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Abstract The Iluminescent binary and ternary euro-
pium(IIl) complexes were prepared by employing ethyl-(3-
fluorobenzoyl) acetate (m-EFBA) as primary ligand and
neocuproine (neo), bathophenanthroline (batho), 1,10-
phenanthroline (phen) and 2,2-bipyridyl (bipy) as sec-

ondary ligands. The synthesized complexes Eu(m-
EFBA);-(H,0), (Cl), Eu(m-EFBA)s;-neo (C2), Eu(m-
EFBA);-batho (C3), Eu(m-EFBA);-phen (C4), Eu(m-

EFBA);-bipy (C5) were characterized by the means of
elemental analysis (C, H and N), nuclear magnetic reso-
nance spectroscopy ('H-NMR), infrared spectroscopy (IR),
thermogravimetric analysis (TG/DTG), UV-visible and
photoluminescence (PL) spectroscopy. The photolumines-
cence spectra of complexes exhibit the characteristic
emission band at 613 nm assigned to hypersensitive
Dy — 'F, transition, responsible for the red color emis-
sion of complexes. The higher photoluminescence intensity
of ternary europium(IIl) complexes C2—-C5 as compared to
binary complex Cl, suggest that ancillary ligands neo,
batho, phen and bipy enhance the process of sensitization
from ligand (m-EFBA) to europium(IIll) ion. The lumi-
nescence decay time and quantum efficiencies of the
complexes were determined to estimate the efficiency of
energy transfer from ligand to metal ion. In addition, the
Judd-Ofelt intensity parameters (€),, €4) were calculated
from the emission intensities of 5D0 - 7F2 and 5DO - 7F4
transitions of europium(Ill) ion respectively. The
intramolecular energy transfer mechanism of the com-
plexes were also investigated and results indicate that the
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ligand (m-EFBA) and ancillary ligands effectively transfer
the energy to that of Eu(IIl) ion.

1 Introduction

In 1942, Weissman investigated about the excitation pro-
cess in lanthanide complexes; since than a lot of research
interest has been aroused due to high luminescent proper-
ties of the complexes based on the absorption of light by
the organic ligand and then transfer of energy to the lan-
thanide ion by the process of sensitization [1-3]. This
intense luminescence property makes the lanthanide com-
plexes potential applicant in optical materials [4-6], mag-
netism [7], sensors [8], catalyst, separation of gases [9, 10],
organic [11] and bioorganic chemistry [12, 13]. The lan-
thanide complexes results from the complexation of
organic ligand and metal ion which marks magnificent
properties of complexes like intense emission band, long
luminescence life time and hypersensitivity to ligand field
[14, 15]. Among the lanthanide ions Eu(Ill) ion is used as
an attractive lumophores due to sharp emission band in the
solid state. But the direct excitation of ion is not possible
due to limited amount of light absorption as a consequence
of smaller value of molar absorption coefficient which
results in weak luminescence intensity [16]. To circumvent
the problem of this little absorption of light, an organic
ligand was added which can apprehend greater amount of
light as compared to metal ion. Further the energy is
transferred to the resonating level of lanthanide ion by the
process of intramolecular energy transfer. For this effective
energy transfer, there should be compatibility between the
triplet energy level of ligand and the emitting level of
lanthanide ion which depends upon the choice of organic
ligand [17]. Moreover the ligands containing high energy
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O-H and C-H oscillators, nonradiatively suppress the
excited state of lanthanide ion, thereby results in low
luminescence [18, 19]. Hence the use of a fluorine func-
tionalised B-ketoester ligand having low frequency C-F
oscillators reduces the energy losses due to vibrational
energy of ligand [20, 21]. In binary complex, the organic
chromophoric moiety and solvent molecules fulfills the
coordination sphere around europium(IIl) ion while in
ternary complexes the ancillary ligands substitute these
solvent molecules and decreases the O-H vibrational
quenching resulting higher photoluminescence intensity of
complex C2-C5 [22].

