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Abstract
Two pentafluorinated β-diketone ligands, 4,4,5,5,5-pentafluoro-1-(4-methoxyphe-
nyl)pentane-1,3-dione (PFMP) and 4,4,5,5,5-pentafluoro-1-(4-dimethyl amino-
phenyl)pentane-1,3-dione (PFAP), had been employed to synthesize six novel euro-
pium (III) complexes with ancillary ligands 2,2-dipyridine, 1,10-phenanthroline 
and 4,7-diphenyl-1,10-phenanthroline. The synthesized europium (III) complexes 
were characterized by FTIR, 1H NMR, UV–Vis, luminescence spectroscopy, ele-
mental analysis and thermogravimetric analysis. The photoluminescence spectra of 
these complexes showed the typical europium (III) red emissions in solid state and 
chloroform solution, assigned to 5D0 → 7Fj (j = 0–4) transitions. The higher values 
of intensity parameter Ω2 indicated that the europium ion was in a highly polariz-
able ligand field in these complexes. Europium (III) complexes with the β-diketone 
PFMP exhibited much better photoluminescence properties than complexes with the 
β-diketone PFAP. Especially, the europium (III) complex of the β-diketone PFMP 
with the auxiliary ligand 2,2-dipyridine displayed the longest lifetime value, the 
highest quantum yield and good CIE color coordinates matching the pure red color 
(x = 0.67, y = 0.33) in these complexes. In addition, the proposed energy transfer 
mechanisms and the thermal stability of these complexes were also investigated and 
analyzed.
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Introduction

Europium complexes with various organic ligands have attracted more and more 
attention in materials [1], chemistry [2], biology [3], and physics [4] due to their 
advantageous spectroscopic characteristics such as extremely sharp emission spec-
trum, millisecond lifetime, large Stokes shifts and high quantum efficiency [5–7]. 
Luminescent europium complexes have many useful applications in optoelectronic 
devices [8], luminescent probes [9], bioassays [10], optical communications and tun-
able lasers [11]. In these complexes, europium β-diketonate complexes are an ideal 
series of molecules to study the influences of various parameters on luminescence 
and the quantum efficiency. In addition, the type of β-diketone and auxiliary ligand 
can be varied readily leading to controlled changes in the electronic effects as well 
as in the steric effects. Therefore, many researchers have reported the preparation 
and photoluminescence properties of some new europium β-diketonate complexes in 
the past decades [12–15]. Meanwhile, some europium fluorinated β-diketonate com-
plexes were presented and exhibited the highly luminescent behaviors, which were 
due to the lower vibrational energy of the fluorinated ligands and the better volatil-
ity, thermal and oxidative stability of europium complexes [16–20].

Recently, we also reported some new europium β-diketonate complexes and 
investigated their spectroscopic and luminescent behaviors [21–23]. However, there 
have been very limited reports on europium pentafluorinated β-diketonate complexes 
up to now [24–27]. To further study the relationship between the β-diketone ligands 
and the photoluminescence properties of europium complexes, two fluorinated 
β-diketones with aromatic and pentafluoro-aliphatic substituents were synthesized 
and the photophysical properties of their europium complexes were investigated in 
detail. In this work, the polyfluorinated β-diketone ligands, 4,4,5,5,5-pentafluoro-
1-(4-methoxyphenyl)pentane-1,3-dione (PFMP) and 4,4,5,5,5-pentafluoro-1-(4-
dimethylaminophenyl)pentane-1,3-dione (PFAP), were synthesized by the Claisen 
condensation. With these two pentafluorinated β-diketones as the first ligand and 
2,2-dipyridine (Bipy), 1,10-phenanthroline (Phen) or 4,7-diphenyl-1,10-phen-
anthroline (Bath) as the auxiliary ligand, six new europium β-diketonate com-
plexes, Eu(PFMP)3·Bipy, Eu(PFAP)3·Bipy, Eu(PFMP)3·Phen, Eu(PFAP)3·Phen, 
Eu(PFMP)3·Bath and Eu(PFAP)3·Bath, were synthesized and characterized. Their 
photophysical and thermal behaviors were investigated as well. Additionally, the 
experimental intensity parameters (Ω2 and Ω4), nonradiative (Anrad), radiative (Arad), 
luminescence lifetime (τ) and intrinsic quantum yield (ΦLn) were calculated and 
analyzed. The results prompted us to further explain the photoluminescence proper-
ties of these europium complexes.
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Experimental

Materials and measurements

Europium (III) chloride hexahydrate, ethyl pentafluoropropionate and sodium were 
obtained from J&K Chemical (Shanghai) Ltd. The 4-Dimethylaminoacetophenone, 
4-methoxyacetophenone, 1,10-phenanthroline, 4,7-Diphenyl-1,10-phenanthroline 
and 2,2-dipyridine were purchased from Sun Chemical Technology (Shanghai) 
Ltd. Other reagents used were of analytical grade or were purified using standard 
procedures.

