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Abstract: We have designed and synthesized three nona-coordinated organoeuropium 

complexes (OEuCs) with the general formula [Eu(btfa)3(FurTerPy)] (Eu1), 

[Eu(btfa)3(ThioTerPy)] (Eu2) and [Eu(btfa)3(NapTerPy)] (Eu3) by employing a primary 4,4,4-

trifluoro-1-phenyl-1,3-butanedione (btfa) antenna ligand and three functionalized 2,2′:6′,2′′-

terpyridine (TerPy) ligands bearing different electron-donating groups at the 4' position, 

namely, FurTerPy = 4'-(furan-2-yl)-2,2':6',2''-terpyridine; ThioTerPy = 4'-(thiophen-2-yl)-

2,2':6',2''-terpyridine; and NapTerPy = 4'-(naphthalen-1-yl)-2,2':6',2''-terpyridine. Detailed 

photophysical properties of Eu1, Eu2 and Eu3 were analysed using both experimental and 

computational methods. By analysing the experimental and time-dependent density 

functional theory (TD-DFT) data in conjunction with the Lanthanide Luminescence Software 

Package (LUMPAC), we further elucidated the energy transfer (ET) processes in the 

OEuCs. Finally, the complexes were tested as emitting layer (EML) in a multi-layered device 

to fabricate red organic light emitting diodes (R-OLED). Through the optimization and device 

engineering, we have achieved a remarkable electroluminescence (EL) performance of 

maximum current efficiency (ηc) = 12.32 cd/A; maximum power efficiency (ηp) = 11.73 lm/W 

and maximum external quantum efficiency (EQEmax.) = 10.20%, respectively, for the Eu3-

based double-EML OLED. To the best of our knowledge, this is the highest reported overall 

EL performance among the OEuCs until now. 

Keywords: 4,4,4-trifluoro-1-phenyl-1,3-butanedione; Terpyridine; Europium(III); Energy 

transfer mechanism; Red electroluminescence; Carrier trapping; Förster energy transfer  
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Introduction 
The establishment of the photoluminescence (PL) properties of organo-lanthanide 
complexes have strengthened their position among the many available functional materials 
and makes them suitable for potential technological applications, particularly 
organoeuropium complexes (OEuCs) in OLEDs,1, 2, 3 as sensors,4 as sensitizers to improve 
the OLED performance of the state-of-the-art red-emitting iridium(III) complexes.5 and as 
luminescent thermometers.6, 7 Among the large number of monochromatic red emitting 
OEuCs, easily obtainable tris(β-diketonato)Eu(III) complexes incorporating polydentate 
ancillary ligand(s) [N^N/O^O/N^N^N/O^O^O]8, 9 could provide a cheap and environmental-
friendly alternative to the sought after red-emitting phosphorescent complexes10, 11, 12 and 
thermally activated delayed fluorescence (TADF)13, 14 materials that dominate OLED field. 
This is due to their innate photophysical properties, specifically their highly monochromatic 
red emission with full width at half maxima (FWHM) < 15 nm ensuing excellent colour purity 
and high photoluminescence quantum yields (PLQYs).15, 16 Another important prerequisite 
for developing efficient OLEDs is the good electron-transport properties of the 
compounds/complexes in question.16 Apart from synthesis, purification of OEuCs is relatively 
very easy compared to the aforementioned materials which need specific synthetic 
modifications to reach targeted wavelength maxima (red emission = 605 – 650 nm) coupled 
with complicated purification procedures.17, 18 The former materials have very short excited 
state lifetimes of a few microseconds to sub-microsecond18 compared to that of homoleptic 
and heteroleptic OEuCs, which exhibit higher excited state lifetimes in the 1 – 3 millisecond 
(ms)19, 20 and 100 – 900 microsecond (μs) range.21, 22  
Interestingly, a literature survey further revealed that the most dominant OEuCs among the 
many heteroleptic complexes are octacoordinated neutral tris(β-diketonato) complexes 
incorporating different ancillary ligands (N^N/O^O etc.)23, 24 and have been successfully 
employed as EML to fabricate R-OLEDs.8, 9 It is noteworthy that the EL in the OEuCs was 
first reported by Kido and co-workers25, 26 more than three decades ago; however, the EQE 
of R-OLEDs comprising OEuCs is still not very satisfactory. Despite this long research 
journey, to date, only an EQEmax of 7.5% was achieved by a [Eu(dbm)3BPhen]-based27 
device (Chart 1, dbm is the anion of dibenzoylmethane and BPhen = Bathophenathroline). 
To improve the EL performance of OEuCs, our research group has recently embarked on 
the design, development and device engineering of efficient OEuCs to improve overall EL 
performance. By employing a large bite angle of bis[2-(diphenylphosphino)phenyl] ether 
oxide (DPEPO) [O^O] as the ancillary ligand and 4,4,4-trifluoro-1-phenyl-1,3-butanedione 
(Hbtfa) and 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione (Hnta) as the primary antenna 
ligands, two octacoordinated OEuCs, [Eu(btfa)3(DPEPO)] and [Eu(nta)3(DPEPO)] (Chart 1a) 
were synthesized and successfully employed as EML to fabricate R-OLEDs.15 Through the 
device engineering i.e., the combination of proper host materials, the double-EML device of 
[Eu(nta)3(DPEPO)] at the optimum doping concentration (4 wt%) exhibited pure red EL with 
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a EQEmax of 6.3%. To further improve the EL performance, we have recently synthesized 
two highly efficient octacoordinated red-emitting OEuCs (Chart 1a) by exploiting the rigid 
neutral hole or exciton-blocking BPhen (N^N) (triplet state (3ππ*) = 21000 cm−1; electron 
mobility = 5 × 10-4 cm2 V-1 s-1)28, 29 as the ancillary ligand in conjunction with Hbtfa and 2-
thenoyltrifluoroacetone (Htta) as the primary antenna ligands.16 The double-EML R-OLEDs 
of [Eu(btfa)3BPhen]16 and [Eu(tta)3BPhen]16 exhibited impressive EQEmax.. = 5.91% and 
6.24%, respectively, at very low doping concentration (2 wt%). It was further observed that 
the brightness (B) of the device in a given complex-based device is independent of the 
PLQY of the complex:host film and depends on the excited state lifetime (𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜)  of the 
complex:host film.  
As mentioned above the octacoordinated [Eu(β-diket.)3(N^N/O^O etc)] complexes are the 
dominant class of OEuCs. Moreover, it is worth remembering that the bulk of the work is 
based on either ‘tta’ or ‘dbm’ as the primary antenna ligand and thus the potential of other β-
diketone based OEuCs remains uncharted for this purpose.30 Keeping this idea in mind and 
our quest to improve the EL performance of OEuCs, we recently designed and synthesized 
two novel asymmetric nonacoordinated complexes31 by employing btfa and nta as primary 
antenna ligands and a simple 4’-phenyl-2,2’:6’,2’’-terpyridine (Ph-terPy) ligand with the 
general formula [Eu(btfa)3(Ph-terPy)] and [Eu(nta)3(Ph-terPy)] (Chart 1a). The prime 
advantage of nonacoordinated complexes over octacoordinated complexes is their lower 
molecular symmetry, which according to Judd-Ofelt (J-O) theory32, 33 is propitious in reducing 
𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 and thus could be beneficial for generating good EL performance.15 This is because 
forbidden 4f – 4f electronic transitions become partially allowed and directly related to the 
orbital mixing between the 4f and 5d orbitals.34 The double-EML OLEDs of [Eu(nta)3(Ph-
terPy)] (3 wt.%), displayed an outstanding EL performance reaching EQEmax. of 7.32 %.31 
Insights gained during our exploration and our continuing research dedicated to improve the 
EL performance of OEuCs, led us in the present studies, to synthesise three functionalized 
2,2':6',2''-terpyridine (TerPy) ancillary ligands by installing electron-rich furan, thiophene and 
naphthalene moieties at the 4' position of TerPy. The ancillary ligands were utilized to 
develop three new nonacoordinated asymmetric OEuCs in conjunction with the primary 
antenna ‘btfa’ ligand having the general formula [Eu(btfa)3(FurTerPy)] (Eu1), 
[Eu(btfa)3(ThioTerPy)] (Eu2) and [Eu(btfa)3(NapTerPy)] (Eu3) (Chart 1b). The complexes 
were characterized prior to their potential application as EML to fabricate R-OLEDs, the 
photophysical properties of the complexes were evaluated and are discussed in detail. 
Moreover, with the help of experimental photophysical properties and theoretical methods 
using density functional theory (DFT) and TD-DFT in conjunction with the LUMPAC,35 the 
energy migration processes involved were elucidated and discussed for the complexes. 
Finally, the complexes were employed as EML to fabricate OLEDs and their EL performance 
parameters such as brightness (B), current efficiency (𝜂𝜂𝑐𝑐), power efficiency (𝜂𝜂𝑝𝑝), EQE and 