In this communication, five new europium(Ill) com-
plexes have been synthesized by using ethyl-(3-fluo-
robenzoyl) acetate (m-EFBA) as fluorine functionalised -
ketoester ligand and neocuproine, bathophenanthroline,
1,10-phenanthroline and 2,2-bipyridyl as ancillary ligands.
All the synthesized complexes (C1-C5) were characterized
by elemental analysis, "H-NMR, IR, thermogravimetric
analysis, UV-visible and photoluminescence spectroscopy.
Luminescence quantum efficiency and Judd—Ofelt intensity
parameters were also calculated to investigate the influence
of organic ligand as well as ancillary ligand on the pho-
toluminescence properties of europium(Ill) ion. The
investigation of energy transfer mechanism forms the basis
of utilisation of these complexes in the development of
highly luminescent materials.

2 Experimental
2.1 Materials and methods

All the chemicals and solvents employed were of analytical
reagent grade and used as such without further purification.
Lanthanide nitrates (Eu(NOs);-5H,O and Gd(NOs)s-
5H,0), neocuproine, bathophenanthroline, 1,10-phenan-
throline and 2,2-bipyridyl were purchased from commer-
cially available sources.

The elemental analyses of complexes were carried out
on Perkin Elmer 2400 CHN elemental analyser. The
europium(IIl) ion content of complexes estimated by the
complexometric titration with ethylenediaminetetraacetate
(EDTA). The Infrared spectra (IR) were performed in the
range of 4000-400 cm™" with Perkin Elmer Spectrum 400
spectrometer using dried KBr disks. Nuclear magnetic
resonance spectra ('"H-NMR) were analysed on a Bruker
Avance II 400 NMR spectrometer in CDCl3 solution with
tetramethylsilane (TMS) as internal standard. Thermo-
gravimetric analyses (TG/DTG) were performed on SDT
Q600 with a heating rate 10 °C/min to assess the thermal
stability of complexes. UV-visible absorption spectra of
the complexes were measured with Shimadzu-2450 UV-

visible Spectrophotometer. Photoluminescent (PL) mea-
surements were made on a Hitachi F-7000 fluorescence
spectrophotometer equipped with a xenon lamp as the
source of excitation. The luminescent lifetimes were
recorded by software (FL solution of F-7000) of the
spectrophotometer.

2.2 Synthesis of p-ketoester ligand (Scheme 1)

A mixture was prepared by dissolving 3-fluorobenzoyl
chloride and 2, 2-dimethyl-1,3-dioxane-4,6-dione in dry
methylene chloride (CH,Cl,). 4-(dimethylamino) pyridine
was added into the reaction mixture at about 0 °C and
stirred for 1 h at room temperature. The resulting mixture
was washed with water and then with 1 N HCI and further
dried by using anhydrous Na,SO,. The product formed was
mixed with ethanol in toluene and heated at 90 °C by using
reflux condenser for approximately 24 h. The excess
ethanol and solvents were removed and progress of reac-
tion was checked by TLC [23]. The final product m-EFBA
was obtained with 57 % yield. IR(KBr): cm™ ! 3639 (b),
2983 (s), 1741 (s), 1691 (s), 1649 (s), 1587 (s), 1442 (s),
1325 (w), 1274 (s), 1215 (s), 1165 (m), 1029 (s), 879 (s),
790 (m), 680 (s), 590 (m); 'H NMR (CDCls, 400 MHz): &
12.56 (s, 1H, enolic OH), 7.48 (m, 4H, Ar-H), 5.66 (s, 1H,
C=CH), 3.98 (s, 2H keto CH,), 3.69 (q, 2H, OCH,CH3),
1.33 (t, 3H, OCH,CH3) ppm.

2.3 Synthesis of europium complexes (Scheme 1)

An aqueous solution of europium nitrate (1 mmol) was
prepared and then ethanolic solution of ligand m-EFBA
(3 mmol) was added to the solution with constant stirring
on magnetic stirrer drop by drop. The pH value of the
solution was adjusted to 6.5-7 with 0.05 M sodium
hydroxide solution (NaOH), which leads to the formation
of white color precipitates. The resulting precipitates were
collected by the filtration, washed with water and ethanol
for the eviction of free ligand. The residue was dried in
vacuum desiccator to procure the white powder of binary
complex (C1).