Elemental analysis was performed on an elemental analyzer (Perkin-Elmer, 
2400CHN). Europium contents were determined by EDTA complexometry. Melting 
points were determined on an X-4 digital micro-melting-point apparatus. 1H NMR 
spectra were recorded on an NMR spectrometer (Bruker, Avance  IIITM 300 MHz) in 
 CDCl3 media. IR spectra were obtained on an infrared spectrophotometer (Nicolet, 
FTIR 5700) in KBr pellets. ESI–MS measurements were measured on a mass spec-
trometer (Finnigan, LCQ Advantage Max). Absorption spectra were recorded with a 
UV–Vis spectrophotometer (Hitachi, U-3010). Photoluminescence spectra and life-
time values were measured at room temperature with a fluorescence spectrometer 
(Varian, Cary Eclipse). Photoluminescence quantum yields (Φ) were measured with 
quinine sulfate in 0.1 mol L−1 sulfuric acid (Φs = 0.55, λex = 366 nm) as a standard at 
room temperature [28, 29]. Thermogravimetric analysis was carried on a simultane-
ous thermal analyzer (Netzsch STA 449F5) from 50 to 1100 °C at a heating rate of 
10 °C/min under nitrogen atmosphere.

Synthesis of pentafluorinated β‑diketones

4,4,5,5,5-Pentafluoro-1-(4-methoxyphenyl)pentane-1,3-dione (PFMP): The freshly 
cut sodium (0.69 g, 30 mmol) and ethanol (30 mL) were added into a 100 mL round 
bottom flask with magnetic stirring and were heated till sodium was exhausted. The 
excess ethanol was removed by rotary evaporation, and the residue was dissolved 
in tetrahydrofuran (30  mL). To this suspension solution, 4-methoxyacetophenone 
(2.0 g, 13 mmol) and ethyl pentafluoropropionate (20 mL) were added and stirred 
for 8 h at room temperature. The organic solvent was evaporated and the deionized 
water (50 mL) was added into the resulting mixture. Then, the mixture was adjusted 
to pH = 6 with dilute hydrochloric acid and the yellow solid was precipitated. The 
solid was recrystallized with 1:2 (v/v) chloroform-petroleum ether to give the light 
yellow crystal PFMP in yield 70%. Mp 153–154 °C; IR (KBr): ν 3436 (b, m), 3027 
(m), 2925(m), 2849 (w), 1632 (s), 1601 (s), 1506 (s), 1400 (m), 1325 (m), 1251 (s), 
1212 (m), 1172 (s), 1067 (m), 1029 (m), 846 (m), 810 (s), 705 (m),  cm−1; 1H NMR 
(300 MHz,  CDCl3): δ 3.90 (s, 3H,  OCH3), 6.57 (s, 1H, enol CH), 6.99 (d, 2H, Ar–H, 
J = 8.7 Hz), 7.95 (d, 2H, Ar–H, J = 8.7 Hz), 15.62 (brs, 1H, enol OH) ppm; ESI–MS: 
m/z 297.03 [M + H]+. Anal. Calcd. for  C12H9O3F5: C, 48.66; H, 3.06; Found C, 
48.89; H, 3.01.
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4,4,5,5,5-Pentafluoro-1-(4-dimethylaminophenyl)pentane-1,3-dione (PFAP): The 
synthetic method of β-diketone PFAP was the same as that of the compound PFMP 
and the yellow crystal PFAP was obtained in a yield of 75%. Mp 209–210 °C; IR 
(KBr): ν 3441 (b, m), 3036 (m), 2927 (m), 2853 (m), 1631 (s), 1600 (s), 1512 (s), 
1398 (m), 1270 (m), 1187 (s), 1067 (m), 1007 (m), 1063 (s), 1013 (m), 791 (s), 696 
(m)  cm−1; 1H NMR (300 MHz,  CDCl3): δ 3.11 (s, 6H, N(CH3)2), 6.49 (s, 1H, enol 
CH), 6.68 (d, 2H, Ar–H, J = 8.7 Hz), 7.86 (d, 2H, Ar–H, J = 8.7 Hz), 16.00 (brs, 1H, 
enol OH) ppm; ESI–MS: m/z 310.08 [M + H]+; Anal. Calcd. for  C13H12NO2F5: C, 
50.49; H, 3.91; N, 4.53; Found C, 50.76; H, 3.88; N, 4.49.

Synthesis of europium (III) complexes (C1–C6)

The synthetic procedure of europium (III) pentafluorinated β-diketonate com-
plexes is below described: The pentafluorinated β-diketone ligand (3 mmol), NaOH 
(0.12 g, 3 mmol) and the auxiliary ligand (1 mmol) were dissolved in 30 mL etha-
nol and heated to 60 °C under stirring. Then, the ethanolic solution of  EuCl3·6H2O 
(1  mmol) was added dropwise, and the reaction mixture was stirred at 60  °C for 
8 h. After cooling down, the yellow solid was precipitated and filtered off. The solid 
product was washed with deionized water and ethanol, and dried in vacuum. The 
europium (III) complexes (C1–C6) were obtained.

