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Abstract  

Six 2,5-diamino-3,6-dicyanopyrazine dyes with medium to long length alkyl chains on their amino 

groups were newly synthesised and their fundamental properties investigated, including their derivatives, 

focusing on liquefaction at room temperature. The butyl, pentyl, hexyl, heptyl, octyl, and dodecyl 

substitutions realised liquefaction of the dye chromophore. These liquid dyes exhibited relatively good 

fluorescent properties in the liquid state. The dodecyl derivative showed the largest fluorescence efficiency 

of 0.59 in the liquid state among the derivatives and was used in an organic light-emitting device. The 

efficient yellow EL emission peaked at 593 nm with a 10 V turn-on voltage of the device and a maximum 

brightness of 336 cd/m2 at 14 V. 
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1. Introduction  

Liquid dyes are organic dyes that are liquids at room temperature. Recently, their unique 

physicochemical properties have attracted significant interest for their potential in optoelectronic 

applications, and particularly in flexible optoelectronic devices because of their flexibility and adaptability 

to printable processes [1–7]. It is also a great advantage that many technologies for manufacturing liquid 

crystal displays can use liquid dyes. 

The syntheses of liquid dyes have been reported for several dye systems including coumarins [8], 

perfluorophenazines [9], fullerenes [10], and azo compounds [11] with various substituents such as linear 

or branched dialkylamino, alkoxy, and alkyl groups. In previous reports, the melting points of 

functionalised organic dyes have been shown to decrease with long flexible chain substituents, sometimes 

becoming viscous oils or fluids at room temperature. This highlighted the effects of substituents on the 

melting point, although the number of related studies is limited compared with that of liquid crystalline 

organic compounds [12,13]. Thus, it remains difficult to identify the precise mechanism of liquefaction. In 

this study, liquid dyes were prepared based on the 2,5-diamino-3,6-dicyanopyrazine chromophore (1), as 

shown in Fig. 1.  

Pyrazine rings have been widely used as electron acceptors for constructing electron-deficient parts 

of molecules [14]. Furthermore, pyrazine derivatives are easily functionalised by substitution of donor 

groups at the 2, 3, 5, 6-positions, resulting in a small CT state with a separation of the HOMO and the 

LUMO [15]. Some pyrazine dyes have been reported to exhibit several different solid forms with different 



3 

 

optical properties [16–18]. 2,5-Diamino-3,6-dicyanopyrazine (1) shown in Fig. 1 exhibits an intense 

yellowish-green fluorescence in solution, while it is non-emissive in the solid state [19]. When the amino 

groups of the compound are modified with bulky halogen- or methyl-substituted benzyl groups, the 

obtained derivatives exhibit intense orange fluorescence both in solution and the solid state [20]. Previous 

studies of the pyrazine dyes with Cl/Br-substituted benzyl groups exhibited polymorphism [21,22], with 

their crystal structures suggesting that the colour change was caused by conformational differences in the 

solid state. [18,23–25] 

In this study, a systematic examination of the optical properties of liquid pyrazine dyes based on 

the 2,5-diamino-3,6-dicyanopyrazine chromophore was performed by altering the chain length of the alkyl 

substituents on the amino groups, as shown in Fig. 1. The synthesis and basic optical properties of several 

liquid derivatives were reported while focusing on the effects of the pyrazine dye alkyl groups on the 

melting point and photophysical properties. The liquid dye with the largest fluorescence efficiency among 

the prepared liquid dyes was also examined for its potential as an emitter material in organic light emitting 

diodes (OLEDs). 

 

 
Figure 1. Chemical structures of pyrazine dyes 2a−2k. 

