employed as emitting guest 

materials. PVK is widely known as hole transporting material. In addition, it possess a large exciton lifetime 

[58,59]. In order to enable the host system to transport both types of charge carriers i.e. electrons and holes, 

PBD was mixed with PVK [60,61]. The HOMO and LUMO levels of PVK and PBD are suitable for good 

energy transfer to the light emitting dopants TR2 and TR3 in it (Fig.9). UV and PL spectra of the layers of 

the molecular mixtures PVK:PBD, PVK:PBD:TR2 and PVK:PBD:TR3 are given in Figure S15. The shape 

of absorption spectra of the films containing light emitting dopants TR2 and TR3 remained similar to those 

of PVK:PBD film, what means that the TR2 and TR3 have no significant influence on the absorbance of 

active layers. Doping with the guest materials, however, was found to have influence on the PL spectra. The 

PL maxima of the films of PVK:PBD, PVK:PBD:TR2 and PVK:PBD:TR3 were observed at 422nm, 450 

nm and 485 nm, respectively. 

The electroluminescence (EL) spectra of the fabricated devices I and II are presented in Figure 10. 

The EL intensity maxima of the devices I and II were observed at 463 nm and 515 nm, respectively. Since 

pure PVK:PBD based devices showed emission maxima at 433 nm [62], and EL emission maxima of the 

devices I and II were observed at the same wavelengths as PL emission maxima of the films of TR2 or TR3 
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(Fig. 10), we can conclude that effective excitation energy transfer from the host matrices to the guests takes 

place in the devices. 

Figure 11 shows the current density−voltage characteristics and luminance−voltage characteristics of 

the devices I and II. The characteristis OLEDs are summarized in the Table 6. The turn−on voltage (Von) of 

device I was observed at 8 V for electroluminescence of 5.24 cd/m2. In the case of device II, the Von was 

observed at 9.5 V for EL of 1.5 cd/m2. The brightness maxima of 1342 and 1221 cd/m2 were observed at 18 

V for devices I and II, respectively, with the maxima of current efficiency in the range of 0.1-0.55 cd/A. CIE 

chromaticity coordinates of devices I and II were found to be (0.15, 0.13) and (0.21, 0.33), respectively (Fig. 

S16). The increasing of the bias led to the reduction of the device brightness, followed by the structural 

degradation. It is known, that Von, brightness and the current efficiency of OLEDs are determined by the 

thickness of the active layer, injection barriers, balance of charge carriers in the device [63–66]. The 

thickness of active layer in our OLEDs was 70 nm, which is typical for such kind of devices. OLEDs 

fabricated in this work do not contain additional hole−transporting or electron transporting layers in addition 

to PEDOT:PSS. Such additional layers could improve characteristics of the devices and reduce Von. In 

addition, charge carrier balance in the polymer host−guest matrix devices depends on the amount of light 

emitting dopant in the matrix blend [67–69]. The optimization of the concentration of TR2 and TR3 in 

polymer matrix and the application of the additional hole− and/or electron−transporting layers would 

hopefully provide the possibility of improving the device performance. 

4. Conclusions 

Star−shaped derivatives of 2,4,6-triphenyl-1,3,5-triazine and carbazole with the different linking 

topologies of the chromophores were synthesized by a combination of classical and modern synthetic 

methodologies including Ullmann coupling reaction and Sonogashira cross−coupling reaction. The 

compounds possess high thermal stability with the temperatures of the onsets of thermal degradation 

exceeding 460 °C. They form molecular glasses with glass transition temperatures ranging from 97 to 226 

°C. Solvatochromic behavior of the compounds was investigated studying their solutions in the solvents of 

different polarity. All the compounds exhibited the positive solvatochromism. Emission color of the 

solutions could be tuned from deep blue to the yellow with the increase of solvent polarity. The dilute 
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solutions of the synthesized compounds showed fluorescence quantum yields reaching 0.85 and high Stokes 

shifts (377-9842 cm-1). All the compounds show linear Stokes shift dependancies on orientation 

polarizability, suggesting that they all are strong intramolecular charge transfer fluorophores with highly 

localized excited state charge separation. The PL decays of the dilute solutions of the compounds were well 

described by single−exponential fits. Fluorescence quantum yields of the solid films of the compounds were 

found to range from 0.2 to 0.33. Ionization potentials of the layers of the compounds estimated by 

photoelectron spectroscopy range 5.49 eV − 5.97 eV. The hole drift mobility of one compound approached 

the magnitude of 10-2 cm2 V-1 s-1 at high electric fields. The selected compounds  were tested as light 

emitting materials in OLEDs based on host−guest system. The brightness maxima of 1342 and 1221 cd/m2 

were observed at 18 V for devices, with the maxima of current efficiency in the range 0.1 − 0.55 cd/A. 
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Table 1. Thermal characteristics of compounds TR1−TR3. 