CIE colour coordinates were analysed and discussed.  
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(a) The molecular structures of the highly efficient heteroleptic OEuCs 
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(b) The three new nonacoordinated heteroleptic OEuCs presented in this paper 
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Chart 1: (a) The molecular structures of the highly efficient heteroleptic OEuCs utilized to 
fabricate R-OLEDs with their EQEmax. and (b) The chemical structures of the three new 
nonacoordinated heteroleptic OEuCs. 

Details of the Experimental Methods 
Chemical, Reagents and General Instrumentation 

All chemicals used in the synthesis and the OLED fabrication were procured from 
commercial sources and were used without further purification unless otherwise specified. 
Solvents used in the experiments were dried and distilled prior to use.36 Elemental analysis 
was performed on a Euro EA−CHN Elemental Analyser. The Fourier transform infrared (FT-
IR) spectra of the solid ligands and OEuCs were obtained using a Cary 630 FT-IR 
spectrometer in the attenuated total reflectance (ATR) mode. The mass spectra were 
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obtained using a Bruker autoflex III smartbeam MALDI-TOF/TOF mass spectrometer. 
Nuclear magnetic resonance (NMR) spectra were recorded on Bruker Biospin Avance III HD 
(700 MHz) FT-NMR spectrometer in CDCl3 with SiMe4 as the internal reference. 
Synthesis of Ancillary Ligands  
4'-(Furan-2-yl)-2,2':6',2''-terpyridine (FurTerPy): The terpyridine ligands were synthesized 
by following the synthetic protocol reported previously.31 A general synthetic approach for 4'-
(furan-2-yl)-2,2':6',2''-terpyridine (FurTerPy) is described here as a representative of other 
TerPy ligands. Briefly, to a stirred solution of furan-2-carbaldehyde (1.8422 g; 17.36 mmol) 
and 2-acetylpyridine (4.2084 g, 34.74 mmol) in ethanol (EtOH, 50 mL), potassium hydroxide 
(KOH; 1.95 g; 38.50 mmol) and 25% ammonia solution (15 mL) were added. The reaction 
mixture was stirred for 24 h at room temperature. The precipitate formed was isolated by 
vacuum filtration and washed with a copious amount of distilled water, followed by EtOH (50 
mL × 3). The compound was purified by silica column chromatography by first eluting with 
hexane to remove the unreacted furan-2-carbaldehyde and then eluting with 
dichloromethane (CH2Cl2): methanol (MeOH) [95:5]. The obtained light brown solid was 
recrystallized from (CH2Cl2): EtOH (1:1) as light brown needles (55% yield). Analysis 
calculated for C19H13N3O, C, 76.24; H, 4.38; N, 14.04; observed C, 76.22; H, 4.35; N, 
14.02%; other data matches very well with literature values37 FT-IR: 𝜈𝜈𝐶𝐶=𝑁𝑁 + 𝜈𝜈𝐶𝐶=𝐶𝐶; 1582 cm-1 
(Figure S1a, ESI). 1H NMR (700 MHz, CDCl3, 𝛿𝛿/ppm): 8.69 (m; 2-H, 6,6’); 8.68 (s; 2-H, 
3',5’); 8.59 (d, 2-H, 3,3’); 7.83 (td, 2-H, 4,4’); 7.53 (d, 1-H; 7 from furan); 7.31(m, 2-H, 5,5’); 
7.09 (d, 1-H; 9 from furan); 6.50 (q, 1-H, 8 from furan) (Figure S2a, ESI). 13C NMR (175 
MHz, CDCl3, 𝛿𝛿 /ppm) 155.85, 155.68, 151.83, 148.93, 143.86, 139.68, 137.24,124.02, 
121.47, 115.33, 112.21, 109.09 (Figure S2b, ESI). 
4'-(Thiophen-2-yl)-2,2':6',2''-terpyridine (ThioTerPy): ThioTerPy was synthesized and 
purified by a similar method and data matches well with literature values.37 Analysis 
calculated for C19H13N3S, C, 72.36; H, 4.15; N, 13.32; observed C, 72.35; H, 4.12; N, 
13.31%. FT-IR: 𝜈𝜈𝐶𝐶=𝑁𝑁 + 𝜈𝜈𝐶𝐶=𝐶𝐶 ; 1582 cm-1 (Figure S1b, ESI). 1H NMR (700 MHz, CDCl3, 
𝛿𝛿/ppm): 8.68 (m; 2-H, 6,6’); 8.64 (s; 2-H, 3’,5’); 8.58 (tt, 2-H, 3,3’); 7.88 (td, 2-H, 4,4’); 7.53 
(dd, 1-H; 7 from thiophene); 7.30 (m, 2-H, 5,5’); 7.09 (dd, 1-H; from thiophene); 7.11 (q, 1-H, 
from thiophene) (Figure S3a, ESI). 13C NMR (175 MHz, CDCl3, 𝛿𝛿 /ppm) 155.85, 155.68, 
151.83, 148.93, 143.86, 139.68, 137.24,124.02, 121.47, 115.33, 112.21, 109.09 (Figure 
S3b, ESI). 
4’-(Naphthalen-1-yl)-2,2’:6’,2’’-terpyridine (NapTerPy): NapTerPy was synthesized and 
purified by a similar method and data matches well with literature values.38 Microanalysis 
calculated for C25H17N3, C, 83.54; H, 4.77; N, 11.69; observed C, 83.52; H, 4.78; N, 11.68; 
FT-IR: 𝜈𝜈𝐶𝐶=𝑁𝑁 + 𝜈𝜈𝐶𝐶=𝐶𝐶; 1582 cm-1 (Figure S1c, ESI). 1H NMR (700 MHz, CDCl3, 𝛿𝛿/ppm): 8.82 (s; 
2-H, 3',5’), 8.70 (m; 2-H, 6,6’); 8.65 (d, 2-H, 3,3’); 8.36 (b, 1-H for 9 from napthalene); 7.98 
(b, 1-H for 10 from napthalene)) 7.93 (d, 2-H for 4,4’); 7.86 – 7.80 (m, 3-H from 
naphthalene); 7.50 – 7.45 (m, 2-H from naphthalene); 7.32 (m, 2-H, 5,5’) (Figure S4a, ESI). 
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13C NMR (175 MHz, CDCl3, 𝛿𝛿/ppm) 156.11, 155.88, 150.23, 149.02, 137.21, 135.64, 128.75, 
128.66, 127.33, 126.81, 126.74, 126.55, 125.01, 124.00, 121.59, 119.22 (Figure S4b, ESI).  