 

2. Experimental  

2.1. Materials  

The alkyl iodides (97%) were purchased from Tokyo Chemical Industry Co. (TCI). Sodium 

hydroxide (97%) was obtained from Wako Pure Chem. Ind., Ltd. Wako silica gel C-300 (45–75 mm) was 

used for column chromatography and 2,5-diamino-3,6-dicyanopyrazine was supplied from Nippon Soda 

Co. Ltd. 2d–2k were synthesised following a previously reported procedure [19,20]. Structural 

characterisation was performed using nuclear magnetic resonance (NMR) spectroscopy, Fourier transform 

infrared (FT-IR) spectroscopy, and high-resolution mass spectrometry (HRMS). The NMR spectra were 
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recorded in CDCl3, unless otherwise stated, with tetramethylsilane (TMS) as an internal reference at 

ambient temperature, using a DRX 300 MHz spectrometer (Bruker Co.) and JNM-ECX 400 MHz 

spectrometer (Jeol Resonance Co.). The FT-IR spectra were collected using a Jasco FT/IR-6200 

spectrometer. The HRMS data and liquid chromatography-electrospray ionisation mass spectrometry (LC-

ESI-MS) spectra were recorded using a LaChrom ultra-high performance liquid chromatography system 

coupled to a time-of-flight (ToF) mass spectrometer (Nano Frontier LD, Hitachi High-Technologies Co.). 

The melting points (Tm) of the prepared compounds were measured by differential scanning calorimetry 

(DSC) using a Rigaku ThermoPlus DSC 8230 instrument at a heating rate of 10 °C/min and an air flow 

rate of 10 mL/min. Cyclic voltammetry was performed using an electrochemical analyser Model 760Dz 

(ALS/H CH Instruments) at room temperature in nitrogen purged CH2Cl2 with a 

tetrabutylammoniumhexafluorophosphate (TBAPF6) supporting electrolyte at a scanning rate of 100 mV/s. 

A glassy carbon, Pt wire, and Ag/AgNO3 were used as the working, counter, and reference electrodes, 

respectively. The oxidation potential was calibrated with ferrocene and the energy gap between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) was estimated 

using the UV-vis absorption spectrum edge. 

 

2.2. General procedure for synthesis of 2,5-bis(N,N-dialkylamino)-3,6-dicyanopyrazines (2)  

 To a 50 mL flask cooled with ice, 2,5-diamino-3,6-dicyanopyrazine 1 (3 mmol) and alkyl iodide 

(2d–2k; 30 mmol) were dissolved in dimethylacetamide (30 mL) and sodium hydroxide (15 mmol) was 

slowly added with stirring. The ensuing mixture was then stirred at room temperature for 1–3 h. After 

completion of the reaction, distilled water (60 mL) was added to the reaction mixture and the liquor was 

extracted using ethyl acetate. The extract was evaporated to afford a residue which was purified by column 

chromatography on silica gel with EtOAc/n-hexane (1/3, v/v) as an eluent. Compounds 2a–2e were 

previously reported [19,20]. 

 

2.2.1. 2,5-bis(N,N-dihexylamino)-3,6-dicyanopyrazines (2f) 

Yield 3.4%. 1H NMR (300 MHz, CDCl3) δ: 0.89 (t, 12H, J = 6.78 Hz), 1.26–1.35 (m, 24H), 1.57–

1.62 (m, 8H), 3.46 (t, 8H, J = 7.91 Hz) ppm; 13C NMR (75 MHz, CDCl3) δ: 14.01, 22.6, 26.4, 27.84, 31.56, 

50.32, 112.74, 116.68, 148.87 ppm; IR (neat, cm-1) 2928, 2216, 1509, 1465, 1214; ESI MS: m/z 497.43 

[M+H]+; HRMS (ESI) m/z calcd. for C30H53N6 [(M+H)+] 497.43262, found 497.43153. 