Eu(PFMP)3·Bipy (C1): Yellow powder, yield 80%, mp 191–193 °C; IR ν (KBr): 
3032 (w), 2931 (m), 2843 (w), 1598 (s), 1569 (s), 1501 (s), 1327 (m), 1260 (s), 1171 
(s), 1079 (m), 1011 (s), 930 (m), 845 (m), 788 (s), 588 (m), 506 (m)  cm−1; 1H NMR 
(300 MHz,  CDCl3): δ 3.36 (s, 3H, C=CH), 3.96 (s, 9H,  OCH3), 6.91 (br, 6H, Ar–H), 
7.71 (br, 6H, Ar–H), 8.77 (br, 2H, Bipy-H), 9.74 (br, 2H, Bipy-H), 10.34 (br, 2H, 
Bipy-H), 14.85 (br, 2H, Bipy-H) ppm. Anal. Calcd. for  EuC46H32N2O9F15: C, 46.28; 
H, 2.70; N, 2.35; Eu, 12.73; Found C, 46.57; H, 2.72; N, 2.31; Eu, 12.85.

Eu(PFAP)3·Bipy (C2): Yellow powder, yield 85%, mp 189–191 °C; IR ν (KBr): 
3021(m), 2921 (m), 2857 (m), 1586 (s), 1549 (s), 1506 (s), 1373 (m), 1281 (s), 1187 
(s), 1079 (m), 1009 (m), 926 (m), 829 (m), 783 (s), 587 (m), 508 (m)  cm−1; 1H 
NMR (300 MHz,  CDCl3): δ 3.09 (s, 3H, C=CH), δ 3.25 (s, 18H, N(CH3)2), 6.62 (br, 
6H, Ar–H), 7.69 (br, 6H, Ar–H), 8.79 (br, 2H, Bipy-H), 9.82 (br, 2H, Bipy-H), 10.73 
(br, 2H, Bipy-H), 14.18 (br, 2H, Bipy-H) ppm. Anal. Calcd. for  EuC49H41N5O6F15: 
C, 47.74; H, 3.35; N, 5.68; Eu, 12.33; Found C, 47.52; H, 3.31; N, 5.75; Eu, 12.18.

Eu(PFMP)3·Phen (C3): Yellow powder, yield 82%, mp 211–213 °C; IR ν (KBr): 
3026 (m), 2944 (m), 2842 (w), 1599 (s), 1571 (s), 1500 (s), 1328 (m), 1258 (s), 
1174 (s), 1078 (m), 1009 (m), 928 (m), 843 (m), 788 (s), 592 (m), 509 (m)  cm−1; 1H 
NMR (300 MHz,  CDCl3): δ 3.29 (s, 3H, C=CH), 3.95 (s, 9H,  OCH3), 6.87 (d, 6H, 
Ar–H, J = 8.0 Hz), 7.61 (d, 6H, Ar–H, J = 8.1 Hz), 8.72 (d, 2H, Phen-H, J = 7.7 Hz), 
9.78 (s, 2H, Phen-H), 10.41 (d, 2H, Phen-H, J = 7.9  Hz), 11.25 (br, 2H, Phen-H) 
ppm. Anal. Calcd. for  EuC48H32N2O9F15: C, 47.34; H, 2.65; N, 2.30; Eu, 14.48; 
Found C, 47.68; H, 2.61; N, 2.35; Eu, 14.27.

Eu(PFAP)3·Phen (C4): Yellow powder, yield 75%, mp 213–215 °C; IR ν (KBr): 
3030 (m), 2935 (m), 2857 (m), 1587 (s), 1549 (s), 1506 (s), 1373 (m), 1280 (s), 1180 
(s), 1079 (s), 1008 (m), 927 (m), 864 (m), 787 (s), 578 (m), 508 (m)  cm−1; 1H NMR 
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(300 MHz,  CDCl3): δ 3.03 (s, 3H, C=CH), δ 3.32 (s, 18H, N(CH3)2), 6.68 (br, 6H, 
Ar–H), 7.65 (br, 6H, Ar–H), 8.80 (br, 2H, Phen-H), 10.01 (br, 2H, Phen-H), 10.52 
(br, 2H, Phen-H), 11.11 (br, 2H, Phen-H) ppm. Anal. Calcd. for  EuC51H41N5O6F15: 
C, 48.74; H, 3.29; N, 5.57; Eu, 12.09; Found C, 49.08; H, 3.24; N, 5.65; Eu, 12.23.

Eu(PFMP)3·Bath (C5): Yellow powder, yield 78%, mp 200–202 °C; IR ν (KBr): 
3031(m), 2967 (m), 2843 (w), 1597 (s), 1572 (s), 1501 (s), 1258 (s), 1172 (s), 
1082 (m), 1013 (m), 930 (m), 845 (m), 789 (s), 588 (m), 508 (m)  cm−1; 1H NMR 
(300 MHz,  CDCl3): δ 3.70 (s, 3H, C=CH), 3.94 (s, 9H,  OCH3), 6.86 (br, 6H, Ar–H), 
7.61 (br, 6H, Ar–H), 7.96 (br, 2H, Bath-H), 8.17 (br, 4H, Bath-H), 8.58 (br, 2H, 
Bath-H), 8.73 (br, 4H, Bath-H), 9.24 (br, 2H, Bath-H), 12.10 (br, 2H, Bath-H) ppm. 
Anal. Calcd. for  EuC60H40N2O9F15: C, 52.61; H, 2.94; N, 2.04; Eu, 11.09; Found C, 
52.94; H, 2.91; N, 2.09; Eu, 11.25.

