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Abstract: Two new octa-coordinated ternary europium(III) complexes of the type [Eu(btfa)3(Br2-bpy)] (Eu-

1) and [Eu(btfa)3(PhE2-bpy)] (Eu-2) (where btfa = 4,4,4-trifluoro-1-phenyl-1,3-butanedione, Br2-bpy = 

5,5'-dibromo-2,2'-bipyridine, PhE2-bpy 5,5'-bis(phenylethynyl)-2,2'-bipyridine) together with a previously 

reported complex [Eu(btfa)3(bpy)] (Eu-3) have been synthesized. The complexes have been 

characterized by analytical and spectroscopic methods. The photophysical properties of the complexes 

have also been analyzed both experimentally and theoretically. The contribution of each ligand to the 

sensitized Eu(III) photoluminescence (PL) has been analyzed and is discussed. An energy transfer (ET) 

mechanism is proposed and discussed for the sensitized Eu(III) emission using experimental and 

theoretical data. The Eu(III) complex incorporating the parent bpy showed impressive performance as a 

double-emitting layer (EML) red organic light emitting diodes (R-OLEDs). 

Keywords: β-diketone; Photoluminescence; Energy transfer mechanism; Organic light emitting diodes 
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1. Introduction 

The intriguing PL properties of trivalent lanthanide (Ln(III)) complexes make them outstanding candidates 

for the development of a range of functional materials [1]. However, a frequently encountered bottleneck 

for Ln(III) ions is the low molar absorptivity due to the forbidden nature of the 4f – 4f electronic transitions, 

which  can be bypassed via the “antenna effect” [2]. In this strategy, a Ln(III) ion is complexed with organic 

ligand(s) possessing a strong absorption profile in the ultraviolet (UV) to visible (Vis) region of the 

spectrum that renders the absorbed energy as the excitation energy for the emitting state of the Ln(III) 

ion. Moreover, an important parameter to evaluate whether the emission is efficient is the energy 

gap/difference (∆E) between the emitting level(s) (for instance ≈ 17,300 cm−1 for Eu(III) ion) and ligand 

lowest triplet state (T1). A too low as well as a too high ∆E will inevitably lower the efficiency of emission. 

Consequently, the T1 state of the ligand should be 2000 cm−1 above the metal emitting level for optimum 

efficiency [3].   

 Against this backdrop, a range of commercially available antenna ligands along with new ligands 

have been designed and assessed; these include but are not limited to carboxylates [4], phosphonates 

[5], picrates [6] etc. [7]. Encompassed by the vast group of organic ligands, β-diketones have served as 

important antenna ligands and their lanthanide complexes have been extensively studied, especially 

europium tris(β-diketonates) [8]. However, due to the large size of the Ln(III) ion, the tris(β-diketonate) 

complexes formed with these metal ions is always accompanied by the solvent molecules in the inner-

coordination sphere. The presence of solvent molecules with high-energy oscillators (O−H, N−H, C−H) 

has a negative effect on the PL properties as they deactivate the excited state of the Ln(III) ion [9]. 

Nevertheless, this issue can be easily resolved by replacing the solvent molecules by neutral 

heterocyclic, often bidentate, ancillary ligand(s) (viz. N^N, N^O, O^O) that change the overall properties 

of the resulting complexes and the systems have found applications in a range of modern devices [10]. 

Out of a large variety of ligands, the bidentate 2,2'-bipyridine (bpy), 1,10-phenanthroline (phen) and its 

derivatives are among the most studied systems [11]. Thus, in the present work, we have synthesized 

two new Eu(III) complexes by utilizing asymmetrically fluorinated 4,4,4-trifluoro-1-phenyl-1,3-

butanedione (btfa) as the primary antenna ligand that offers many advantages compared to their non-

fluorinated counterparts such as increased volatility (an important parameter when fabricating OLEDs), 

a compatible T1, reduced non-radiative quenching, etc. To replace the detrimental solvents from the 

inner-coordination, we have utilized 5,5'-dibromo-2,2'-bipyridine (Br2-bpy) and its acetylide derivative 

5,5'-bis(phenylethynyl)-2,2'-bipyridine (PhE2-bpy, Scheme 1) as ancillary ligands to form [Eu(btfa)3(Br2-

bpy)] (Eu-1, Chart 1) and [Eu(btfa)3(PhE2-bpy)] (Eu-2, Chart 1). The former Br2-bpy ligand could reduce 

the energy loss and also promote spin–orbit coupling through the heavy-atom effect, which facilitates the 

intersystem crossing (ISC) [12]. Moreover, the activated bpy could be easily utilized for functionalization 
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with the additional chromophore. In the present study, we have functionalized the Br2-bpy ancillary ligand 

by inserting the π electron rich phenylethynyl group that retains its linear structure imparting additional 

rigidity and conjugation that will improve the absorption profile via extending the absorption to visible 

region and, at the same time, boosting the molar absorption coefficient as noted in our very recent reports 

[13]. Furthermore, to analyze the effect of substituents on the properties of the Eu-1 and Eu-2, we have 

also synthesized the known Eu(III) complex incorporating the parent bpy, [Eu(btfa)3(bpy)] [14] (Eu-3, 

Chart 1) which has been used as a benchmark to compare with the two new complexes. The complexes 

were thoroughly characterized by elemental analysis, mass spectrometry, IR spectroscopy, and 

thermogravimetric analysis. Detailed experimental and theoretical investigations of the photophysical 

properties of the complexes have been performed and are discussed, including the radiative ( RA ) and 

non-radiative ( NRA ) decay rates, radiative lifetime ( rad ), intrinsic quantum yield ( Eu

EuQ ), energy transfer 

(ET) mechanism and rates. Finally, Eu-3 was successfully utilized as an emitter to fabricate single- and 

double-EMLs red-OLEDs (R-OLEDs). 

 

Chart 1.  Chemical structures of the mixed-ligand Eu(III) complexes. 