 

2.2.2. 2,5-bis(N,N-diheptylamino)-3,6-dicyanopyrazines (2g) 



5 

 

Yield 4.4%. 1H NMR (400 MHz, CDCl3) δ: 0.87 (t, 12H, J = 6.4 Hz), 1.26–1.31 (m, 32H), 1.57–

1.63 (m, 8H), 3.45 (t, 8H, J = 7.8 Hz) ppm; 13C NMR (100 MHz, CDCl3) δ: 14.16, 22.68, 26.79, 27.79, 

29.14, 31.86, 50.40, 112.82, 116.78, 148.95 ppm; IR (neat, cm-1) 2924, 2215, 1508, 1464, 1217; ESI MS: 

m/z 553.49 [M+H]+; HRMS (ESI) m/z calcd. for C34H61N6 [(M+H)+] 553.49522, found 553.49400. 

 

2.2.3. 2,5-bis(N,N-dioctylamino)-3,6-dicyanopyrazines (2h) 

Yield 3.3%. 1H NMR (400 MHz, CDCl3) δ: 0.87 (t, 12H, J = 7.33 Hz), 1.26–1.29 (m, 40H), 1.57–

1.65 (m, 8H), 3.45 (t, 8H, J = 8.7 Hz) ppm; 13C NMR (100 MHz, CDCl3) δ: 14.18, 22.73, 26.83, 27.97, 

29.32, 29.44, 31.88, 50.40, 112.83, 116.78, 148.95 ppm; IR (neat, cm-1) 2924, 2216, 1506, 1464, 1215; ESI 

MS: m/z 609.55 [M+H]+; HRMS (ESI) m/z calcd. for C38H69N6 [(M+H)+] 609.55782, found 609.55570. 

 

2.2.4. 2,5-bis(N,N-didodecylamino)-3,6-dicyanopyrazines (2i) 

Yield 4.2%. 1H NMR (300 MHz, CDCl3) δ: 0.82 (t, 12H, J = 6.4 Hz), 1.21–1.35 (m, 72H), 1.75 

(quint, 8H, J = 7.16 Hz), 3.09 (t, 8H, J = 6.97 Hz) ppm; 13C NMR (100 MHz, CDCl3) δ: 7.38, 14.22, 22.78, 

28.65, 29.44, 29.53, 29.65, 29.72, 30.61, 32.01, 33.68, 50.40, 112.83, 116.76, 148.95 ppm; IR (neat, cm-1) 

2925, 2212, 1509, 1465, 1216; ESI MS: m/z 833.80 [M+H]+; HRMS (ESI) m/z calcd. for C54H101N6 

[(M+H)+] 833.80822, found 833.80630. 

 

2.2.5. 2,5-bis(N,N-dihexadecylamino)-3,6-dicyanopyrazines (2j) 

Yield 1.5%. 1H NMR (400 MHz, CDCl3) δ: 0.87 (t, 12H, J = 6.4 Hz), 1.25–1.29 (m, 104H), 1.57–

1.64 (m, 8H), 3.44 (t, 8H, J = 7.33 Hz) ppm; 13C NMR (100 MHz, CDCl3) δ: 14.21, 22.78, 26.85, 27.99, 

29.46, 29.51, 29.70, 29.76, 29.79, 32.02, 50.40, 112.82, 116.78, 148.96 ppm; IR (KBr, cm-1) 2918, 2218, 

1512, 1469, 1219; ESI MS: m/z 1058.05 [M+H]+; HRMS (ESI) m/z calcd. for C70H133N6 [(M+H)+] 

1058.05863, found 1058.05395. 

 

2.2.6. 2,5-bis(N,N-dioctadecylamino)-3,6-dicyanopyrazines (2k) 

Yield 1.7%. 1H NMR (400 MHz, CDCl3) δ: 0.87 (t, 12H, J = 6.87 Hz), 1.24–1.29 (m, 120H), 1.58–

1.64 (m, 8H), 3.44 (t, 8H, J = 7.79 Hz) ppm; 13C NMR (100 MHz, CDCl3) δ: 14.21, 22.78, 26.85, 27.99, 

29.46, 29.51, 29.70, 29.80, 32.01, 50.40, 112.82, 116.78, 148.96 ppm; IR (KBr, cm-1) 2919, 2218, 1512, 

1470, 1221; ESI MS: m/z 1170.14 [M+H]+;  HRMS (ESI) m/z calcd. for C78H149N6 [(M+H)+] 1170.18383, 

found 1170.17817. 