Eu(PFAP)3·Bath (C6): Yellow powder, yield 75%, mp 180–182 °C; IR ν (KBr): 
3027(m), 2922 (m), 2853 (m), 1592 (s), 1552 (s), 1506 (s), 1281 (s), 1187 (s), 1079 
(m), 928 (m), 783 (s), 588 (m), 507 (m)  cm−1; 1H NMR (300 MHz,  CDCl3): δ 2.98 
(s, 3H, C=CH), δ 3.23 (s, 18H, N(CH3)2), 6.58 (br, 6H, Ar–H), 7.57 (br, 6H, Ar–H), 
7.99 (br, 2H, Bath-H), 8.22 (br, 4H, Bath-H), 8.68 (br, 2H, Bath-H), 8.87 (br, 4H, 
Bath-H), 9.53 (br, 2H, Bath-H), 11.74 (br, 2H, Bath-H) ppm. Anal. Calcd. for 
 EuC63H49N5O6F15: C, 53.70; H, 3.51; N, 4.97; Eu, 10.79; Found C, 53.47; H, 3.47; 
N, 5.02; Eu, 10.93.

Results and discussion

Synthesis and characterization

The synthetic procedures for pentafluorinated β-diketones and their europium (III) 
complexes are shown in Scheme 1. The pentafluorinated β-diketones were synthe-
sized from 4-methoxyacetophenone or 4-Dimethylaminoacetophenone by Claisen 
condensation with ethyl pentafluoropropionate in the presence of sodium ethoxide 
in tetrahydrofuran. The europium pentafluorinated β-diketonate complexes were 
synthesized from the pentafluorinated β-diketones and europium chloride hexahy-
drate with 2,2-dipyridine, 1,10-phenanthroline or 4,7-Diphenyl-1,10-phenanthroline 
in ethanol solution as described by the literature [30]. The complexes were char-
acterized by elemental analysis, thermogravimetric analysis, 1H NMR, FTIR and 
ESI–MS spectroscopy.

In 1H NMR spectra of complexes C1–C6, there were well pronounced changes 
compared with those of the pentafluorinated β-diketones and auxiliary ligands, 
which was due to the paramagnetism of the europium ion. Firstly, the enolic pro-
ton chemical shifts at δ = 16.00–15.62 ppm in pentafluorinated β-diketones disap-
peared completely in europium complexes. Secondly, the enolic methine proton 
shifts at δ = 6.57–6.49  ppm in pentafluorinated β-diketones moved to high-field 
at δ = 3.70–2.98 ppm in europium complexes, which was attributed to the close-
ness between these protons binding site and the paramagnetic europium ion [31, 
32]. Thirdly, compared with the free auxiliary ligands, their aryl proton shifts 
displayed a very obvious downfield shift in europium complexes [33, 34]. In 
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addition, the aryl proton chemical shifts of pentafluorinated β-diketones moved a 
bit toward high-field in their europium complexes. Here, we took 1H NMR spec-
trum of the complex C3 (Fig. 1) as an example. From Fig. 1, the broad two-pro-
ton singlet at δ 11.25 ppm corresponded to  Ha  Ha’. The two two-proton doublets 
(J = 7.9 Hz, 7.7 Hz) at δ 10.41 and 8.72 ppm were attributed to  Hc  Hc’ and  Hb  Hb’, 
respectively. The singlet peak at δ 9.78 ppm was assigned to  Hd  Hd’. Protons  Hf 
 Hf’ and  He  He’ appeared as a six-proton doublet (J = 8.1 Hz, 8.0 Hz) at δ 7.61 and 
6.87 ppm, respectively. Proton  Hh exhibited a nine-proton singlet at δ 3.95 ppm 
and Proton  Hg revealed a three-proton singlet at δ 3.29 ppm.

The characteristic FT-IR absorption bands of pentafluorinated β-diketones 
and their europium complexes are listed in Table  1. From Table  1, IR spectra 
of complexes C1–C6 displayed the disappearance of the enolic O–H vibration 
bands (PFMP: 3436  cm−1, PFAP: 3442  cm−1) for the free β-diketone ligands. 
The strong vibration bands at 1632 cm−1, 1601–1600 cm−1 and 1512–1506 cm−1 
of β-diketone ligands were assigned to their keto form carbonyl C=O, enol 
form carbonyl C=O and enol form C=C stretching vibrations, respectively [35, 
36]. But in complexes C1–C6, the strong keto form carbonyl C=O vibration 
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bands disappeared; the enolic C=O and C=C absorption bands down-shifted to 
1599–1586 cm−1 and 1506–1501 cm−1, respectively. These IR data indicated that 
the pentafluorinated β-diketone ligands were coordinated to the europium ions 
through the β-diketone enolic hydroxyl oxygen and carbonyl oxygen in complexes. 
Additionally, the strong absorption bands at 1549–1572 cm−1 in complexes were 
due to C=N stretching vibrations of the auxiliary ligands (Bipy, Phen or Bath). 
The new absorption bands observed at 592–578 cm−1 and 509–506 cm−1 in com-
plexes exhibited the presence of the coordination bonds Eu–N and Eu–O, respec-
tively [9, 37]. These results further confirmed the pentafluorinated β-diketone 

Fig. 1  1H NMR spectrum of the europium complex C3 in  CDCl3

Table 1  Characteristic IR bands  (cm−1) of β-diketones and europium complexes

Compound ν (O–H) ν (C=O) ν (C=N) ν (C=C) ν (Eu–N) ν (Eu–O)