Eu(m-EFBA);-(H,0), (C1): White powder, yield 81 %;
IR(KBr): cm ™' 3608 (b), 2983 (s), 1732 (s), 1629 (w) 1516
(s), 1479 (s), 1384 (s), 1282 (s), 1217 (s), 1093 (m), 1035
(s), 945 (s), 877 (s), 786 (s), 729 (s), 671 (m), 422 (m); 'H
NMR (CDCls, 400 MHz): 6 7.27 (m, 12H, Ar-H), 4.36 (q,
6H, OCH,CHs;), 2.70 (s, 3H, C=CH), 1.38 (t, 9H, OCH,.
CHj3;) ppm; Anal. Cal. For EuC;3H340,,F5: C, 48.82; H,
4.19; Eu, 18.24; Found: C, 48.39; H, 3.95; Eu, 18.20.

Ternary europium(IIl) complexes C2—-C5 were accom-
plished by adopting the similar method as used for the
synthesis of binary complex C1 but the reaction mixture of
complex C2 also contain the ethanolic solution of neo
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Scheme 1 Synthetic route of the ligand and europium(III) complexes C1-C5

(1 mmol) alongwith the aqueous solution of europium
nitrate (I mmol) and ethanolic solution of ligand m-EFBA
(3 mmol). In similar way, ethanolic solution of batho
(1 mmol) for complex C3, phen (1 mmol) for complex C4
and bipy (1 mmol) for complex C5 were used to synthesize
the ternary europium(IIl) complexes.

Eu(m-EFBA);.neo (C2): White powder, yield 80 %;
IR(KBr): cm ™' 2983 (s), 1743 (s), 1627 (s), 1583 (s), 1519
(s), 1479 (s), 1282 (s), 1212 (s), 1170 (s), 1095 (s), 1037
(s), 947 (s), 879 (m), 785 (m), 731 (m), 671 (m), 637 (m),
532 (s), 421 (m); "H NMR (CDCl;,400 MHz): & 8.32 (d,
2H, Ar-H), 7.89 (m, 4H, Ar-H), 7.49 (m, 12H, Ar-H), 4.52
(g, 6H, OCH,CH3), 3.50 (s, 6H, Ar-H), 2.63 (s, 3H,
C=CH), 1.36 (t, 9H, OCH,CH;3;) ppm; Anal. Cal. For
EuC47H4,N,O0F5: C, 57.36; H, 4.27; N, 2.84; Eu, 15.05;
Found: C, 57.27; H, 4.24; N, 2.73; Eu, 15.29.
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Eu(m-EFBA);-batho (C3): White powder, yield 79 %;
IR(KBr): cm™" 2980 (s), 1735 (s), 1618 (s), 1581 (s), 1517
(s), 1479 (s), 1370 (s), 1278 (s), 1211 (s), 1165 (s), 1039
(s), 877 (s), 783 (m), 734 (m), 704 (m), 543 (s), 420 (m);
1H NMR (CDCl;, 400 MHz): & 10.32 (d, 2H, Ar-H), 9.12
(d, 2H, Ar-H), 8.31 (m, 12H, Ar-H), 7.42 (d, 2H, Ar-H)),
6.78 (s, 10H, Ar—H), 4.21 (q, 6H, OCH,CH3), 2.54 (s, 3H,
C = CH), 141 (t, 9H, OCH,CH3) ppm; Anal. Cal. For
EuCs;Hy46N,O0F5: C, 61.76; H, 4.15; N, 2.52; Eu, 13.36;
Found: C, 61.42; H, 4.01; N, 2.35; Eu, 13.24.

Eu(m-EFBA);.phen (C4): White powder, yield 81 %;
IR(KBr): cm™" 2935 (s), 1735 (s), 1626 (s), 1577 (s), 1508
(s), 1482 (s), 1424 (s), 1384 (s), 1307 (s), 1222 (s), 1186
(s), 1093 (s), 1031 (s), 942 (m), 843 (s), 765 (m), 725 (m),
639 (m), 512 (s), 418 (m); 1H NMR (CDCl;, 400 MHz): &
9.43 (d, 2H, Ar-H), 8.43 (m, 4H, Ar-H), 7.67 (d, 2H, Ar—
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H), 7.36 (m, 12H, Ar-H), 6.98 (d, 2H, Ar-H) 4.43 (q, 6H,
OCH,CHy3), 2.63 (s, 3H, C=CH), 1.39 (t, 9H, OCH,CH3)
ppm; Anal. Cal. For EuC4sH33N,O0F5: C, 56.32; H, 3.97;
N, 2.93; Eu, 15.49; Found: C, 56.04; H, 2.98; N, 2.91; Eu,
15.43.