 

2.3. Characterisation of photophysical properties and molecular orbital calculations 
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The UV-vis absorption spectra of 2d–2k in chloroform solution and neat liquids were recorded 

using a Perkin-Elmer Lambda 750 spectrometer, and those of the solids were recorded using an optical 

waveguide SIS-50 surface/interface spectrometer (SIS Co.). The fluorescence spectra of chloroform 

solutions and neat forms were recorded using a Jasco FP-8500 spectrofluorometer. For the spectral 

measurements, the liquid dyes were sandwiched by two glass plates. The excitation wavelength for the 

solution sample was 521 nm for 2d–2k and was determined by the absorption maximum in chloroform 

solution. The excitation wavelength for the liquid and solid samples was 517 nm, as determined by their 

absorption maximum in neat form. The absolute fluorescence quantum yields (ɸf) of the derivatives in 

chloroform solution and neat forms were estimated using the spectrofluorometer with an integrating sphere 

system. The UV-vis absorption spectra, fluorescence spectra, and fluorescence quantum yields were 

measured in triplicate at room temperature. Molecular geometry optimisation and calculations of the 

theoretical absorption properties were performed using the Gaussian 16 program package.[26] The 

optimisation was performed using density functional theory, Becke's three-parameter hybrid exchange 

functional, and Lee-Yang-Parr non-local correlation functional (B3LYP) [27], 6-31G+(d,p) basis set. Based 

on the optimised molecular structure, the theoretical absorption properties were obtained by calculating the 

excited states using the same basis set.  
 

2.4. OLED fabrication and measurement 

Indium tin oxide (ITO) substrates were sequentially ultrasonicated in each of pure water, 2-

propanol, acetone, and chloroform for 10 min. The samples were then maintained under ozone atmosphere 

for 3 min using a UV-ozone cleaner (PL16-110D, SEN Lights Corp., Japan). Poly(3,4-

ethylenedioxythiophene) (PEDOT):poly(styrenesulfonate) (PSS) films were spin-coated onto the ITO 

substrates and dried at 100 °C for 1 h. An emission layer (35 nm) of poly(9,9-dioctylfluorene-alt-

benzothiadiazole) (F8BT) doped with liquid fluorescent dye 2i (40 wt%) was prepared via spin-coating 

from a chloroform solution at 3000 rpm onto the PEDOT:PSS-coated ITO substrates. After drying the 

emission layer, an electron transport layer (35 nm) composed of 1,3,5-tri(m-pyridin-3-ylphenyl)benzene 

(TmPyPB) was prepared via vacuum deposition. Subsequently, a cathode consisting of LiF (0.4 nm) and 

Al (80 nm) was thermally evaporated to form the OLEDs. The luminance-voltage characteristics were 

obtained using a luminance meter (LS-100, Konica Minolta) and source meter unit (model 2400, Keithley). 

The electroluminescence (EL) spectra were measured using a spectrometer (FLAME-S-VIS-NIR-ES, 

Ocean Optics).  

For photoluminescence measurements, the neat and 2i-doped F8BT films were spin-coated from a 

chloroform solution at 3000 rpm on top of precleaned fused silica substrates. For the neat liquid dye 2i, the 
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compound was sandwiched between two fused silica substrates. The photoluminescence (PL) spectra were 

measured using a spectrofluorophotometer (RF-5301PC, Shimadzu). 

 

3. Results and discussion 

As shown in Fig. 1, the pyrazine dyes 2 were synthesised via substitution reactions of alkyl halides. 