Synthesis of Neutral Ternary Europium(III) Complexes 
[Eu(btfa)3(FurTerPy)] (Eu1): Eu1 was synthesized by reacting equimolar quantities of 
[Eu(btfa)3(H2O)2]15 (0.300 g; 0.360 mmol) and FurTerPy (0.111 g; 0.360 mmol) in methanol 
(MeOH; 20 mL). The reaction mixture was stirred overnight at room temperature and left for 
slow solvent evaporation. The solid formed was washed with cold EtOH (5 × 2 mL) and 
toluene (5 × 2 mL). Yield 80%. Analysis calculated for C51H33EuF9N3O6, C, 55.35; H, 3.01; N, 
3.80; observed C, 55.40; H, 3.08; N, 3.76%. FTIR (solid; cm-1): ν(ar C-H st) 3074 cm-1; ν(C=O st) 
1,612 cm-1; ν(C=N st) 1,576 cm-1; ν(C=C st) 1,533 cm-1; ν(C-F st, CF3) 1378, 1316 cm-1; out-of-plane 
asymmetric ν(C-F st) 1,179 cm-1 ; in-plane ν(C-H bend) 1,127 cm-1 (Figures S1a, ESI); MS MALDI-
TOF: m/z: 1096. 23 [Eu1]+; 1119.05 for [Eu1+Na]+, 969.94 
[(Eu(btfa)2(FurTerPy)+K+MeOH+H2O]+ Figure S5, ESI. UV-vis [CH2Cl2, λ/nm (ε/ M-1cm-1); 
252 (4271), 296 (5705), 321 (6762). 
[Eu(btfa)3(ThioTerPy)] (Eu2): Eu2 was prepared by the same general synthetic route as 
Eu1.  Analysis calculated for C51H33EuF9N3O6, C, 55.35; H, 3.01; N, 3.80; observed C, 
55.40; H, 3.08; N, 3.76%. FTIR (solid; cm-1): ν(ar C-H st) 3060 cm-1; ν(C=O st) 1,626 cm-1; ν(C=N st) 
1,580 cm-1; ν(C=C st) 1,538 cm-1; ν(C-F st, CF3) 1370, 1318 cm-1; out-of-plane asymmetric ν(C-F st) 
1,182 cm-1; in-plane ν(C-H bend) 1,122 cm-1 (Figure S1b, ESI); MS (MALDI-TOF): m/z: 840.57 
[(Eu(btfa)(C6H5COCH3)(ThioTerPy)+K]+, 1137.22 for [Eu2+Na+H]+ Figure S6, ESI. UV-vis 
[CH2Cl2, λ/nm (ε/ M-1cm-1); 253 (5725), 297 (7084), 322 (8761) (6762). 
[Eu(btfa)3(NapTerPy)] (Eu3): Eu3 was prepared by the same synthetic route as Eu1 and 
Eu2. Analysis calculated for C51H33EuF9N3O6, C, 55.35; H, 3.01; N, 3.80; observed C, 55.40; 
H, 3.08; N, 3.76%. FTIR (solid; cm-1): ν(ar C-H st) 3060 cm-1; ν(C=O st) 1,626 cm-1; ν(C=N st) 1,578 
cm-1; ν(C=C st) 1,536 cm-1; ν(C-F st, CF3) 1393, 1321 cm-1; out-of-plane asymmetric ν(C-F st) 1,178 
cm-1; in-plane ν(C-H bend) 1,122 cm-1 (Figure S1c, ESI); MS (MALDI-TOF): m/z: 1225.93 
[Eu3+K+MeOH]+, 1058.88 for [(Eu(btfa)2(C2HF3O)(NapTerPy)-H]+Eu2+Na+H]+, 1099.65 for 
[(Eu(btfa)2(C6H5COCH3)(NapTerPy)+K]+ Figure S7, ESI.UV-vis [CH2Cl2, λ/nm (ε/ M-1cm-1); 
255 (9631), 267 (9348) 285 (8308), 317 (6988). 

Spectroscopic Measurements and Determination of Photophysical Parameters  
Spectroscopic measurements of Eu1, Eu2 and Eu3 including optical absorption, excitation, 
emission spectra, decay profiles and absolute PLQY values were obtained at room 
temperature; details of the measurements have been reported previously.3, 39 Optical 
absorption spectra were obtained using Varian Cary 5000 UV-Visible-NIR 
spectrophotometer while excitation, emission spectra and decay profiles were recorded on 
an Edinburgh FS5 fluorimeter. The absolute PLQY (𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸) were determined using a calibrated 
integrating sphere on a C-9920-02 from the Hamamatsu Photonic instrument. Photophysical 
parameters such as the J-O parameters (Ω2 and Ω4), radiative (𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅), non-radiative (𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) 
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decay rates, natural radiative lifetime (𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅), intrinsic quantum yield (𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) and sensitization 
efficiency (𝜂𝜂𝑆𝑆𝑆𝑆𝑆𝑆) were calculated by applying the following set of equations and details of the 
calculations are reported elsewhere. 5, 40  
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Details of the determination of ground state geometry, singlet (S) and triplet State (T) energy 
levels, methodology of modelling energy transfer (ET) mechanism and ET rates, 𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅, and 
𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  decay rates and theoretical PLQY of the sensitized PL is detailed in the ESI. 
Fabrication of OLEDs and assessments of their EL performance is also summarized in the 
ESI.  

Results and Discussion 
The new asymmetric nonacoordinated OEuCs (Eu1 – Eu3) were synthesized by a simple 

and established two-step method.15, 41 The isolated OEuCs were characterized by elemental 

analysis, mass spectrometry and FTIR spectroscopy and their composition agreed with the 

proposed chemical structures and stoichiometry, as shown in Chart 1b. Lower C=N 

stretching frequency is observed in all the complexes compared to their free ligands implying 

coordination of the ligand through nitrogen to the Eu(III) (Figure S1, ESI), for instance, ν(C=N 

st) 1,576 cm-1, 1,580 cm-1, 1,578 cm-1, for Eu1, Eu2 and Eu3, respectively. The complexes 

proved surprisingly difficult to crystallize. Despite our rigorous efforts with repeated 

crystallization by employing a wide range of solvents/mixed solvents, we were unable to 

obtain single crystals suitable for X-ray diffraction (XRD) studies. It was against this 
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backdrop that we turned our attention to determine the structure by theoretical means 

employing the DFT method. Moreover, the structural information obtained through DFT 

calculations has the same degree of accuracy as determined by the SC-XRD with an overall 

root mean square deviation (RMSD) value of the coordination sphere as low as 0.17 Å.15 It is 

also important to emphasize that it is necessary to theoretically determine the ground state 

geometry of the material in question to predict the electronic spectrum, energy levels [S and 

T] and finally the mechanism of intramolecular energy transfer (IET) for the sensitized PL 

together with rates of ET that are involved in IET. The ground state geometry of the Eu1, 

Eu2, and Eu3 was calculated by employing the PBE1PBE/TZVP/MWB52 DFT method, the 

resultant structures are shown in Figure 1 while the corresponding spherical coordinates of 

each atom directly coordinated to the central Eu(III) ion are listed in Table S1 – S3, ESI.  

(a) Eu1 (b) Eu2 (c) Eu3 

  
 

   
Spherical capped square 

antiprism 
Spherical capped square 

antiprism 
Spherical capped square 

antiprism 
C4v (CShMs = 0.531) C4v (CShMs = 0.551) C4v (CShMs = 0.424) 

Figure 1: The ground state molecular structure of the asymmetric nonacoordinated 
complexes and their coordination geometry calculated with the PBE1PBE/TZVP/MWB52 
method (a) Eu1, (b) Eu2 and (c) Eu3. 