2. Experimental 

2.1. General 

The metal salts EuCl3·6H2O, and Gd(NO3)3·6H2O were purchased from Strem Chemicals, Inc. The 

organic ligands 4,4,4-trifluoro-1-phenyl-1,3-butanedione (Hbtfa), 2,2’-bipyridine (bpy), 5,5'-dibromo-2,2'-

bipyridine (Br2-bpy, please see the electronic supporting information [ESI] for the elemental analysis 

data) were obtained from Tokyo Chemical Industry (TCI) while phenylacetylene was procured from 

Sigma-Aldrich and used without further purification. Solvents were pre-dried and distilled before use 

according to standard procedures. Synthesis of the secondary ancillary ligand PhE2-bpy was performed 

under dry dinitrogen (N2) atmosphere using standard Schlenk line techniques. The precursor complex 

[Eu(btfa)3(H2O)2] was synthesized using literature procedures and characterized by elemental analysis 
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(data is included in ESI) [15]. Elemental analysis was performed on Euro EA – CHN in the Department 

of Chemistry, Sultan Qaboos University. Attenuated total-reflectance (ATR) infrared (IR) spectra were 

recorded on pure samples on diamond using a Cary 630 FT-IR spectrometer. Mass spectra were 

obtained using LCMS-8040, Shimazdu-Japan coupled to a triple quadruple tandem mass spectrometer 

equipped with electrospray ionization (ESI). All the spectroscopic measurements were performed at room 

temperature in dichloromethane (DCM:CH2Cl2) as the solvent medium. The UV–visible absorption 

spectra of the ligands and complexes were recorded on a Varian Cary 50 spectrophotometer. Quartz 

cuvettes of 1 cm path length were used, and solvent background corrections were applied. The 

fluorescence spectrum of Br2-bpy and PhE2-bpy were recorded on a Shimadzu RF-5301 

spectrofluorophotometer. The steady-state emission and excitation spectra of the Eu(III) complexes and 

their respective phosphorescence lifetimes in solution were recorded on an Edinburgh FS5 fluorimeter. 

The phosphorescence decay of Eu-1, Eu-2 and Eu-3 were monitored at different excitation wavelengths 

376, 373 and 406 nm, respectively, using a LED. The measured luminescent decays were fitted to 

exponential functions convoluted with the system response function. The goodness of the fits was judged 

by the value of the reduced chi-squared (χ2). 

2.2. Synthesis of ancillary ligand and mixed-ligand ternary europium complexes 

2.2.1. Ancillary ligand 5,5'-bis(phenylethynyl)-2,2'-bipyridine (PhE2-bpy) 

To a stirring solution of phenylacetylene (0.50 g, 2.0 mmol) and Br2-bpy (0.77 g, 1.0 mmol) in 

CH2Cl2/
iPr2NH (50 cm3, 1:1 v/v) under N2 was added, a catalytic amount (∼5 mg) of CuI and Pd(OAc)2 

and Ph3P. The yellow solution was stirred at room temperature. for 15 h, after which all volatile 

components were removed under reduced pressure. The residue was redissolved in CH2Cl2 and passed 

through a silica column eluting with hexane/CH2Cl2 (1:1, v/v). Removal of the solvents under reduced 

pressure yielded a yellowish-gold solid (0.43 g, 88%). Calc. for C26H16N2: C, 87.62; H, 4.52; N, 7.86%. 

Found: C, 87.78; H, 4.47; N, 7.98 %. IR/ cm-1 (2215) (-C≡C-) (Fig. S1, ESI). LC-MS: Cal/Obs: 

356.13/357.7 [M+H] (Fig. S2, ESI). 

2.2.2. [Eu(btfa)3(Br2-bpy)] (Eu-1) 

A solution of Br2bpy (37.43 g, 0.12 mmol) in MeOH/CH2Cl2 (10 mL) was added to a solution of 

[Eu(btfa)3(H2O)2] (0.1 g, 0.12 mmol) in MeOH/CH2Cl2 (10 mL). The reaction mixture was left overnight 

with stirring at room temperature and was left for the solvent to evaporate slowly yielding a white solid 

(0.085g). Calc. for C70H45Br2EuF18N2O12: C, 47.77; H, 2.58; N, 1.59%. Found: C, 47.71; H, 2.49; N, 1.53 

%. IR/ cm-1 1608 (C=O), 1561, 1530, 1489, 1451 (C=C, C=O) (Fig. S3, ESI). LC-MS: Cal/Obs: 

1109.91/1112 [M+H] (Fig. S4, ESI). 
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2.2.3. [Eu(btfa)3(PhE2-bpy)] (Eu-2) 

A similar synthetic procedure was used to obtain the mixed ligand complex Eu-2 with PhE2-bpy (42.77 

g, 0.12 mmol) and [Eu(btfa)3(H2O)2] (0.1 g, 0.12 mmol) in EtOH/CH2Cl2 (10 mL) that yielded a pale-yellow 

solid (0.075g). Calc. for C56H34EuF9N2O6: C, 58.29; H, 2.97; N, 2.43%. Found: C, 58.21; H, 2.92; N, 2.69 

%. IR/ cm-1 2214 (-C≡C-), 1606 (C=O), 1572, 1526, 1472, 1461 (C=C, C=N) (Fig. S5, ESI). LC-MS: 

Cal/Obs: 1154.15/1136.90 [M- H2O+H] (Fig. S6, ESI).  

2.2.4. [Eu(btfa)3(bpy)] (Eu-3) 

Eu-3 was synthesized by adopting similar synthetic procedure as described above for Eu-1 and Eu-2 

[bpy (18.74 g, 0.12 mmol) and [Eu(btfa)3(H2O)2] (0.1 g, 0.12 mmol) in MeOH/CH2Cl2 (10 mL)], which 

differs from the previously reported [14] method. The solution was left for slow solvent evaporation, after 

which pink crystals were obtained (0.090g). Calc. for C40H26EuF9N2O6: C, 50.38; H, 2.75; N, 2.94%. 