Eu(m-EFBA);.bipy (C5): White powder, yield 83 %;
IR(KBr): cm ™' 2979 (s), 1740 (s), 1620 (s), 1584 (s), 1516
(s), 1481 (s), 1363 (s), 1279 (s), 1211 (s), 1159 (s), 1095
(s), 1038 (s), 946 (s), 876 (s), 783 (m), 732 (m), 671 (m),
558 (s), 525 (s), 430 (m); IH NMR (CDCl3, 400 MHz): o
8.57 (d,2H, Ar-H), 8.01 (d, 2H, Ar-H), 7.60 (m, 4H, Ar—
H),7.31 (m, 12H, Ar-H), 4.32 (q, 6H, OCH,CHj3), 2.67
(s,1H, C = CH), 1.31 (t, 9H, OCH,CHj3;) ppm; Anal. Cal.
For EUC43H38N209F31 C, 5541, H, 408, N, 301, Eu,
15.89; Found: C, 55.26; H, 3.96; N, 2.96; Eu, 15.78.

Gadolinium(IIl) binary complex C6 [Gd(m-EFBA);.
(H,0),] was synthesized to calculate the triplet energy state
of ligand m-EFBA by adopting the similar method as used
for the synthesis of europium(IIl) complex Cl1.

Gd(m-EFBA);.(H,O), (C6): White powder, yield 54 %;
IR(KBr): cm ™' 3611 (b), 2981 (s), 1733 (s), 1625 (w) 1511
(s), 1476 (s), 1381 (s), 1213 (s), 1092 (m), 1027 (s), 874 (s),
781 (s), 724 (s), 673 (m), 423 (m);'H NMR (CDCl;,
400 MHz): 6 7.31 (m, 12H, Ar-H), 4.33 (q, 6H, OCH,
CH3), 2.69 (s, 3H, C=CH), 1.40 (t, 9H, OCH,CH3;) ppm;
Anal. Cal. For GdCs3H340,,F3: C, 48.70; H, 4.18; Gd,
18.45; Found: C, 47.88; H, 4.15; Gd, 18.40.

3 Results and discussion

3.1 Composition and spectroscopic characterization
of complexes

Elemental analysis data of europium(IIl) ion, carbon,
hydrogen and nitrogen of the complexes C1-C5 are listed
in Table 1. The europium(III) ion content of complexes is
determined by the complexometric titration with EDTA.
The results obtained are in good consistency with the
theoretically calculated values and clearly affirms the
composition of complexes as formulae Eu(m-EFBA);-
(H,0),, Eu(m-EFBA);-neo, Eu(m-EFBA);-batho, Eu(m-
EFBA);-phen, Eu(m-EFBA);-bipy for complexes C1-C5
respectively.

The characteristic IR bands of ligand m-EFBA and its
europium complexes C1-C5 are displayed in Table 2. The
spectra of europium(Ill) complexes shows the ligand
specific bands with relevant shifts due to the formation of
complex with Eu(IIl) ion. The IR spectra of ligand and
complex C1 display a broad band at 3639 and 3608 cm™'
assigned to enolic O—H stretching vibration and vibrational
frequency of coordinated water molecule, respectively. The
coordination of enolic O-H with the europium(IIl) ion is
suggested by the absence of this broad band in the IR
spectra of complexes C2—C5. The absorption bands at 1691
and 1587 cm ™! in the spectra of ligand ascribed to >C=0
and >C=C shifted to 1618-1629 and 1508-1519 cm™' in
the complexes due to the extended m-conjugation of euro-
pium complexes [24]. The spectra of complex C2-C5
shows a strong band at 1577-1584 cm ™" attributed to C=N
bonds of ancillary ligands. The bonding of ancillary ligands
to europium ion is confirmed by the appearance of new
bands in the range of 512-543 cm™! indicating the Eu-N
coordination in the complex. The coordination of ligand to
europium ion is further supported by the appearance of new
peaks in the range 418-430 cm ™' assigned to Eu—O bands
in the spectra of complexes C1-C5 [25, 26].

The binding characteristic of ligand in europium(III)
complexes were also studied by the analysis of "H-NMR
spectral data of free ligand and its corresponding com-
plexes in CDCl; solvent. The spectra of ligand displays
enolic proton peak at 12.56 ppm and ketonic proton peak at
3.98 ppm which gets disappeared in the spectra of com-
plexes indicating that ligand coordinates to europium ion in
enolic form. The singlet at 5.66 ppm assigned to methine
proton of ligand shifted upfield in the spectra of euro-
pium(IIl) complexes indicating the paramagnetism of
europium(II) ion [27, 28].