As noted in our previous studies39 the DFT methods tend to marginally overestimate the Eu-

N bond lengths compared to experimentally observed distances. A similar observation is 

also noted for the three studied complexes exhibiting (Eu-N)Avg. bond distances of 

approximately 2.67 Å, while the average (Eu-O)Avg. bond distances were found to be 

approximately 2.43 Å. It is worth mentioning that both Eu-N and Eu-O distances closely align 

with those calculated in previous studies by applying DFT methods. The comparison in 

terms of RMSD involving the geometry of different Eu(III) complexes further revealed that 

the DFT geometries were in excellent agreement with those obtained from SC-XRD and thus 
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is useful to elucidate the symmetry of the coordination polyhedron around Eu(III). The 

coordination environment of the studied complexes is nonacoordinate (N3O6), consisting of 

six oxygen (O) atoms from btfa ligands and three nitrogen (N) atoms from the TerPy ligand 

(see Figure 1). The coordination polyhedron of the complexes is described as a distorted 

spherical capped square antiprism with symmetry idealized as C4v (Table S4, ESI). This 

description was achieved from the DFT geometry together with the SHAPE program,42, 43 

which compares the continuous shape measures (CShMs) for a given coordination geometry 

relative to the vertices of an ideal reference polyhedron. A low-symmetry chemical 

environment around the Eu(III) ion suggests significant values for certain spectroscopic 

properties, such as the intensity parameters.  

Analysis and Discussion of Experimental and Theoretical Photophysical Properties  
To understand the light absorbing abilities of the present OEuCs, the optical absorption 
spectra were measured in dilute dichloromethane (DCM; CH2Cl2) solution (Figure 2a) 
together with the free TerPy ligands (separate overlapping electronic spectra Figure S8, is 
included in ESI). As can be seen from Figure 2a, the electronic absorption spectra of Eu1, 
Eu2, and Eu3 show combined absorption bands of the primary btfa and ancillary TerPy 
ligands in DCM solution with a 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 at 322 nm (molar absorptivity (ε) = 10247 M-1cm-1) for 
Eu1, 322 nm (ε =13234 M-1cm-1) for Eu2 and 255 nm (ε =14470 M-1cm-1) and 318 nm (ε 
=10465 M-1cm-1) for Eu3, respectively. The high ε values imply that the new OEuCs have 
good light absorbing capability and thus strongly emitting complexes should be obtained. To 
underpin the results of absorption spectroscopy and to navigate the role of btfa and TerPy 
ligands in the light absorption phenomenon of the present OEuCs, we calculated the 
absorption spectra by the TD-DFT method (Figure 2b), where the solvent effect DCM was 
implicitly considered in the calculations. It is possible that the 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 value for all calculated 
spectra was slightly underestimated and this behaviour has previously been documented in 
research conducted by our group, even by applying different density functionals in the TD-
DFT approach.31, 39, 44 In this context, the results attest that the accurate determination of 
𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 is one of the main shortcomings of the TD-DFT method. Nevertheless, an examination 
of the theoretical spectra reveals that the positions of the absorption bands most shifted to 
longer wavelengths are consistent with the experimental observations. This alignment is 
evident since the Eu1 and Eu2 complexes exhibited bands at nearly identical wavelengths 
(281 and 283 nm, respectively). In contrast, the absorption peak corresponding to Eu3 
exhibited a shift towards shorter wavelengths (277 nm).  
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(a) (b) 

  

Figure 2: (a) Electronic absorption spectra of Fur-TerPy, Thio-TerPy, NapTerPy, Eu1, Eu2 
and Eu3 in CH2Cl2 (1×10−5 M). (b) Theoretical absorption spectra predicted by the TD-DFT 
method (with the implicit effect of solvent) for Eu1, Eu2 and Eu3 from the geometry 
calculated at the PBE1PBE/TZVP/MBW52 level of theory. 

In addition, the TD-DFT method proved to be an important tool for identifying the subunit in 
the molecule most relevant for a given absorption band in these studies. In this way, to gain 
insight into the nature of the most relevant transitions, an analysis of natural transition 
orbitals (NTOs) was performed based on the information extracted from the singlet excited 
states calculated using the CAM-B3LYP/TZVP/MWB52 method (Figure 3). This analysis 
offers a straightforward interpretation of the transition density between the ground state and 
a specific excited state.45 As can be seen in Figure 3, the most intense bands of the Eu1 
and Eu2 complexes have the contribution from electronic transitions involving molecular 
orbitals (MOs) located at the primary btfa and ancillary ligands (FurTerPy and ThioTerPy). 
Interestingly, the main electronic transitions for Eu3 are derived primarily from the NapTerPy 
ligand and mask the btfa absorption. The result further corroborates the experimental 
absorption spectrum of Eu3 and explains the blue shift in the 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 of Eu3 compared to Eu1 
and Eu1. 
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(a)                                                                Eu1 

 
(b)                                                               Eu2 

 
(c)                                                                Eu3 

 
Figure 3: Picture of the NTO mainly contributing to the most intense bands of (a) Eu1, (b) 
Eu2, and (c) Eu3 calculated using CAM-B3LYP/TZVP/MWB52 (DCM), where the 
percentages indicate the contribution of each transition to the singlet excited state 
corresponding to the respective absorption. 

The steady-state emission spectra of OEuCs were obtained at 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 in the solid-state and 
are shown in Figure 4 and individual excitation and emission spectra together with the 
absorption spectrum are also included in the supporting information (Figure S9, ESI). The 
excitation spectra in each case exhibit a composite broad band in the UV region that 
resembles the absorption spectra. Besides, the excitation spectra also displayed faint intra-
configurational f – f transitions at 463 nm and (5D2←7F0,4) and 533 nm (5D1,2←7F1,4) for Eu1 
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and Eu2 and unnoticeable transitions for Eu3. The presence of weak intra-configurational f – 
f transitions signifies the sensitisation of the europium PL by the well-known antenna 
mechanism.36, 46 Important PL data extracted from the steady-state emission spectra of Eu1 
– Eu3 that include barycentre of the emission transitions, the emission intensity of the 
transitions and % contribution of each transition relative to magnetic-dipole (MD) 5D0→7F1 
transition are listed in Table 1. The steady-state emission spectra of Eu1 – Eu3 exhibit five 
well-resolved inherent emission transitions typical for Eu(III) in the region between 500 and 
750 nm.41 The prevailing nature of the induced electric-dipole (ED) 5D0→7F2 emission 
transitions (80 – 85% of the total integrated emission intensity) over the other four transitions 
especially MD 5D0→7F1 transition signifies the dominance of the forced electric dipole (FED) 
and dynamic coupling (DC) mechanism in the emission process of Eu1 – Eu3. 

 

 

 
Figure 4: (a) Steady-state emission spectra of solid Eu1, Eu2 and Eu3. (b) Magnified view 
of the emission spectra of Eu1, Eu2 and Eu3 in the region between 575 nm and 602 nm and 
(c) Magnified view of the emission spectra of Eu1, Eu2 and Eu3 in the region between 605 
nm and 640 nm. 