Compound T )(a
g , °C T )(a

m , °C T )(b
d , °C 

TR1 190 344 528 

TR2 226 448 514 

TR3 97 − 467 

(a) glass transitions (Tg), melting points (Tm) and crystallization temperatures (Tcr) were measured by DSC (heating 

rate of 10 °C/min under nitrogen atmosphere); (b) thermal decomposition temperatures(5 % weight loss 

temperatures) were measured by TGA (heating rate of 20 oC /min under nitrogen atmosphere) 
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Table 2. Optical and photophysical properties of the dilute hexane solutions and neat films of compounds 
TR1−TR3. 

Compound 

Dilute solution in hexane Solid film 

λUV, 

nm(a) 

λPL, 

nm(a) 

∆ṽ, 

cm-1(b) 

η, 

%(c) 

τ, 

ns(d) 

CIE 

(x, y)(e) 

λUV, 

nm(a) 

λPL, 

nm(a) 

∆ṽ, 

cm-1(b) 

η, 

%(c) 

τ, 

ns(f) 

CIE 

(x, y)(e) 

ET, 

eV(g) 

TR1 389 398 578 83±5 2.88 
(0.16, 

0.03) 
390 462 3993 33±3 

1.05 

4.70 

(0.16, 

0.18) 
2.68 

TR2 397 407 616 74±5 2.82 
(0.16, 

0.03) 
400 466 3538 29±3 

1.29 

5.27 

(0.18, 

0.22) 
2.65 

TR3 394 400 377 82±5 1.02 
(0.16, 

0.06) 
406 514 5172 20±3 

1.38 

4.85 

(0.23, 

0.54) 
2.38 

(a) Peak wavelengths of absorption and emission bands; (b) Stokes’ shift; (c) Quantum yields measured using integrating sphere; (d) 

Fluorescence lifetime estimated for 10-5 M hexane solutions (λex = 350 nm) (e) CIE color coordinates; (f) Fluorescence lifetimes 

estimated for neat films (λex = 350 nm); (g) Values of triplet energies were estimated from the blue-edge maxima of phosphorescence 

spectra. 
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Table 3. Photophysical characteristics of the dilute solutions of compound TR1 in the solvents 
of different polarity. 

Solvent ∆f(a) λUV,  
nm (b) 

λPL,  
nm (b) 

∆ṽ, 
cm-1 (c) 

η, 
% (d) 

τ,  
ns (e) χ

2 Γ, 
ns-1 (f) 

kNR,  
ns-1 (f) 

Hexane -0.001 389 398 577.94 83±5 2.88 1.01 0.29 0.06 

Toluene 0.013 385 434 2929.45 76±5 3.94 1.00 0.19 0.06 

Chloroform 0.150 379 480 5549.09 62±3 6.55 1.00 0.09 0.06 

Tetrahydrofuran 0.210 378 487 5918.39 53±5 7.55 1.00 0.07 0.06 

Dichloromethane 0.217 376 499 6552.97 50±5 7.59 1.00 0.07 0.07 

Acetone 0.284 372 520 7648.37 29±3 6.32 1.01 0.05 0.11 

Acetonitrile 0.305 370 548 8776.40 23±3 4.58 1.05 0.05 0.17 

(a) Solvent orientation polarizability; (b) Peak wavelengths of absorption and emission bands; (c) Stokes shift; (d) 

PL quantum yields measured using integrating sphere; (e) Fluorescence lifetimes estimated in 10-5 M solutions (λex 

= 350 nm); (f) radiative and nonradiative decay rate constants were calculated by the equations � =
�

�
 and 

��� =
�

�
− �. 
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Table 4. Electrochemical and photoelectrical characteristics of compounds TR1−TR3. 