3.2 Thermal analysis (TG/DTG)

The thermal behavior of europium(IIl) complexes were
investigated with a heating rate of 10 °C min~' from
ambient temperature to 800 °C under the atmospheric
condition of nitrogen gas. All the complexes follow similar
decomposition pattern, hence the complex Eu(m-EFBA);-
bipy is used as analogue to study the thermal behavior of
complexes and thermogravimetric (TG) and differential

Table 1 Elemental analysis

H (%) found (cal.) N (%) found (cal.) Eu (%) found (cal.)

data of europium(IIl) complexes Complexes C (%) found (cal.)
C1-C5 Cl 48.39 (48.82)

2 57.27 (57.36)

c3 61.42 (61.76)

C4 56.04 (56.32)

C5 55.26 (55.41)

3.95 (4.19) - 18.20 (18.24)
424 (4.27) 2.73 (2.84) 15.29 (15.05)
4.01 (4.15) 2.35 (2.52) 13.24 (13.36)
2.98 (3.97) 2.91 (2.93) 15.43 (15.49)
3.96 (4.08) 2.96 (3.01) 15.78 (15.89)
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STpt'zl;af bzr}:d"'sci‘?rt i‘;“’if;l‘fd IR Complex  wO-H)  v(C=0) WC=N) WC=C)  WC-F) WEuN)  v(Eu-O)
m-EFBA and complexes m-EFBA 3639 (b) 1691 (s)  — 1587 (s)  1215(s) - -
ci 3608 () 1629 (s)  1516(s)  1217(s) - 422 (m)
for - 1627 () 1583 (s)  1519(s)  1212(s)  532(s) 421 (m)
C3 - 1618 () 1581 (s)  1517(s) 1211 (s) 543 (m) 420 (m)
c4 1626 () 1577(s) 1508 (s)  1222(s)  512(m) 418 (m)
Cs - 1620 (s) 1584 (s)  1516(s)  1211(s)  525(s) 430 (m)

b Broad, s strong, m medium

thermogravimetric (DTG) curve of complex are shown in
Fig. 1. The TGA curve indicates that decomposition of
europium(IIl) complex occur in two steps. The first step
involves the mass loss of 1.93 % up to 230 °C temperature
attributed to the absorbed water and solvent molecule. The
second decomposition step from 230 to 620 °C leads to
mass loss of 66.98 % which is consistent with the
decomposition of three organic ligands from the complex.
The main decomposition step also confirmed by the
appearance of peak at 269 °C in the DTG curve. The
complex maintains 31.09 % mass up to 800 °C corre-
sponds to the residual ancillary ligand and europium oxi-
des. The high thermal stability of europium complexes
makes these complexes suitable for the fabrication of
luminescent devices.

3.3 UV-visible absorption spectra

Figure 2 displays the UV-vis absorption spectra of the
organic ligand (m-EFBA) and its corresponding Eu(IIl)
complexes in the chloroform solution (¢ = 1 x 107> M).
The spectra of free ligand exhibit the absorption maxima at
301 nm while europium(IIl) complexes C1-C5 undergoes
red shift (304-315 nm) as compared to that of ligand. The

100 4
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Fig. 1 The TG/DTG curve of complex Eu(m-EFBA);.bipy recorded
under nitrogen atmosphere
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Fig. 2 UV-visible absorption spectra of the ligand m-EFBA and
europium(IIl) complexes C1-C5

absorption band in complexes shifted as a result of exten-
ded m — m* conjugation of the chromophoric ligand
indicating the coordination of ligand with europium(IIl)
ion [29].

3.4 Photoluminescence spectra

The solid state excitation spectra of Eu(Ill) complexes C1-
C5 are recorded by monitoring the emission band of Eu>"
ion at 613 nm as shown in Fig. 3. The excitation spectra of
complexes exhibit broad band at 365-379 nm in the range
200-500 nm attributed to excitation of ligand. The spectra
also display sharp bands at 465 nm, 535 nm assigned to
intraconfigurational transitions "Fy — °D, and 'F; — °D,
of Eu* ion [30]. The stronger intensity of broad band as
compared to intraconfigurational transitions of Eu" ion
clearly indicates that europium(IIl) ion is effectively
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Fig. 3 Excitation spectra of complexes C1-C5 in solid state at room
temperature

sensitized by the ligand. The photoluminescence data of
complexes C1-C5 tabulated in Table 3.