Moreover, this transition is also accountable to brilliant red emission with the International 

Commission on Illumination (CIE)x,y colour coordinates (0.674, 0.321)Eu1, (0.658, 0.318)Eu2 

and (0.671, 0.325)Eu3 (Figure S10, ESI), which is equivalent to NTSC CIE colour coordinate 

for red emission i.e., (0.67, 0.33). Thus, the synthesized OEuCs could be potential candidate 

for the manufacture of white-OLEDs by RGB method and as patches in wound dressings 

that could be useful for wound healing and skin rejuvenation.47 The intensity ratio (R21), 
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which is a ratio of ED 5D0 → 7F2 to MD 5D0 → 7F1 emission transitions is calculated and listed 

in Table 1. The higher R21 values of the three OEuCs under discussion indicate that Eu(III) is 

coordinated in a site without an inversion centre and symmetry around it is lower48 and this is 

in agreement with the CShMs values. Interestingly, the R21 values (Table 1) of the three 

OEuCs are close suggesting similar symmetries i.e., within the boundary of the same 

asymmetric environment. Furthermore, R21 values are higher than that of analogues 

[Eu(btfa)3(Ph-terPy)] (R21 = 15.74)31 and point that the symmetry of OEuCs is more 

asymmetric but remains within the limit of the same asymmetric environment. In order to 

obtain a greater insight, excited state lifetime (𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜) of 5D0 emitting state was determined by 

fitting the PL decay curves (Figure S11 – S13, ESI) monitored within the induced ED 5D0 → 
7F2 emission transition and data obtained are shown in Table 1. The decay profiles of Eu1 – 

Eu3 fit very well mono-exponential fitting (𝜒𝜒2= 1.030 – 1.073) and confirm the presence of a 

single dominant emitting species. The excited state lifetime of the present OEuCs falls in the 

μs regime typical of ternary europium tris(β-diketonate) complexes with similar 𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 = 699.98 

± 1.34 μs for Eu1, 𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 = 692.66 ± 1.41 μs for Eu2 and 𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 = 659.87 ± 0.58 μs for Eu3, 

respectively. The results further agreed with the solid-state absolute PLQY which are similar 

i.e., 𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸 = 59.30% for Eu1, 59.74% for Eu2 and 61.48% for Eu3, respectively (Table 1) and 

marginally higher than [Eu(btfa)3(Ph-terPy)] (𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸 = 54.90%). Finally, the J-O Ω2 and Ω4 is 

calculated and is a handy tool for evaluating behaviour of the OLnCs. For instance, Ω2 

provides information about the probability of FED transitions and symmetry of the 

coordination polyhedron while Ω4 furnishes the information regarding the presence and 

absence of long-range effects (hydrogen bonding, π-π stacking, etc).40, 49 As expected, the 

asymmetric OEuCs exhibited large Ω2 values that correlate well with R21. 
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Table 1: Room temperature photophysical properties of Eu1 – Eu3 in the solid-state.  

Properties Eu1 Eu2 Eu3 
5D0 → 7F0  17247.92 cm-1 (1.00 %) 17247.70 cm-1 (1.08 %) 17251.54 cm-1 (0.77 %) 
5D0 → 7F1 16864.12 cm-1  16864.19 cm-1  16869.03 cm-1  
5D0 → 7F2  16142.94 cm-1 (85.18 %) 16150.25 cm-1 (79.97 %) 16242.10 cm-1 (83.71 %) 
5D0 → 7F3 15360.09 cm-1 (1.13%) 1 5344.97 cm-1 (1.76%) 15324.91 cm-1 (3.09%) 
5D0 → 7F4 14425.94 cm-1 (12.67%) 14418.39 cm-1 (12.27%) 14325.71 cm-1 (12.47%) 
FWHM of 5D0 → 7F2 (nm) 3.77 5.77 3.76 
Intensity Ratio (R21)a 17.64 16.29 17.33 
CIE Coordinates 0.674, 0.321 0.658, 0.318 0.665, 0.328 
𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜 ( μs) 699.98 ± 1.34 (𝜒𝜒2= 1.073) 692.66 ± 1.41 (𝜒𝜒2= 1.073) 659.87 ± 0.58 (𝜒𝜒2= 1.030) 
Ω2 (× 10-20 cm2)b 31.50 [31.50] 29.07 [29.08] 30.27 [30.27] 
Ω4 (× 10-20 cm2)b 9.98 [10.00] 9.78 [9.77] 10.34 [10.35] 
𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅 (s-1)c 1171.97 [1146.23] 1081.68 [1069.97] 1150.43 [1114.58] 
𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (s-1)c 258.65 [282.38] 363.40 [373.74] 364.72 [400.87] 
𝜏𝜏𝑅𝑅 (μs)d 853.26  924.48  869.24  
𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%)e 81.92 [80.23] 79.81 [74.11] 75.93 [73.55] 

𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸 (%) 59.30 [56.22] 59.74 [55.61] 61.48 [58.08] 
𝜂𝜂𝑆𝑆𝑆𝑆𝑆𝑆 (%)f 72.38 [70.07] 74.85 [75.04] 80.96 [78.97] 

Values in the square bracket are % contribution relative to 5D0 → 7F1 MD transition; aRatio of the integrated intensity of the induced electric dipole (ED) 5D0 → 7F2 
to the 5D0 → 7F1 MD transition; bΩ2 and Ω4 were calculated by applying equation 1 and 2; cARad and ANRad were calculated by applying equation 2 – 4, ESI; d𝜏𝜏𝑅𝑅 was 
calculated by applying equation 5, ESI; e𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 was calculated by applying equation 6, ESI; f𝜂𝜂𝑆𝑆𝑆𝑆𝑆𝑆was calculated by applying equation 7, ESI 
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Analysis and Discussion of the IET Mechanism  
By utilizing the information extracted from the TD-DFT results, it is also possible to gain a 
deeper understanding of the IET process of the three complexes by applying the LUMPAC 
software.35 The energy of the lowest singlet (S1) and triplet (T1) excited states along with 
their corresponding distance (RL) from the energy donor to the acceptor centre and the most 
relevant electronic transitions that compose S1 and T1 states are depicted in Table 2. 
Although NapTerPy in Eu3 possesses both the larger structural extension and greater π-
electron conjugation, the RL values of the complexes are comparable (Table 2). 
Furthermore, it is also worth highlighting that the energy of S1 and T1 remained relatively 
unchanged across the three complexes despite the structural modifications introduced at the 
4' position of the TerPy ancillary ligands. Consequently, we expect that the impact of the 
ancillary ligand on the IET process of the three complexes will be similar and thus would 
result in similar 𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸, which indeed is the case. A possible explanation for this observation 
could be found by analysing the MOs that are involved in electronic transitions of the S1 and 
T1 states (Table 2). Scrutiny of MOs further revealed that they are located on both the btfa 
and TerPy ligands (Figure S14, ESI). In addition, the constitution of the MOs across the 
complexes is also identical. By considering the HOMO-1 and LUMO orbitals, it becomes 
very clear that the HOMO-1 exhibits contributions from orbitals centred on one of the primary 
btfa ligands, while LUMO contributions involve orbitals from the atoms of the ancillary TerPy 
ligand (Figure S14, ESI). 
The S1 and T1 energy of each complex, along with the corresponding distance RL, were 
utilized in Malta’s model50 to calculate the ET rates for two excited states with the help of 
LUMPAC. The rates calculated for the Eu1, Eu2 and Eu3 complexes relating the S1 and T1 
and various excited levels of Eu(III) (5D0, 5D1, 5D2, 5D3, 5D4, 5L6, 5L7, 5G2, 5G3, 5G5, and 5G6) 
are shown in Table 3 and Table S5 and Table S6, ESI, where a total of 90 rates were 
estimated for each complex, distributed as 30 for Coulombic interaction (CI), 30 for 
Exchange (Ex.) mechanism and 30 for backward ET. The ET rates related to the CI 

mechanism were quantified using the FED intensity parameters ( FED
λΩ ) provided by the 