Found C, 50.34; H, 2.75; N,2.91%. IR/ cm-1 1608 (C=O), 1572, 1528, 1522, 1487, 1462 (C=C, C=O) (Fig. 

S7, ESI). LC-MS:  Cal/Obs: 954.09 /954 [M+] (Fig. S8, ESI).  

To determine the lowest triplet state of the ligands (Br2-bpy and PhE2-bpy) and to underpin the energy 

transfer (ET) process, we have also synthesized the Gd(III) complexes of the respective ligands. Their 

synthesis and characterization (Fig. S9 – Fig. S12, ESI) are detailed in the ESI (Section 3).   

 
Scheme 1.  Synthetic pathways to obtain the ancillary PhE2-bpy ligand, and the Eu-1 and Eu-2 mixed 

ligand complexes. 

2.3. Theoretical calculations and spectroscopic measurements  

Despite repeated attempts, we were not able to grow single crystals of the complexes Eu-1 and Eu-2; 

however, the structure of the Eu-3 has been reported previously.[14] Details of the theoretical calculations 

are elaborated in the ESI (Section 5). To understand the photophysical phenomenon in a given complex, 

it is necessary to obtain the theoretical ground state geometry of the complex. We have utilized our own 
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single-crystal X-ray structure data for Eu-3 as the input structure to perform the theoretical calculation 

and for ET studies (Please see the details in Section 5, ESI).  Important photophysical parameters such 

as the Judd-Ofelt (J-O) intensity parameter ( 2 4 and   ), RA , NRA  decay rates, rad , Eu

EuQ  of the 

complexes was estimated with the help of the equations S1 – S7, ESI and the details are discussed in 

our recently reported paper [1d]. The experimental PLQYs ( L

EuQ ) of Eu(III) complexes were measured by 

the reported literature method [16] relative to [Eu(btfa)3(H2O)2] [17]. The excitation wavelength was 360 

nm and measurements were carried out at room temperature, with a slit width of 1.0 nm for the excitation 

and for the emission. 

2.4. Fabrication of OLEDs and assessments of their EL performance 

An ITO coated glass with a sheet resistance of 10 Ω/sq was used as the anode substrate. Prior to the 

film deposition, patterned ITO substrates were cleaned with detergent, rinsed in de-ionized water, and 

finally dried in an oven. All organic layers were deposited at a rate of 0.1 nm/s under high vacuum (≤ 

3.0×10-5 Pa). The doped EMLs were prepared by co-evaporating dopant and host material from two 

sources, and the doping concentration was modulated by controlling the evaporation rate of the dopant. 

LiF and Al were deposited in another vacuum chamber (≤ 8.0×10-5 Pa) at rates of 0.01 and 1.0 nm/s, 

respectively, without being exposed to the atmosphere. The thicknesses of these deposited layers and 

the evaporation rate of individual materials were monitored in vacuum with quartz crystal monitors. A 

shadow mask was used to define the cathode and make eight emitting dots with an active area of 9 mm2 

on each substrate. Current density (J) – brightness (B) – voltage (V) characteristics were measured by 

using a programmable brightness light distribution characteristics measurement system C9920-11 from 

the Hamamatsu Photonic instrument. PL and EL spectra were measured with a calibrated Hitachi F−7000 

fluorescence spectrophotometer and an Ocean Optics spectrophotometer.  

3. Results and discussion 

3.1. Synthesis, Characterization and Determination of the Ground State Geometry 

The ancillary ligand PhE2-bpy (Scheme 1) was synthesized using a modified Sonogashira method [18] 

free of palladium(II) and triphenylphosphine by the direct reaction of Br2-bpy with phenylacetylene in 1:1 

diisopropylamine (iPr2NH):CH2Cl2 solution using copper(I) iodide (CuI) catalyst. The ligand was 

thoroughly characterized before complexation. The complexes (Eu-1, Eu-2 and the known complex Eu-

3) (Scheme 1) were synthesized by reacting the binary hydrated [Eu(btfa)3(H2O)2] complex and the 

corresponding ancillary ligands (Br2-bpy, PhE2-bpy and bpy) in a 1:1 ratio. The formulation of the 

complexes was established by elemental analysis, FT-IR, and LC-MS. The elemental analyses agree 

with the proposed formulation for the newly synthesized complexes as shown in Scheme 1. The results 

were further confirmed by the LC-MS spectra of Eu-1, Eu-2 and Eu-3 in negative and positive modes 
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that showed molecular ion peaks at m/z ≈ 1112 [M+H], 1113.8 [M+H], and 954 [M+], respectively for Eu-

1, Eu-2 and Eu-3 (Figs. S4, S6 and S8, ESI). The FT-IR spectra of the complexes do not display any O-

H vibration peaks indicating the coordination of the ancillary ligands to the Eu(III) ion. Moreover, the 

spectra of the complexes are similar in the region 600 – 1700 cm-1 and display C=O, C=C and C=N 

stretching vibrations typical for these types of complexes[1c, 1d, 10f] due to almost identical skeletons. 

The Eu-2 complex shows an absorption peak at 2214 cm−1 due to the acetylide group. The ground state 

geometry of the complexes was determined by different quantum-mechanical methods. Details of the 

theoretical approaches involved in the elucidation of the geometry and the discussion are included in the 

ESI (Please see Sections 6.1 and 7.1, Fig. S13 and Table S1 – S3, ESI). 