The emission spectra of Eu(Ill) complexes C1-C5 in
solid state are displayed in Fig. 4 and the characteristic
emission peaks of Eu’" ion are recorded in the range of
500-700 nm with 2.5 nm slit width and 400 PMT voltage
resulting due to 4f—4f transition from the resonating level
5Do to ground state multiplet 7FJ J =0,1,2,3,4) of euro-
pium(IIl) ion. The emission transitions of Eu(Ill) ion
employed to study the chemical environment of central
europium(IIl) ion. The complexes shows emission peaks at
580, 590, 613, 652 and 703 nm attributed to Dy — 'F,,
5])0 - 7F1, SDO - 7F2, 5DO - 7F3 and SDO - 7F4 tran-
sitions of Eu(Ill) ion respectively [31]. Furthermore, a
weak intensity emission peak is also observed at 535 nm
associated with the high frequency transition of
D, — 'Fy. The °Dy — 'F, is parity allowed magnetic
dipole transition and independent to the local environment
around Eu* jon. The 5DO - 7F2 transition is an electric
dipole transition whose intensity strongly depend upon the
chemical environment around Eu(IIl) ion. This hypersen-

sitive transition is bounded to red emission of the

Table 3 Photoluminescence data of complexes C1-C5 in solid state
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Fig. 4 Emission spectra of complexes C1-C5 in solid state at room
temperature

europium(IIl) complexes [32]. The intensity ratio (I,/I,
= 5DO - 7F2/5D0 - 7F1) of complexes less than 0.7
indicates the centre of symmetry while more than 8 reveals
the asymmetric environment around Eu(IIl) ion [33]. The
higher intensity of electric dipole transition compared to
magnetic dipole transition in the studied complexes indi-
cates the low symmetry environment around Eu(IIl) ion.
The °D, — ’F, transition is principally forbidden transi-
tion but the J-mixing phenomenon is responsible for this
transition to occur in the emission spectra [34]. This phe-
nomenon is the mixing between the 'F, and "F, compo-
nents of the ligand field Hamiltonian and arises due to
weak interaction between the Eu(IIl) ion and the ligand
field. The maximum number of stark splitting level shown
in the electronic transitions of europium(IIl) complexes
indicates the low symmetry around the central europium
ion [35]. It is further important to note the absence of
residual ligand emission in the spectra of complexes which
marked the role of triplet excited state of ligand in the

Complexes CIE coordinates T (ms) Ao 37D Apa s7H Apraa 57D Q, (1072 cm?) Q, (1072 cm?) n (%)
x,y)

Cl1 (0.5884, 0.4101) 0.349 2865 319 2545 4.88 0.19 11.2

C2 (0.6224, 0.3767) 0.614 1628 372 1256 6.21 0.28 22.8

C3 (0.6315, 0.3677) 0.622 1608 491 1117 8.42 0.27 30.5

C4 (0.6381, 0.3612) 0.653 1531 520 1017 9.11 0.21 339

C5 (0.6431, 0.3563) 0.760 1305 576 729 10.11 0.25 44.1
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sensitization process. The O-H vibration in the complex
C1 effectively quench the luminescence intensity of Eu(III)
ion (Fig. 4), hence the introduction of ancillary ligand in
place of water molecule increases the intensity as a result
of effective transfer of energy to Eu(Ill) ion [36].

3.5 CIE color coordinates, decay time (t), quantum
efficiency (1) and Judd-Ofelt parameters

The CIE (Commission Internationale de I' Eclairage)
chromaticity coordinates (X, y) of europium(IIl) complexes
calculated from respective emission spectra are listed in
Table 3. The color coordinates of complexes fall in the red
region of color gamut space and lie very close to each other
hence the coordinates of complexes, only C1 and C5 are
displayed in Fig. 5 and are found to be well comparable
with Europian Broadcasting Union (EBU illuminant red
0.64, 0.33) and National Television System committee
(NTSC 1987, illuminant red 0.63, 0.34) primary color
systems. The emission color in the red region proclaims the
accessibility of the complexes as red component of tricolor
based organic light emitting diodes (OLEDs).