QDC model51 (see Tables S7 – S9, ESI) developed by one of us and implemented in 
LUMPAC.35 The emission of the Eu(III) is typically dominated by the DC mechanism, which 
is a function of the polarizabilities of the atoms belonging to the coordination polyhedron of 

the complexes. This observation is based on the larger value of the ΩDC
λ  parameter in 

comparison to FED
λΩ , as can be seen in Table S7 – Table S9, ESI, for all complexes under 

investigation. As noted by us2, 15, 21, 39 and other research groups,52, 53, 54 the most significant 
ET pathways promoting PL in the OEuCs involves the T1→5D0 and T1→5D1 ligand-metal 
transitions. This fact highlights the significant role played by the T states of the ligands in the 
ET process. The highest values related to the 7F0→5D1 and 7F1→5D0 excitations (around 107 
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s-1 for all complexes) suggest that the Ex. mechanism is the principal pathway responsible 
for the excitation of the Eu(III) ion. When the ET rates for the S1 states are considered, the 
highest rates are around 105 s-1, which are associated with the 7F1→5G2 and 7F1→5G3 
transitions, further reinforcing the importance attributed to the triplet states. The magnitudes 
of the rates are very similar to those found in a recent study conducted by us, in which the 
theoretical modelling of ET for the complexes [Eu(btfa)3(Ph-terPy)] and [Eu(NTA)3(Ph-terPy)] 
was performed.31  

Table 2: Energy of the lowest singlet and triplet excited states, electronic transitions for the 
respective excited states, and respective distance from energy donor to acceptor centre (RL) 
of Eu1, Eu2 and Eu3 estimated using the CAM-B3LYP/TZVP/MWB52 (DCM) result with the 
help of LUMPAC. 

Compound State Energy/cm-1 RL/Å Major Contribution Total 

Eu1 

S1 33481.30 4.48 
HOMO-12→LUMO+1 (44.14%) 
HOMO-12→LUMO+4 (14.10%) 
HOMO-14→LUMO+1 (10.25%) 

68.48% 

T1 22822.90 4.50 

HOMO→LUMO+2 (32.75%) 
HOMO→LUMO+1 (12.49%) 
HOMO→LUMO+4 (10.34%) 
HOMO-1→LUMO+2 (9.95%) 

65.53% 

Eu2 

S1 33470.80 4.43 
HOMO-11→LUMO+1 (43.00%) 
HOMO-11→LUMO+4 (13.05%) 
HOMO-13→LUMO+1 (10.23%) 

66.28% 

T1 22825.60 4.46 

HOMO-2→LUMO+2 (17.23%) 
HOMO-1→LUMO+2 (12.69%) 
HOMO→LUMO+2 (12.36%) 
HOMO-2→LUMO+1 (9.73%) 
HOMO-1→LUMO+1 (7.66%) 
HOMO→LUMO+1 (7.25%) 
HOMO-2→LUMO+4 (5.49%) 

72.41% 

Eu3 

S1 33580.60 4.61 

HOMO-12→LUMO+1 (26.01%) 
HOMO-12→LUMO+4 (20.10%) 
HOMO-12→LUMO+2 (13.21%) 
HOMO-12→LUMO (7.11%) 

66.43% 

T1 22746.30 4.51 

HOMO-1→LUMO+1 (53.55%) 
HOMO-1→LUMO+4 (13.60%) 
HOMO-1→LUMO+2 (8.87%) 
HOMO-1→LUMO (5.03%) 

81.05% 

Figure 5 shows a postulated energy level diagram that illustrates the most important 
channels involved in the ligand-to-Eu(III) ET processes for all three complexes. Furthermore, 
as the MO analysis revealed the contribution of the β-diketonate and neutral ancillary TerPy 
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ligands to the composition of the S1 and T1 states, only these two states were considered in 
the Jablonski diagram. From the Eu(III) perspective, all excited levels contained in the 
electronic excitations listed in Table 3, Table S5 and Table S6, ESI were taken into account 
in the ET process. When the Senη  value is lower than 100%, probably there is an eventual 

pathway that depopulates T1. When the T1 is situated below the 5D0 and 5D1 states, the 
possibility of a significantly large ET rate from 5D0 and 5D1 to T1 increases, leading to a 
decrease in Senη . However, this is not the case for the complexes under consideration. To 

reproduce the experimental Senη  and 𝑄𝑄𝐸𝐸𝐸𝐸𝐿𝐿  of the complexes,44 the ligand decay rates related 

to the S1→S0, S1→T1, and T1→S0 transition were adjusted, following a method already 
applied in our previous work.31, 39, 55 

 

Figure 5: Representative Jablonski diagram illustrating the ligand and Eu(III) states involved 
in the process of energy transfer of the Eu1, Eu2, and Eu3 complexes.  

The close resemblance of the experimental 𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸 values (see Table 1) indicates a relatively 

minor structural difference among the complexes. However, even in this context, the Senη  

values reflect more significant differences to those observed for 𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸 . In the process of 
adjusting the rates, these facts were contemplated, and the adjusted values for the decay 
rates of the S1→S0, S1→T1, and T1→S0 transitions are presented in Figure 5. The same set 

of decay rates for Eu1 (𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸: 59 % vs. 56 %; Senη : 72 % vs. 70 %) and Eu2 (𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸: 60 % vs. 56 

%; Senη : 75 % vs. 75 %) complexes resulted in the values of quantum yield and sensitization 

efficiency that closely matched those obtained experimentally. In the case of Eu3 (𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸: 58 % 

vs. 61 %; Senη : 79 % vs. 81 %), the highest value of Senη  suggests that the depopulation 

efficiency of the T1 state in Eu3 is lower compared to the other two complexes, as indicated 
by the adjusted rate related to the T1→S0 transition, which is equal to 105 s-1. 
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Table 3: Energy transfer rates quantified with LUMPAC for Eu3 using Malta’s model50 based 
on the TD-DFT CAM-B3LYP/TZVPPD/MWB52 results with the implicit effect of the DCM 
solvent included in the calculations. The 5D0←7F0 transition was included in the calculations 
by means of a J-mixing of 5% involving the 7F0 and 7F2 states. 

 Donor  Acceptor WET
CI (s-1) WET

EX (s-1) WBET (s-1) 