3.2. Experimental and Theoretical Photophysical Properties of the Complexes  

3.2.1. Absorption spectroscopy  

Organo-lanthanide complexes that display efficient emitting properties suitable for device applications 

must meet some of the mandatory requirements such as strong light-absorbing organic ligand(s) that 

would result in strong light absorbing complexes and an appropriate ΔE between the triplet state of the 

ligand(s) and the emitting level of the Ln(III) ion [3]. To check the first condition the optical absorption 

spectra of the bipyridine-based ligands (Br2-bpy, PhE2-bpy and bpy) and their corresponding (Eu-1, Eu-

2, and Eu-3) complexes were recorded in CH2Cl2 solution (c = 1 x 10-5 M) at room temperature as shown 

in Fig. 1a (Fig. S14. ESI). The spectra of the free ligands exhibit strong absorptions in the UV region and 

thus could be utilized to form strong absorbing complexes. Moreover, the spectra of the newly 

synthesized PhE2-bpy free ligand displays
max

abs  = 312 nm and exhibits a redshift of 18 nm and 29 nm 

compared to Br2-bpy, and bpy, respectively, ascribed to the extended conjugation of the PhE2-bpy 

ligand. The spectra of the complexes display a broadband due to the π – π* transition of both primary 

antenna and ancillary ligands peaking at 
max

abs = 311, 340 and 300 nm for Eu-1, Eu-2 and Eu-3, 

respectively (Fig. S14, ESI). The spectra of Eu-1 and Eu-2 are redshifted by 11 nm and 40 nm, 

respectively, compared to Eu-3. The redshift of Eu-2 is attributed to enhanced conjugation as the terminal 

bromines substituents have been replaced with the phenylethnyl groups with the longer wavelength 

transition leading to a lower probability of photobleaching [19]. 

To understand the results of the experimental optical absorption spectroscopy and the origin of the 

electronic transitions i.e., involvement of the molecular orbitals (MOs), we have calculated the absorption 

spectra (details are included in the ESI) and natural transition orbitals (NTOs) analysis is performed. 

Figs. 1b – 1d show theoretical absorption spectra calculated using the TD-DFT approach considering 

different density functionals and details of choosing an appropriate method is included in the ESI (Section 

7.2).  
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Fig. 1:  (a) Experimental UV-Visible absorption spectra of the complexes and free ligands (bpy, 

Br2-bpy and PhE2-bpy) in CH2Cl2 solution at room temperature. Theoretical absorption 

spectra calculated by the TD-DFT method for the (b) Eu-1, (c) Eu-2 and (d) Eu-3 using 

different methods.   

In this context, considering the CAM-B3LYP results and solvent effect for each complex, an analysis of 

the NTO was made (Fig. 2). From this analysis a simple representation of the transition densities between 

the ground and the excited state is obtained. Fig. 2 reveals that the most intense absorption band 

involved participation of both primary (btfa) and ancillary ligands for the three complexes. Furthermore, it 

is important to emphasize that the π→π* electronic transitions involved MOs energetically close to the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) frontier 

orbitals. In the case of Eu-2, the absorption band located at the highest wavelengths contains only the 

contribution from MOs centered on the PhE2-bpy ligand. Furthermore, results obtained by INDO/S-CIS 

calculations are identical to the TD-DFT results and almost similar information can be extracted from the 

INDO/S-CIS results (Fig. S15 and Table S4, ESI).  
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Fig. 2:  Picture of the NTO mainly contributing to the singlet excited state with higher oscillator 

strength for Eu-1, Eu-2 and Eu-3. The contribution percentages of the main NTO are 

also presented for each of the transitions. 

To check the second requirement i.e., ΔE between the triplet state and emitting state of Eu(III), we have 

synthesized and characterized the gadolinium (Gd) complexes ([Gd(NO3)3(Br2-bpy)] (Gd-1) and 

[Gd(NO3)3(Ph2-bpy)] (Gd-2), please see the experimental details in the ESI, Section3) as the emitting 

state 6P7/2 state is situated at ∼32,000 cm–1 and thus is too high to be populated by most of the organic 

ligand(s).[1d] For the  Eu-1 and Eu-2 complexes, the primary antenna ligand is the same having a triplet 

state ~ 21,400 cm−1 [20] and is well above (2,373 and 4,107 cm-1) the receiving states 5D1 (19,027 cm−1) 

and 5D0 (17,293 cm−1) of Eu(III) ion [21]. To determine ΔE between the T1 of the ancillary ligands and the 

receiving states of the Eu(III) ion, we utilized the Gd-1 and Gd-2 complexes and monitored their 
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phosphorescence spectra at 77K (Fig. S16 & S17, ESI) and found the triplet state of the ancillary ligands 

are at ~ (21,645 cm−1)Br2-bpy and (19,305 cm−1)Ph2-bpy, respectively. The calculated ΔE for Eu-1 ~ (2,618 

and 4,352 cm-1) and Eu-2 ~ (2,78 and 2,012 cm-1) suggest that the emission of Eu-1 would be more 

efficient than for Eu-2.  

3.2.2. PL Studies 

The excitation and emission spectra of the complexes under investigation were determined in CH2Cl2 

solution at room temperature. The excitation spectra of the complexes were obtained by fixing on the 

strongest emission peak 5D0 → 7F2. The spectra in each case displayed broad bands in the region 

between 350 and 500 nm (Fig. S18, ESI) and could be assigned to π-π* transitions of both the btfa and 

ancillary ligands with a very faint intraconfigurational f – f transition 7F0→5D2 at 465 nm [22]. Moreover, in 

each case, the excitation spectrum is dominated by the broad ligand absorption band. It is worth noting 

that the excitation spectrum of Eu-2 extends into the visible blue region with
max

Ex = 408 nm which is 

approximately 35 nm redshifted (Fig. S18, ESI) compared to Eu-1 (
max

Ex = 373 nm) and Eu-3 (
max

Ex = 376 

nm). The redshifted excitation window is attributed to the extended conjugation which is provided by 

phenylethnyl group of the chromophore.  