PFMP 3436 (m) 1632 (s) 1601 (s) – 1506 (s) – –
PFAP 3442 (m) 1632 (s) 1600 (s) – 1512 (s) – –
C1 – 1598 (s) 1569 (s) 1501 (s) 588 (m) 506 (m)
C2 – 1586 (s) 1549 (s) 1506 (s) 587 (m) 508 (m)
C3 – 1599 (s) 1571 (s) 1500 (s) 592 (m) 509 (m)
C4 – 1587 (s) 1549 (s) 1506 (s) 578 (m) 508 (m)
C5 – 1597 (s) 1572 (s) 1501 (s) 588 (m) 508 (m)
C6 – 1592 (s) 1552 (s) 1506 (s) 588 (m) 507 (m)
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ligands and Bipy, Phen or Bath were coordinated to the europium ions through 
the enolic hydroxyl O, carbonyl O and heterocyclic N atoms.

Photophysical properties

UV–Vis absorption spectra

The UV–Vis electronic spectra of europium complexes C1–C6 in chloro-
form solution (1 × 10−5  mol/L) are presented in Fig.  2, together with the free 
β-diketones and auxiliary ligands for comparison. From Fig.  2, the absorption 
bands of free pentafluorinated β-diketones were observed at 276–278  nm and 
330–346 nm, which were assigned to the π–π* transitions in the phenyl rings and 
the characteristic π–π* enolic transitions of the free β-diketone ligands, respec-
tively; those of auxiliary ligands were found at 276–278 nm, which were due to 
the π–π* transitions in the nitrogen donor heterocyclic ligands. Meanwhile, the 
absorption spectra of complexes C1–C6 exhibited two strong absorption bands 
at 280–282 nm and 336–366 nm, which were red-shifted 2–6 nm compared with 
the corresponding absorption bands of nitrogen heterocyclic ligands and 6–20 nm 
in comparison with the corresponding enolic absorption bands of β-diketone 
ligands, respectively. These results indicated the formation of the large conju-
gated chelate systems between europium (III) ions and these ligands.
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Photoluminescence behavior

The photoluminescence behaviors of europium (III) pentafluorinated β-diketonate 
complexes in solid state were studied in detail at room temperature. The excitation 
spectra of europium (III) complexes C1–C6 in solid powder were recorded by gov-
erning the hypersensitive 5D0 → 7F2 emission band at 612 nm (Fig. 3). From Fig. 3, 
there was a much broader band between 250 and 400 nm in their excitation spec-
tra; especially complex C1 displayed a more intense and broad excitation band. The 
results strongly suggested an efficient sensitization process between organic ligands 
and the europium (III) ion. Meanwhile, a low-intensity and narrow lines at 465 nm 
associated with the europium (III) ion transition of 7F0 → 5D2 were observed in their 
excitation spectra [38].

The emission spectra of europium (III) complexes C1–C6 in solid state are 
depicted in Fig. 4 under excitation at 350 nm for complexes C1, C3 and C5 (380 nm 
for complexes C2, C4 and C6). From Fig. 4, these complexes displayed the char-
acteristic narrow emission bands at about 580, 592, 613, 652, and 704 nm, which 
were due to the 5D0 → 7F0, 5D0 → 7F1, 5D0 → 7F2, 5D0 → 7F3 and 5D0 → 7F4 transi-
tions of the europium (III) ion, respectively. The weak intensity emission bands at 
about 580 and 652 nm were attributed to the forbidden transitions in magnetic and 
electric dipoles for 5D0 → 7F0 and 5D0 → 7F3 transition. Meanwhile, the presence of 
the only one sharp emission peak corresponding to the 5D0 → 7F0 transition indi-
cated the existence of one local site of symmetry for europium (III) complexes [39]. 
The relatively strong emission band at about 592 nm was independent of the local 
chemical environment, which was due to the magnetic dipole transition 5D0 → 7F1. 
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The strongest emission band at about 613  nm corresponding to 5D0 → 7F2 transi-
tion was an induced electric dipole transition and a highly polarizable coordination 
environment around the europium (III) ion, leading to the brilliant red emission of 
these europium (III) complexes [4]. It was evidently observed that europium (III) 
complexes (C1, C3 and C5) with the first ligand PFMP exhibited much higher pho-
toluminescence intensities in comparison with complexes (C2, C4 and C6) with the 
ligand PFAP, which was probably due to the much stronger fluorescence quenching 
effect of N,N-dimethylamino moieties in europium (III) complexes.

The CIE color coordinates (x, y) of europium (III) complexes C1–C6 were calcu-
lated from their emission spectra in solid state and presented in Fig. 5. The results 
displayed that their chromaticity coordinates were (x = 0.669, y = 0.331), (x = 0.615, 
y = 0.385), (x = 0.668, y = 0.332), (x = 0.550, y = 0.449), (x = 0.671, y = 0.329) and 
(x = 0.604, y = 0.395) for europium (III) complexes C1–C6 respectively. Obvi-
ously, the CIE color coordinates of complexes C1, C3 and C5 were very close to the 
NTSC (1931) standard values for red (x = 0.67, y = 0.33) [40], and they would be a 
good candidate as a red component for the preparation of OLEDs.