Eu3 

S1 

7F0→5D0
 4.07×10-2 0.0 4.85×10-36 

7F0→5D1
 0.0 4.35×101 2.11×10-29 

7F0→5L6
 1.16×102 0.0 7.43×10-16 

7F0→5G6
 1.16×102 0.0 6.92×10-13 

7F0→5D4
 9.49×103 0.0 3.10×10-9 

7F1→5D0
 0.0 8.62×100 1.03×10-33 

7F1→5D1
 7.31×101 2.31×10-2 3.56×10-29 

7F1→5D2
 0.0 1.65×102 1.05×10-23 

7F1→5D3
 2.07×104 0.0 1.26×10-15 

7F1→5L6
 3.57×101 0.0 2.28×10-16 

7F1→5L7
 1.76×102 0.0 1.58×10-13 

7F1→5G2
 0.0 2.31×105 2.46×10-10 

7F1→5G3
 1.17×105 0.0 3.74×10-10 

7F1→5G6
 6.45×101 0.0 3.86×10-13 

7F1→5G5
 9.16×102 0.0 5.78×10-12 

T1 

7F0→5D0
 8.38×10-1 0.0 3.67×10-12 

7F0→5D1
 0.0 2.44×107 4.37×10-1 

7F0→5L6
 2.92×10-2 0.0 6.86×103 

7F0→5G6
 3.81×10-3 0.0 8.40×105 

7F0→5D4
 9.40×10-2 0.0 1.13×109 

7F1→5D0
 0.0 5.69×107 2.49×10-4 

7F1→5D1
 1.28×102 1.29×104 2.34×10-4 

7F1→5D2
 0.0 2.83×106 6.60×103 

7F1→5D3
 1.86×101 0.0 4.17×104 

7F1→5L6
 8.95×10-3 0.0 2.10×103 

7F1→5L7
 1.01×10-2 0.0 3.36×105 

7F1→5G2
 0.0 3.66×106 1.44×1014 

7F1→5G3
 4.17×100 0.0 4.93×108 

7F1→5G6
 2.12×10-3 0.0 4.68×105 

7F1→5G5
 2.93×10-2 0.0 6.81×106 

Fabrication, Assessments and Discussion of Eu1 – Eu3-based OLEDs  
After complete analysis and realizing good PL properties of the complexes (Eu1 – Eu3) and 
to achieve our goal of producing efficient R-OLEDs within the red emitting OEuCs, we finally 
tested the complexes as EML within the multilayer OLED and fabricated fifteen single-EML 
OLEDs (five for each complex) and fifteen double-EML devices (five for each complex). The 
doping concentration of the OEuCs was modulated to get the maximum EL performance 
output from the complexes. The designed single-EML OLEDs have a very simple structure 
as shown in Figure 6a and consists of a hole injection layer (HIL) of HAT-CN (6 nm) 
(dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile), a p-doped hole transport 
layer (HTL) [0.2 wt% HAT-CN: 4,4'-(cyclohexane-1,1-diyl)bis(N,N-di-p-tolylaniline) (TAPC) 
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(50 nm)] and an electron transport layer (ETL) (1,3,5-tris(6-(3-(pyridin-3-yl)phenyl)pyridin-2-
yl)benzene (Tm3PyP26PyB; 60 nm).  

 

 

Figure 6: General device configuration of (a) single-EML and (b) double-EML OLED. 

The choice of host materials is also very crucial to develop high-performance OLEDs, given 
the popularity and our own experience, a bipolar material “26DCzPPy” was employed as a 
host material in the EML (Please see the supporting information for more specific details of 
device structure). Comparative EL spectra of the best devices and EL spectra of all the 
devices are shown in Figure 7 and Figures S15 – S17, ESI. The current efficiency and 
current density curves, together with the V-B-J curves for devices are shown in Figure 8, 
and Figures S18 – S23, ESI. Key EL performance parameters of all the devices such as 
brightness (B), maximum current efficiency (ηc), maximum power efficiency (ηp), EQE and 
CIE colour coordinates and FWHM of the dominant ED 5D0 → 7F2 transitions are 
summarized in Table 4. The EL spectra of the single-EML devices of OEuCs exhibit typical 



21 
 

Eu(III) emission in the region between 500 nm and 750 nm with the dominant narrow ED 5D0 
→ 7F2 transitions responsible for the red emission (Table 4 and Figures S24 – S26, ESI) in 
each device except Device 1 of Eu1 and Eu3 due to the presence of faint host 26DCzPPy 
emissions. However, as the doping concentration is increased, the intensity of the host 
emission decreases. This   could be attributed to improved Förster long-range ET from the 
host 26DCzPPy to OEuCs or increased direct carrier trapping process since more and more 
OEuCs molecules start to participate in the EL processes.2 

 
Figure 7: A comparative normalized EL spectra of single-EML and double-EML devices of 

Eu1, Eu2 and Eu3 operating at J =10mA/cm2. 

The EL mechanism of the doped device is mainly governed by the two processes, carriers 
trapping and/or the Förster energy transfer, and dominant character of either mechanism 
depends on the host as well as the guest in the OLEDs.56, 57 To ascertain the proposition and 
to gain the knowledge of dominant EL processes in the devices, we have further determined 
the photophysical properties of the OEuCs:Host films that include PL spectrum, PLQY and 
excited state lifetime at the same doping concentration. The data obtained are summarized 
in Tables S10 – S12 and Figures S27 – S32, ESI. It seems from the PL data of the 
OEuCs:Host films that in all the single-EML devices, long-range Förster ET is the main 
process while direct carrier trapping is a sub-process except for Device 3 of Eu3 i.e., Eu3 (4 
wt%):26DCzPPy (10 nm) where carrier trapping is the main process and long-range Förster 
ET is a sub-process (PLQY = 32.2%; 𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜  = 467.9 μs). Among the fifteen single-EML 
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devices, Device 2 of Eu1, Device 3 of Eu2 and Device 3 of Eu3 displayed the best EL 
performance with turn-on voltage (Vturn-on) = 2.9 V, B = 440 cd/m2, ηc = 5.29 cd/A, ηp = 5.73 
lm/W, EQE = 3.86%, (CIE)x,y = 0.61, 0.33 and FWHM = 7.95 nm for Device 2 of Eu1, Vturn-on 
= 2.9 V, B = 398 cd/m2, ηc = 5.70 cd/A, ηp = 6.17 lm/W, EQE = 4.47%, (CIE)x,y = 0.64, 0.34 
and FWHM = 8.00 nm for Device 3 of Eu2 and Vturn-on = 3.1 V, B = 739 cd/m2, ηc = 8.01 
cd/A, ηp = 7.63 lm/W, EQE = 5.73%, (CIE)x,y = 0.62, 0.32 and FWHM = 8.23 nm for Device 3 
of Eu3, respectively. It is noteworthy that all the devices achieved a very low Vturn-on (2.9 V – 
3.1 V) which is substantially lower compared to reported OEuCs-based devices8 and 
equates to the lowest reported value so far.58 Such a low Vturn-on could be attributed to 
barrier-free carrier injection, balanced carrier transport and recombination.2, 55  
To further improve the EL performance of the present complexes, we fabricated fifteen 
double-EML devices (Figure 6b, five for each complex with the same OEuCs doping 
concentration) by inserting one more EML doped in an exciton/electron blocking material 
4,4′,4″-tris-(carbazol-9-yl)-triphenylamine (TcTa) with a hole mobility value of 3.1 × 10−4 cm2 
V−1 s−1.59 Compared to the single-EML device, the double-EML device is expected to exhibit 
improved EL performance due to the wider recombination as noted by us and others.55, 60  
Moreover, the inclusion of TcTa could be propitious for reducing the biexcitonic quenching 
process in the OEuCs as noted by Liang et al.60 and Kido et al.27 Furthermore, the host TcTa 
in conjunction with another host (26DCzPPy) does not form any excited state exciplex as 
confirmed by Chen et al.61 which generally decreases the EL efficiency.56 The EL spectra of 
the devices displayed typical Eu(III) emission spectra identical to the single-EML devices 
with an obvious decrease in the host emission intensity implying either the improved long-
range Förster ET or direct carrier trapping process. Moreover, the impact of this decrease in 
the host emission simultaneously resulted in purer red emission as evident from the 
improved (CIE)x,y colour coordinates, for example, for Eu1-based single-EML Device 2 
(CIE)x,y = 0.61, 0.33 while its double-EML counterpart i.e., Device 7 = 0.65, 0.33.  
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Figure 8: Current efficiency–current density characteristics of single-EML (a – c) and double-EML (d – f) devices of Eu1, Eu2 and Eu3. Inset: 

J-V-B characteristics of devices.  

(a) (b)
(c)

(d) (e) (f)
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Table 4: Key EL performances of Eu1, Eu2 and Eu3-based OLEDs at J = 10 mA/cm2. 