The PL spectra of the complexes were obtained by exciting them at 
max

Ex = 376, 373 and 406 nm for Eu-

1, Eu-3 and Eu-2, respectively. The data obtained such as peak positions, relative intensity and % 

contribution of each transition is collected in Table S5, ESI. The spectra of the complexes exhibit typical 

Eu(III) emission transitions emanating from the 5D0 state to 7FJ (J = 0, 1, 2, 3 and 4) in the region between 

570 – 720 nm (Fig. 3). Apart from the Eu(III) emission transitions the spectrum of Eu-2 displays ligand 

fluorescence in the region between 400 nm and 560 nm. The presence of ligand fluorescence in the 

spectrum of Eu-2 could be due to energy mismatch (2,780 and 2,012 cm-1) between the receiving state 

and triplet state of the ancillary PhE2-bpy ligand. The spectra in each case are dominated by the narrow 

(FWHM = 4.48 – 6.58 nm, Table 1) electric-dipole (ED) 5D0 → 7F2 with the total integral intensity of 82.00 

– 78.32%. Furthermore, we have calculated the CIE color coordinates (Table 1) of the complexes from 

the emission spectra. Eu-1 and Eu-3 exhibited highly monochromatic red emission (Fig. S19, ESI) with 

the (CIE)Eu-1 = 0.607; 0.329 and (CIE)Eu-3 = 0.668; 0.328 while Eu-2 displays pinkish-red color [(CIE)Eu-3 

= 0.498; 0.233, Fig. S19, ESI] due to the presence of blue ligand fluorescence. The dominant highly 

monochromatic red color from Eu-1 and Eu-3 complexes imply that they have the potential to be utilized 

as EML to fabricate R-OLEDs. Moreover, they could also be used as a red-light emitting component in 

the fabrication of tricolor RGB (red, green, and blue) based white OLEDs. Furthermore, the dominant 

nature of the ED 5D0 → 7F2 transition over the magnetic-dipole (MD) 5D0 → 7F1 transition implies that 

forced ED and the dynamic coupling (DC) mechanism are dominant over MD.[10f, 23]  
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Fig. 3. Room temperature emission spectra of (a) Eu-1 and (b) Eu-3 (c) PhE2-bpy and Eu-2 in 

CH2Cl2. 
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Table 1:  Experimental and theoretical photophysical parameters of the mixed ligand complexes Eu-1, Eu-2 and Eu-3 at room 

temperature. 

 

Complexes 

2  4  FWHMb obs  
rad  

RA  
NRA  Eu

EuQ  L

EuQ  R21 sen  CIE(x,y) 

×10-20 cm2 (nm) (μs) (s-1) (%)  (%)  

Eu-1 26.19a 10.15a 6.58 815.56 1147c 871.69d 355.31d 71.04e 40.00 14.85 56.30f 0.668; 0.336 

Theoretical 26.18 10.15 - -  843.41 382.74 68.79 40.44 - 58.79 - 

Eu-2 20.47a 7.70a 5.06 415.15 1492c 690.70d 1713.14d 28.73e 16.00 11.55 55.69f 0.498; 0.233 

Theoretical 20.47 7.70 - - - 665.61d 1734.16 27.63 16.05 - 58.08 - 

Eu-3 30.25a 9.91a 4.48 926.91 1024c 975.76d 102.99d 90.45e 63.00 17.27 69.65f 0.674; 0.331 

Reported[14] - - - - - - - - 65.00 - - - 

Theoretical 30.24 9.90 - -  944.07 134.78 87.51 59.99 - 68.56 - 

aCalculated using eqn (S1); bFull width at half maxima of the 5D0 → 7F2 transition; ccalculated using eqn (S5); dcalculated using eqn S2 – S4; 

ecalculated using eqn (S6); fcalculated using eqn (S7) 
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3.2.3. J–O parameters, excited-state lifetime, rate constants, PLQY and ET mechanism 

To present a clear picture of the effect of different bipyridine-based ancillary ligands on the 

photophysical properties, we have determined the important photophysical parameters. These 

include luminescence lifetime (𝜏𝑜𝑏𝑠 ), J-O intensity parameters ( 2 and 4 ), 
RA , 

NRA , 

natural radiative lifetime ( rad ), Eu

EuQ , L

EuQ  and sensitization efficiency ( sen )  of the newly 

synthesized Eu-1 and Eu-2. We have also determined the above-mentioned properties of Eu-

3 for which these important photophysical parameters have not been reported [14] previously 

except for the L

EuQ . The photophysical properties were calculated utilizing equation S1 – S7, 

ESI (Table 1). PL decay curves of Eu(III) complexes are recorded for the 5D0→7F2 transition 

and pulsed excitation and fits satisfactorily to a  mono-exponential decay (
2 = 1.01–1.15, 

Fig. S20 – Fig. S22, ESI). This substantiates the presence of a single dominant emitting 

species and attests to the results of the steady-state measurement where the singlet emission 

transition 5D0 →7F0 (17241 cm-1, Table S5, ESI) displays a single emission peak. A comparison 

of the obs of the complexes gives the following order: Eu-3 (926.94 µs) ˃ Eu-1 (816.56 µs) ˃ 

Eu-2 (415.54 µs). Moreover, the obs value of the present complexes are 5.27, 4.64 and 2.57 

and are higher than the [Eu(btfa)3(H2O)2] hydrated complex (175.66 µs) [1b]. This could be 

related to the substitution of water molecules by the ancillary ligands (Br2-bpy, PhE2-bpy and 

bpy) in the coordination sphere, which  in turn decreases the
NRA values from 4853.38 s-1 [1b] 

to 102.99 – 355.31 s-1 (Table 1). This is further reflected in the Eu

EuQ  value and follows the 

similar order Eu-3 (90.45%) ˃ Eu-1 (71.04%) ˃ Eu-2 (28.73 %) as noted for obs . 2 and 4

,  that were determined from the emission spectra and resultant data are shown in Table 1. 