The luminescence lifetimes of europium(IIl) complexes
(C1-C5) are analysed for Dy — ’F, transition monitored
at emission wavelength 613 nm by assessing FL solution
software of F-7000 spectrometer. The decay times derived
by the equation I = Ipexp(—#/t) where 7 is the decay time
for radiative emission, I/, and [/ are the luminescence
intensities at time 0 and 7 respectively [37] and tabulated in
Table 3. The monoexponential behaviour of decay curve
represented by Fig. 6 clearly reveals the presence of
homogenous arrangement around the central europium ion
[38]. The decay time value of complex Cl1 is smaller as
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Fig. 5 CIE color coordinate diagram of europium(III) complexes C1
and C5
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Normalised Intensity (a.u.)
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Fig. 6 The luminescence decay curve of europium(Ill) complexes
(C1-C5) at room temperature

compared to the life time values observed for the com-
plexes C2—C5 due to the prominent nonradiative decay
supported with vibronic coupling of the solvent molecules
[39]. The longer lifetime values of the complexes C2—-C5
indicates the presence of respective ancillary ligands which
suppresses the nonradiative decay channel among various
transition levels and effectively transfer the energy to the
metal ion.

The luminescence quantum efficiency (1) of D, emit-
ting level of europium(III) complexes C1-CS5 is determined
on the basis of emission spectra and decay time to express
how efficiently the radiative (A,,q) and nonradiative (A aq)
processes compete with each other [40, 41]

n= Arad / Arad + Anrad (1)

where A4 and A4 are the rate constants for radiative and
nonradiative processes, respectively. The radiative rate
constant can be estimated by summation of radiative rates
(Agy) for each emission transition (SDO - 7FJ) of Eu*" ion.
The radiative rate (Agy) can be calculated according to
following equation [42]:

Aoy = Agi (Tog/Tor) (Vor /vor) (2)

where Iy and vy, are integrated emission intensity and
energy barrier for the D, — ’F transition, respectively.
Ay is the spontaneous emission coefficient for the mag-
netic dipole transition (°Dy — F,) which is independent of
the chemical environment around central europium(III)
ion, hence used as a reference to determine the Ay value
for different transitions (for J = 0,2,3,4). The value of Ay,
is found to be 50 s™' [43].

The radiative and nonradiative processes have found
pronounced effect on the experimental luminescence life-
time as given by the equation [44]:
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Atotal = l/T = Arad + Anrad (3)

The obtained value for luminescence quantum efficiency,
radiative and nonradiative rate constants are listed in
Table 3. The luminescence quantum efficiency depends
mainly on the decay time value and the intensity ratio of
the electric dipole to magnetic dipole transition. The lower
value of quantum efficiency in complex C1 due to smaller
value of decay time and excessive non-radiative transitions
produce as result of vibrations coordinated water molecule.
Hence, the introduction of ancillary ligands in place of
water molecules effectively enhance the transfer of energy
to the europium(IIl) ion and the quantum efficiency. It is
clearly represented in Table 3 that complex C5 possess
higher quantum efficiency and longer decay time values
which are in good concurrence with the luminescence
intensity of complexes as shown in Fig. 4.

The Judd-Ofelt theory is an important tool to study the
4f-4f electronic transitions. The intensity parameters Q; of
the ligand field comprehend the augmentation from forced
electric dipole and dynamic coupling mechanism [45].
These intensity parameters Q, (A = 2, 4) can be estimated
from the emission intensities of the 5D0 to 7FJ J=2,4)
levels of europium(IIl) ion and given by following equa-
tion [46]:

2
Q, = 3c* Agi /42050, | UP |71, ) 4)

where y is the Lorentz local field correction given by
n’(n® + 2)%/9, n is the average index of refraction (1.5)
used, 7 is Planck’s constant over 2m, ¢ is velocity of light
and <SDO|U(”>|7FJ>2 is the square matrix element 0.0032
(J = 2) and 0.0023 (J = 4) respectively. e is the electronic
charge (4.80 x 107" esu) and o is the angular frequency
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Fig. 7 The phosphorescence Gd(m-

EFBA);-(H>0)>

spectra  of  complex

of the transition. The intensity parameters (, and , for
complxes C1-C5 are represented in Table 3.