The syntheses and optical properties of 2a–2e in solution and solid films have already been reported.[19,20] 

The structure and purity of dyes 2f–2k was confirmed via 1H and 13C-NMR, FT-IR, and HRMS studies. 
Among the reported dyes 2a–2e, 2d and 2e were liquids at room temperature. In addition to these two dyes, 

the pyrazine dyes 2 containing hexyl, heptyl, octyl, and dodecyl chains were liquids at room temperature, 

whereas the dyes with hexadecyl and octadecyl chains were solids. 
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Figure 2. DSC and differential curves (DDSCs) of liquid dyes heated from -100 to 50 °C at 10 °C min-1: (a) 2d, (b) 
2e, (c) 2f, (d) 2g, (e) 2h, and (f) 2i. 
 

3.1. Melting point 

The liquid pyrazine dyes 2d–2i were viscous liquids at room temperature. Even when stored at 

room temperature for several months, no crystals and/or powders formed and Fig. 2 shows the DSC results 

of the liquid derivatives. Dye 2d exhibited an endothermic peak with a ΔH of 1.54 J/g at -57.7 °C, 

corresponding to the change from solid to liquid phase and no peak was observed up to 50 °C. Dyes 2e– 2i 

showed similar thermal behaviour to that of 2d. The melting points of 2e–2h were observed at -69.2, -75.1, 

-68.1, and -73.2 °C, respectively. Only 2i exhibited a large endothermic peak at 1.1 °C, as shown in Fig. 

2(f). The heat of fusion was calculated to be 94.7 J/g, which is significantly larger than those of the other 
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liquid derivatives. Zhang et al. reported that larger fusion enthalpies (ΔH) tend to increase the melting 

temperature, whereas lager fusion entropies (ΔS) tend to decrease the melting temperature [28]. These two 

factors compete with each other and the balance between ΔH and ΔS determines the melting point. Their 

results for the long alkyl chain ionic liquids showed that the increase in ΔH is more significant than that in 

ΔS when the alkyl chain length increases. Therefore, the results presented herein suggest that the dye 2i 

exhibited high heat capacity and high melting point due to its long dodecyl groups.  

 

 
Figure 3. The relationship between melting point and the number of carbon atoms of the alkyl substituents. 

 

The melting point data were plotted as a function of the number of carbon atoms in the alkyl chain 

of the pyrazine dyes (Fig. 3). From the methyl (2a) to butyl (2d) derivatives, the melting points drastically 

decreased with increasing number of carbon atoms in the alkyl substituent. From the butyl (2d) to octyl 

(2h) derivatives, the change in melting points slightly decreased with increasing number of carbon atoms 

in the alkyl substituent. The melting point of derivatives with longer alky chains than 2h increased. The 

observed trends between the alkyl chain length and melting point were similar to the results reported in 

previous studies of liquid dyes [1–4,29].  

The liquid state of an organic dye at room temperature is considered to be controlled by the balance 

between π-π interaction with respect to the chromophoric part and van der Waals interactions among the 

incorporated alkyl chains [3], even though this issue remains a matter of discussion. When the alkyl chain 

lengths are short, the π-π interaction between dye molecules is dominant and the melting points increase. 

In contrast, when the alkyl chain lengths are very long, the contribution of van der Waals interactions 
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between adjacent alkyl chains increases, resulting in a gradual increase in the melting point with the 

elongating alkyl chain length. When the alkyl groups are of medium size, it is reasonable to suggest that 

the π-π interactions are balanced with van der Waals interactions to realise a liquid dye at room temperature 

[30].  
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Table 1. Melting point and optical properties of the prepared pyrazine dyes 2a−2k. 

aFmax (solution) excited at 521 nm for 2d–2k. bФ: Fluorescence quantum yield. cSS: Stokes shift, Fmax - λmax in chloroform solution.  dFmax (neat) excited at 517 nm for 2d–2k. eSS: 
Stokes shift, Fmax - λmax in neat form. fΔλ = λmax (neat) - λmax (solution). gΔF = Fmax (neat) - Fmax (solution). hReference. iMeasured by DSC. 