The high value of the 2 = 26.19×10-20 cm2, 20.47×10-20 cm2, and 30.25×10-20 cm2, 

respectively for Eu-1, Eu-2, and Eu-3 jointly with the high R21 (17.27 – 14.85, Table 1) implies 

that the Eu(III) ion in the complexes are in a highly polarizable chemical environment (strong 

delocalization of the β-diketonate oxygen charge). The parameter 4 is related to long-range 

effects (hydrogen bonding, π– π stacking) or rigidity and its high values suggest that the 

complexes perhaps display these features [19]. The complexes exhibit large values and 

follows the order Eu-1 (10.15×10-20 cm2) ˃ Eu-3 (9.91×10-20 cm2) ˃ Eu-2 (7.70×10-20 cm2). A 

comparison of the values suggests that these effects are more pronounced in Eu-1 and could 

be due to the presence of the bromine (Br) atom (potential hydrogen bonding moiety) in the 

ancillary Br2-bpy ligand. The L

EuQ  in solution is calculated and the complexes Eu-3 (63.00%) 

and Eu-1 (40.00%) exhibited large values while Eu-2 displayed a lower value than both the 

complexes in agreement with the experimental energy gap for Eu-2 ~ (2,780 and 2,012 cm-1). 
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This leads to a substantially large value of 
NRA = 1713.14 s-1 compared to the Eu-1 (

NRA = 

355.31 s-1) and Eu-3 (
NRA = 102.99 s-1). Table 1 shows that the intensity parameters calculated 

using the DFT geometries resulted in values in agreement with the experimental ones. As a 

result, the theoretical and experimental
RA  are concordant. In addition, the binary outcome 

acceptance attribute for the adjustment represented by the D/C value (Table S6, ESI) is larger 

than 1.0 for the three complexes, indicating that the experimental J-O intensity parameters 

were well adjusted by the QDC model. By means of this model, the forced ED intensity 

parameters (Ωλ
FED) contained in Table S6 (ESI) were obtained, Ωλ

FED is important to calculate 

the contribution due to the direct Coulombic interaction (CI) mechanism (Eq. S2) for the ET 

rates. 

As can be seen in Table S7, ESI, the lowest triplet state energy of the Eu-1 and Eu-3 

complexes calculated by the different levels of theory are similar, suggesting that the presence 

of the Br substituent of the bpy ligand did not play any significant role in changing the 

electronic structure related to T1. Thus, it is expected that the ET rates for the pathways 

involving T1 will be quite similar for both complexes (Eu-1 and Eu-3). However, Eu-2 revealed 

a lower T1 value compared to Eu-1 and Eu-3 because the extended conjugation of the 

phenylethynyl groups imparted additional stability to the complex. Table S8 lists the 

contributions of the electronic transitions calculated at the CAM-B3LYP/SVP/MWB52 level of 

theory for the T1 composition of the three complexes. In the case of Eu-1 and Eu-3, MOs 

centered on both primary and ancillary ligands are involved with the T1 composition (Fig. 4). 

For instance, the experimental determination revealed that the T1 of btfa (21,400 cm-1) was 

almost similar to the respective state of Br2-bpy (21,645 cm-1). Consequently, it is expected 

that the T1 contains contributions from both ligands in the complexes, as indicated by the TD-

DFT result. In case of Eu-2, the phosphorescence spectra of Gd-2 at 77 K provided energy of 

19,305 cm-1 for T1. As this value is much lower than the energy related to the btfa ligand, it is 

probable that T1 in Eu-2 has a larger contribution from the PhE2-bpy ligand. Thus, the TD-

DFT results indicated that the HOMO→LUMO transition is the most important one for T1 and 

both the MOs are centered on the ancillary PhE2-bpy ligand (Fig. 4). In addition, Table S8 

shows that the second lowest triplet (T2) of Eu-2 contained only contributions from MOs 

centered on the btfa ligands, this state was around 1,500 cm-1 above T1. Therefore, the 

theoretical results are qualitatively in perfect agreement with the experimental observations. 
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Fig. 4. MOs in the range from HOMO-4 to LUMO+4 calculated at the CAM-

BL3LYP/SVP/MWB52 level of theory, considering the PBE1PBE geometries 

and the effect of the DCM solvent implicitly, for (a) Eu-1, (b) Eu-2 and (c) 

Eu-3. 
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Table 3: Ligand-metal energy transfer rates calculated using Malta’s model for Eu-1, 

Eu-2, and Eu-3 considering the CAM-B3LYP results. 

ET pathway 

Eu-1 

qcalc = 40.4 % 

calc

sen = 58.8 % 

Eu-2 

qcalc = 16.0 % 

calc

sen = 58.1 % 

Eu-3 

qcalc = 60.0 % 

calc

sen = 68.6 % 

WET
 (s-1) WBT (s-1) WET

 (s-1) WBT (s-1) WET
 (s-1) WBT(s-1) 

S1→5D4 3.49×104 2.56×10-9 5.94×103 4.98×10-1 4.86×104 9.21×10-9 

T1→5D1 4.06×107 2.95 1.60×106 8.84×101 6.13×107 6.01 

T1→5D0 1.01×108 1.80×10-3 5.47×106 7.39×10-2 1.55×108 3.71×10-3 

T2→5D1 - - 3.53×107 2.24   

T2→5D0 - - 8.75×107 1.36×10-3   

The most important ET pathways calculated using models proposed by Malta are shown in 

Fig. 5. Since the excited states of Eu-1 and Eu-3 were similar and the lowest triplet states 

showed the contribution of MOs centered on the btfa and ancillary ligands, a common 

schematic energy diagram is proposed, i.e., only the presence of T1 was considered. On the 

other hand, the inclusion of T1 and T2 in the ET pathways of Eu-2 highlights the contribution 

of the btfa and PhE2-bpy ligands in the ET process. The CAM-B3LYP results, including the 

effect of solvent, were used to quantify the ET rates considered in the ET process of the 

complexes (Table 3). The T1→5D0 and T1→5D0 transitions assumed equal importance to 

sensitize the Ln ion in the complexes, being the 5D0←7F0, 5D0←7F1, 5D1←7F0, and 5D1←7F1 

electronic excitations associated with these transitions, which are governed by the Ex. 