Compound 
Eox, 

V(a) 

Ered, 

V(a) 

Eg
CV (b), 

eV 

IPSS, 

eV(c) 

EASS, 

eV(d) 

Eg
opt (e), 

eV 

IPEP, 

eV(f) 

EHOMO, 

eV(g) 

ELUMO, 

eV(g) 

TR1 0.89 -1.74 2.63 5.49 2.86 2.96 5.95 -5.71 -2.39 

TR2 1.10 -1.77 2.87 5.70 2.83 2.90 5.97 -5.63 -2.37 

TR3 0.77 − − 5.37 − 2.85 5.49 -5.67 -2.51 

(a) for the TR1 and TR3 onset of the first oxidation potential, for TR2 halfwave oxidation 

potential; Ered is halfwave reduction potential; (b) calculated using equation Eg
CV= Eox  – Ered ; 

(c) calculated using equation IPCV = 4.8 + Eox vs FC; (d) calculated using equation EACV = 4.8 + 

Ered vs FC; (e) Eg
opt was calculated using equation Eg

opt = 1239.75/λ ( λTR1 = 418 nm, λTR2 = 427 

nm, λTR3 = 435 nm (from UV spectra)); (f) ionization potentials measured by electron 

photoemission spectrometry (g) HOMO and LUMO energies were calculated using rB3LYP/6-

311g (d,p) method. 
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Table 5. Hole mobility data of the layers of compounds TR1−TR3. 

Compound d, µm(a) 
µ0, 

cm2 V-1s-1(b) 

µ, 

cm2 V-1s-1(c) 

α, 

cm1/2 V-1/2(d) 

TR1 1.5  2·10-3  

TR2 2.1 1.4·10-4 7.5·10-3 0.004 

TR3 2.0  3·10-3  

 (a) Layer thickness; (b) mobility value at zero field strength; (c) mobility value at 6.4⋅105 V/cm field strength; (d) 

the Poolee−Frenkel parameter. 
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Table 6. EL performances of multi−layered devices with the synthesized emitters. Device: 
ITO/PEDOT:PSS/PVK:PBD (40 wt %):guest(3 wt %)/LiF/Al. 

Device Von, V(a) ELmax, nm(b) 
Brightness, 

cd/m2(c) 

C.E., 

cd/A(d) 

CIE, 

(x,y)(e) 

I (guest TR2) 8 463 1342 0.51 (0.15, 0.13) 

II (guest TR3) 9.5 515 1221 0.46 (0.21, 0.33) 

(a) Turn on voltage; (b) Electroluminescence maxima; (c) Brightness maxima at 18 V; (d) Current efficiency; (e) 

CIE color coordinates. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Scheme 1. Synthetic routes to TR1 – TR3. 
Figure 1. UV absorption and photoluminescence spectra of 10-5 M hexane solutions (solid lines), 
thin films (dashed lines) and phosphorescence spectra (short dashed lines) of compounds TR1-
TR3. 
Figure 2. Photoluminescence spectra of 10-5 M solutions of compound TR1 in hexane, toluene, 
chloroform, tetrahydrofuran, dichloromethane, acetone and acetonitrile solutions (λex = 350 nm). 
Figure 3. a) Dependencies of radiative (circles) and nonradiative (rhombus) decay rate (a), of PL 
quantum yield (squares) and of Stokes shift (triangles) (b) on orientation polarizability (∆f) of 
TR1. Dashed lines stand for the linear fit. 
Figure 4. PL decays of neat films of compounds TR1-TR3. 
Figure 5. Cyclic voltammetry scans of dilute 1 µg/ml solutions of compounds TR1-TR3. 
Measurement conditions: 0.1 M Bu4NBF6/dichloromethane electrolyte, scan rate 100 mV/s. 
Figure 6. The frontier orbitals of compounds TR1-TR3. 
Figure 7. Field dependencies of the holes photogeneration quantum efficiency in the layers of 
TR1−TR3.  
Figure 8. (a) XTOF transients for the neat film of TR2. Arrow mark indicate transit time of 
holes at the respective surface voltage; (b) Electric field dependencies of hole−drift mobilities of 
the amorphous layer of TR2. 
Figure 9. Energy diagrams of the devices I (a) and II (b). 
Figure 10. Normalized electroluminescence spectra (solid lines) of devices I and II and PL 
spectra of neat films (dashed lines) of TR2 and TR3. 
Figure 11. Current density-voltage and luminance-voltage characteristics (a), current efficiency 
– current density characteristic (b) of the devices I and II. 
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