 

Compoun
d 

R Mp (°C) 
In chloroform  Crystalline or neat form Δλ 

(nm)f 
ΔF 

(nm)g λmax (nm) log ε Fmax (nm)a Фf b SS (cm-1)c  λmax (nm) Fmax (nm)d Фf b SS (cm-1)e 

2a CH3 124.5h 498h 3.64h 601h 0.55h -3441  592h 623h 0.26h -841 61 32 

2b C2H5 51h 516h 3.42h 602h 0.70h -2769  553h 608h 0.14h -1636 32 40 

2c C3H7 82h 520h 3.82h 607h 0.56h -2756  586h 625h 0.26h -1065 71 49 

2d C4H9 -57.7i 521 3.58 606 0.53 -2692  517 598 0.10 -2620 -4 -8 

2e C5H11 -69.2i 521 3.51 606 0.48 -2692  519 603 0.04 -2684 -2 -3 

2f C6H13 -75.1i 521 3.17 602 0.47 -2583  515 604 0.04 -2861 -6 2 

2g C7H15 -68.1i 523 3.63 604 0.50 -2564  518 594 0.33 -2470 -5 -10 

2h C8H17 -73.2i 523 3.64 604 0.49 -2564  515 598 0.27 -2695 -8 -6 

2i C12H25 1.1i 523 3.53 602 0.45 -2509  513 582 0.59 -2311 -10 -20 

2j C16H33 63i 523 3.55 603 0.53 -2537  516 601 0.50 -2741 -7 -2 

2k C18H37 65.1i 523 3.56 601 0.50 -2482  525 601 0.47 -2409 2 0 
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3.2. UV-Vis absorption and fluorescence spectra 

The absorption and fluorescence properties of the prepared pyrazine dyes 2a–2k in chloroform and 

liquid or powder state were determined to examine the substituent effects on their electronic states. The 

results are summarised in Table 1, where the differences in λmax and Fmax from the neat to solution state are 

indicated by Δλ and ΔF, respectively, and the Stokes shift is denoted by SS. In a previous study [20], dye 2a 

exhibited λmax at 498 nm in chloroform but at 592 nm in the solid state. A large bathochromic shift of 94 nm 

was observed, which may be caused by the strong intermolecular π−π interactions of the pyrazine 

chromophore in the solid state. However, the fluorescence quantum yield of dye 2a in the crystalline state was 

lower than that when dissolved in chloroform solution. 

No significant influence of the alkyl chain length on the optical properties of the present pyrazine 

dyes in chloroform was observed. The absorption and fluorescence spectra of dyes 2d–2k in chloroform 

solution are shown in Fig. 4(a) and (b), respectively. The first absorption maximum indicated a slight 

bathochromic shift with longer alkyl groups from butyl (2d, 521 nm) to octadecyl (2k, 523 nm). The 

fluorescence maximum indicated a sharp band at approximately 600 nm. In addition, despite changing the 

alkyl substituents on the nitrogen atoms of dyes 2d–2k, no significant differences were observed in the 

spectral shape of the absorption and fluorescence spectra. This indicates that dyes 2d–2k in chloroform 

solution possess similar electronic states and exhibited medium to high fluorescence quantum yield (ɸf) in 

the range from 0.45 to 0.70 in chloroform. 

 

 
Figure 4. UV-Vis absorption and fluorescence spectra of pyrazine dyes 2d−2k in chloroform. 

 

The absorption and fluorescence spectra of pyrazine dyes 2d–2k in the neat state are shown in Fig. 

5(a) and (b), respectively. Dyes 2d–2k in the liquid and solid states exhibited strong absorption at 

approximately 517 nm. The absorption maximum of the solid state dyes 2j and 2k slightly shifted to longer 
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wavelengths relative to the maximum of the liquid state dyes 2d–2i. In contrast, dyes 2d–2k absorbed at 

shorter wavelengths than dyes 2a–2c which contain short alkyl chain length substituents. It was assumed 

that the steric hindrance between the molecules decreased intermolecular π-π interactions in dyes 2d–2k. 

The fluorescence spectra of dyes 2d–2k showed a sharp fluorescent band at 598–604 nm. In the neat form, 

dyes 2d–2i showed no considerable difference in their optical properties except for fluorescence efficiency. 