The intensity parameter , associated with the hyper-
sensitive behavior around the central Eu(IIl) ion and pro-
portional to the covalency between the ligand field and
europium(IIl) ion. The higher value of intensity parameter
Q, for the complex C5 suggesting the highly asymmetric
local environment around europium(IIl) ion and high
covalency of ligand field [47]. The interionic bond dis-
tances and the ion to ligand bond distances affect the
intensity parameter €, 3.6 Energy transfer mechanism.

To investigate the energy transfer mechanism in euro-
pium(IIl) complexes, the phosphorescence spectra of
complex C6 (Gd(m-EFBA);-(H,0),) and UV-visible
absorbance edge of the ligand (m-EFBA) are employed to
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Fig. 9 The proposed energy 35000
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calculate the triplet (T;) and singlet (S;) energy states of
ligand respectively [48]. The excited triplet state of ligand
cannot transfer the energy to the higher energy emitting
level of gadolinium(IIl) ion, hence the lowest phospho-
rescence band of complex gives the energy of triplet state
of ligand as illustrated in Fig. 7. All the complexes C1-C5
follow the similar energy transfer mechanism, hence the
highly luminescent complexes C3-C5 are employed to
study the sensitization process in complexes and mecha-
nism of energy transfer clearly illustrated in Figs. 8, 9 and
10 respectively. The singlet and triplet energy state of
ligands [39] are given in Table 4.

It is clearly revealed from Table 4 that the energy dif-
ference between the singlet and triplet excited states [AE

@ Springer

(S; — Ty)] is optimal for the efficient intersystem crossing
in complexes. The energy difference from the triplet state
of ligand to the emitting level of europium(IIl) ion is
suitable for the effective energy transfer as governed by the
Latva’s empirical rule [49]. The energy transfer mechanism
involve the transfer of energy from S, state to T, state of
ligands and from T, state of ligand to the excited energy
state of Eu(Ill) ion. The ancillary ligand first absorb the
energy and then transfer it to the ligand m-EFBA which
then transfer the energy to the excited state of euro-
pium(IIl) ion. The luminescence of complexes C3 is
associated with the inverse energy transfer process occurs
due to smaller energy gap between triplet state of ancillary
ligand batho and excited level of Eu(Ill) ion [AE
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Table 4 The excitation energy - - - _ N
parameters of m-EFBA, phen. Ligands Singlet level (S;) Triplet level (T;) AE (S, — T)) AE (T; — Eu™™)
bipy and batho ligands m-EFBA 29,761 21,413 8348 4172

Phen 31,000 22,100 8900 4859

Bipy 29,900 22,900 7000 5659

Batho 29,000 21,000 8000 3759
(T, — M%) compared to complex C4 and C5 in which the ~ References

diminished rate of inverse energy transfer occurs between
the triplet state of ligand phen, bipy to the emitting level of
europium(IIl) ion. The energy transfer mechanism in bin-
ary and ternary europium(IIl) complexes endorsed with the
help of Dexter electron exchange theory [50] and the
thermal de-excitation theory [51] which is also concordant
with the results observed from the emission spectra of
complexes C1-C5.

4 Conclusion

In this work, a series of new binary and ternary euro-
pium(IIl) complexes Eu(m-EFBA);-(H,0), (C1), Eu(m-
EFBA);-neo (C2), Eu(m-EFBA);-batho (C3), Eu(m-
EFBA);-phen (C4), Eu(m-EFBA);-bipy (C5) have been
synthesized and analysed by elemental analysis, 'H-NMR,
IR, TG/DTG, UV-visible and PL spectroscopy. All the
complexes C1-C5 exhibit characteristic red emission upon
excitation with UV light and considered as a potential
applicant in the field of luminescent materials. The energy
transfer mechanism of complexes clearly reveals that light
harvesting ancillary ligands support the organic ligand in
the transfer of energy to emitting level of europium(IIl)
ion. The luminescence quantum efficiency of complexes
estimated from the decay curves and emission spectra of
complexes. The Judd-ofelt intensity parameters (0, and
Q,) are determined from the emission spectra of complexes
in solid state. The higher quantum efficiency and intensity
parameter 2, value for complex C5 indicating the efficient
energy transfer from ligand to metal ion as well as asym-
metric coordination environment around europium ion. The
energy transfer mechanism proves the significance of
ligand as a good chromophore for the efficient energy
transfer to the europium(III) ion.
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