mechanism. The 5D0←7F0 transition can occur due to a J-mixing involving the 7F0 and 7F2 

states (ca. 5%).[24] Additionally, the thermal population of the 7F0 and 7F1 states in the 

calculations were considered equal to 0.64 and 0.33 at 300 K, respectively. Because the PhE2-

bpy ligand has a larger dimension than the other ancillary ligands, the distance between the 

energy barycenter of T1 and the states centered on Eu(III) assumed a larger value, and 

consequently, the ET rates related to T1 resulted in the lowest values. As shown in Table 1, 

sen  assumed values of 56% and 69% for Eu-1 and Eu-3, respectively, and these values may 

suggest that non-radiative decay from T1 is operative in each case, reducing the efficiency of 

population of the 5D0 emitting level of the Eu(III) ion. In this context, the order of magnitude of 

the S1→T1 and T1→S0 rates was adjusted to reproduce the experimental sen . Therefore, the 

values of 107 s-1 and 108 s-1 for S1→T1 and T1→S0, respectively, resulted in calculated sen  for 

Eu-1 (58.8 %) and Eu-3 (68.6 %), which are in excellent agreement with those experimentally 

observed. Since Eu-1 and Eu-3 had all rates with the same order of magnitude, the largest 

sensitization efficiency of Eu-3 is due to the largest corresponding value of AR. In the case of 
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Eu-2, rate values of 108 s-1 for the S1→T2, T2→T1 and T1→S0 transitions provided calculated 

sen  equalling to 58%, which is in good agreement with the experimental value (56%, Table 

1).   

 
Fig. 5. Schematic energy-level diagram proposed for Eu-1, Eu-2, and Eu-3.  

3.3. Fabrication and measurement of red OLEDs 

The impressive photophysical properties (Table 1) and excellent thermal stability (Please see 

the discussion in Section 7.3 and Fig. S23, ESI) of the Eu-3 motivated us to utilize it as a red 

emitter to fabricate single- and double-EMLs red OLEDs with the following general device 

configuration: single-EML: ITO/HAT-CN (23 nm)/TAPC(70 nm)/Eu-3(x%):26DCzPPy (10 

nm)/Tm3PyP26PyB (60 nm)/LiF (1 nm)/Al (200 nm) and double-EMLs: ITO/HTA-CN(23 

nm)/TAPC(70 nm)/Eu-3 (8%):TCTA (10 nm)/Eu-3(x%):26DCzPPy (10 nm)/Tm3PyP26PyB 

(60 nm)/LiF (1 nm)/Al (200 nm) by thermal evaporation under high vacuum (HAT-CN = 

Dipyrazino[2,3-f:2'3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile; 26DCzPP = 2,6-bis[3-(9H-

Carbazol-9-yl)phenyl]pyridine; Tm3PyP26PyB = 1,3,5-tris(6-(3-(pyridin-3-yl)phenyl)pyridin-2-

yl)benzene; TCTA = 4,4',4"-tris(carbazol-9-yl)triphenylamine). The doping concentrations of 

Eu-3 were regulated to be 4.0 wt%, 6.0 wt%, 8.0 wt%, 10.0 wt% and 12.0 wt% respectively, 

in different devices. The evaporation temperature increases gradually from 139 to 153 °C as 

the doping concentration increases. The low thermal evaporation temperature of Eu-3 thus 

ensures negligible decomposition during the thermal evaporation process.  
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Fig. 6. Normalized EL spectra of single and double EML devices (a) devices 1–5 and 

(b) devices 6–10 of Eu-3 operating at 10 mA/cm2. 

EL spectra of Eu-3 based single- as well as double-EML(s) OLEDs exhibit similar emission 

profiles as observed in the steady-state PL (550 – 750 nm, Fig. 6). The EL also showed very 

minor host emission from 400 – 500 nm whose intensity decreases as the doping 

concentration increases implying the ET from the host to Eu-3 becomes more efficient i.e., 

(Devices 4 and 5) since a greater quantity of Eu-3 is contributing to the luminescence 

processes and thus emitting pure red emission with (CIE)x,y colour coordinates of  (Device 4: 

x= 0.621,y = 0.320 and Device 5: x= 0.629,y = 0.321). The double-EMLs device with the TcTa 

host in conjunction with the 26DCzPPy host displayed similar sharp EL profiles in the region 

between 550 – 750 nm, which is dominated by the red emission transition 5D0 → 7F2 at 614 

nm (Fig 6b). Interestingly, the double-EMLs device does not display any host emission 

suggesting an improved ET efficiency from the host to Eu-3. Moreover, these observations 

clearly advocate that in the device luminescence process, both carrier trapping and Förster 

ET are taking place simultaneously [25]. The EL efficiency and current density curves, together 

with the voltage (V)-brightness (B) and current density curves as an inset are shown in Fig. 7 

and data obtained such as B, current efficiency (ηc), power efficiency (ηp) and external 

quantum efficiency (EQE) are shown in Table 4. Single-EML devices at the optimum doping 

concentration, i.e., Device 4 (10 Wt%) displayed B = 291 cd/m2, ηc = 2.91 cd/A, ηp = 1.87 lm/W 

with an EQE = 1.27 % at very low Vturn-on = 3.4 V with (CIE)x,y = 0.621; 0.320 at current density 

= 10 mA/cm2. The double-EMLs device at the optimum doping concentration of 8.0 wt% 

(Device 8) displayed an impressive EL performance B = 428 cd/m2, ηc = 3.31 cd/A, ηp = 3.06 

lm/W, and EQE = 2.14% at very low Vturn-on = 3.4 V with (CIE)x,y = 0.619, 0.323 at current 

density = 10 mA/cm2. The EQE value of the Eu-3 based R-OLEDs is higher than than that of 

[Eu(tta)3(Phen)] [26] and compares well with the reported efficient complexes [Eu(tta)3(Dppz)] 

[25a], [Eu(dbm)3(Phen)] [27], [Eu(tta)3(DPEPO)] [28], [Eu(btfa)3(Py-Im)] [1a], [Eu(dbm)3(Ox-

Py-Im)] [25b] (tta = thenoyltrifluoroacetone; dbm = Dibenzoylmethane; btfa = 4,4,4-trifluoro-1-
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phenyl-1,3-butanedione; Dppz = dipyrido[3,2-a:2′ ,3′ -c]phenazine; DPEPO = bis(2-

(diphenylphosphino)phenyl) ether oxide; Py-Im = 2-(2-pyridyl)benzimidazole, Ox-Py-Im = 2-

phenyl-5-(4-(4-(2-(pyridin-2-yl)-1H-benzo[d]imidazole-1-yl)butoxy)phenyl)-1,3,4-oxadiazole). 