This is likely due to the similar liquid phase structure and electronic properties in chloroform solution. In 

contrast, the derivatives containing a long alkyl chains (2j and 2k) showed the same characteristics including 

fluorescence quantum yield in solution as in the solid state. In this case, the long alkyl chains weakened the 

intermolecular interactions between the chromophores that affect the electronic states of the solids and formed 

an electronic state similar to that observed in solution, though it is necessary to analyse the crystal structure 

for confirmation. Furthermore, the liquid derivatives were fluorescent in their neat form. All neat state 

pyrazine dyes showed fluorescence quantum yields ranging from 0.04 to 0.59. The liquid dyes reported to 

date are known to exhibit generally low fluorescence quantum yields in the liquid state.[1,2,5,31–33] In 

contrast, the results presented herein showed that the fluorescence quantum yields in the liquid state of dyes 

2g–2i were more intense than those of other liquid derivatives. 

 

 
Figure 5. UV-Vis absorption and fluorescence spectra of neat pyrazine dyes 2d−2k. 

 

The absorption properties of dyes 2d–2k were characterised by molecular orbital calculation. The 

optimised molecular structure was obtained using DFT at the B3LYP/6-31G+(d,p) level of theory, and TD-

DFT calculations were subsequently performed using the same basis set. The calculated results are shown 

in Table 2, which indicate that the geometrically optimised dyes 2d–2k exhibited visible absorption at 

approximately 506 nm with an oscillator strength of 0.05. This is qualitatively in good agreement with the 

solution absorption characteristics. The HOMO to LUMO transition was a major component for the visible 
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absorption band. Both the observed and calculated results showed that the absorption maximum of dyes 

2d–2k was not significantly affected by increased length of the alkyl chain. 

 

Table 2. Excitation energies, oscillator strengths, and major components calculated for dyes 2d−2k. 
 

Compound E (eV, nm) f Major component λmaxa (nm) 

2d 2.46 (505) 0.05 HOMO→LUMO    98% 521 

2e 2.45 (505) 0.05 HOMO→LUMO    98% 521 

2f 2.45 (506) 0.05 HOMO→LUMO    98% 521 

2g 2.45 (506) 0.05 HOMO→LUMO    98% 523 

2h 2.45 (506) 0.05 HOMO→LUMO    98% 523 

2i 2.45 (506) 0.05 HOMO→LUMO    98% 523 

2j 2.45 (506) 0.05 HOMO→LUMO    98% 523 

2k 2.45 (506) 0.05 HOMO→LUMO    98% 523 
aObserved λmax in chloroform. 

 
3.3. Electrochemical properties 

In this study, liquid dye 2i was used as the emitter in an OLED because it exhibited the highest 

fluorescence quantum efficiency in the liquid state among the prepared liquid pyrazine dyes. To pursue the 

application possibilities of liquid dye 2i, its electrochemical properties were further examined. Figure 6 

shows the cyclic voltammetric curves of dye 2i. The measurement was performed using a standard three-

electrode electrochemical cell in an electrolyte solution (0.1 M TBAPF6/DCM) with ferrocene as an 

external reference. The liquid form of dye 2i, which was prepared on a glassy carbon electrode from a 

CH2Cl2 solution, displayed a single redox peak at a 0.5–1.0 V scanning range with a scan rate of 100 mV/s. 

The HOMO energy level estimated from the onset potentials of the observed oxidation peak was -5.47 eV, 

while the LUMO energy level of dye 2i measured by the HOMO energy level and the optical band gap 

energy (Eg) obtained from the onset of the absorption spectra by extrapolation was -3.35 eV. The HOMO 

and LUMO energy levels were determined using previously reported equations. [34,35] 
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Figure 6. CV curves of dye 2i. 