The photoluminescence spectra of europium (III) complexes C1–C6 in chloro-
form solution (1 × 10−5 mol/L) were also measured (Fig. 6). From Fig. 6, complexes 
C1–C6 also exhibited the characteristic emissions at about 580, 593, 612, 651, and 
701 nm for the europium (III) ion, and they were similar to these complexes in solid 
state. However, the emission peaks in solution were somewhat broadened and little 
or no splitting compared with those in solid state, presumably because of the inter-
molecular interactions between ligands and solvent resulting in the high frequency 
oscillation. Meanwhile, photoluminescence quantum yields (Φ) of these complexes 
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Fig. 5  The CIE chromaticity diagram of europium complexes C1−C6 in solid state
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in chloroform were measured relative to quinine sulfate (Φs = 0.55) and the data 
were depicted in Table  2. It was clearly found that complexes (C1, C3 and C5) 
based on PFMP as ligand exhibited much higher photoluminescence quantum yields 
(Φ = 37.5%, 37.1% and 32.8%, respectively) and much stronger photoluminescent 
intensities than complexes (C2, C4 and C6) based on PFAP as ligand. These results 
were possibly due to the higher frequency oscillation for the ligand PFAP contain-
ing N,N-dimethylamino moiety in solutions to quench the europium (III) ion excited 
states nonradiatively [41].

The decay curve pattern of europium (III) complexes C1–C6 were also deter-
mined by monitoring the emission lines (5D0 → 7F2) at about 612 nm in solid state. 
As shown in Fig.  7, these luminescence decay curves were well fitted into a sin-
gle exponential function I (t) = I0 exp (−t/τ) where I0 is the intensity at time 0 and 
τ is the decay time for radiative emission [42]. The results suggested the presence 

Table 2  Photoluminescence data of complexes C1–C6 in solid state and solution

Complex In solid state In solution

τ (μs) Arad  (s−1) Anrad  (s−1) Ω2  (10−20 cm2) Ω4  (10−20 cm2) ΦLn (%) Φ (%)

C1 814 773 414 18.74 3.01 62.9 37.5
C2 350 1060 1797 25.01 6.02 37.1 5.5
C3 741 812 538 18.89 4.35 60.1 37.1
C4 267 935 2810 22.30 4.89 25.0 5.9
C5 735 820 541 19.84 3.59 60.2 32.8
C6 233 1026 3266 25.15 4.26 23.9 5.5
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Fig. 7  Room-temperature luminescence decay curves of europium complexes C1–C6 in solid state moni-
tored at 612, 613, 612, 613, 614 and 612 nm, respectively
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of a single chemical environment around the emitting europium (III) ion in com-
plexes C1–C6, which was consistent with the results of the only one 5D0 → 7F0 line 
in emission spectra. The luminescence lifetime values (τ) calculated from the decay 
curves of these europium (III) complexes are presented in Table 2. The relatively 
shorter lifetime values (τ) observed for europium complexes C2, C4 and C6 could 
result from dominant nonradiative decay channels associated with high-energy 
oscillators because of the presence of N,N-dimethylamino moieties, as well docu-
mented in some europium complexes [29]. Meanwhile, the longer lifetime values 
(τ) had been observed for complexes C1, C3 and C5 owing to the less nonradiative 
decay pathways.

The intrinsic luminescent quantum yield (ΦLn) for complexes C1–C6 can be cal-
culated by their emission spectra data and lifetime values (τ), which represented the 
ratio of radiative to nonradiative processes in the ligand field of europium (III) ion 
[24].

The radiative (Arad) rates can be obtained by summing the radiative rates of each 
5D0 → 7FJ transition (ΣJ A0J) of the europium (III) ion and A0J can be determined 
through the following equation [5].

where I0J and ν0J are the integrated intensities and energy barycenters of the 
5D0 → 7FJ transitions (J = 1, 2 and 4), respectively. A01 is the Einstein’s coefficient 
of spontaneous emission between the 5D0 and 7F1 energy levels and its value can be 
estimated as 50 s−1 approximately in an air atmosphere [43].

The radiative (Arad) and nonradiative (Anrad) processes were involved in the 
depopulation of the emitting 5D0 state and depended on the luminescence lifetime 
(τ) of the state 5D0 as shown in the following equation [5]:

The estimated photoluminescence data of europium complexes C1–C6 (Arad, Anrad 
and ΦLn) are reported in Table  2. From Table  2, the calculated intrinsic quantum 
yields (ΦLn) of these complexes were in accord with the measured photolumines-
cence quantum yields (Φ) in chloroform solution. The nonradiative transition rates 
(Anrad) of europium complexes C2, C4 and C6 were clearly much larger than those 
of complexes C1, C3 and C5. It indicated that the introduction of N,N-dimethyl-
amino moieties in complexes C2, C4 and C6 increased the quenching phenomena 
resulting from a large number of high-frequency oscillators C-H bonds as well as 
the radiative energy losses. As a consequence, europium complexes C2, C4 and C6 
based on the pentafluorinated β-diketone PFAP exhibited the shorter lifetime values 
(τ) and the lower  intrinsic quantum yield (ΦLn). On the contrary, europium com-
plexes C1, C3 and C5 based on the pentafluorinated β-diketone PFMP displayed 