Furthermore, the low Vturn-on implies barrier-free carrier injection, balanced carrier transport 

and recombination and as well as high ET efficiency from the exciplex host to Eu-3. Moreover, 

ηc increases from Device 6 to Device 8 and then a decrease is observed and could be due to 

the hole-electron pair imbalance in the EML layer. Hence it will break this balance and thus 

would lead to the decrease of the ηc of the device. Moreover, in all the cases, the double-

EMLs devices displayed monochromatic red emission close to the standard (NTSC; 0.67, 

0.33) suggesting its potential to be utilized as a red component in the traditional RGB approach 

to produce full-color display panels in portable devices.  

 

 
Fig. 7: EL efficiency-current density characteristics of the devices. Inset: Current 

density-brightness-voltage characteristics of devices. (a) devices 1–5 and (b) 

devices 6–10 of Eu-3. 
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Table 4: Key properties of single- and double-EML(s) EL devices of Eu-3. 

 
Vturn-on 

(V) 

Ba 

(cd/m2) 

ηc
b 

(cd/A) 

ηp
c 

(lm/W) 

EQE(%)d 
CIEx, y

e 

Single EML Devices  

Device 1 (4 wt%) 3.8 434 1.50  1.24 0.93 (0.572, 0.335) 

Device 2 (6 wt%) 3.4 398 2.08  1.92 1.3 (0.592, 0.327) 

Device 3 (8 wt%) 3.4 249 2.02 1.87 1.26 (0.614, 0.320) 

Device 4 (10 wt%) 3.4 291 2.91  1.87 1.27 (0.621, 0.320) 

Device 5 (12 wt%) 3.4 295 1.87  1.73 1.16 (0.629, 0.321) 

Double EMLs Devices 

Device 6 (4 wt%) 3.8 398 2.16  1.78 1.33 (0.588,0.323) 

Device 7 (6 wt%) 3.6 446 2.75  2.40 1.70 (0.602,0.322) 

Device 8 (8 wt%) 3.4 428 3.31  3.06 2.14 (0.619,0.323) 

Device 9 (10 wt%) 3.6 382 2.37 2.07 1.45 (0.625,0.320) 

Device 10 (12 wt%) 3.6 364 2.17  1.89 1.34 (0.631,0.317) 

aThe data for maximum brightness (B), bmaximum current efficiency (ηc), cmaximum power efficiency (ηp); 
dmaximum external quantum efficiency (EQE),eCIEx, y at 10 mA/cm2 

Conclusion  

In summary, we have successfully synthesized two new ternary Eu-1 and Eu-2 complexes 

together with the previously reported Eu-3 complex. Photophysical properties of the 

complexes were determined experimentally and further complemented by the theoretical 

calculations. The absorption spectra of the complexes display a strong broad band in the 

region 300 – 350 nm due to the π – π* transition of both ligands, which is further confirmed by 

the NTO analysis. Moreover, 
max

abs  of Eu-2 is redshifted due to enhanced conjugation arising 

from substitution of the terminal bromine atoms in Eu-1 by the phenylethynyl groups. PL 

properties displayed typical highly monochromatic Eu(III)  red emissions for Eu-1 and Eu-3  

while Eu-2 exhibited pinkish-red color due to the presence of blue RFL. This is due to very 

small ΔE between the emitting state and triplet state of the ancillary ligand in Eu-2 that resulted 

in a large 
NRA = 1713.14 s-1 compared to the Eu-1 (

NRA = 355.31 s-1) and Eu-3 (
NRA = 102.99 s-

1) and thus decreases the L

EuQ . The theoretical calculations are in line with the experimental 

results. The presence of Br on both rings of the bpy ligand did not play any significant in 

changing the electronic structure of T1 However, replacement of terminal Br by phenylethynyl 

in the case of Eu-2 results in a lowering of triplet state energy (19,305 cm-1) and TD-DFT 

results indicated that the HOMO→LUMO transition is the most important one for T1 and both 

the MOs are centred on the ancillary PhE2-bpy ligand. It is important to note that acetylide 

functionalized heterocyclic ligand(s) have not been explored in lanthanide coordination 
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chemistry though polymetalla-yne type of ancillary ligands have been used to sensitize the 

visible and near infrared (NIR) emission of Ln(III) ion. The work presented herein will open the 

gateway to explore the potential of a broad range of poly-yne type primary or ancillary ligands 

to sensitize visible and NIR emission of Ln(III) ion. the ET mechanism for Eu-1 and Eu-3 are 

similar where only T1 is involved with the contribution from both primary and ancillary ligands. 

While the ET process for Eu-2 utilizes T1 centred on PhE2-Bpy (T1→5D1 = 1.60×106 s-1 and 

T1→5D0 = 5.47×106 s-1) and T2 centred on the btfa ligand (T2→5D1 = 3.53×107 s-1 and T2→5D0 

= 8.75×107 s-1). Finally, the complex (Eu-3) was chosen as an EML to fabricate R-OLEDs. The 

EL performance at the optimum doping concentration for the double EMLs device (Device 8) 

displayed bright red EL at current density = 10 mA/cm2 with the EQE of 2.14% and B = 428 

cd/m, ηc = 3.31 cd/A, ηp = 3.06 lm/W at very low Vturn-on = 3.4 V, suggesting it as a strong 

candidature in the fabrication of tricolor RGB based white OLEDs.  
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