 

 

3.4. Electroluminescent properties of 2i 

 The electroluminescent properties of liquid dye 2i were measured using a device composed of ITO 

/ PEDOT : PSS / TmPyPB (35 nm) / 2i : F8BT / LiF (0.6 nm) /Al (80 nm). The emitting layer was composed 

of 60 wt% 2i and 40 wt% F8BT. Dye 2i was used in a dispersed state in a high efficiency green-yellow 

emitting luminescent polymer because it was difficult to fix on a substrate. To determine an appropriate 

ratio of these two components with respect to the PL properties, PL spectra were measured in a F8BT film, 

2i, and 2i-doped F8BT films. Figure 7 shows the PL characteristics of 2i and F8BT spin coated films. The 

excitation wavelength for the spin coat sample was 468 nm and 100 wt% 2i was 542 nm. As the 

concentration of 2i increased in the spin coated films, the PL intensity of F8BT decreased. This indicates 

that the energy transfer can effectively occur from F8BT to 2i with increasing concentration of 2i. The 

energy transfer likely occurred through the overlap of the emission spectrum of F8BT and absorption 

spectrum of 2i (Fig. S1). When the ratio of 2i in the spin coated film was ˃60 wt%, the liquid dye content 

is high, so the film becomes soft and hard to fix on the substrate. Therefore, a ratio of 2i to F8BT of 60 

wt%:40 wt% was selected. 
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Figure 7. PL spectra of 2i and F8BT spin coated films prepared at different ratios (λex=468 nm for 

2i:F8BT=0:100~80:20 wt%, λex=542 nm for 2i:F8BT=100:0 wt%). 
 

 Figure 8 shows the normalised EL spectra at 13 V. The device emits yellow light with a maximum 

of 593 nm and the EL spectral shape was nearly identical to the previously discussed PL emission spectra 

of 2i. This indicated that the EL of 2i and F8BT spin coated films exhibited the same photophysical 

properties in terms of excitation and emission as the energy transfer of PL. 

 

 
Figure 8. EL spectra of dye 2i:F8BT (60:40 wt%) at 13 V. 
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 The current density-voltage (J-V) and luminescence-voltage (L-V) characteristics of the prepared 

device are presented in Fig. 9. The current increased constantly with increasing applied voltage and the 

turn-on voltage of luminance at 1 cd/m2 was approximately 10 V. The fabricated device showed the highest 

luminance of 336 cd/m2 at 14 V. Although the device characteristics are quite primitive compared with 

those of the well-established OLEDs containing liquid dyes [36–38], the results shown in Figs. 8 and 9 

indicate that the liquid fluorescent dye 2i has good potential as an emission material in OLEDs. 
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Figure 9. (a) J-V and (b) L-V characteristics of the prepared OLED (ITO/PEDOT:PSS/2i:F8BT (60:40 

wt%)/TmPyPB/LiF:Al). Inset: schematic drawing of the OLED cross-section. 
 

4. Conclusion  

In summary, liquid pyrazine dyes were synthesised by altering the alkyl substituent chain length 

on the amino groups in 2,5-bis(dialkylamino)-3,6-dicyanopyrazine. The alkyl group in the dye system 

drastically affected the melting point of the dyes. The butyl, pentyl, hexyl, heptyl, octyl, and dodecyl 

derivatives were liquids at room temperature, whereas the methyl, ethyl, propyl, hexadecyl, and octadecyl 

derivatives were solids under the same conditions. All derivatives exhibited medium to high fluorescence 

quantum yields ranging from 0.45 to 0.73 in chloroform. In addition, the liquid derivatives were fluorescent 

in their neat form. The dodecyl derivative exhibited excellent fluorescence emission and appropriate energy 

levels, which could be utilised as emitting materials for OLED devices. The OLED device fabricated with 

an emitting layer consisting of liquid dye 2i and F8BT showed efficient yellow EL emission at 593 nm. 

The turn-on voltage of the device was 10 V with a maximum brightness of 336 cd/m2 at 14 V. This is a 

preliminary result and further optimisation of the device structure and preparation conditions must be 

performed. 
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