(1)�Ln =
Arad

Arad + Anrad

(2)A0J = A01

I0J

I01

�01

�0J
,

(3)
1

�
= Arad + Anrad.
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much smaller nonradiative transition rates (Anrad) in comparison with complexes C2, 
C4 and C6 and led to the decreasing radiative energy losses. Consequently, com-
plexes C1, C3 and C5 exhibited the longer lifetime values (τ) and the higher intrin-
sic quantum yield (ΦLn). It is remarkable that from the present studies the lifetime 
values and intrinsic quantum yields obtained for europium complexes C1 and C3 
were much higher than those of europium (III) complex with 4-methoxybenzoyl-
trifluoroacetone-Bipy (τ = 702  μs; ΦLn = 42.8%) or europium (III) complex with 
4-methoxybenzoyltrifluoroacetone-Phen (τ = 741 μs; ΦLn = 48.1%) [44]. Especially, 
in these europium complexes, the complex C1 with the ligands β-diketone PFMP 
and Bipy showed the longest lifetime value (τ = 814  μs) and the highest intrinsic 
quantum yield (ΦLn = 62.9%), which was probably attributed to the introduction of 
the auxiliary ligand Bipy with the higher flexibility and less steric hindrance result-
ing in the high affinity toward europium (III) ion [45]. It was in accord with the 
results from the excitation and emission intensity of the europium complex C1. Sim-
ilarly, the complex C2 with the ligands β-diketone PFAP and Bipy also revealed 
the longer lifetime value (τ) and the higher intrinsic quantum yield (ΦLn) compared 
with complexes C4 and C6 containing the auxiliary ligands Phen or Bath. It fur-
ther indicated that the introduction of the auxiliary ligand Bipy was beneficial to the 
photoluminescence properties of these europium complexes, which was attributed 
to the higher flexibility of Bipy leading to better participation in the coordination of 
europium (III) ion.

Experimental intensity parameters

The Ωt (t = 2, 4) intensity parameters can be obtained from experimental spectra, 
which is strongly dependent on the nature of the chemical environment around the 
europium (III) ion. To get insight into the possible information on the chemical envi-
ronment of the emitting center europium (III) ion in these complexes, the experi-
mental intensity parameters Ω2 and Ω4 were determined from the emission spectra 
of the europium (III) ion by the 5D0 → 7F2 and 5D0 → 7F4 transitions. Their values 
can be calculated from the equation [46]:

where A0J (where J = 2 and 4) is the coefficient of spontaneous emission for the 
5D0 → 7FJ transition, Ω is the angular frequency of the transition, χ (n0

2(n0
2 + 2)2/9, 

n0 = 1.5) is the Lorentz local field correction and n0 is the refractive index of the 
medium, ⟨5D0

��U (2)��7F2⟩2 and ⟨5D0
��U (4)��7F4⟩2 values are the squared matrix ele-

ments whose values are 0.0032 and 0.0023, respectively.
The obtained values of Ω2 and Ω4 for europium complexes C1–C6 are shown in 

Table 2. It was pointed out that all europium (III) complexes exhibited the relatively 
high Ω2 parameter values, which was interpreted as the hypersensitive behavior of 
the 5D0 → 7F2 transition and indicated a highly polarizable chemical environment in 
these complexes. Compared with the β-diketone PFMP ligand, complexes C2, C4 

(4)�
t
=

3ℏc3A0J

4e2�3�
⟨
5D0

‖‖U(t)‖‖7FJ

⟩2
,
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and C6 with the β-diketone PFAP ligand displayed higher Ω4 parameter values. This 
was probably because the steric PFAP ligands could prevent the auxiliary ligands 
from getting closer to the europium (III) ion and resulted in increasing the Ω4 inten-
sity parameter values [47].

Intramolecular energy transfer processes

To elucidate the energy transfer processes in these complexes, the singlet and tri-
plet energy levels of ligands PFMP and PFAP were estimated by fitting a tangent at 
the higher wavelength edges of their UV–Vis absorbance and the lower wavelength 
emission edges of phosphorescence spectra for  Gd3+ complexes [24]. Based on the 
UV–Vis absorption spectra (Fig. 2), the singlet energy levels  (S1) of ligands PFMP 
and PFAP were 27251 (367 nm) and 25843 (387 nm)  cm−1, respectively. According 
to the phosphorescence spectra for Gd(PFMP)3·2H2O and Gd(PFAP)3·2H2O (Fig. 
S1), the triplet energy levels of ligands PFMP and PFAP were 21370 (468 nm) and 
21885 (457 nm)  cm−1, respectively. The singlet and triplet energy levels of auxil-
iary ligands bpy, phen and Bath were cited from the literature [24]. Their excita-
tion energy parameters are presented in Table 3. Thus, the energy transfer processes 
were constructed and illustrated in Fig. 8 (complex C1) and Figs. S2–S6 (complexes 
C2–C6). Their energy transfer processes involved with the transfer of energy from 
the singlet state  (S1) to triplet state  (T1) of ligands and from  T1 state of ligands to the 
excited energy state of Eu(III) ion (5D1, 19,000 cm−1, and 5D0, 17,500 cm−1). 