Device Vturn-on (V) Ba (cd/m2) ηc (cd/A) ηp(lm/W) EQEmax (%) CIEx,ya FWHM/nmb EL Processes 

Eu1  
6 [1] 3.1 [2.9] 542 [501] 9.53 [4.45] 9.66 [4.82] 7.38 [3.17] (0.65, 0.33); [(0.57, 0.32)] 7.93 [8.05] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

7 [2] 3.2 [2.9] 503 [440] 10.81 [5.29] 10.61 [5.73] 8.68 [3.86]  (0.65, 0.33); [(0.61, 0.33)] 8.00 [7.95] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

8 [3] 3.2 [2.9] 546 [417] 10.47 [6.08] 10.28 [6.59] 7.98 [6.85] (0.65, 0.33); [0.62, 0.33)] 7.99 [7.96] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

9 [4] 3.2 [2.9] 544 [432] 8.98 [6.49] 8.81 [7.03]  6.68 [5.14] (0.65, 0.33); [(0.63, 0.33)] 7.97 [7.97] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

10 [1] 3.2 [2.9] 508 [443] 8.52 [4.24] 8.37 [4.59] 7.53 [3.82] (0.64, 0.34); [(0.63, 0.34)] 7.93 [7.93] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

Eu2 

6 [1] 3.1 [2.9] 586 [440] 5.27 [3.80] 4.87 [4.11] 3.08 [2.47] (0.65, 0.34); [(0.62, 0.34)] 8.06 [7.99] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

7 [2] 3.2 [2.9] 492 [380] 5.68 [4.43] 5.58 [5.12] 4.05 [3.37]  (0.65, 0.33); [(0.63, 0.34)] 8.08 [8.03] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

8 [3] 3.2 [2.9] 561 [398] 9.42 [5.70] 8.97 [6.17] 5.85 [4.47] (0.65, 0.33); [(0.64, 0.34)] 8.02 [8.00] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

9 [4] 3.3 [3.0] 530 [402] 8.40 [4.15] 7.99 [4.34] 5.63 [3.23] (0.65, 0.33); [(0.64, 0.34)] 8.02 [8.00] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

10 [1] 3.3 [3.0] 496 316] 7.63 [4.02] 7.26 [4.20] 5.23 [2.73] (0.65, 0.34); [(0.64, 0.34)] 8.04 [8.02] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

Eu3 

6 [1] 3.3 [3.1] 784 [625] 10.62 [6.21] 10.11 [6.29] 7.98 [4.35] (0.58, 0.31) [(0.55, 0.32)] 8.30 [8.34]  (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

7 [2] 3.3 [3.1] 864 [671] 11.61 [7.96] 11.05 [8.06] 9.41 [5.92] (0.62, 0.32) [(0.58, 0.32)]  8.25 [8.28] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

8 [3] 3.3 [3.1] 773 [739] 12.32 [8.01] 11.73 [7.63] 10.2 [5.73] (0.62, 0.32) [(0.62, 0.32)] 8.27 [8.23] (För)sub; (CT)Main ; [(För)sub; (CT)Main] 

9 [4] 3.3 [3.1] 622 [524] 11.24 [6.32] 10.70 [6.41] 8.39 [5.25] (0.62, 0.31) [(0.60, 0.32)] 8.33 [8.37] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

10 [1] 3.4 [3.1] 681 [506] 8.06 [4.46] 7.24 [4.37] 4.96 [2.95] (0.62, 0.33) [(0.61, 0.33)] 8.11 [8.13] (För)Main; (CT)sub ; [(För)Main; (CT)sub] 

Values in the square parentheses are for single-EML devices; Förster = För, Carriers trapping (CT) 
aCIEx,y at 10 mA/cm2; bFWHM of  electric-dipole 5D0 → 7F2  transition  
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As expected, the best double-EML device of Eu1 (Device 6; ηc = 10.81 cd/A; ηp = 10.61 
lm/W; EQE = 8.68%), Eu2 (Device 8; ηc = 9.42 cd/A; ηp = 8.97  lm/W; EQE = 5.85%) and 
Eu3 (Device 8; ηc = 12.32 cd/A; ηp = 11.73 lm/W; EQE = 10.20%) exhibited almost 1.5-fold 
improvement in the electrophysical properties compared to their respective single-EML 
devices such as (Device 2)Eu1, (Device 3)Eu2 and (Device 3)Eu3. To get the information 
regarding the dominant EL processes in the devices, the photophysical properties of the 
OEuCs: 26DCzPPy:OEuCs:TcTa films were determined. The data of the PLQY and excited 
state lifetime are summarized in Tables S10 – S12 and Figures S27 – S32, ESI, ESI. 
Interestingly, Device 6 of Eu1 (PLQY = 59.4%) and Device 8 of Eu2-based (PLQY = 59.2%) 
OEuCs: 26DCzPPy:OEuCs:TcTa films exhibited almost 20% – 24% reduction in their PLQY 
compared to the analogous single-EML films (Device 2; PLQY = 82.2% and Device 3; 
PLQY = 77.2%) and suggest the decrease in Förster ET efficiency. The results of the 
photophysical properties further suggest that the Förster ET started to become a sub-
process and direct carrier trapping started to prevail. At this point of the discussion, it is thus 
safe and evident to say that high-performance OEuCs-based OLEDs could be envisioned 
where the direct carrier trapping process is the dominant EL process. This important point is 
confirmed by the Eu3-based double-EML (Device 8) device where the carrier trapping is the 
dominant EL process (PLQY = 44.3% of Eu3: 26DCzPPy:Eu3:TcTa film) resulting in the 
best overall performance such as B = 773 cd/m2; ηc = 12.32 cd/A; ηp = 11.73 lm/W; EQE = 
10.20%, Vturn-on = 3.3 V.  To the best of our knowledge, the overall performance of this device 
is the best among the family of OEuCs reported to date (Chart 1). Moreover, the improved 
EL performance of the Eu3-based device over other devices could also be due to the 
suppression of the biexcitonic quenching, a well-known effect regularly encountered in the 
OEuCs. This observation is further supported by the decrease in the EL intensity of the 5D1 
→ 7F2 (520 – 550 nm) transition originating from another excited state 5D1 (19,027 cm-1) that 
lies very close to 5D0 (17,293 cm-1) excited state (Figure 9 and Figure S33, ESI) and 
compares very well with the observation noted by Liang et al.60 and Kido et al.27 in the OEuC 
system. Thus, extending the recombination zone such as in the case of double-EML devices 
could be a beneficial strategy to curtail the deleterious biexcitonic quenching effect.  

   
Figure 9: Magnified view of the region between 520 and 550 nm displaying the change 
intensity of the 5D1 → 7F2 emission transition under electrical excitation operating at J = 
10 mA/cm2 for (a) Eu1 (b) Eu2 and (c) Eu3 
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Conclusion 
In summary, three efficient red emitting nonacoordinated OEuCs have been designed, 
synthesized and successfully employed as the EML to fabricate R-OLEDs. The solid OEuCs 
under the UV excitation exhibited similar photophysical properties (Table 1) with 𝑄𝑄𝐿𝐿𝐸𝐸𝐸𝐸 values 
in the range of 59 – 62%, despite having different electron-rich substituent groups (furan, 
thiophene and naphthalene) at the 4' position of the ancillary TerPy ligand. This observation 
is further supported by the TD-DFT results which stemmed from the similar S1 and T1 MOs 
that formed these electronic states. Finally, the potential application of the complexes as 
EML to develop multilayer R-OLEDs have been demonstrated. Engineering of the device 
structure led to impressive EL performances with the electrophysical properties of Device 6; 
ηc = 10.81 cd/A; ηp = 10.61 lm/W; EQEmax = 8.68% for Eu1-based double EML device and 
Device 8; ηc = 12.32 cd/A; ηp = 11.73 lm/W; EQEmax = 10.20%, for Eu3-based double EML, 
respectively, dethroning the [Eu(dbm)3BPhen]-based R-OLED with EQEmax = 7.5%. 
Furthermore, a careful investigation of the photophysical properties of the OEuC:Host film 
revealed that one might achieve high-performance OEuCs-based R-OLEDs where the long-
range Förster ET starts to become a sub-process and direct carrier trapping starts to prevail, 
i.e., a dominant EL process together with extended recombination zone such as the case of 
double-EML device to curtail the undesirable biexcitonic quenching effect.  
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