From Table  3, the energy gap ΔE  (T1‒Eu3+) values between triplet states of 
these ligands to the resonating level of the europium ion were found in the range 
of 2000–5000 cm−1 as defined by Latva’s empirical rule [48], which exhibited the 
efficient ligand-to-metal energy transfer process in complexes C1–C6. According 
to Reinhoudt’s empirical rule [49], the intersystem crossing (ISC) process would 
be effective when ΔE  (S1–T1) is at least 5000  cm−1. The energy gap ΔE  (S1–T1) 
values for PFMP, Phen, Bipy and Bath in ISC process were 5881, 7000, 8900 and 
8000 cm−1, respectively, which displayed the efficient ISC process in complexes C1, 
C3 and C5 with the ligand PFMP. However, the energy gap ΔE  (S1–T1) value of 
ligand PFAP was 3958 cm−1 (< 5000 cm−1), which indicated that little effectiveness 
of the ISC process took place from the  S1 to  T1 in complexes C2, C4 and C6 with 
the ligand PAMP. Accordingly, the photoluminescence properties of complexes C2, 
C4 and C6 with the ligand PAMP were much weaker than those of complexes C1, 

Table 3  The excitation energy 
parameters of ligands

Ligands Singlet 
level  (S1)/
cm−1

Triplet 
level  (T1)/
cm−1

ΔE  (S1‒T1)/cm−1 ΔE  (T1‒
Eu3+)/
cm−1

PFMP 27,251 21,370 5881 3870
PFAP 25,843 21,885 3958 4385
Bipy 29,900 22,900 7000 5400
Phen 31,000 22,100 8900 4600
Bath 29,000 21,000 8000 3500



 Y. Wan et al.

1 3

C3 and C5 with the ligand PFMP. In addition, the lower energy gap ΔE  (T1‒Eu3+) 
value of ancillary ligand Bath could promote the inverse energy transfer and lead 
to the decrease in photoluminescence properties of europium (III) complexes with 
ligand Bath. This result was in agreement with the literature [50].

Thermogravimetric analysis

The thermal stability of europium complexes is essential for the luminescent 
materials, so thermal behaviors of complexes C1–C6 were investigated by ther-
mogravimetric analysis (TGA). The TG curves of these complexes are presented 
in Fig. 9. From these TG curves, complexes C1, C3 and C5 with the β-diketone 
PFMP ligand (Fig.  8a) exhibited the similar patterns of thermal decomposition 
as well as complexes C2, C4 and C6 with the β-diketone PFAP ligand (Fig. 8b). 
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These europium complexes involved two main successive mass loss steps 
from 50 to 1100  °C with the weight loss 85.0–87.2% due to elimination of the 
β-diketone or auxiliary ligand molecules. The final decomposition temperatures 
of complexes C1–C6 were about 1035 °C, 995 °C, 979 °C, 1097 °C, 947 °C and 
1022  °C, respectively, and their final residue of the decomposition was proba-
bly  Eu2O3 because the final residue mass percentages of complexes C1–C6 were 
15.0%, 14.7%, 14.5%, 14.5%, 12.8% and 12.8%, respectively, which were in good 
agreement with the calculated values via their formula. In addition, the extrapo-
lated initial decomposition temperatures of complexes C1–C6 were about 306 °C, 
309 °C, 335 °C, 315 °C, 324 °C and 280 °C, respectively, which were obtained 
according to their TG curves. The results of TGA curves indicate that these euro-
pium complexes synthesized have good thermal stability; they can be possibly 
used to fabricate some new optoelectronic devices.

Conclusions

In this work, six novel europium (III) complexes based on the pentafluori-
nated β-diketone, Eu(PFMP)3·Bipy, Eu(PFAP)3·Bipy, Eu(PFMP)3·Phen, 
Eu(PFAP)3·Phen, Eu(PFMP)3·Bath and Eu(PFAP)3·Bath, were designed, synthe-
sized and characterized. The photophysical properties of these complexes were 
investigated in detail by UV–Vis and photoluminescence spectroscopy. The lumi-
nescence spectra for all complexes exhibited characteristic emission lines for 
europium ion in solid state and chloroform solution, which was due to transitions 
between the excited state (5D0) and the multiplet (7F0–4). Their luminescent decay 
curves and emission spectra indicated the presence of a single chemical environ-
ment around the emitting europium (III) ion in these complexes. The experiment 
intensity parameters, Ω2 and Ω4 were calculated from their emission spectra in 
solid state. The high Ω2 values of these complexes suggested that the europium 
ion was located in a polarized chemical environment. Meanwhile, Europium (III) 
complexes C1, C3 and C5 with the β-diketone PFMP ligand displayed much bet-
ter photoluminescence properties in comparison with complexes C2, C4 and C6 
with the β-diketone PFAP ligand. The CIE chromaticity coordinates of complexes 
C1, C3 and C5 also presented high red color purity 100% (x = 0.67, y = 0.33). 
In particular, complex C1 with β-diketone PFMP and Bipy ligands exhibited the 
longest lifetime value (τ = 814  μs) and the highest quantum yield (ΦLn = 62.9% 
and Φ = 37.5%) in these complexes. The energy transfer process indicated the sig-
nificance of the ligand as a good chromophore for the efficient energy transfer 
to the europium (III) ion. Additionally, TGA results showed that all complexes 
had excellent thermal stability, which were much more suitable for applications in 
optoelectronic devices.
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